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General Introduction

Even before the understanding that carbon waavigent, the French physicist
Biot established that certain organic compoundateot the plane of polarization of
light.* However, it was Pasteur who correlated this phesram with an asymmetric

grouping of atoms within molecufeand realized that

“...The universe is dissymmetrical; if the whole loé todies which compose
the solar system were placed before a glass mowiitly their individual
movements, the image in the glass could not be risypesed on
reality...... Life is dominated by dissymmetrical actiohcan foresee that all
living species are primordially, in their structyrén their external forms,
function of cosmic dissymmetric...”.

Louis Pasteur

Kekulé establishing that carbon has four valehaes van't Hoff and Le Bel
arranging these valences in a tetrahedral fashérire stage for one of the most
profound features of organic molecules and theiityalo exist in mirror-image forms.
The implications of this fundamental feature of amig molecules are immense.
Undoubtedly, the richness of the biological worlduld not exist without this structural
feature. Indeed, the very existence of the bioklgigorld is likely to have become

possible only because of its exquisite use ofghsnomenon.

Chirality

Properties of molecules and molecular arrays dimenchirality. Molecular
communication in biological systems emanates frbim intrinsic structural feature.
Optical and electronic materials exhibit their effe by highly ordered assemblies
whose sense of ordering frequently derives from fisature. Bulk properties also derive

from this phenomenon, and it is amply seen in teguently enhanced properties of

! (a) J. B. BiotBull. Soc. Philomath. Parj4815,190. (b) J. B. BiotBull. Soc. Philomath. Paris,816
125.

2 G. M. RichardsorThe Foundation of Stereochemistdm. Book Co., New York), EdL901.

® A. Kekule”,Annals 1858, 106, 154.

4 J. H. van't Hoff,Bull. Soc. Chim. Franc&875 23, 295.

5 A. J. Le BelBull. Soc. Chim. Franc&874 22, 337.
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stereodefined macromolecules compared with stemedom polymer§.Despite this
importance, the ability to obtain chiral molecules enantiopure form remained

extremely limited until recently.

Nature provided the richest source of such comgsuproviding a limited
catalog of enantiomerically pure compounds refertedas the ‘“chiral pool™
Separating racematésa procedure introduced by Pastiurepresents the most
widespread industrially important method for praitut of enantiomerically pure
products. This is exemplified by the synthesis ofiaonazole, a fungistatic agent
againstCandidaspp. andCryptococcus neoformané. diastereoselective Reformatsky

reaction was employed to establish the relativerestthemistry followed by

camphorsulfonic acid resolution to obtain enantiooadly pure voriconazole (Scheme
1) 10

/N\N 0o zn, ly,
<// N<
N~ F ——¢ N
THF, 90% N;/
F

E
Me
i) H,, Pd-C,NaOAc, EtOH H(:) —
85% </N\N/v| g y
N N

i) (1R)-10-Camphor sulfonic
acid, (2R, 3S)
MeOH, NaOH, 40% E

Variconazole

Scheme 1Synthesis of the enantiomerically pure drug, voraamle by resolution.

® (a) G. NattaMakromol. Chem1961,43, 68-71. (b) G. Natta, L. Porri, S. Valenlakromol.Chem
1963 67, 225-228. (c) G. W. Coates, R. M. WaymouthAm. Chem. S0d993 115 91-98. (d) G.
Natta, Pure. Appl. Chem1966 12, 165-182. (e) G. Natté&Gcience 1965 147, 261-272. (f) H. H.
Brintzinger, D. Fischer, R. Muelhaupt, B. RiegBr,M. WaymouthAngew. Chem. Int. EA.995 34,
1143-1170.

’ For reviews; see: (a) S. HanessiBnre Appl. Chem1993 65, 1189-1204. (b) S. Hanessian, J. Franco,
B. Larouche,Pure Appl. Chem199Q 62, 1887-1910. (c¢) S. Hanessian, J. Franco, G. Gaghon
Laramee, B. Larouchd, Chem. Inf. Comput. Sdi99Q 30, 413-425. (d) H. U. BlaseGhem. Rev1992
92, 935-952. (e) G. Casiraghi, F. Zanardi, G. RaBsuSpanChem. Rev1995 95, 1677-1716.

8 (a) S. H. WilenTop. Stereochen 971, 6, 107-176. (b) S. H. WilenTablesof Resolving Agents and
Optical ResolutiongUniv. Notre Dame Press, Notre Dame, IN972 (c) J. Jacques, A. Collet, S. H.
Wilen, Enantiomers, Racemates and Resolutidgey, New York),1981.

° (a) L. Pasteur,Ann. Chim. Phys1853 38, 437. (b) L. Pasteu. R. Acad. Scil853 37, 162. (c) L.
PasteurC. R. Acad. Scil858 46, 615. (e) A. Ladenbur@hem. Ber1886 19, 2578.

10'M. Butters, J. Ebbs, S. P. Green, J. MacRae, M@land, C. W. Murtiashaw, A. J. Pettmadrg.
Process Res. De001, 5, 28-36.



General introduction 5

Because any racemate contains only 50% of theredesinantiomer, the
theoretical yield of this strategy is limited to%(Qunless it is possible to convert the
opposite enantiomer into the desired one eithex dynamic kinetic resolution or by an
alternative synthesis. When a chiral centre is gead later in the synthesis within a
more complex substrate it seems that few methodst dkat are sufficiently

straightforward to be operated economically.

Asymmetric catalysis

The fact that nature already used such method#ledploitation of nature’s
asymmetric synthetic machinety, namely the enzymes. Purified enzymes like
hydrolases and lipases, which do not require cofacthave proven to be the most
versatile®® Asymmetric chemical catalysts have the greateserpial for general
asymmetric synthesis since virtually no constraexsst in terms of molecular design,
except those imposed by the human designing thenm, terms of what reactions are
potentially capable of being performed asymmetijcl Perhaps the earliest example
is the utilization of cinchona alkaloids as catedyfer cyanohydrin formation in 1912,
a type of catalysis recently dubbed “organocaialy$® The use of metal complexes
for asymmetric catalysis perhaps dates from effiortthe 1950s to effect asymmetric
hydrogenatiort® Several developments accelerated the growth dheféftransition
metal complexes for asymmetric catalysis. Firste tability to synthesize and
characterize well defined transition metal compsekaproved dramatically. Second,
access to defined complexes set the stage for stagkeling the implication of structure
for function, which has been got the developmemteadined transition metal complexes,
typically hybrids of organic entities and trangitimetals, for chemical catalysis. Third,
the ability for individuals to wed the understarglihat arises by integrating theoretical

and physical, organic, and inorganic chemistry witlving complex problems becomes

YFor details, see: K. Drauz, H. WaldmarBnzyme Catalysis in Organic Synthe$Wiley-VCH,
Weinheim, Germany), 2nd EZ002

2 (@) R. D. Schmid, R. VergeAngew. Chem. Int. EA998 37, 1609-1633. (b) Z. Boichem, K. Faber,
Biotransformations in Organic Chemistrgpringer, Berlin, 4th ER200Q (c¢) R. J. Kazlauskas, U. T.
Bornscheuerydrolases in Organic Chemistriley-VCH, Weinheim, Germany,999

13 (@) E. N. Jacobsen, A. Pflatz, H. YamamotBpmprehensive Asymmetric Catalysisi. (Springer,
Berlin), 1999 (b) I. Ojima, Catalytic Asymmetric Synthesisd. Wiley-VCH, New York200Q

14 G. Bredig, P.S. Fiske, P. Biochem. Z1913 46, 7-23.

15 Recent review: (a) P. | Dalko, L. Moisafingew. Chem. Int. EQ004 43, 5138-5175. (b) A.Berkessel,
H. GrogerMetal-Free Organic Catalysts in Asymmetric syntheaiiley-VCH, Weinheim 2004

(@) S Akabori, S. Sakurai, Y. Izuniature 1956 178 323-324. (b) Y. IzumiAdv. Catal 1983 32,
215. (¢) A. Tai, T. Haradan Thailand Metal Catalystsgd. Y. D. lwasawa, Reidel, Dordrecht, The
Netherlands1986 pp. 265-285.
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enabling. Probably, the most important strategyintboduce chirality involves the
ability of a catalyst to differentiate the enantijpic faces of a prochiral functional
group, notably arrunsaturation like a carbon—carbon, carbon—oxyges @arbon—
nitrogen double bond.

Asymmetric reductions are far more common thandations. Catalytic
hydrogenation represents the archetypical exammplehiing such a mechanisth.In
addition, such reactions are among the most impbggnthetic methods because of
their broad scope and efficiency (i.e. selectiatyd atom economy). The synthesis of
UK396,082-03 which is an anti-thrombotic agent, whoin Scheme 2 is a good

example of the use of asymmetric hydrogenatfon.

CHs CHs
g quinidine, MeOH, 150 psi H,
//N ((R,R)-iPr-5-FeRhCOD)BF, g
0 x
N EtOAc, 75% %
‘ H = N H
N__O :
N 0]
HOOC i o HOOC™ > 7
OtBu 3 OtBu
i) NaOH
ii) HCI i N>
7 Allerton et al.,
iii) Dowex column ¥/\N 3H0 Org. Lett. 2005, 7,
iv) acetone HOOC/\/\/ NH» 1931 -34

76%
UK-396,082-03

Scheme 2Synthesis of UK-396,082-03 by asymmetric hydrogemat

Apart from the catalytic hydrogenation, some ofi@@s such as dihydroxylation
of olefins are among the best catalytic asymmetaasformations developed today.

The successful asymmetric epoxidation combinedngplsi tartrate ligand with titanium

" See; (a) T. Ohkuma, M. Kitamura, R. NoyoriQatalytic Asymmetric Synthesisd. I. Ojima, Wiley-
VCH, New York, 200Q pp. 1-110. (b) W. Tang, X. Zhanghem. Rev2003 103 3029-3069.

18 C. M. N. Allerton, J. Blagg, M. E. Bunnage, J. &é W. O. Pat. Appl., 200214285; |. Appleby, L. T.
Boulton, C. J. Cobley, C. Hill, M. L. Highes, P. Be Koning, I. C. Lennon, C. Praqiuin, J. A. Ramsde
H. J. Samuel, N. WillisQrg. Lett 2005 7, 1931-1934.
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(Sharpless asymmetric epoxidati’c?namd has led to early commercialization of both

enantiomers of glycidol (Scheme 3), an importamatibuilding block?

(-)-DIPT (+)-DIPT
Ti(O-iPr)4 Ti(O-iPr), ‘
og MOH O>),b
~-OH tC4HOOH {C4HgOOH OH

Scheme 3 Asymmetric epoxidation of allylic alcohol.

Other types of general organic transformationsehaeen developed to a more
limited extent in the context of catalytic and asyetric versions. In a recent reviéw
by principal researchers at three major pharmazautompanies (Astra Zeneca,
GlaxoSmithKline, Pfizer) chemical transformationge éroadly classified into two
types, constructive and modifying. The constructiséegories are: acylations, aromatic
heterocycle formation, C-C bond formation, heteyoatalkylation & arylation and
some of the miscellaneous. As can be seen fromeThlthe breakdown for reactions
that are involved in molecular construction is apgmnately 48%. The modifying
transformations are: deprotection, functional graadaition (FGA), functional group
interconversion (FGI), oxidation, protection, retioe, resolution and some
miscellaneous. From this study, it is concludedt t8aC and C-N bond forming
reactions are among key transformations (tablelrl)the following, some aspects
concerningC—-C and C-N bond formation are disclosed as well as someiquswork

in the area developed in our group.

19T Katsuki, K. B. Sharpless, Am. Chem. So&98Q 102, 5974-5976.

20 (@) J. M. Klunder, T. Onami, K. B. Sharpless,Org. Chem1989 54, 1295-1304. (b) W. P. Shum,
M. J. Cannarsa& hirality Ind. 1997 2, 363—-380 and references therein.

213, S. Carey, D. Laffan, C. Thomson, T. Williaf@sg. Biomol. Chem200§ 4, 2337-2347.
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Table 1: Summary of the reaction categories most used ieethpioneer drug
companies (Astra Zeneca, GlaxoSmithKline and Bfizer

Reaction Category Astra Glaxo- Pfizer Total Percentage of total
Zeneca  SmithKline reactions (%)

Heteroatom alkylation & 87 57 52 196 19

arylation

Acylation® 41 37 50 128 12

C-C bond formin§ 31 41 44 116 11

Aromatic heterocycle 16 10 26 52 5

formatiorf

Deprotectiof 54 56 49 159 15

Protectiofl 18 16 27 61 6

Reductiofl 27 24 43 94 9

Oxidatiorf 17 7 16 40 4

Functional group 43 34 27 104 10

interconversioh

Fuctional group additidh 13 8 12 33 3

Resolutiofl 14 8 8 30 3

Miscellaneous 10 12 4 26 3

Totals 371 310 358 1039

®Reactions used for molecular constructftidodifying reactions

Asymmetric C-C Bond Formation

The formation of €C bonds, the basic building blocks of moleculethésmost
important chemical process in the chemical sciefmzsause of their manufacture of
drug candidate molecules and natural product sgighehis is also true for the
biological and material sciences. The@bond formation is even more important with
simultaneous creation of new stereogenic centergrdy the most fundamental carbon-
carbon bond forming reactions are aldol, Mannickeniy, aza-Henry, Diels-Alder,
Michael addition, Suzuki coupling, Heck reactiorddfriedel-Crafts reactions among
others. To achieve the highest efficiency in cdialyrocesses in €C bond formation,
first concern is the design of optimum catalystshex metallic or purely organic
molecules. However, there are two additional dioaxst for research: (a) finding the
most appropriate reaction conditions (including iadels) and (b) finding appropriate
achiral templates as reaction substrates. Among pitrdleged catalysté so far

developed are those bearing the chiral ligandsctigphibelow.

227 P. Yoon, E. N. JacobseBcience2003 299, 1691-1693.
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Ph Ph Me Me
O \‘\\ X
" Me., ([ on T
N X Me” o ~OH {rN N—/
PR Ph t-Bu 1-Bu
X=0H BINOL TADDOLate ligand; Bis[oxazoline] ligands;
X = PP BINAP Seebach et al. Evans et al.
/, Jacobsen and Yoon,
OCH, [ﬂj HN ,\'IH Scienecg2003 299
N BEANEDZA 1691-1693.
‘ IO t-Bu o ~o— t-Bu
N t-Bu t-BU
Cinchona alkaloid Salen complexes
derivatives

Figure 1: Most cited ligands in asymmetric synthe$is

Co-symmetry bis(oxazolines) are one of the most papuelasses of chiral
ligands, which have received a great importanca amordination chemistfy and in
asymmetric catalysi. According to data reported in reference 24b, tbe of chiral
C,-symmetry bis(oxazoline) ligands in asymmetric bsis for different reactions has

increased tremendously, as is shown below, figure 2

Number of papers

140

129

120 1
100 g1
80
B0
40 1 3

20 A
& 5

1951-82 1993-94 199595 195783 1999-00 2001-02 2003-04

Figure 2: Number of papers dealing with-8ymmetric chiral
Box Ligands appearing in the literatui®.

2 For details, see: M. Gomez, G. Muller, M. Rocam@uword. Chem. Rext999 193-195 769.

4 For recent reviews, see: (a) A. K. Ghosh, P. Mathan, J. Cappielld,etrahedron: Asymmetrj998 9,

1. (b) G. Desimoni, G. Faita, K. A. Jorgens€hem. Rev2006 106, 3561-3651. (c) J. S. Johnson, D. A.
Evans,Acc. Chem. Re200Q 33, 325-335.
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Many carbon-carbon bond-forming reactions emplaypeatganic synthesis are
subjected to Lewis acid-promoted rate accelerd&fio@ycloadditions, conjugate
additions, and aldol additions are examples of g processes that strongly respond
to Lewis acid activation. When the Lewis acid coexpls chiral, the stereochemical
course of these catalysed processes may be strioffigignced. The "Holy Grail” in this
area is a chiral Lewis acid that exhibits broadegality for more than one reaction
family. Since the demands for each reaction family quite variable, this realization is
not the rule but the exception. The use of preWousiown chiral catalysts in
combination with advanced achiral templates/sutedréas another possibility in this
respect. The stereoselectivity in these reactiafisoer established by manipulating the
geometry of the reactive complex by judicious ckadt simple, readily available, and
easily removable achiral templates, in combinatiith known chiral ligands and Lewis
acids. Some widely employed achiral templates boava in Figure 3. The bidentate
templates includer,p—unsaturated N—acyloxazolidinorfésy,p—unsaturated malonates
(alkylidene malonates), p,y-unsaturated o—ketoesterd® «,p—unsaturated acyl
phosphonate®, o,—unsaturated imide$, a,p—unsaturated heteroaromatic thioesters,
and glyoxalated® The monodentate activated carbonyl compounds laehygdes™

chlorals® fluorals®® a,p—unsaturated aldehyd&sy,p—unsaturated ketondslt appears

> M. Santelli, J. M. Pond,ewis Acids and Selectivity in Organic SyntheGRC Press, New York,996
26 For Cycloaddition reactions, see: (a) D. A. Eva®s,. Miller, T.J. Lectka]. Am. Chem. S0d.993
115 6460-6461. (b) D. A. Evans, S. J. Miller, T.Jctl@, P. von MattJ. Am. Chem. S0d999 121,
7559-7573. (c) D. A. Evans, K. T. Chapman, J. Bisdh Am. Chem. S0d988 110, 1238-1256 and
references therein.

2" For Cycloaddition, Aldol, Michael, and Carbonyl Ereactions, see: J. S. Johnson, D. A. EvAGs,
Chem. Re200Q 33, 325-335.

28 (a) For Domino Michael-Aldol reaction, see: N. FHad, P. S. Aburel, K. A. Jgergensémgew.
Chem. Int. Ed2004 43, 1292-1297. (b) For Friedel—Crafts alkylation,:d€eB. Jensen, J. Thorhauge, R.
G. Hazell, K. A. JgrgenseAngew. Chem. Int. EQ001, 40, 160-163.

2 (a) For Diels—Alder reactions, see: D. A. EvansS.JJohnson, E. J. Olhavk, Am. Chem. So200Q
122, 1635-1636. (b) For Friedel-Crafts alkylation,:sBe A. Evans, K. A. Scheidt, K. R. Frandrick, H.
W. Lam, J. Wu,J. Am. Chem. So2003 125, 10780-10781.

30 (a) For conjugate addition of cyanide, see: G. Mm8is, E. N. Jacobsed, Am. Chem. So2003
125 4442-4443. (b) For Michael additions, see: Y. toaT. Okino, Y. TakemotoAngew. Chem. Int.
Ed. 2005 117, 4100-4103. (c) For formal Hydration reaction,:seeN. Jacobsen, C. D. Vanderwal,
Am. Chem. Soc2004 126, 14724-14725. (d) For radical trapping, see: M.Ski, G. Petrovic, J.
ZimmermanJ. Am. Chem. So2005 127, 2390-2391.

31 For Friedel-Crafts alkylation, see: B. Bandini, Welloni, S. Tommasi, A. Umani—Ronchielv.
Chim. Acta2003 86, 3753-3763.

32 For Friedel-Crafts alkylation, see: K. A. Jgrgensé/. Zuang, N. Gathergood, Am. Chem. Soc
200Q 122, 12517-12522.

33 Reactions of benzaldehyde, see: S. Itsuno, S. &ridh HaraguchiTetrahedron2005 61, 12074-
12080 and references therein.

34 Reactions of chloral, see: (a) F. Zhang, N. SuG¥ng,Synletf 2006 1703-1706. (b) D. A. Evans, D.
W. C MacMillan, K. R. Campos). Am. Chem. Sd997 119 10859-10860.
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that these substrates have become the standafdrtestw catalyst development, while

other achiral templates have been much less imeatsti®®

In this contexto,f—unsaturated carboxylic acids and their surrogetestitute
and important type of substrates, given the extreamge of reactions that are
susceptible to provide. These achiral templatesllysdemonstrate good attitudes for
catalytic activation and tend to produce well oetkesubstrate—catalyst complexes. In
the case ofi,f—unsaturated carbonyl compound surrogates, theefiep of an ideal
ancillary framework are well known: (a) it must anlce the electrophilicity gt—
position, (b) it must include suitable functionabgps capable of coordinating to the
metal center of a Lewis acid, usually through 5-némbered rings, which are highly
effective in obtaining rigid complex conformatioms)d (c) it must be easy to introduce
into the starting material and easy to remove ftbenproduct, and possibly recyclable.
That is why a whole band of templates such as tebsen in the Figure 3 have been
described as equivalents aof,f—unsaturated carboxylic acids, some of them

monodentate and some bidentate.

Monodentate o o
R/\)J\H R/\)J\Ar
Bidentate
O s 22
R/\)J\COOR' O)]\NJI\/\R R/\)J\N Ph
\J H
- O O
:COOR o N RN\~ h-OMe
R  COOR’ R/\)J\S o OMe

Figure 3:Available templates for asymmetric catalysis.

%% Friedel-Crafts alkylation, see: A.Ishii, V. A. $shonok, K. MikamiJ. Org. Chem200Q 65, 1597-
1599.

% (a) For epoxidation, see: M. Marigo, J. FranzenBTPoulsen, W. Zhuang, K. A. Jgrgens&nAm.
Chem. Soc2005 127, 6284-6289. (b) For cyclopropanation, see: R. KnK D. W. C. MacMillanJ.
Am. Chem. So@005 127, 3240-3241. (c) Friedel-Crafts alkylation, see:Ruang, A. M. Walji, C. H.
Larsen, D. W. C. MacMillan). Am. Chem. So2005 127, 15051-15053.

37 (a) For Michael addition, see: M. Shi, W. L. Dua®, B. Rong,Chirality 2004 16, 642-651.
(b) Friedel-Crafts alkylation, see: M. Bandini, Magtoli, M. Garavelli, M. Melloni, V Trigari, A.
Umani—RonchiJ. Org. Chem2004 69, 7511-7518.

% For the use of acrylic acid-derived hydroxamatesriantioselective Diels—Alder reactions, see: (a) O
Corminboeuf, P. Renau@rg. Lett.2002 4, 1731-1733.
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Despite the remarkable templates available, dualiverse needs of each
individual reaction family, quest for new, bettarforming templates/substrates is still

providing a driving force to chemists for innovaitio

o'—Hydroxy enones as templates in catalytic €C bond forming
reactions

Three years before this thesis was initiated, group reported the design and
evaluation of a practical camphor based methylhetnolate for highly stereoselective
“acetate” aldol reactiofis(Scheme 4). This was inspired in part, in previask by
Heathcock et af? and Masamune et &f.in the area ofi—hydroxy ketones in aldol
transformation and Diels-Alder reaction, repectvii this instance, the aldol products,
upon oxidative cleavage of the ketol moiety, gie tdesiredp—hydroxy carbonyl

system, along with recovery of the starting camptia source of chiral information.

\/ \/
>
é 0SiMe, " (~OH
67-80%
o d.r.>98:2 ©
c O OH HO” "R
- |
HO R
4 OH
o
OH OTMS 0 (IJT'V'S
HO™

R d’—e-Hich}/lﬁ< I S Rl){/\ﬁ

R=H, alkyl, aryl
Scheme 4:Diastereoselective synthesisoefunsubstitutegg—hydroxy carboxylic acids
and ketonesReagents and conditions: (a) LDA (1.2 equiv.), THE3 °C, 0.5 h, then RCHO,
3—7 h. (b) 1 M HCI, MeOH or TBAF (2 equiv.), THF,®B min. (c) Nal@ MeOH/HO (2/1),
RT or reflux, 12-48 h. (d) CISiM8u, imidazole, DMF, RT, 3 days, 86%. (eMgBr, CeCl},
THF or EtO, 0 °C, 2 h. or BHTHF, Et0, 0°C, 5-6h. (f) Pb(OA£)2 equiv.), GHs, 5 °C, 2 h.

% (a) C. Palomo, A. Gonzélez, J. M. Garcia, C. LataQiarbide, S. Rodriguez, A. LindeAngew.

Chem. Int. Ed1998 37, 180-182. (b) C. Palomo, M. Oiarbide, A. K. Shariia C. G. —Rego, A. Linden
J. M. Garcia, A. Gonzaled, Org. Chem200Q 65, 9007-9012.

40 (a) C. H. Heathcock, M. C. Pirrung, C. T. BusePJHagen, S. D. Young, J. E. SodnAm. Chem.
So0c.1979 101, 7077-7079. (b) C. H. Heathcock, M. C. PirrungLampe, C. T. Buse, S. D. Younl,

Org. Chem.1981, 46, 2290-2300. (c) N. A. Van Draanen, S. Arseniyadik T. Crimmins, C. H.
Heathcock,lbid. 1991, 56, 2499.

4 (@) W. Choy, L. A. lll Reed, S. Masamurde Org. Chem1983 48, 1137-1139. (b) S. Masamune, L.

A. lll. Reed, J. T. Davis, W. COQrg. Chem1983 48, 4441-4444,
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In further development from our laboratdAthe Mannich reaction (Scheme 5)
of the lithium enolate of camphor derived methytdkes with o—amido alkyl sulfones
was disclosed. In this transformation the corredpanf—amino ketones are generated
under an analogous stereochemically controlledteven

e

~— 1 LDA (3 equi &7
% NHR (3 equiv.) é / OSiMe,

4 THF, -78°C, 1 h

/OS|Me3 + p'TOISOZ R2
54-94% 0]
O

RIHNT R
R!=Cbz, d.r.>95:5
R? = Boc, d.r.>98:2

Scheme 5:Mannich reaction of the lithium enolate of a campberived «'—hydroxy
ketone.

This idea was further elaborated to the designsymthesis of a novel class of
sugar-peptide hybrids by virtue of prepari@glinked glycop—amino acids through a
stereoselective “acetate” Mannich reactfdrA strategic combination of asymmetric
Mannich reaction with a peptide coupling processlieg to eitheB—peptides on,p—
peptides was also demonstrated.

Next to this, the idea was extended to the usex'efiydroxy enones as
equivalents of acrylate in organocatalytic Brensted catalysed Diels—Alder reactions
(Scheme 6§*

- )E-OH
47(}' +/< cat. TfOH (10 mol%) /O:\O | \//
CH,Cl,, -78 °C R Xc-OH: 4&70,4
") 75-98 % e
R2 d.r.: >98:2

Scheme 6Diels—Alder reaction ofi'—hydroxy enones catalysed by TfOH.

42 c. Palomo, M. Oiarbide, M. C. Gonzéalez-Rego, A. 8harma, J. M. Garcia, A. Gonzélez, C. Landa,
A. Linden, Angew. Chem. Int. E@00Q 39, 1063-1065.

43 C. Palomo, M. Oiarbide, A. Landa, M. C. Gonzalez-Rehjdyl. Garcia, A. Gonzdlez, J. M. Odriozola,
M. Martin-Pastor, A. Linden]. Am. Chem. So2002 124, 8637-8643.

4 c. Palomo, M. Oiarbide, J. M. Garcia, A. Gonzalez,L&cumberri, A. Linden,J. Am. Chem. Soc
2002 124, 10288-10289.
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The remarkable efficiency of thege-hydroxy enones, even against less reactive
dienes, was interpreted on the basis of intermtdechydrogen bond activatith
(Figure 4).

2 H- R2 R?
R oH RXOZ o'\ . RCa RO
~ / ’H_Q SQ/QJ: ’H_(\)\
X: C, SO o ~Q  X-R RS0 xR
H-0 H—O
R3
c

Figure 4: Working hypothesis that may account for the sinmaltas electrophilic
activation and rigidification of'—hydroxyenones by Brgnsted acids.

However, these earlier developments from our lalboyaare dependent on

stoichiometric amounts of camphor based substrates.

As a further step in the same research directam, group developed an
enantioselective variant of the Diels—Alder reattibat uses achira'—hydroxy enone
templates and Cu(ll)-bis(oxazoline) complexes asatbatalyst8® for bothp—alkyl and
B—aryl substituted enones (Scheme 7a) and 1,3—dimyleoaddition reactioff of
nitrones. Excellent diastereoselectivity and emeeliectivity along with regioselectivity
were achieved, particularly in the problematic caE@—unsubstituted enoyl systems.
The cycloaddition adducts were further transfornietd enantioenriched carboxylic
acid, aldehyde and ketone derivatives (Schemelhis approach acetone is the only
by product, an additional aspect that is of pratiicterest.

> For Diels—Alder reactions involving hydrogen-bondmplexes, see: (a) O. Riant, H. B. Kagan,
Tetrahedron Lett1989 30, 7403-7406. (b) T. R. Kelly, P. Meghani, V. S. Ekkli, Tetrahedron Lett.
199Q 31, 3381-3384. (c) K. Ishihara, H. Kurihara, M. Matseto, H. YamamotoJ. Am. Chem. Soc.
1998 120, 6920-6930. (d) T. Schuster, M. Kurz, M. W. Gob&l,0rg. Chem200Q 65, 1697-1701. (e) J.
C. C. Atherton, S. JoneS$etrahedron Lett2001, 42, 8239-8241. (f) P. R. Schreiner, A. Wittkop@rg.
Lett.2002 4, 217-220. (g) E. J. Corey, T. Shibata, T. N. Lkéim. Chem. So2002 124, 3808-3809.

6 C. Palomo, M. Oiarbide, J. M. Garcia, A. GonzalEz Arceo,J. Am. Chem. So2003,125, 13942-
13943.

47 c. Palomo, M. Oiarbide, E. Arceo, J. M. Garcia, Rpkp, A. Gonzélez, A. LindenAngew. Chem.
Int. Ed.2005 44, 6187-6190.
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(0]

O °“
0 / R
_ 85-95%
(5 equiv.) OH 99% ee
Me_Me 2010 0°C o
o o 85-94 % R \
| | (a) 85-94 % R’
N\ N >99% ee
cu E "'R

Bu N Bu
0] TfO OTf 79-87%

HOXK/\R (10 mol%) 94% ee
CH,Cl,

1 + .
(b) R\N,O

L, o, r “OXM...N

MS-4A, -20°C -0 °C

85-94 % r.r.>92:8 R1
° o dr.>98:2
)| ee >99%

(3+2) cycloaddition R
reactions

R= H, CHj, 84-87%, >99% ee
Scheme 7Regio— and stereoselective (@iels—Alder reactions of cyclopentadiene and
(b)1,3-dipolar cycloadditions of nitrones witi—-hydroxy enones
In the same research direction, during the timéhaf thesis work, our group

developed an asymmetric variant of the Friedel4Gralkylation (Scheme Séﬁ,

Me Me
oﬁo o M
g/N\ ’N\) i j
'Bu a ;tBu R!
o) TfO OTf 82 - 95% vyield
HO (10 mol%) 68 - 97% ee
Z "R
CH,Cl,
- (o] (o]
20° to 25°C R O

Rl 68 - 96% yield
83 - 98% ee

Scheme 8:Regio— and stereoselective Friedel-Crafts alkylatioith o'—hydroxy
enones

48 C. Palomo, M. Oiarbide, B. G. Kardak, J. M. Garcia, Liknden,J. Am. Chem. So2005 125, 4154-
4155
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Part of the work presented in this thesis, Chaptes a continuation of
previous work by our group as shown in Schemesah8,the aim was to demonstrate
the great value of the'-hydroxy enone motif as a surrogate of p—unsaturated

carboxylic acids, as Michael acceptors in metadlgaed asymmetric transformations.

Nitrogen containing building blocks:

i) B-amino carbonyl compounds

C-N bond formation is another major reaction categdry part because
N-containing compounds are widespread in nature &udamong the most effective
drugs as well as what presently are drug candidMéthin this vast category of
compounds, those which preserfi-amino carbonyl functionality are prominent. More
speciallyB-amino acids have emerged as important goals femaal synthesis due to
their distinguishing features. Over the last dedadee has been a rapid development in
the asymmetric synthesis fBfamino acids. As compared to theiranalogs 3-amino
acids are not abundant in nature; however, they@sgent in a wide variety of natural
products, such as peptides, cyclopeptides, depsiesp glycopeptides, alkaloids ot
terpenoids‘,‘.9 They are biosynthesized in humans, animals, plant$ marine organisms
and are present either in free form or as partralispeptides which exhibit antibiotic,
antifungal® cytotoxic* and other pharmaceutical properfie@-amino acids are also
structural components of important medicinal compuisu such as anticancer

compound® taxof®, where ap-amino acid side chain is essential for its bictad)i

9 For details, see: (a) F. Von Nussbaum, P. Spiteilte £Amino Acids in Nature in Highlights in
Bioorganic Chemistry: Methods and ApplicatipnS. Schmuck, H. Wennemers, Ed., Wiley-VCH,
Weinheim,2004 pp. 63. (b) C. N. C. Drey, i€hemistry and Biochemistry of the Amino Aci@s C.
Barrets, Chapman and Hall, Ed., Londr&g35 p. 25. (c) C. N. C. Drey, i€@hemistry and Biochemistry
of the Amino Acids, Peptides and ProtinBsWeinstein, M. Dekker Ed., New York977, vol. 4, p. 242.
(d) P. Spiteller, F. Von Nussbaum, Enantioselective Synthesis gfAmino Acids,E. Juaristi, V.
Soloshonok, %' Ed. Wiley, Hoboken2005

0 (@) D. C. ColeTetrahedronl994 50, 9517-9582. (b) S. Matsunaga, N. FuestanQrg. Chem1995
60, 1177-1181.

51 G. Trimurtulu, I. Ohtani, G. M. L. Patterson, R. Moore, T. H. Corbett, F. A. Valeriote, L. Demchik
J. Am. Chem. Sott994 116, 4729-4737.

52 (a) G. L. Helms, R. E. Moore, W. P. Niemczurca,M&.L. Patterson, K. B. Tomer, M. L. Gross,
Org. Chem1988 53, 1298-1307. (b) B. E. Maryanoff, M. N. Gretb,—C. Zhang, P. Andrade-Gordon,
J. A. Kaufman, K. C. Nicolau, A. Liu, P. H. Brugs,Am. Chem. Sot995 117, 1225-1239.

%3 J. M. Villanueva, N. Collignon, A. Guy, P. Savign@etrahedronl983 39, 1299-1305.
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activity (Figure 5). Other importaff-amino acid derivatives afelactams.* which are
present in antibiotics, human leukocyte elastasgbitors> and cholesterol uptake

inhibitors>®

PhCOHN

OAc

Assignment and structure determination: Wani (1971)
Figure 5: Synthesis: Nicolau (19945 Holton (1994)° others°

Moreover, the incorporation @-amino acids into peptides insteadcomino
acids increases their stability against degradatignmammalian peptidés. This
enhanced stability is caused by the lack of theymwez which allows cleavage of
peptidic bonds betweem-amino acids an@-amino acid$? The pioneering works by
Seebach et af*** Abele et al®**and Appella et a*“ independently have shown that
the oligomeric structure -amino acids could fold into defined secondary ctrces
which are analogous to the ones observed in regoulateins. Conformationally
constrained3-amino acids[§-AAs) are of great interest in the preparation lidjamers

with strong propensity to adopt specific, compachformations giving rise to

¥ (a) R. B. Morine, M. GormarGhemistry and Biology gfLactum AntibioticsAcademic, New York,
1982 (b) G. Lukacs, M. OhnoRecent Progress in the chemical Synthesis obidtits and Related
Natural products Springler-Verlag, Berlin1990Q

® G. I. GeorgBioorg. Med. Chem. Let1993 3, 2135

%D, Burnett, M. A. Caplen, H. R. Devis, R. E. Burid. Clader,). Med. Chem1994 37, 1733.

*"M. C. Wani, H. L. Taylor, m. E. Wall, P. Coggow,. T. McPhail,J. Am. Chem. So&971, 93, 2325-
2327.

8 K. C. Nicolaou, Z. Yang, J. J. Liu, H. Ueno, P.Mantermet, R. K. Guy, C. F. Claiborne, J. Renaud,
E. A. Couladouros, K. Paulvennen, E. J. Sorensetyre1994 367, 630-634

%9 (a) R. A. Holton, C. Samoza, H. —-B. Kim, F. Liay, J. Biedigerm, P. D. Boatman, M. Shindo, C. C.
Smith, S. Kim, H. Nadizadeh, Y. Suzuki, C. TaoM®R, S. Tang, P. Zhang, K. K. Murthi, L. N. Gentile,
J. H. Liu,J. Am. Chem. S04994 116 1597-1598. (b) R. A. Holton, C. Samoza, H. -BmKF. Liang,
R. J. Biedigerm, P. D. Boatman, M. Shindo, C. CitBnS. Kim, H. Nadizadeh, Y. Suzuki, C. Tao, P.
Vu, S. Tang, P. Zhang, K. K. Murthi, L. N. Gentile,H. Liu,J. Am. Chem. So&994 116, 1597-1598.

€0 For total and partial synthesis, see: D. G. l.gébon,Chem. Commur2001, 867-880.

51D, L. Steer, R. A. Lew, P. Perimutter, A. I. Smi.-1. Aguilar, Curr. Med. Chem2002 9, 811-822.

2 A. Pegova, H. Abe, A. BoldyreGomp. Biochem. Physiol, BO0Q 127, 443-446.

63 (a) D. Seebach, M. Overhand, F. N. M. Kuhnle, Barfihoni, L. Oberer, U. Hommel, H. Widmer,
Helv. Chim. Acta1996 79, 913. (b) D. Seebach, J. L. Matthev@hem. Communl997 2015 (c) S.
Abele, K. Vogtil, D. Seebactelv. Chim. Acta1999 82, 1539. (d) D. Appella, L. A Cristianson, I. L.
Karle, D. R. Powell, S. H. Gellmad, Am. Chem. So&996 118 13071-13072.
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secondary structures, that is, helixes, turns,tsh&&his B-peptides, or foldamers, are
relevant in biological studies to investigate tlpdlogy of receptors and also are

prominent candidates in the development of newsdrug

Therefore3-amino acids are an important tool in the developm® drugs
capable of withstanding hydrolytic degradationgoolonged periods of time.
The principal synthetic routes towarfisamino acids are shown in the retro

synthetic approach&sdepicted in Scheme 9.

A
2 Q R? COOH RO =
R Qkx
j/:g N,

F B
R1/§ N R® \ A H 65a /
65b

65g,h
Mannich reaction NHR3
1 COOH
R *
R2
(0]
65c,d
0 |/ D C\ X
65f
RlA\)kff 65e R3HN OH
(0]
NHR'R? R! X = NH,
_ » 3 OH X = OH
aza-Michael adition R”HN

0]

Scheme Principal retrosynthetic routes to acce8samino acids.
Among the principal approaches described above,ctmugate addition of

amines or related N-centered nucleophilesatf-unsaturated carbonyl derivatives

84E. Juaristi, D. Quintana, J. Escalaérichim. Acta 1994 27, 3.

% Enantioselective sinthesis gkAmino Acids E. Juaristi, Ed. Wiley- VCH, New Yorkl997 (a)
Asymmetric Synthesis GfAmino Acids from catalytic Sharpless Epoxidatibh,A. Pericas, p. 373. (b)
The Synthesis g#-Amino Acids and their derivativeds frofiLactams C. Palomo et al., p. 279. (c)
Selective Transformation of N, N-Dibenzyl Protecfexparagine and Aspartic Acids Derivatiye2.
Gmeiner, p. 67. (dpynthesis of Enantiomerically puffAmino Acids Starting from L- and D-Aspartic
Acids C. W. Jefford, J. McNulty, p. 83. (Breparation of Enantiomerically purgAmino Acids frono-
Amino Acids Using Arndt Eistert Homologatjdd. Seebach, p. 105. (symmetric Addition of Amines
to a,f-unsaturated esters and Nitriles in the Enantiosile Synthesis g8-Amino AcidsE. Juaristi, p.
139. (g) Synthesis of Nonracem@Amino Acids via Chiral Sulfinimines;. A. Davis, p. 127. (h) M.
Arend, B. Westermann, n. RisAngew. Chem. Int. EA998 37, 1044-1070. Book : Enantioselective
Synthesis gB-Amino Acids”E. Juaristi, V. Soloshonok!®Ed., Wiley, Hoboken, New Jerse3005
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which is calledaza-Michael addition(Chapter 1), represents an attractive strategy for

the synthesis of enantiopufamino acids.

“NH
")
o N7 o NH, O
2

Scheme 10Asymmetric synthesis Bfamino acids via conjugate addition of amines.

Three major ways to achieve asymmetric conjugatditian of nitrogen

nucleophiles are the use of chiral accefSfochiral amine¥, and chiral catalysts.

In Scheme 11, examples are shown for the theiaddif an achiral amine to
chiral esters. Thus, Dumas et al. described théhhidiastereoselective addition of
diphenylmethanamine to 8-phenylmenthol-derivedathirotonates under high pressure

conditions®®

while Perlmutter and Tabone documented the syisthet anti a-
substituted3-amino esters via diastereoselective conjugatetiadddf BnNH, to chiral

2-hydroxyalkylpropenoate®.Other elegant works have also been reported wyrsith

% For selected examples of substrate controlledMizhael reactions, see: (a) M. Shimano, A. I.
Meyers,J. Am. Chem. S0d.994 116 6437-6438 and references therein. (b) F Dumadié&rhab, J.
Angelo, J. Org. Chem1996 61, 2293-2304. referentes therein (c) N. Asao, Tim@hda, T. Sudo, N.
Tsukada, K. Yazawa, Y.S. Gyoung, T. Uyeharayamamoto,J. Org. Chem1997, 62, 6274-6282.
®"For selected example of reagent controlled aza-Mitheactions, see: (a) M. Furukawa, T. Okawara, Y.
Terawaki,Chem. Pharm. Bull1977 25, 1319-1325. (b) J. M. Hawkins, G. C. Fl,0rg. Chem1986
51, 2820-2822. (c) S. G. Davies, O. Ichihafefrahedron:Asymmetry1991, 2, 183-186. (d) J. G. Rico,
R. J. Lindmark, T. E. Rogers, P. R. Bovy,Org. Chem1993 58, 7948-7951. (e) D. Enders, H. Wahl,
W. Bettray, W.Angew. Chem., Int. Ed1995 34, 455-457. (f) N. Sewald, K. D. Hiller, B. Helmréic
Liebigs Ann1995 925-928. (g) M. —L. Leroux, T. Gall, C. MioskowsKetrahedron: Asymmet3001],

12, 1817-1823. (h) S. B. Bull, S. G. Davies, P. MrtBE. D. Savory, A. D. Smithletrahedrori2002 58,
4629-4642.

58 E. Dumas, B. Mezrhab, J. d" Angelo, C. Riche, Aiatoni.J. Org. Chem1996 61, 2293-2304.

9 p. Perimutter, M. J. Tabon&, Org. Chem1995 60, 6515-6522 and references therein.

0 (@) H. Matsuyama, N. Itoh, M. Yoshida, N. Kamigaa Sasaki, M. lyodaChem. Lett1997 375-376.
(b) T. Ishikawa, K. Nagai, T. Kudoh, S. Saifynlett 1995 1171-1173, and references therein



General introduction 20

Ph,CH.

NH O
o) Ph,CHNH,
) A\)J\OJEE 14 - 15 bars /'\)J\o

up to 99% de

CO.R BnNH, COR .
R! BnHN. _~_ _R
b) MeOH Y
OTBS OTBS

up to 90% de

Scheme 11Conjugate addition to chiral esters: (a) Dumas b?ga(b) Perlmutter and

Tabone®®

On the other hand, lithium amides, derived fromdily available chiral amines
(Fig 6), have been extensively used as synthetitvakgnts of ammonia in conjugate

addition reactions.

)\N/\ $N/\ J\ PN D’Tl/\OMe NH

Ph™ * Ph .  Ph Ph . Ph", N Ph» uN ,
TR e O

Figure 6.Privilege chiral amines for conjugate addition.

In this context, Davies et &l.were among the first to demonstrate that lithium
N-benzylphenylethylamine, as chiral ammonia eqeingl added to different enoates
with high diastereoselectivity. After debenzylatiamth Pd(OH) and subsequent
hydrolysis, enantiopurB-amino acids are obtained in good vyields (Sché&&j)e The
conjugate addition of amines has found broad wtilit recent years, which was
highlighted by some outstanding examples reporyeBavies et al? and others in the

1 (a) D. Enders, H. Wahl, W. Battrafngew. Chem. Int. EA995 34, 455-457. (b) S. G. Devies, D. R.
Fenwick,J. Chem. Soc. Chem. Commii895 1109-1110

2 (a) S. G. Devies, D. R. Fenwick, O. Ichihafatrahedron: Asymmetry997 8, 3387-3391. (b) S. G.
Devies, O. IchiharaTetrahedron Lett1999 40, 9313-9316. (c) S. D. Bull, S. D. Devies, S. Delga
Ballster, G. Fenton, P. M. Kelly, A. D. Smit8ynlett,200Q 1257-1260. (d) S. D. Bull, S. D. Devies, D. J.
Fox, M. Gianotti, P. M. Kelly, C. Pierres, E. D.\®ay, A. D. Smith,J. Chem. Soc. Perkin Trans. 1
2002 1858-1868.
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stereoselective synthesis of many biological irsing 3-amino acids as well as natural

products.

i U Ph N) 0 1. PA(OH),/C/H,  NH, O
Rl/\)J\OR l/l\l)J\
RlMOR 2. TFA R OR

R2 3. Dowex R2

R! = Ph or Me >95% de
R2 =H or Me

Scheme 12:Chiral lithium amide as ammonium equivalent in tBasoselective
conjugate addition reactions (TFA = Trifluoroacetcid)

In contrast to diastereoselective methods, thalyat version has been less
documented. The body of the work devoted to catalgstrolled, enantioselective aza-

Michael reaction is described in Chapter I.
i) 1, 2 diamines

Apart from the3-amino carbonyl compounds, 1,2-diamines or viciiamines
constitute another subset of interesting moledutaneworks because of their presence
in many natural products and their use as medicigknts perticularly in

Chemotherapy”

Biotin (or vitamim H) which is an essential cofacto carboxylase-catalyzed
reactions, is one of the compounds found in natume contain the 1,2-diamine moiety

in their skeletori® A large number of natural products, specially s, contain a,

(a) P. J. Coleman, J. H. Hutchinson, C. A. HuntL®.E. Delaporte, R. Rushmorgetrahedron Lett.
200Q 41, 5803-5806. (b) P. O"Brien, D. W. Porter, N. Shith, Synlett 200Q 1336-1338. (c) H.
Imamura, A. Shimizu, H. Sato, Y. Sugimoto, S. Saltar, S. Nakajima, S. Abe, K. Mirua, I. Nishimura,
K. Yamada, H. Morishima,Tetrahedron 200Q 56, 7705-7713. (d)Y. Yamamoto, K. Maeda, K.
Tomimoto, T. MaseSynlett 2002 561-563. (e) D. Ma, J. Zhand, Chem. Soc. Perkin Trans 1999
1703-1707. (f) X. Pu, D. Mal. Org. Chem2003 68, 4400-4405. (g) J. M. Langenhan, S. H. Gellndan,
Org. Chem2003 68, 6440-6443.

" For synthesis and application of 1,2-diamine, §ed:ucet, T. L. Gall, C. MioskowskiAngew. Chem.
Int. Ed1998 37,2580-2627.

S(a) M. A. Eisenberg, irEscherichia coli and Salmonella typhimuriprdol.1 ( F. C. Neidhardt),
American Society for MicrobiologywWashington DC1987 pp.544-550. (b) A. MarqueRure Appl.
Chem 1993 65, 1249-1252.
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n+1-diamino carboxylic acid such as 2,3-diaminoprape acid, for instance several

peptidic antibiotics such as edeiffesind tuberactomycin derivativés.

PN SNt SNt
HN™ NH NH; Y \ S Y \
> 3 HZN\/KMCOZH R J( R 5
( §< CO,H . n-2 5 o Z Rl
4 1 <
S CO,H CO,H
biotine n, n+1-diaminocarboxylic acid penicilline cephalosporins

Figure 7:Selected 1,2-dimaine containing biologically acibeenpounds

Amphomycené? aspartocid? lavendomycirf® glumamycir®® antrimycirf? and
cirratiomycin are potent antibacterial peptidesonporating the 2,3-diaminobutanoic
acid residue. The well known antibiotics penicaliand cephalosporins also contain a
2,3-diamino carboxylic acid unit, incorporated intee penam and cepham structures,

repectively.

The 1,2-diamine functionality can be found in was compounds displaying a
broad spectrum of biological activit§.For instance, antiarrhythmié$antidepressant
agent$® antihypertensives, antipsychotics, analgesicsiamxiety agents, anticancer
drugs and antiparasitic agents. Antitumor propserté cisplatin (cis-diaminedichloro-

platinum (I1)) were serendipitously discovered bysBnberg in the mid 1960s. Among

®T. P. Hattinger, L. C. Craigiochemistryl97Q 9, 1224-1232.

" H. Yoshioka, T. Aoki, H. Goko, K. Makatsu, T. Nodd. Sakakibara, T. Take, A. Nagata, J. Abe, T.
Wakamiya, T. Shiba, T. Kanek®dgetrahedron Lett1971, 23, 2043-2046.

8(a) M. Bodanzsky, N. C.n. C. Chaturvedi, J. A. StezR. K. Griffith, A. BodanzskyAntimicrob.
Agents Chemothel 969 135-138. (b) A. Bodanzsky, M. Bodanzshy Antibiot. Ser. A197Q 23, 149-
154.

"W. K. Hausmann, D. B. Borders, J. E. LancasteAntiobiot. Ser. AL969 22, 207-210.

80| Uchida, N. Shigematsu, M. Ezaki, M. Hoshimo®hem. Pharm. Bulll985 33, 3053, 3056.

81 M. Fujino, M. Inoue, J. Ueyanagi, A. Miyak&ull. Chem. Soc. Jpi965 38,515-517.

82K. Morimoto, N. Shimada, H. Naganawa, T. Takita,(Hnezawa,). Antiboit.1981, 34, 1615-1618 and
references therein.

8 E. T. Michalson, J. Szmuszkovidog. Drug. Res1989 33, 135-149.

84 7. Zubovics, L. Toldy, A. Varro, G. Rabloski, M.ukhy, E. TomoryEur. J. Med. Chim. Thefl986
21 370-378.

85(a) D. Lucet, T. L. Gall, C. MioskowskiAngew. Chem. Int. Ed1998 37, 2580-2627. (b) J.
Szmuszkovicz, P. F. Von Voigtlander, M. P. KahelMed. Chem1981, 24, 1230-1236.
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the 1,2-diaminoplatinum complexes described sey®rsses higher antitumoral activity

than cisplatirf®

O
¢l N._.NH, \
Cl—Pt--NHj Pt :

o o H,N.  .NH,

NH; 5 %5&0 o:Pt‘o

o] ¢}
cisplatine DWA 2114R oxaliplatin

Figure 8:Cisplatin and some 1,2-diaminoplatinum compoundseaily used
or evaluated as anticancer drugs.

1,2-Diamine compounds are valuable synthetic inégliates for the
preparation of heterocycl@§Diamines such as TMEDA are widely used as addittoe
stabilize and activate organometallic reagents andrganic salt§® Indeed
enantiomerically pure 1,2-diamines and their denves are particularly useful chiral
auxiliaries or ligand&® and they have found tremendous application ireeselective
synthesis. In this field chiral Z&Symmetric 1,2-diamines and their various derivegiv

offer especially great promise as new reagentsriantioselective synthesis.

Symmetrical vicinal diamines have been used feemsate resolutioff. For
example, R,R-1,2-diaminocyclohexane andk,R-1,2-diphenylethylenediamine (also
called stilbenediamine or stein) were used to kesatropisomeric binaphthols (figure
9).%! Several chiral auxiliaries derived from 1,2-diagsrhave been employed in highly

stereoselective reactions. They often have s§mmetry although early examples

8 (a) B. Rosenberg, L. Vanchamp, J. E. Trosko, V.Mé&nsour,Nature 1969 222, 385-386. (b) A.
Pasini, F. ZuninoAngew. Chem. Int. EA987, 26, 615-624. (c) H. Brunner, P. Hankofer, U. Holzinge
H. SchonenberdeEur. J. Med. Cheml99Q 25, 35-44. (d) J. ReedijkCchem. Commuril996 801-806
and references therein. (e) D. K. Kim, Y. W. Kim, H Kim, K. H. kim, Bioorg. Med. Chem. Let1996

6, 643-646.

87 A. E. A. Popter inComprehesive Heterocyclic Chemistxol. 3 (A. R. Katritzky, C. W. Rees Eds.,
pergamon, Oxfordl984 p. 179.

% R. K. Haynes, S. C. Vonwiller, iEncyclopedia of reagents for Organic SyntheSsl. 7, L. A.
Paquette Eds., Wiley, New York995 pp. 4811-4815.

8 Use of 1,2-diamine as chiral auxiliaries, sed.JWhitesell,Chem. Rev1989 89, 1581-1590.

% For resolving Chiral aldehydes, See: (a) P. MaageA. Alexakis, J. F. NormanTetrahedron Lett.
1998 29, 2677-2680. (b) A. Alexakis, P. mangeney, |. MargE. rose, A, Semra, F. Robeit, Am.
Chem. Socl1992 114, 8288-8290 and refences therein. For determirtiegee of carboxylic acids, see:
(a) R. Fulwood, D. Parked. Chem. Soc. Perkin Trans, 2994 57-64. (b) B. Staubach, J. Buddrus,
Angew. Chem. Int. EA996 108 1344-1346.

1 (a) M. Kawashima, R. HirataBull. Chem. Soc. Jpn1993 66, 2002-2005.(b) H. Brunner, H.
SchiesslingAngew. Chem. Int. EA994 33, 125-126.
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described by Mukaiyama involved unsymmetrical darigs’ The chiral 1,2-diamine

ligands are used often in the field of asymmetyittisesis.

X Y
NH; Ph._NH, o
/ j X=Y=H
“NH, ) OH x=Br,Y=H
X=H,Y
_

PR™NH, OH =CHO
) =N ‘/ T
'
NN
X Y%
resolution agents racemic BINOL derivatives

Figure 9:1,2-diamine used to resolve binapthol atropisomers.

RZRN ¢/ NRURS
X SN, N e
RRN KR! NRZR® ; R R!
AN ' 93a
93h i
. Y - 93b
“« ;
1p2 3
ﬁ 93g RIRZN NR
ey T TR Y
NR1R2 Rl_
// \\
93f .~ h
.’ A
7 ! 93d -,
. 3 , NZ
02N>/-\ </NR 93e | ING
R Rl NRZ: NR3 Ri/A le
S U
) R R!
aza-Henry reaction

Scheme 13vlethods for the synthesis of 1,2-disubstituteddlatrines’®

92T, MukaiyamaTetrahedron981, 37, 4111-4119.

9 (a) Recent review on the use SAMP and RAMP: D.desidM. Klatt, in Encyclopedia of reagents for
Organic Synthesis, Vol. 1, L. A. Pagyette Ed. Wijlslew York,1995 pp. 178-182. (b) K. Imagawa, E.
Hata, T. Yamada, T. Mukaiyam&hem. Lett1996 291-292 and referentes therein. (c) D. Enders, R.
Schiffers, Synthesisl 996 53-58 and references therein. (d) A. R. KatritZ® Q. Fan, C. FuJ. Org.
Chem 199Q 55, 3209-3213 and references therein. (e) N. TanigidhUemura,Synletf 1997, 51-53
and references therein. (f) B, WestermaAngew. Chem. Int. ER003 42, 151-153 and references
therein. (g) M. H. Wu, E. N. Jacobseéretrahedron Lett1997 38, 1693-1696 and references therein. (h)
Q. Li, D. T. W. Chu, K. Raye, A. Claiborne, L. Self. Macri, J. J. Plattnefetrahedron Lett1995 36,
8391-8394 and references therein.
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From the above approaches, the aza-Henry (nitranMh) reaction, that is,
nucleophilic addition of nitroalkanes to imines,aisiseful GC bond forming process.
The thus-obtaine@-nitroamines can be transformed into valuable camgs such as
vicinal or 1,2-diamines and-amino acids by reduction and Nef oxidation of tiigo
moiety. Therefore control of the stereochemistryaia-Henry reaction, wherein up to
two new stereogenic centers can be generatedpisnoé importance. The Chapter Il of
this thesis deals with this process. States ohthef asymmetric aza-Henry reaction is

discussed and the results of a new practical pobtre disclosed.

T L
Rl/* * 2
T
N l‘\lHPG
\ + R2CH,NO, 1 NO,
l) R~ %
R = alkyl, aryl aza-Henry reaction
Nef NHPG
—

R®=H R CO,H

Scheme 14General scheme for aza-Henry reaction and subsgqe€uction to 1,2-
diamines andr-amino acids, (PG = protecting group).
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2. Objectives

Although several methods for the synthesispeamino acids and 1,2-
diamines have been developed, only recently haprigaration of enantiomerically
pure compounds emerged as an important and chaltesgnthetic endeavor. In the
pursuit of this plan, our interest was to evaluatatalytic asymmetric versions of the
Michael reaction of nitrogen nucleophiles. The #jpegoals at the moment this

thesis was initiated were as follows:

Plan 1

To establish practical conditions for the convahigynthesis ofi'—hydroxy

enones.

0 @) 0

HO HO HO
7%\ W R )%LOCHs

a'—hydroxy enones

Plan 2

Based on the previous observations from our ldboraand the working
hypothesis as described in general introduction,n@xt goal was the evaluation of
a'—hydroxy enones as Michael acceptori#-Nbond forming reactions, under the

action of Cu(ll)-bis(oxazoline) complexes and belation of the adducts.

MLn:BOX

o) (Cat) O NR!R? O NR!R?
152 ) - .
HOWR + NHR'R HO%Q*\R ROMR
R=H
R = CH,
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Plan 3

To find out an efficient catalyst system for theymmetric aza-Henry
reaction of nitromethane addition to aldimines amdboration of the adducts.

Extension of the system to other related reactismsh as Mannich reactions.

PG

HN
Ar)VNHZ

PG PG
N . Catalyst HN
)\ CH3NO, NO,
Ar Ar
PG
HN

Ar CO5R

R=H
R = CH3
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3. Chapter |

aza-Michael reaction
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3.1 Introduction

The conjugate addition reaction is regarded as a@inéhe most powerful
methods for the preparation of complex molectfetn this transformation, a
nucleophile adds to th@-carbon of an electron-deficient olefin which isnoected
with an electron withdrawing group, giving a stagtl carbanion intermediate which,
after protonation or subsequent treatment with taaroglectrophile furnishes the final
addition product. The nucleophile can be eithebeoaror heteroatoms and the
acceptors are usually,p-unsaturated carbonyl compounds (aldehydes, ketones
esters, amides etc.), although other activatingumgo like nitro, sulphonate,

suphoxide, phosphate or phosphonate have alsosbeeassfully employe?f.

Nu

@
o | AR
Nu
RN EWG R/\Q/EWG
Q\A NU
Intermediate R * .
E

EWG

EWG
EWG = CHO, COR, COOR, CONR;, SO;R, SOR, NO,

Scheme 15General addition reaction to electron poor olefgenjugate addition).

Owing to simplicity and atom economy, 1,4-additioha homo- (carbon
atom) or hetero- (O, S, N, etc.) nucleophile te fikcarbon attached to an electron
withdrawing group, the so-called Michael type reéact is a very versatile
transformation. In addition, by this way remove dtionalization of the substrate is
possible. Apart from the many types ofd@ntered nucleophiles suitable for this
transformation, when heteronucleophiles are emplofethio, B-oxo andf-amino
adducts are obtained which are important builditachs in chemical synthesis,
specially the later two. Very recently Spencer @£° and Tamariz et. & have

shown the possibility of the oxa-Michael addition racemic form. Regarding

% p. PerimutterConjugate addition Reactions in Organic SyntheBargamon Press. Oxfort992

% Review: (a) X. Li-Wen, X. Chun-GiEur. J. Org. Chem2005 633-639. (b) J. L.Vicario, D. Badia,
L. Carrillo, J. Etxebarria, E. Reyes, N. Rutrganic Preparations and Procedures.|rg005 37, 513-
538.

% For recent progress, see; T. C. Wabnitz, J. -Q.JYB. SpenceiChem. Eur. J2004 10, 484-493
and references therein

"p. Bernal, J. Tamarid;etrahedron Lett2006 47, 2905-2909 and references therein.
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conjugate addition of S-centered nucleophiles, ugatie additions of thiols have been
explored by few groug8 including our laboratory? The conjugate addition of
nitrogen nucleophiles to electron deficient olefitiee called aza-Michael reaction, is
a convenient way to introduce an amine-base funality at the-carbon attached to

an electron-withdrawing grouf3°

\N/ \N/ \N/ o \N/
)NEWG - )NSOZR, Mj{ ; )NNOZ

Figure 10: Privilege Michael adducts.

Among the Michael adductg}-amino carbonyl compounds or related
derivatives are extremely important molecules nuy decause of their ubiquitous
occurrence as constituents of a plethora of bicklli important natural and
synthetic products, but also because they have mshtmav be very versatile
intermediates in the synthesis of other nitrogemt@oing compound@.l
Furthermore, the substitution efamino acids forf-amino acids in biologically
active peptides is a promising tactic to preparptide analogues with increased

potency and enzymatic stabilit}?

% For leading references, see: (a) M. =J. Wu, CWGC,. T. -C. J. Tsen@®rg. Chem1994 59, 7188-
7191. (b) W.-J. Tsai, Y.-T. Lin, B.-J Uangetrahydron: asymmetr$994 59, 1195-1198. (c) K.
Tomioka, A. Maraoka, M. Kauall. Org. Chem1995 60, 6188-6190. (d) D. P. Taber, G. J. Gorski, L.
M. Liable-Sands, A. L. Rheingold@etrahedron lett1997 38, 6317-6318. (e) O. Miyata, T. Shinada, I.
Nynomiya, T. Naito,Tetrahedron1997 53, 2421-2438. (f) C.-H. Lin, K. =S. Yang, J. -P. P&n
Chen,Tetrahedron lett200Q 41, 6815-19. (g) M. Node, K. Nashide, Y. Shigeta SHiraki, K. Obata,
J. Am. Chem. So200Q 122 1927-1928.

99 (a) C. Palomo, M. Oiarbide, F. Dias, A. Ortiz, lAnden, J. Am. Chem. So2001, 123 5602-5603.
(b) C. Palomo, M. Oiarbide, F. Dias, R. Lopez,l4nden, Angew. Chem. Int. E®004 43, 3307-
3310.

199 @) S. Kobayashi, K. Kakumoto, M. Sugiu€xg. Lett 2002 4, 1319-1322 (b) L. W. Xu, C. G. Xia,
Tetrahedron lett2004 45 4507-4510. (c) T. C. Wabnitz, J. B. Spendetrahedron Lett2002 43,
3891-3894.

101 a) For reviews, se&nantioselctive Synthesis pfamino acids;E. Juaristi, Ed.; Wiley-VCH: New
York, 1997. b) J. A. Ma,Angew. Chem. Int. EQ003 42, 4290-4299. c) N. Sewald&yngew. Chem.
Int. Ed 2003 42, 5794-5795. (d) S. Abele, D. Seebakhy. J. Org. Chem200Q 1-15. (e) G. Cardillo,
C. TomasiniChem. Soc. Rewl996 25, 117-128. (f) D. C. Coleletrahedron1994 50, 9517-9582.
%%@) R. P. Cheng, S. H. Gellman, W.F. DegraGbem. Rev2001, 101, 3219-3232. (b) S. H.
Gellman,Acc. Chem. Res1998 31, 173-180. (c) D. Seebach, S. Abele, J. V.SchreiBeMartinoni,
A. K. Nussbaum, H. Schild, H. Schulz, H. HennedRke Woessner, F. BitscigGhimia 1998 52, 734.
(d) D. Seebach, J. L. MathewShem. Commun1997, 2015-2022. (e) T. Hintermann, D. Seebach,
Chimia 1997 50, 244.



Chapter I - aza-Michael addition 33

Sometimes, hydroamination of an activated olefln2{addition) is also
represented as special aza-Michael reaction. Hydradion is the direct reaction of
an alkene or alkyne with N-H bonds, which is a highttractive route for the
synthesis of nitrogen-containing compounfsit is recognized that metal activation
of the olefin /acetylenic bond or the amine is gah required as a preliminary step
in catalytic hydroamination reactiof¥.

Rl/\/R +

Ir-=

R

Scheme 16Generalasymmetric hydroamination reaction.

In 2003 Togni et al. reported the hydroaminatibux §-unsaturated carbonyl

compounds catalysed by Rliphosphane complexes (Scheme ).

NH; HN EWG
" . 4 1 4 1
R \7<R , R R 1-5molos, R R
EWG g3 R Ni?*-phosphane =3 R2
EWG = CN, carbonyl

[ , -
@ipcyz =G =

Fe
Phosphane = Fe “PPh, FE\PthpthE

Scheme 17:Ni?*-phosphane-catalysed hydroaminationsgR-unsaturated carbonyl
compounds with amines

193 3ee, (aReview T. E. Miiller, M. Beller;Chem. Rev1998 98 675-703. (b) V. Neff, T. E. Miiller, J.

A. Lercher,Chem. Commur2002 906-907. (c) P. W. Roesky, T. E. Mull&ngew, Chem. Int. Ed

2003 42, 2708-2710.

194(@) M. R. Gagné, c. L. Stern, T. J. MarisAm. Chem. Sod992 114, 275-294. (b) R. Dorta, P.
Eqgli, F. Zuercher, A. TogniJ. Am. Chem. S04997 11910857-10858. (c) S. Burling, L.D. Field, B.
A. Messerle Organometallics 200Q 19, 87-90. (d) U. Nettekoven, J. F. Hartwij, Am. Chem. Soc

2002 124, 1166-1167. (e) F. Pohlki, S. Doy€hem. Soc. Rev2003 32, 104-114. for recent

development, see: K. Li, P. H. Phua, K. K. Higtrahedron 2005 61, 6237-6242 and references
therein.

105, Fadini, A. TogniChem. Commun2003 30-31.
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In the aza-Michael reaction, single transitionahetsed Lewis acids, which
coordinate witho,-unsaturated carbonyl compounds (activated olefiag} often
competitively displaced by the amifieand because of this reason, it is very difficult

to getp-amino carbonyl compounds with high enantiosel@gtiv

In the last few years, the development of nowved @fficient synthetic
methods leading to chirgl-amino ketones anfl-amino acids and their derivatives
has attracted much attention in organic synth8&ighere are different strategies
employed in order to achieve the desired high stenetrol in aza-Michael reactions,
(a) the use of Michael acceptors covalently attedtdend to chiral auxiliaries that can
be easily removed from the final adduct, (b) the ok chiral nitrogen nucleophiles,
(c) performing the reaction in the presence ofa@chktometric amount of a chiral

ligand and (d) asymmetric catalysis.

The impressive achievements in the asymmetricMizhael reaction made
to date rely principally on the use of chiral aiaties as the main controllers of the
stereochemistry. The chiral acceptor and chirahansontrolled aza-Michael reaction
are shown in Scheme 18 as an example. Howeveacttessibility of the chiral amine
nucleophiles or Michael acceptors is somehow lichite

—Q  COOEt
4/‘\0 COOEt g\)\)

InCl3 (20 mol%)
2 O\‘A/

o ©\_.w\‘
b) ) (0]
S IO T3,

Scheme 18:Asymmetric aza-Michael reaction of amines to ermatéth chiral
auxiliaries.

BnNH, :NHBn
yield 63%, 60%de

iz

108 3) M. Kabatsura, J. F. Hartwiirganometallics2001, 20, 1960-1964; b) L. W. Xu, C. G. Xia, X.
X. Hu, Chem. Commur2003 2570-2571.

197 2) E. Juaristi, H. Lopez-Ruigurr. Med. Chem1999 6, 983-1004. (b) S. Abele, D. SeebaEhy.
J.Org. Chem200Q 1-15. c) M. Liu, M. P. SibiTetrahedron2002 58, 7991-8035. (d) J. You, H. J.
Drexler, S. Zhang, C. Fischer, D. Helléngew. Chem. Int. EQ003 42, 913-916. (e) F. Fringuelli, F.
Pizzo, M. Rucci, L. Vaccaral. Org. Chem2003 68, 7041-7045. (f) F. Gnad, O. Reis@hem. Rev
2003 103 1603-1624.
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The enantioselective synthesisfamino carbonyl and related compounds
uses classical stoichiometric aza-Michael reactiomgh chiral auxiliaries or

enantiomerically pure starting materials, as shbwthe large number of repor{€

One remarkable advance in the chiral amine cdatt@za-Michael reaction
was achieved by Enders and cowork8fsThis group developed the aza-Michael
reaction of §-1-amino-2-methoxymethylpyrrolidine (SAMP) and dsrivatives with
alkenyl sulphones to afford the correspondifigamino sulphones with high

diastereomeric excess (up to 96% de)(Scheme 19).

R._~a-Ph R®N-NH,, Yb(OTf)3 (10mol%) R\/\S Ph
(0] r.t, 7-20 days R2N-NH O

HsCO,  OCH,

R2N-NH = O\/OCHg H3c:oij%/ocn-|3

NH2 NH, NH,
SAHP SAMP SADMP
(e, O G, e
CH3 —CZHS N
‘H OCH3 NH, oc:H3 NH,
SADP SAEP RAMBO

Scheme 19:aza-Michael reaction of proline-derived hydrazirges electron poor
alkenyl sulphones.

198 For selected examples, see: (a) H. MatsunagaaRar@aki, H. Nagaokaletrahedron Lett1983
24, 3009-3012. (b) J. d'Anglo, J. Maddalurdb, Am. Chem. Sod986 108 8112-8114. (c) J. M.
Hawkins, T. A.Lewis J. Org. Chem1992 57, 2114 -2121. (d) T. P. Toh, L. L. WeSynletf 1998
975-977. (e) S. D. Bull, S. G. Davies, S. Delgaddléster, G. Fenton, P. M. Kelly, A. D. Smith,
Synlett 200Q 1257-1260. (f) G. V. M. Sharma, V. G. Reddy, AChander, K. R. Reddy,etrahedron:
Asymmetry2002 13, 21-24. (g) G. Cardillo, L. Gentilucci, V. D. Mats, J. Org. Chem2002 67,
5957-5962. (h) M. Sani, L. Bruche, G. Chiva, S.tBus J. Piera, A. Voloterio, M. ZandAngew.
Chem. Int. Ed2003 42, 2060-2063. (i) A. E. Lurain, P. J. Walsh,Am. Chem. So2003 125, 10677-
10683.

19 3a) D. Enders, S. F. Miiller, G. Raab&ngew. Chem. Int. EA999 38, 195-197. (b) D. Enders, S.
Wallert, Synlett2002 304-306. (c) A. Job, C. F. Janeck, W. BettrayPBters, D. Ender3etrahedron
2002 58, 2253-2329. (d) D. Enders, S. Wallert, J. RunsByqthesis2003 1856-1868.
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In a similar manner, Davies and Fenwifkhave explored the ush-
trimethylsilyl-(S)-2-methoxymethyl-1-aminopyrrolidine (TMS-SAMP) as
neucleophile in the aza-Michael addition process,fsunsaturated esters.

Tomioka and coworket§' have developed efficient chiral-ether-mediated
enantioselective conjugate addition of lithium aesido alkyl enoates in the presence
of 180 mol% of chiral ligand, which provides a powerful entry into opticallytize

-amino carbonyl moieties with high enantioseletyiy1-99% ee) (Scheme 20).

Ph.  Ph
0]
Bn.
0 Bn |\(/lles(g (Iz/l\;le OH O
I mol% <
R&\AOt-Bu + NC R&)kOt-Bu

TMS Li

_7Q0
toluene, -78°C 81-97% yield

R = aryl, alkyl 61-99% ee

Scheme 20<Chiral-ether-controlled enantioselective aza-Michaddition of lithium
amides to enoates.

The amount of lithium amide used was one of theciat factors in
determining the efficiency of the reaction. Lowerithe amount of lithium amide
from 3.0 equiv. to 1.5 equiv. produced Michael adduwith a drop in
enantioselectivity from 93 to 82% and yield 92 188

The examples above illustrate the availabilityaeymmetric variants of the
aza-Michael reaction under stoichiometric compsumnptof the chiral inductor.
However, the development of efficient chiral casédyfor the aza-Michael reaction
remains a significant challenge because the magjaat and most economically
attractive way to introduce chirality into a moléxis by using a catalytic amount of

a chiral controller.

The first example of catalytic enantioselectiva-dtichael addition ofO-
benzylhydroxylamine toN-enoyl oxazolidinones was reported by Jgrgensen and
coworkers in 1998%Scheme 21).

103 G. Davies, D. R. Fenwicli, Chem. Soc. Chem. Commui895 1109-1110.
MY, Doi, T. Sakai, M. Iguchi, K. Yamada, K. Tomigka Am. Chem. So2003 125, 2886-2887.
12| Falborg, K. A. Jgrgensed, Chem. Soc. Perkin Trarls 1996 2823-8363.
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(L

N
T|C|2
N0~ OBn
g5 LU 9 g
10 mol%
0 NMR o NM\R
/ BnONH,_ -60°C -/

up to 42%ee

Scheme 21Chiral Ti-BINOL- catalyzed aza-Michael additionarhine.

From the same group it has been documented tlwngdary aromatic
amines can be good nucleophiles for asymmetricMizaael addition. The reaction
of N-methylaniline withN-alkenoyl oxazolidinones proceeds well in the pneseof
Ni(ClO4),.6H,O/DBFOX-PH'® as the Lewis acid catalyst, with enantioselegtivip
to 90% (Scheme 23§*

O o Ni(ClO,),/DBFOX-Ph, R%_ _Ar
L T 5 mol% T 7 0
o0 “NT PSRl + Ar—NHR? (5 mol%6) MO

_J/ CH,Cl,, r.t. 0" N R!

O O up to 90%ee
(@)
70

[
;/Ph Ph
Scheme 22Chiral Ni-complex catalyzed conjugate addition ofraatic amines.

DBFOX-Ph =

The selectivity and chemical efficiency were foundbe dependent on the
reaction conditions, including solvents, catalymtd other metal-salt-based Lewis

acids.

Sundararajan and Prabagaran have utilized a rmmlger-supported Al-
chiral catalystll in the aza-Micheal addition of BnNHo ethylcinnamate for the
synthesis of chiraB-aryl-3-amino esters with high enatioselectivity (up to¥/8&e)
(Scheme 23).

3 For catalyst, see: (a) S. Kanemasa, Y. OderaiptSstSakaguchi, H. Yamamoto, H. Tanaka, E.
Wada, D. P. Currand. Am. Chem. S0d.998 120 3074-3075. (b) S. Kanemasa, Y. Oderaotoshi, E.
Wada,J. Am. Chem. Sot999 121, 8675-8676.

14w, Zhuang, R. G. Hazell, K. A. Jgrgens€mnem. Commur2001, 1240-1241.
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Bn.
(0]

NH O
BnNH,, Catalyst |
PhA\)J\OEt Ph™ \)kOEt

12h, 35°C

up to 81%ee

Ph IIDh
Polymer - o~ Polymer
Ov ﬁoﬁ N ﬁ
Cat. = N /\ N
Kro o

Ph | Ph

Scheme 23Polymer-supported Al-catalyst-mediated aza-Michraattion of benzyl
amine.

It should be noted that only simple filtration waseded for purification of
the final product, and the catalyst could be easiovered by washing with 1N HCI

and reactivated by reacting with lithium aluminugtide!*

Later in 2003, Hii and coworkers have reportededigat enantioselectivity
using (CHCN),Pf*-BINAP Il for the addition of aromatic amines (Scheme2%).
Hii found that the reaction with electron rich aesndid not achieve a synthetically
useful level. These phenomena may be due to the bharacter of amines, which
causes deactivation of the Lewis acid catalystsdmydination to the metal centre and

results in uncontrolled reactions.

RGN
Y NH O

0]
Cat. (5 mol%) /I\)k
R&\)kNHBOC + R NHBoc

toluene, r.t
\ 18 -120h 82-99%yield
NH; up to 99%ee
i B 2+
R =Me, Et,'Pr  Y=H, Cl, Me, OMe @ N
Ph
Z~p2 _NCCH,

Cat. = {Tfo-}

P~ "“NCCH 2
- = ‘ th 3
N 1

Scheme 24:(CH3;CN), Pd*-BINAP —cétalysed enantioselective R/Iichael additodn
anilines.

115G, Sundararajan, N. Prabagar@ng. Lett 2001, 3, 389-392.
M8 @)K. Li, K. K. Hii, Chem. Commur2003 1132-1133. (b) K. Li, X. Cheng, K. K. Hikur. J. Org.
Chem 2004 959-964.
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In 2004, Sodeoka and coworkersintroduced more robust, binuclear Pd
catalyst for such progresses (Scheme 25). In #@stion, appropriate regulation of
the amino functionality was achieved by the combinse of agPd-BINAP and an
amine salt (RNkKl TfOH).

RINH,-TfOH R
2.5 2 20
Pd-Complex (2 mol%)
\ THF, 20°C \
16h .
_ 49-98% vyield
R = Me, Et, BhOCH
€, =L B2 80-98% ee
H . Rlzaromatic, bezyl
<P\Pd/o\pd’§ R'NH,-TfOH , 1.5 eq.) |
* / \ / N * l
P o
p M 2+ Lt o
) (D: (R)-BINAP . C}/Pd\ + 2TfO" + R'NH,
TIO' L
Pd-Complex R HzN L, L= H,O, THF or R? NH,
R enone
u
R'NH,-TfOH ,
Sodeoka et al.
Org. Lett. 2004, 6, 1861.
240 j 2+o% j
* Pd‘ N N
/ ‘O?
1 Toe
R HZ'\Jﬂ \_/ 2TfO" ?
TfO R
R! NH

Proposed catalytic cycle
Scheme 25Aq.Pd-BINAP-catalysed aza-Michael reaction of aminmeshie presence
of TfOH.

As a result, both decomposition of the catalysatnne and the uncontrolled
spontaneous reactions were considerably suppreBsetthermore, the reported aza-
Michael reactions with both aromatic and alkyl aesiwere not so sensitive to either
air or water and could be conducted without paldicprecautions. Although reaction
mechanism has not been established, authors spetulaat the monomeric Pd
complex could activate alkenoyl oxazolidinones ibidentate fashion, and then the
concomitantly formed free amine would attack thévated double bond. Because the
Reface of the double bond is blocked preferentiyyone of the phenyl groups of

17y, Hamashima, H. Somei, Y. Shimura, T. TamuraSddeokaQrg. Lett 2004 6, 1861-1864.
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(R-BINAP, the addition of amine proceeds from thefage in a highly

enantioselective manner to give the Pd enolates&uent protonation of this Pd
enolate, followed by dissociation of the productthe salt, would complete the
catalytic cycle. In this step, protonation of theguct might contribute to preventing

the product from coordinating to the metal center.

In a similar manner, Sibi and coworkét8have recently developed a highly
enantioselective protocol for the aza-Michael additof O-benzylhydroxylamine to
3,5-dimethylpyrazole-derived enoates using cawlyti amounts of
MgBr..OEtb:bisoxazoline complex (Schem@6g). Later, the same group has
developed a Mg-BOX catalyst for the aza-Michael igold of BnNHOH to
pyrazolidinone-derived acceptdrs.Very recently the substrate scope was extended
to a,p-disubstituted imide derivatives as acceptors whpcbvide 96% ee in the

presence of the same chiral ligand with magnesiiftimide (Scheme26b).*?°

@ /N\N)K/A MX,:L*, NH,OBn /N\NJKA
a
V 760 to —80°C \&\

MX,, = MgBr,, 97%ee; Yb(OTf)3, 41%ee; Y(OTf)3, 59%ee.

o O .
M - Mg(NTf,),-Ligand 0._O- N ‘ X
N BNNHOH, CH,Cl, —40°C 3 _
R ' o? RY

7/
N R4 X= NTf,
| ; % D) ! NO}NH

/R
Ry

Scheme 26Enantioselective conjugate addition of BhnONH

118 @) M. P. Sibi, J. J. Shay, M. Liu, C. P. JaspetsAm. Chem. So&998 120 6615-6616. (b) M. P.
Sibi, U. Grikunti, M. Liu, Tretrahedron2002 58 8357-8363.

HM9M. P. Sibi, M. Liu,Org. Lett 2001, 3, 4181-4183.

120 M. P. Sibi, N. Pradagaran, S. G. Ghorpade, Cagpetse). Am. Chem. So2003 125 11796-
11797.
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Independently, Cardillo and cowork&’s reported that a bulkier amine
nucleophile, K,O-bis(trimethylsilyl)hydroxylamine), in the presenoéthe Cul-box
complexIV provides selectivities in the range 20-76% witkyiflene malonates as

acceptors (Scheme 27).

ANV TMSO_
COOR Bn Cu_ Bn V) NH
TMS. OTMS TIO OTf(10mol%) COOR
— +
R! ‘ CH,Cl,, -40°C
COOR H 2bl2 COOR
52-73% yield

R = Me. Et 20 -76%ee

R%= Ph, 'Pr, CH,Pr

Scheme 27 Cu(ll)-box-catalysed aza-Michael addition of N, @{brimethylsilyl)
hydroxylamine derivatives with alkylidene malonates

Jin and coworketé® have shown that in the presence of chiral rarérear
metal complexes as catalysts, O-alkylhydroxylamoan be reacted withu,p-

unsaturated ketones to afford the corresponfhiamino ketones (Scheme 28).

Ph,HCO_
) NH O

Sc-BNP(10 mol%)
NH,OCHPh
Ar/\)J\Ph + 2 2 toluene, r.t. Ar Ph

quant. yield, 94-99%ee

Scheme 28: S¢'- catalysed asymmetric aza-Michael reaction of O-
alkylhydroxylamines t@-aryl enones.

213) G. Cardillo, L. Gentilucci, M. Gianotti, H. KirTetrahedron: Asymmet3001, 12, 2395-2398.
(b) G. Cardillo. S. Fabbroni, L. Gentilucci, M. @tti, R. Perciaccante, A. Tolomelligtrahedron:
Asymmetn2002 13, 1407-1410.

122% L. Jin, H. Sugihara, K. Daikai, H. Tateishi, X. Jin, H. Furuno, J. InanaZBetrahedror2002
58, 8321-8329.
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The use of the Sc-BNP catalystand O-(diphenylmethyl)hydroxylamine as
a nitrogen source under optimized conditions wasndoto provide the desired

product with quantitative yield and up to 99% ee.

Shibasaki and coworkéfé have developed an interesting heterobimetallic
catalyst that contains rare-earth and alkali mdtalshe aza-Michael addition of O-
alkylhydroxylamine to enones. The Ytis(binaphthoxide) specie¥I, which
contains chiral chelating binapthyl groups in theordination spheres, give the best
reactivity and enantioselectivity up to 99% eehaligh substrate scope is somewhat
limited (Scheme 29). Apart frorN-akyl, O-alkyl hydroxyl amines, and aromatic

amines otheN- centered neucleophiles have also been used iN&t®el processes.

MeO

N

O NH O

(S)- YLB (0.5-10mol%) :
Ar/\)kR + NHZOMe Ar/\)kR

-20°C, Drierite,

THF, 42-122h 85-98% yield
Ar=aryl R =aryl, alkyl 91-97% ee
_ Ph
\/ M
(@} * S
{5 b oS
_ ) 2Te)
. Ph Mo 72
M=Li NH, ! ---M
YLitris(binaphthoxide)(YLB) \éMe x
M=K reaction model
(\2)) YKstris(binapthoxide)(YPB)

Scheme 29:Y-M heterobimetallic catalysis for the enantioselectaea-Michael
reaction of O-alkylhydroxylamines to enones.

Jacobsen and cowork&bhave found that the chiral salenAtomplexVil
catalyses the aza-Michael reaction of hydrazoid g€iNs) with o,f-unsaturated
imides. This procedure provides access to a vaoétgnantiopure3-alkyl--azido

compounds (Scheme 30).

12N, Yamagiwa, S. Matsunaga, M. ShibasdkiAm. Chem. So2003 125 16178-16179.
1243, K. Myers, E. N. Jacobseh,Am. Chem. So£999 121, 8959-8960.
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O O HNg3, AIL* (5mol%) M i
. “\)LNJKPh R N™ "Ph
H toluene/CH,Cl, H
24h, -40°C i
R =Me, Et, n-Pr, i-Pr gg'gng’ Z;I::Id
- 0
AI‘OC\ tBu

Disfavored NH | tgy

AlL* = \ ﬁo

\/ \
Bu' O/MEO Favored H ol
\/N\«\ 0
Al-Me
/N

(Vi reaction model:

Scheme 30Asymmetric aza-Michael reaction of hydrazoic amith a,3-unsaturated
carbonyl compounds promoted by AlL* catalyst

Recently Miller and coworket® have developed a milder, metal free
version of this aza-Michael or azidation reactionwihich the azide nucleophile is
generated from trimethylsilyl azide and 2,2-dimétpropionic acid BuCO,H) in
toluene. Simple-tripeptideVIII mediated aza-Michael of azide to enoates yiptds
azido acids derivatives in up to 85% ee. The odtratalyst was found to havefa
turn conformation, appended with =(benzyl)histidine residue to enhance the

catalytic activity (Scheme 31).

O o O o N5
Cat.(2.5 mol%), TMS-N3
'BUCO,H, toluene, r.t
74-100% yield
45-85% ee

Cat. = N

BocHN,,, OHN\L\-“BU

N HN

i) /> y—Me

N a-Np
Bn

Scheme 31Peptide promoted enantioselective conjugate addiiohydrazoic acid.

1253) T. E. Horsemann, D. J. Guerin, S. J. Millemgew. Chem.. Int. E@00Q 39, 3635-3638. (b) D.
J. Guerin, S. J. Miller]. Am. Chem. So2002 124, 2134-2136.
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The aza-Michael adition reactions of aldoximes t&naccelerated by a
catalytic amount of Lewis acid when imides are uag@cceptors. The aqua complex
derived from R,R-DBFOX-Ph and zinc(ll) perchlorate hexahydrateais specially
active catalyst which afforded enantioselectivitipsto 67% eé?® This work presents
a new nitrone-forming reaction by-alkylation through the aza-Michael reaction of
aldoxime toa,B-unsaturated carbonyl compounds in the presenckeuwfis acid

catalyst although enantioselectivies are only mbogisheme 32).

O -
O o OH Zn(ClO4),/DBFOX-Ph. O o \N+
N (10 mol%) )
- Ph CH,Cl,, 0°C J
= 74-100% yield
0,
DBFOX-Ph = \ y upto 64% ee
(@)
7 -0
Ph Ph

Scheme 32Zn:DBFOX- catalysed aza-Michael reaction of aldoxen

Catalytic activation ofa,B-unsaturated carbonyls towards reaction with
weaker nitrogen nucleophiles such as carbamateshuacever, proven to be more
difficult, and indeed it was only very recently thtis reaction coud be realized
catalytically through the use of certain Brenstéeénd Lewis acid$?® While these
recent methods directly afforded useful N-protecf@@minocarbonyl adducts,
asymmetric versions of this reaction, which are paftencially great practical

importance, remained elusive.

126K Nakama, S. Seki, S. KanemaFatrahedron Lett2002 43, 829-832.

1277 C. Wabnitz, J. B. Spenceédrg. Lett 2003 5, 2141-2144

128 (a) Pd(CHCN),Cl, and [Pd(CHCN)](BF,),: J. M. Gaunt, J. B. Spenc@rg. Lett 2001, 3, 25-28.
(b) T. C. Wabnitz, J. B. Spencéretrahedron Lett2002 43, 3891-3894. (c) T. C. Wabnitz, J. -Q. Yu,
J. B. SpenceiChem. Eur. J2004 10, 484-493. (c) RhGJ3H,O, ReC} and other transition metal salts:
S. Kobayashi, K. Kakumoto, M. Sugiura, MOrg.Lett. 2002 4, 1319-1322. (d) Bi(Ng)s: N.
Srivastava, B. K. Banik]. Org. Chem2003 68, 2109-2114. (e) FegtMesSIiCl: L. W. Xu, C. —Gu.
Xia, X. =X. Hu,Chem. Commur2003 2570-2571. (f) fN"X/BF;,OEb: L- W. Xu, L. Li, C. -G Xia,
S. —-L. Zhou, J. W. Li, X. =X. HUSynlett 2003 2337-2340.
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Very recently, after our research work, MacMilland coworker$® have
shown that carbamate derivatives act as good npitiles for the conjugate addition
to a,B-unsaturated aldehydes promoted by organocatalystgsarticular, the chiral
secondary aminéX in combination with para-toluene sulphonic acid $g) in
chloroform, afforded moderate to good yields (70492and high selectivities (87-
97%) (Scheme 33).

! PG_, -OTBS
PG_ _OTBS  cat. 20mol%.pTSA (1:1 -
RA\AO + N . 0.p (1:1) R/\AO
H -20°C, CHCl;
70-92%yield
R=alkyl PG= Cbz 87-97‘V2ge
Boc

Fmoc CH,
>K/|\’| H3C@SO3H

|
Catalyst= HN ©
pTSA
(1X)

Ph

Scheme 33Carbamates conjugate addition tgf-unsaturated aldehydes by organo
catalysis.

This method presents some limitations: (1) unmtet carbamates do not
work and active nucleophiles such as PG-NHOTBS £PGbz, Boc, Fmoc) need to
be prepared; (Z3-aryl substituted enones are not tolerated anaéh(aydition, to get

good selectivities, 20 mol% catalyst is needed.

The 1,4-addition of chiral nitrogen nucleophiles riitro olefins can also
provide vicinal diamines oo-amino acids depending on the transformation of the

nitro group.

Enders and coworkéerd reported an auxiliary-controlled diastereo- and
enantioselective synthesis of 1,2-diamines by anMichael reaction applying-)-
(2S,3R,4R,58L-amino-3,4-dimethoxy-2,5-bis(methoxymethyl)pyidone  (ADMP)

129y K. Chen, M. Yoshida, D. W. C. MacMillad, Am. Chem. So2006 128 9328-9329.
130D Enders, J. WeidemanBynthesid 996 1443-1450.
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X as a chiral equivalent of ammonia (Scheme 34)owltig ADMP to react with

nitroalkenes provided the Michael adducts in goedbg and diastereoselectivities.

MeQ, OMe
R

MeO, OMe Meowr,,,, OMe
g o) o B
R + MeO . OMe
Y, K ~78 t0 —20°C HY

2 -
R N 1 ~__NO,
NH, R /\r
Rl= alkyl,aryl X) R?
R%= alkyl R = alkyl : de = 66-84%

Rl=aryl : de = 31%

Scheme 34:Enantioselective conjugate addition 0f)+2S,3R,4R,5S)-1-amino3,4-
dimethoxy-2,5-bis(methoxymethyl)pyrrolidine (ADM® hitroalkenes.

Mioskowski and coworketd" have used the potassium salt Rf-and ©)-4-
phenyl-2-oxazolidinone as enantiopure nucleophilethe aza Michael reaction.
Deprotonation of the chiral amine witlBuOK in the presence of 18-crown-6
provided the 1,4-adducts in good yield as a sirtiestereomer regardless of the
enantiomer of the oxazolidinone used. Interestingbhen (E)/(Z) mixtures of

nitroalkenes were applied, a single product walsodtiained (Scheme 35).

1. 'BUOK, 18-crown-6
THF, 0°C, 1h

P\
o rmereme oL,
0 Ph > !
H 3. ag. NH,CI gl ~NO2
43-87% R'= alkyl,aryl

de>98%

Scheme 35: Diastereoselective conjugate addition of (R)- art)-4-phenyl-2-
oxazolidinone to nitroalkenes.

Very recently Wang and coworkétshave described the asymmetric version
of the conjugate addition reaction of nitrogen hetgcles with a variety of

nitroolefins under 10 mol% catalytl at -20°C in dichloromethane. The results

131 M.-L. Leroux, T. Le Gall, C. MioskowskiTetrahedron: Asymmetrg001, 12, 1817-1823 and
references therein.
132 3. Wang, H. Li, L. Zu, W. Wan@)rg. Lett.2006 8, 1391-1394.
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showed that in general the reactions took pladeiefitly (64-90%) with moderate to
excellent levels of enantioselectivity (57-94%)(8cte 36).

N
N Cat.(10 mol%) Qj‘,\l
Rl/\/ N02 +

/N N
N CH,Cly, 24-96h o J__nNo,
1_
R*= alkyl,aryl = 64-90% vyield
57-94% ee
Cat.
HO,, N
HO
N xy
s
N

Scheme 36Enantioselective heterocyclic aza nucleophile addito nitroalkenes.

Overall, the conjugate addition df-centered nucleophiles to electron
deficient olefins under catalytic control has notiid a general solution yet. It has
been postulated that a major obstacle to the denedat of Lewis acid-catalysed
enantioselective conjugate additions of carbametdble possibility for alternative
nonselective pathways to be catalysed by Brgnstigl$ §protons) resulting from the

hydrolysis of Lewis acids in reaction medfa.

The examples shown herein are certainly only tkgirming and have
limited applications. Our aim and research inteveas the search for efficient and
flexible aza-nucleophiles which can show high eéicy in terms of
enantioselectivity and reactivity in the presendeknown Cu(ll)-bis(oxazoline)
complexes as chiral catalysts. Acceptors such bsaha'-hydroxy enone templates
and nitroalkenes were selected and elaboratidineofddducts to the correspondiig

amino acids and 1,2-diamines was another subjanterest.

133 For detailed on this subject, see: T. C. Wabdit®) Yu, J. B. SpenceGhem. Eur. J2004 10,
484-493.
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3.2 Results and discussion

Based on the previous results (described in gemaralduction) by our group
on the use of’'—hydroxy enones as templates in the asymmetritsBileler reactiort>*
we set out to establish the validity @fhydroxy enones as Michael acceptors against
nucleophiles under the pertinent catalyst systera.3&lected for first trials the metal-
bisoxazoline systems as the catalyst, and a sefridsucleophiles were tested (Scheme
37).

MLn:Box
9 (Cat) O NR'R?

HO 1R2
)%K/\R + NHRIR HONR

la-h
Scheme 37Proposed reaction for screening of reagents antidmns.

The catalysts employed for initial test are demidielow,

0 0
&'N N'J 4a, Cu(SbFg),
o 4b, Cu(OTH),
Bu XX 7

“tBy 4c, Mg(OTH),

3. 2. 1 Preliminary results with

(i) Trimethylsilyl azide (TMS-N )

For the initial studieg-ethyloa'—hydroxy enonela and 3—phenyto'—hydroxy
enone 1h were employed as testing bench and research wasdd on the use of
trimethylsilyl azide (TMS-N) as theN-centered neucleophile under catalytic action of
Cu(Sbk), : '‘BuBox (Scheme 38). The reaction protocol consisfed situ preformation
of the catalystta by admixing Cu(Sb§), and chiral ligand (2,2-isopropylidenebisf#-
tertbutyl-2-oxazoline) in CkCl, for 3h at room temperaturdo the catalyst green
solution at the specified temperature addition wbre 1a, stirring for 30 mins, and

subsequent addition of trimethylsilyl azide wasriear out. The reaction progress was

134 C. Palomo, M. Oiarbide, J. M. Garcia, A. GonzaEzArceo,J. Am. Chem. So2003,125 13942-
13943
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easily monitored by TLC analysis, and conversiors walculated by'H NMR (500

MHz).
oo
§/N\ /NJ 2(SbFg) ™~
g Cu //tBu
4a
O N
o (10 mol%) o °
Ho><K/\R + TMS-N, R
2 CH,Cl,, 25 °C, 18h
R Conv. ee
1a R =CH,CHj 3a CH,CHs, 95%, 0%
1h R =Ph 3h  Ph, 0%

Scheme 38Preliminary experiment: aza-Michael addition of TS (2) to enonesla
and1h conducted by catalyda.

In the first run at room temperature for 18h, &ahael adducBa was obtained
in 70% conversion with 0% enantiomeric excE8sThe 1,4-addition of azide was the
only product of the reaction with substre8a and conversions were generally good
without selectivity. In an attempt to get some diweelectivity, we considered to reduce
the reaction temperature down-+20°C. However, at this temperature, the reactite ra
was very slow (after 20h, 70% conversion) and tlege no improvement on selectivity.
Later on, the reaction ¢¥-phenyl substituted enoriéh was evaluated. Moreover, it was

observed that there was no reaction even at highgverature.

Unfortunately no enantioselectivity was observed any of the reactions
employing chiral ligands, possibly because of tbasonably fast background reaction,

which occurs in the absence of catalyst to getmaceroduct.
(i) p-anisidine
In a second stage, we turned down to the usep-ahisidine as the N-

nucleophilic species. Accordingly, the reactionfefphenylethyta'—hydroxy enonelb

andp-anisidine was studied under different conditioeaslaown in table 2.

13Note: For this particular case, determinationhef ¢e by chiral stationary phase HPLC was unsufttess
and instead NMR using Europium tris [3-trifluoroimghydroxymethylene)-(+)-camphor] as chiral shift
reagent was employed. Reaction did not work witviseacid Cu(OTH)
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Table 2. Reaction between p-anisidine and en@be&onducted by catalydb and4c.

OCHj,
NH,
4b orc
(@] O HN

Cat. (10 mol%)

HO + HO
%th )%th
CH,Cl,, 25 °C,

OCHj

1b 5 6b
Entry Catalyst Time(h) Conv. (%) (ee),9%
1 6.5 0.0
2 Cu(OTf) 8 >95
3 Mg(OTf), 7.5 >95
o} o}
4 T><f 15 >95 0
‘NCU'I\‘I\‘?
5 BiTo, ot ey 18 63 o°
0 Mo
| |
6 &NMQ'NJ 4.5 95 0

t MY -
Bu Y tBu
TfO4COTf

aConversions were determined By NMR (500 MHz). Determined by HPLC chiralcel OD column
(Hex: IPA)(90:10), 0.5 mL/min. & 36.1min, 44.5min’Reaction was ran at 0°C.

In most cases, studied at 25°C, the observed csiows to the desired
1,4-addition product6b were almost quantitative, but enantioselectivitgsw0%. By
running the reaction at 0°C (entry 5) no improveimeh ee was detected and the
conversion diminished. Reasons for the lack of éhantioselectivity observed in this
reaction can be suggested. Firstly, Cu(@&af)d Mg(OTf) both significantly catalyze the
reaction without any ligand being present (entry8R,For reactions with chiral ligands
there may be equilibrium at play in which free nhejgecies are present and catalysing
the racemic reaction. Als@-anisidine itself has strong coordinating power amay be
interacting with the metal forming achiral complex@apable of catalysing the racemic

conversion. These considerations moved us to tshifther N-centered nucleophiles.
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(iif) O-benzylhydroxylamine (BNONH,)

The disappointing results observed with TM&-Nind p-anisidine as
N-nucleophile reagents turned our attention towards tise of hydroxylamine
derivatives. The first option was the use Okbenzylhydroxylamine7 and the
B—ethyl-o'—hydroxy enonéla in the presence of catalystb and4c, and the results are
shown in Table 3.

In general, this reaction was inefficient at roéemperature because of the
presence of multiple products. When reaction teatpee was reduced to 0°C, the
desired 1,4-addition produBa was obtained along with the side double additimduct
8b. The reaction generally did not reach completiod eultiple spots were present on
TLC.

Table 3.aza-Michael addition of to enonela promoted by catalystéb and4c.?

o,

Ny N~
wf X X gy BnO _OBn

2 u4(10mol%) o HnOB" \lN HN

HO>%J\/\/CH3 + BNONH, HO )MCHS . HO )MCHS

1.1equiv. CHyCl,, TT
la 7 Sa 8b
Entry Catalyst ToC  Time(h) 8a’(ee%) 8b°
Comp. MX

1 4b Cu(OTH 0 5 84 n.d
2 4b Cu(OTH 20 21 52 n.d
3 4b Cu(OTH  -40°C 90 72 n.d
4 4c Mg(OTHh 0 5 13 n.d

¢ All reactions were conducted at 0.5 mmol scalactien time specified, with mole ratio of enones :
O-benzylhydoxylamine : catalyst = 1:1.1:0.1; Comien was not determindde was determined
Chiralcel OD column, (90:10) hexane: IPA, 0.5 mimi210 nm, Rt = 11.0 min. major, 13.1 min.
minor. “8b was observed in all entries but quantity wasdssermined.
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The major problem was the production of the 1,8d d,4-double addition
product B8b), even at low temperature with decreasing ee dt@lentry, 2, 3). It is
possible that after formation of the 1,4-producttle reaction, the ketone carbonyl
subsequently becomes activated towards furtheadg®ion through hydrogen bonding.

This reaction was abandoned due to these inhereblepns.

(iv) Carbamates

Next we turned our attention to carbamates as opbiees. Carbamates are
presumed to posses more attenuated nucleophiliwitych might preclude form over
addition products. Furthermore, eventual deprateadf theN- atom could be performed
under very smooth conditions in adducts when ddriVée started initial exploration
with easily accessiblgg—phenylethyl o’~hydroxy enonelb (table 4, entry 2) and
commercially available benzylcarbama@en the presence of cataly$h. The estimation
of reaction progress was easily monitored by TL@lgsis, while purification of the

crude product was effected by flash column chrograiohy.

Table 4: aza-Michael addition d® to enoneda,b,e catalysed bytb.*

o,

NCu/N - 0
t, 2 \ “
o i Bu Tfo4b OTf "Bu o HNk o
HO%K/AR b HN o© (10mol%) HO%K/\R
CH2C|2, r.t.
1 9 13
Entry  Substratd R Time(h) Pdt13 Yield(%) ee(%§
1 a CH,CH; 66 a 83 96
2 b CH,CH,Ph 72 b 86 96
3 e CH(CHo): 67 e 53 98

°All reactions were conducted at 2.0 mmol scalegtiea time specified, with mole ratio of enones :
benzylcarbamate : catalyst =1:2:01solated vyield after column chromatograpfee was determined
by HPLC.

In the first run, at room temperature for 66 e #za-Michael adducts3a was

obtained in 83% isolated yield with 96% ee. Simitasults were also obtained with
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enoneslb andle which led to corresponding produtBb in 86% isolated yield with
96% ee (entry 2) antiBein 53% isolated yield with 98% ee (entry 3) respedy.

Based on these preliminary experiments with cataly, other catalysts and
metal salts were screened. With other bis(oxazpligands as shown in Fig. 11, another
different metal salts Mg(OT{) Zn(OTf),, Sc(OTfy were also used. In this regard, many
structural variants are available for the BOX lidatategory. In particular, it is well
reported that the bis(oxazoline) ligands can beifieatlby changing the substituents on

bridging methylene (2, 2"—position) and oxazoliimg (4, 4"—position).

qJ an an

N N / §/N N N N /
Ph Ph BU “ 'Bu “igy
L-1 |_-2 Bu L-3
% B
0 O I _
o e
: N\,)
Bn Bn ~
Ph
L-4 L-6

Figure 11: Box-type chiral ligands evaluated in the aza-Migh@action of carbamates.

To this purpose, the Cu(SF salt was preformed from CuCaénd Ag(SbE).
according to described protot8and then the same sequence of addition of reagsnts
above described was employed. Unfortunately catalgs(BuBox : Cu(Sbk),) was

unable to promote the reaction (table 5, entry)1, 2

136D, A. Evans, J. S. Johnson, E. J. Olhavaim. Chem. So200Q 122, 1635-1649.
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Table 5: Asymmetric aza-Michael addition of benzyl carban®atégth o’'—hydroxy enone
.Cbz

1b promoted by metal-box complexes
oMo
| | :MLn
O o D
R 4 (10 mol%)R
HO><J\/\/\ph + HZNJ\O/\© (10 mol%e) HO)%J\/I\/\Ph

CH,Cly, r.t.
13b
1b 9

Entry catalyst Solvent Time(h)  Yield (%) ee (%)

Comp, MLn R

4a, Cu(Sbk), ‘Bu CHCl, 48 0°
2 44 0
3 4b, Cu(OTf) ‘Bu ELO 72 99 99
4 THF 72 05
5 CHsCN 72 o
6 CH,Cl, 72 86 96
7 4c, Mg(OTf), ‘Bu CH.Cl, 144 d
8 4d, Zn(OTf,  'Bu CH.Cl, 144 ¢
9 4e, Cu(OTf) Ph CH,Cl, 72 49 83
10 4f, Cu(OTf) Bn CH.Cl, 72 d

®All reactions were conducted at 0.5 mmol scalectiea time specified, with mole ratio of enones :
benzylcarbamate9):catalyst =1:2:0.1° After column chromatography.Determined by chiral HPLC
Reaction conversion based on the NMR of the crudduyzt after specified timéReaction time was not
optimized'Reaction ran with enonie

Although copper metal has been used for prelingin@actions, based on
previously reported results, other metals were alsosidered. Fpr example, the aza-

Michael addition reaction using cataly$t prepared from ligand.-2 and Mg(OTf},
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resulted in no conversion (entry 7). Cataldtprepared admixing chiral ligarid-2 and

Zn(OTf),, was unable to promotke reaction too (entry 8).

Another possibility that we examined was the dfféfc¢he substituents at 4, 4'—
positions of the Box ligands. While catalykt resulted in 83% ee (entry 9), catalyst

was unable to promote the reaction (entry 10).

Among the other solvents tested, neither THF noetanitrile led to any
significant reaction conversion (entry 4, 5), whi,O led to a remarkable 99%

conversion and 99% ee (entry 3).

In the next step, structurally modified box ligandiere studied. Work by
Denmark had demonstrated that changes at the raathydridge in the bis(oxazoline)
ligands can enhance the selectivity. To get theetienal effect of modifying the ligands
bite angle in bis(oxazoline) ligands bridging dimdtmoiety of ligandL—2 has been
substituted by a cyclopropyl ring, as reported bgnidark, Sibi, Pfaltz and Davies
independently®’ The cyclic bridged bis(oxazoline) ligand (spiroxpo(L—3) was
prepared starting from the commercially availab)&”-2methylene bis(oxazoline) and
1,2—dibromoethane (see experimental sectidaice, catalystgwas prepared using this
chiral ligand 1,1bis[2-((49-(1,1-dimethylethyl)-1,3-oxazolinyl)] cyclopropané.—3)
and Cu(OTf).

1373) s. E. Denmark, C. M. Stiff, Org. Chem200Q 65, 5875-5878. (b) M. P. Sibi, J. J. Shay, M., lGu

P. Jaspersel. Am. Chem. S0d998 120, 6615-6616. (c) D. Muller, G. Umbricht, B. Webé, Pfaltz,
Helv. Chim. Actal99], 74, 232-240. (d) I. W. Davies, L. Gerena, L. CastanglC. H. Senanayake, R. D.
Larsen, T. R. Verhoeven, P. J. Reid&em. Commuri99§ 1753-1754.
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Table 6: aza-Michael reaction of carbamagewith enones promoted by catalyigt and

4h.

O V 0]
(D

N N/ :cux,
“t

0 i tay] oy o nn-Ch?
HOXK/AR L HNT 0TS 4g, 4h (10mol%) |—|o>%k/KR
= CH,Cl,, r.t.

1 9 13
Entry Subsl R Cat. CuXz Time(h) Productl3 Yield(%)" ee(%f
1 a CH)CH; 4g Cu(OTfy, 48 13a 98 92
2 b CH,CH,Ph 4g Cu(OTfy, 40 13b 92 98 O
3 44 13b 50 94 (9
4 20 13b 83 98 (9
5 4h  Cu(Sbk), 48 13b 38 >98R)
6 e CH(CHs), 4g Cu(OTfy 42 13e 31 94

2All reactions were conducted at 0.5 mmol scalectiea time specified, with mole ratio of enones :
benzylcarbamate9):catalyst =1:2:0.1° After column chromatography. Determined by chiral HPLC.

Reaction conducted with 1.0 equiv. 8f ‘Reaction conducted with 4.0 equiv.®f

The reaction carried out by using catalgtwith different enoneda, 1b and

le,resulted in comparatively same enantioselectivityl 3a, obtained with 98% isolated
yield and 92% ee (table 6, entry 1Bb, 92% yield with 98% ee (entry) and13¢ 31%
yield with 94% ee (entry 6) respectively. But wreatalyst4h was prepared and reaction

conducted with substratih, after 48h at 25°Cl3b was isolated in 38% conversion and

>98% ee of the opposite enantiomer (entry 6). bleoto avoid time consumption and

seeking for economy during preparation of the ¢Higand, like in the case df-3, we

selected_-2 ligand as most practical for our asymmetric azahdel reaction.

On the other, the amount of benzylcarbam@teseemed not to influence

enantioselectivity. For instance, when carbanddteding was changed from 2 equiv. to
4 equiv., after 20h13b was obtained in 83% chemical yield and 98% eeryetit and

with 1.0 equiv. of carbamate, after 4418b was obtained with 94% ee in 50% chemical

yield (entry 3).
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3. 2. 2 Substrate Scope

After screening reaction conditions and catalystthe conjugate addition of
benzylcarbamat@ to enoneda, 1b andle, it was obvious that catalydb was the most
convenient for further development. Substrate sdopkided on the variation of the R
substituant at g of the a'-hydroxy enone as well as R' group on the carbamat
counterpart. About variation on the carbamateszyearbamate was used for initial
screening but other carbamates like tert-butyl @ewdte10, methyl carbamatél, and
ethyl carbamatd 2, which are commercially available, were also checked. Resue
uniformly satisfactory for a series @alkyl substituted enone%a-g (table 7). Thus
linear as well as branched chain alkyl derivatigase high range of selectivity. With
alkyl groups branched at tigzcarbon, 20 mol% catalyst was needed in order tidav
long reaction time (entry 10, 11). For enohg bearing the bulky tert-butyl group,
refluxing conditions were required (entry 13). hetgting, no detrimental effect on

enantioselectivity was observed in this instance.

Regarding the carbamate counterpart, as seen fhemtable, the reaction
tolerates well carbamat®&and10 while carbamate$1-12 provided poor yield but good
selectivity and needed longer reaction times (t@blkentry 4, 5). On the other hand, more
sterically hindered carbamateN;benzylbenzylcarbamate (BnHNCOOB@dY and N-
benzyltertbutylcarbamate (BnHNCOOtBaB were prepared using known procedures
(see experimental part) and showed to be inert witbnelb under the described
reaction conditions.

t
Bu M _CHg _Et
-Bn -
HzN)kO H2N H2N O H2N O
9 10 11 12

Figure 12: Selected carbamates.
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Table 7: Aza-Michael addition of carbamate®-12 with variousa'—hydroxy enone%a-g

promoted by catalystb.

o M e
\

4b o
(0] o . N*CL,J’N (10 mol%) )
HO Bu NP Bu OR
CH,Cl,, r.t.
1 9, R”?=Bn z-2 13R—Bn

10, R> = tBu 14, R =tBu
11, R?> = Me 15, R? = Me
12, R? = Et 16, R? = Et

Entry o'-hydroxy enonél Carbamate Time,h  Product Yield,% ee,%

Comp. R Comp. R

1 a  CH,CHs; 9 Bn 46  13a 89 92

2 b CH,CH,Ph 9 Bn 71 13b 86 96

3 10 ‘Bu 18 14b 92 88

4 11 Me 118 15b 51 99

5 12 Et 142  16b 74 96

6 ¢ (CHy)sCH; 9 Bn 62  13c 66 92

7 10 'Bu 18  1l4c 76 96

8 d CHCH(CHy), 9 Bn 68  13d 71 96

9 10 '‘Bu 22 14d 87 98

10 e  CH(CH), o° Bn 67 13e 53 98

11 f c-CeHys o° Bn 96  13f 57 94

12 10 'Bu 100  14f 85 91

13 g C(CH); o Bn 96  13g 65 94

®Reactions performed on 2 mmol scale with a rat@arbamate:4b; 1:2:0.2.1solated yield after column
chromatography® Determined by HPLC using Chiralpak AD, AS, and r@hiiell OD columns? Volatile
compound?® 20 mol% of catalyst was usddreaction carried out at refluxing conditions.
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From the very beginning, it was observed fhatyl substituted hydroxy enones
performed less satisfactorily. For instance, eaatlyessibléé—phenyla'—hydroxy enone
1h did not react with carbamat@ (Scheme39) in the presence of catalydb in

dichloromethane. After 144h, starting material weovered.

0 4b (10 mol%) .
HO = + Cbz-NH, No reaction
CH,Cly, r.t, 144h
1h 9

Scheme 39Unsuccessful reaction between carbantéamd enond h.

Consequently, other catalysts and reaction carditwere screened f@raryl
substituted substrates. We decided to evaluate e members of bis(oxazoline)
ligand category catalysts for the reaction shomischeme 39. Accordinglyii, 4j and
4k were tested with benzylcarbamaeand tertbutylcarbamat#0 in the aza-Michael
additionto enonelh, but after 144h, 0% conversion was detected ih loases. These
unsuccessful results turned our attention to sedeote stronger nucleophiles, liké
hydroxybenzylcarbamate (HOHNCOOBN)L9 and N-hydroxy-tert-butylcarbamate
(HOHNCOOtBuU) 20, which were again unable to promote the aza-Miclzalition

reaction (Fig. 13). Unfortunately, enones bearifigaryl substituents proved to be

O
0 N0
,,,,,, N
: N
eS8y
TfO Yott TfO OTf ph T0~ | oTf Ph
OTf4k
o)

(e} (@]
HO =
HO\NJLO/\@ HO\NkOk m
H H

19 20 1h

unreactive even under forcing conditions.

Figure 13:Catalsyts4i, j, k tested in the reaction of enohl and nucleophilet9
and 20.
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To evaluate to which extent the reaction steredobobuld be governed by the
chiral catalyst or the chiral substrate acceptoenehboth components are chiral, one
example of double asymmetric induction was condlchiral o'—hydroxy enone2l
was selected, since it could be easily preparet freethyl lactate (for preparation, see
experimental part). The reaction of tert-butylcambal10 with 21 promoted by catalyst
4b under previously optimised conditions led to a tmi& of diastereomers in 70:30

ratios with 80% crude yield (table 8, entry 1).

Table 8: Diastereosective aza-Michael addition of carbamB@evith chiral enone1 in
the presence of catalystb, e, i

_.Boc _Boc
O 4b.e,i O HN O Hl;l
HO 10mol%) HO 2 HO
OBn CH,Cly, 1.t OBn OBn
21 10 .
anti syn
Entry Enone  Catalyst Time(h) Yiéld dr,%;
(%) syn:anti or anti:syn
o%o
T
1 21 t &NCL‘;N{ 24 80 70:30
BU 110 ot 'Bu
4b
OT><TO
kN
2 21 ol o orien 11299 69:31
4e
@NCU,N
3 21 PR g otren 112 99 69:31
4i

Unless otherwise stated, all reactions were comrduat 1.0 mmol scale, reaction time specified, wwithl
ratio of enones : 10 : catalyst = 1:2:(*@Conversion was determined By NMR. °dr was determined by
'H NMR (500 MHz).

In a subsequent reaction carried out With after 112h, conversion was >99%
with a mixture of diastereomers in 69:31 ratio (gnR). Finally, by using the
enantiomeric catalysti, essentially identical result was obtained. Beeaafsthe lack of
selectivity, we didn’t proceed to optimize condisoandsynor anti configurations were

not assigned.
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3. 2. 3 Elaboration of the aza-Michael adducts

The potential of the catalytic aza-Michael reatti® best demonstrated by the
elaboration of the adducts infsamino acids in high enantiomeric purity. Indedtk t
ketol moiety could be smoothly oxidised to eitheraaboxylic acid or an aldehyde group

thus affording N-protecte-amino acids and aldehydes.

On the one hand, treatment of the Cbz-derivatisand13d with ammonium
cerium nitrate (CAN) in acetonitrile gave the cependingN-Cbz-protected3-amino
carboxylic acid22b and22din good chemical yield >91% after column chromaapdy
(Scheme 40). These products were treated with tinytelyldiazomethane in the
methanol-benzene solvent system, affording theesponding methyl esterd3b, d
without loss of optical integrity.

.Cbz _Cbz o |_”\I,Cbz
o O HN (NH,),Ce(NO3)s O HN TMSCHN, X
WR CH3CN, H,0 HOJ\/LR MeOH-CgHg ~ MeO R
>90% 74-99%
13 22 23
13b R = CH,CH,Ph,  96%ee 29b 23b R = CH,CH,Ph, 96%ee
13d R = CH,CH(CHj3),, 96%ee 22d 23d R = CH,CH(CH3), 96%ee

Scheme 40Scission of the ketol moiety of aza-Michael adducts

Comparison of the specific rotation ®2d, (observed d]p>>= - 28.7° (c= 2.9,
CHCly)), with literature values reported fBrisomer (b]p?>= + 29.5° (c= 2.9, CHGY**%

allowed assignment of the absolute configuratioadifucts.

When the same reaction conditions were used ferN#Boc-protected aza-
Michael adductl4d, unexpected products were obtained which were idetified
(Scheme 41).

138 A E. Marini, M. L. Roumestant, P. Viallefont, Razafindramboa, M. Bonato, M. Foll&ynthesis
1992 1104-1108.
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0 HN-B°C (NH4)2Ce(NO3)g
HO > complex mixture
CH3CN, H,0
14d

Scheme 41Unsuccessful oxidation of N-Boc-protected aza-Mattelducts by Cerium
Ammonium Nitrate (CAN).

To overcome the problem witk-Boc adducts, alternative oxidation conditions
were tried. For instance, oxidation lfBoc protected aza-Michael addud#b and14d
with NalO, in methanol-water at room temperature, after 2d-26sulted in formation of
carboxylic acids24, (>90% yield) (Scheme 42). These acids were toamsfd intothe
corresponding methyl este26b and25d by trimethylsilyldiazomethane (TMSCHNiIn
the MeOH-benzene solvent system at room temperatitie excellent chemical yields
(95-99%).

.Boc .Boc .Boc
O HN NalO, )Oj\i'\"\ TMSCHN, w
- _—
HOWR MeOH, H,0 HO R MeOH-CgHg  MeO R
>90% 95-99%
24 ’ 25
14b R=CH,CH,Ph,  88%ee 24b 25b R=CH,CH,Ph, 88%ee
14d R=CH,CH(CHs), 98%ee 24d 25d R=CH,CH(CHjz), 98%ee

Scheme 42:0xidation of N-Boc-protected aza-Michael adductssioglium periodate
followed by esterification.

Optical intrigity of the final products was assdsby measurement of the
specific rotation of25b. The observed value ¢p° = - 8.7° (c = 1.8, CHG)) was
compared with the described literature value ferRisomer (b]p>°= + 7.2° (c = 1.8,
CHCL))** indicating that in this aza-Michael reaction ti®-isomer is obtained with

97.3% optical purity.

1395, Abele, G. Guichard, D. Seebakttelv. Chim. Actd 998 81, 2141-2156.
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In addition, oxidation ofN-Cbz-protected adducts by treatment with NalO
instead of CAN (Scheme 40), resulted to be equligient in terms of both chemical

yield and ee’s.

Next we investigated the transformation of the ketoiety into the aldehyde
group. The ketol moiety df4b was reduced to di@6, by simple treatment with borane—
THF for 7-8 h at 0 °C, in 85% isolated yield (Sclee48). The subsequent oxidation of
thel,2-diol with NalQ@ in methanol-water at room temperature afforded dbsired
aldehyde produ@7 with 80% isolated yield.

Boc
—Boc g
O H'}' BH5-THF(1M), dry THF OH INH
~""phn 0°C, 7-8h Ph
85%
14b 26
o NH/Boc
NalO,, CH3OH, H,0 g
H " ph
r.t, 20h
80% 07

Scheme 43Transformation of aza-Michael addubtbinto the aldehyd@7.

Compound27 is unstable and because of this reason specitetion and
enantioselectivity were not determined. Withoutimjting the reduction conditions for

other substrates, we looked for other elaborations.

A third option for elaboration of the aza-Michaatlduct consists of the
nucleophilic addition of alkyl and aryl lithium rgents to the ketone carbonyl and
subsequent diol cleavage (Scheme 44). Unfortunatedyreaction did not work.

_Boc

O NH CHaLi, dry THF
HO complex compounds

14b

Scheme 44Unsuccessful reduction of aza-Michael adduct byhgietithium.
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3. 2. 4. Practical applications: Synthesis of @-dipeptide

As we proved, ketol moiety in the aza-Michael adgucan be conveniently
transformed into other functionality like carboxylacids and aldehydes. This feature
makes the ketal as a masking carboxylic group it have further applications in the
context of peptide synthesis. In this respect, waazed the possibility of integrating this
aza-Michael methodology with an amide forming (p#tcoupling) processAs an
example we performed deprotection of tkkdBoc protected aza-Michael adduictd by
trifluoroacetic acid in dichloromethane at 0%hich furnishedchiral f-amino carbonyl
compound28d in 90% crude yield (Scheme 45). The coupling &f filke amin€8d with
24d under standard peptide coupling conditions (EDCBHI@ dichloromethane at 0°C),
afforded the corresponding add@& in 41% chemical yield. Oxidation of the add@&
by treatment with Nal@in a methanol-water system at room temperatuter a2h, give
rise to the unnaturgd-dipeptide30in 85% chemical yield. Chemical yield of the cang|
between24d and28d was unchanged by using the cyanurilfluoridlenethylmorpholine
system in dichloromethane at 0°C to room tempegatur

_Boc
o} Hlil
a
ca_ o A
92% 24d
Boc (@] II\IHBoc
HO i — ocord O HN)V
7\ 41% HO\)Vl
DN
| b How | e, 85%
9% /| j\
28d
O NHBoc

oA
PR

30
unnatural B—dipeptide
Scheme 45 Synthesis of an unnaturgdipeptide from an aza-Michael adduct. Reagents
and conditions: (all4d, NalO, (10 equiv.), MeOH-LD (2:1), 24-26h, 92%; (44d TFA
(10 equiv.), CECI,, 0°C 5h, 90% (cR4d, 28d EDC (1.4 equiv.), HOBt (1.0 equiv.),
CH.Cl,, 20-24h, 41%,; (d) (iR4d, 28dcyanuril fluoride(5 equiv.), CkCl,,-20°C. 84% (ii)
NMM, CHCly, 20-24h, 41%; (e29, NalO, (10 equiv.), MeOH-bD (2:1), 24-26h, 85%.
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3. 2. 5 Assignment of the configuration

To properly access the absolute configuration dhl©bz- and Boc-derived

adducts, chromatographic correlation was peruseapriSingly, however, HPLC

chromatograms of the Cbz and the Boc adducts shawedl cases a reversal elution

pattern for the major enantiomer obtained. Forainsg, in next Fig. 14 the HPLC

chromatograms of adducit8d, 14d are displaced with eluting systems. So we decided

carry out chemical correlation to confirm this asp@&cheme 46/47).

s
N O  NHCbhz

7

O NHBog
HO

DADI B, Sig=210,4 Ref=550,100 (C:\RMN\RAJKUMAR\HPLCI\RH880001.D)
mAU

O II\IHBoc

] ”O%Vl

13d, Chiralpak AS columniPrOH:hexan
4:96; 0.8 mL/min, 210 nm) Rfjor = 15.1
min, Rtinor =22.4 min, 96 % e.e

14d, Chiralpak AD column; iPrOH:hexane 4:
0.5 mL/min, 210 nm, Rijor = 22.22 min, Riino
=19.08 min, 96 % e.e.

Figure 14:HPLC chromatograms of Boc and Cbz protected azdiditadducts.

Functional group interchange (FGI) could bea gadiérnative. First,N-Cbz

protected adduct3d was transformed into Boc-protected adduct by hyenolysis (H,

Cat. Pd/C) carried out in the presence of (BOc)Thus obtained produdi4d showed
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identical elution pattern on HPLC and same sigopifcal rotation to those of tHé-Boc

adduct prepared from the aza-Michael reaction.

X iy
N
" O HN™ ~O7 “Ph  Hp Pd/C, (Boc),0 o HN)L0/<
W EtOAc, r.t. HO
90%
13d 14d

Scheme 46Functional group interchange dBdinto 14d

A parallel correlation was done with compou@8d to corresponding25d
(Scheme 47). Again, HPLC and optical rotation meaments of the latter were
favourable compared with those of produ2®&l obtained from scission of Boc-adducts.
Thus, a major reaction mechanism for the aza-Miche&ction of both Cbz and Boc

carbamates was concluded.

o o)
0 HN)LO/\Ph H,, Pd/C, (Boc),0 )LO/‘<

H3COM EtOAc, r.t. H-CO
85% 3

Scheme 47Functional group interchange ester compound

For the remaining adducts, it was assumed a unif@action mechanism and

indicative of the assigned stereochemistry.

3. 2. 7 Mechanistic aspects and stereochemical mbde

A rationale that would explain the catalytic aation mode of reactants as well
as the stereochemical course of the reaction weleede The catalytic cycle we propose
is depicted in Figure 15. Enoiflecarbon is activated by chelation of ketol moieiythe
Cu(ll) center in such a manner th&®e face is less accessible for nuecleophile

approaching. Subsequent decomplexation affords gheduct and concomitantly
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regenerates the cataly$h. Hence, the stereomodel that correctly prediotssitnse of
asymmetric induction observed in the aza-Michaektiens considers a Cu(ll) metal
center adopting a distorted square planar geomaypreviously disclosed in the

literature for other Cu(ll)-bidentate substrat&s.

O

itton 1 . Cu(BOX)(L)n
R )k addition 0 Rl o § ( )(L)
O~ "NH, 1 L&
O HN “H
#22
HsC CHs N _
HaC 0 H3C’3 2 decomplexation
blocked 3 % —<CHa 2 TfO
(Re) face \v N X
Rl O/C\U#N\) 1
accessible _« “py. o Oy - RN O
; HaC™ -
(SI) face 3H3é: H3C/C’\HC?:)H3 HN/\)XO\H

aza-Michael adduct

O

t Lu = Box = bis(oxazoline) ligand
HOWRl Butio OTf ‘Bu
4b

1

complexation O%/O
\ \
§/N\ ,,N\)

Figure 15: Plausible reaction mechanism.

A PM3 geometry optimisation for such a complexesrgetry provides a nice
stereoview for the preferred attack of the carbamatless shielde&i face of o'-

hydroxy enone (Fig. 16).

140 (a) Johnson, J. S.; Evans, D. Acc. Chem. Re200Q 33, 325-335 and references therein. (b)
Thorhauge, J.; Roberson, M.; Hazell, R. G.; Jorgen&. A. Chem.Eur. J. 2002 8, 1888-1898. (c) G.
Desimoni, G. Faita, K. A. JorgenseéZhem. Rev2006 106, 3561-3651.
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accessible face

Figure 16: PM3 geometry optimizationfwo stereoviews of the PM3 minimized
structure of the enone-chiral catalyst complex (BHs) showing the more accessible
Si- face for carbamate attack.

Further evidence of the effective 1,4—metal bindohglated structure thaf—
hydroxy enones and Cu(ll) adopt, was obtained foomparison of the results obtained
with free —OHa'-hydroxy enonespD-protecteda'—hydroxy enones and simple enones,
repectively. Thus, the reaction of triethylsilylogpone31 with benzylcarbamat® under
the optimised conditions did not proceed at alll amreacted starting materials were
recovered. No reaction was also observed when sineplone32 was employed.
Apparently, the greatly diminished capability oktkrimethylsilyloxy group for metal
chelation affects adversely to the substrate amivaand indirectly proves the need for

substrate chelation as a key element of the presetitodology (Scheme 48).

O O

9, 4b (10 mol%)
TESO)%WPh , Hst\/\Hst No reaction

CH,Cl,, 25 °C,

31 32

Scheme 481Jnsuccessful aza-Michael reaction with simple es@ie32
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On the other hand, the unique properties'ehydroxy enone templates can be
reflected by failure of the aza-Michael reactionewtN—enoyl oxazolidinon&3'** was
employed instead ofi'—hydroxy enone (Scheme 49). In addition, when lalkpe
malonate34 was employed as the acceptor template under odeidentical conditions
to those employed with'-hydroxy enones, Michael addu8b was indeed obtained in

80% chemical yield, but in essentially racemic form

0O o
4h(10 mol%
XNMC% +  Cbz-NH, ( ) No reaction
o CH,Cl,, 25 °C, 3%h
33 9
_Chbz
COOMe Hw
_ 4b (10 mol%) COOMe
+  Cbz-NH,

COOMe CH,Cl,, 25 °C, 116h COOMe

34 9 80% yield, 0%ee

35

Scheme 49aza-Michael addition reaction where end® 34 was employed

1 Template30 have been widely used as bidentate templatesenctimtext of catalytic asymmetric

transformation. Seda) J. S. Johnson, D. A. Evards;c. Chem. Re200Q 33, 325-335. (b) C. Chaozhong,
V. A. Soloshonok, V. J. Hruby, Org. Chem 2001, 66, 1339-1350.
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3.3 Preliminary results with nitroalkenes

From our previous aza-Michael addition results,aeyed on the finding of new

Michael acceptors towards establishing the validifythis catalyst with carbamate

eny

t RN
BU 110" oTf 'BU

N0 — 4b (10 mol%) NO,
*+ CH,Cl,, r.t, 48h

nucleophiles (Scheme 50).

Rl\l\rR2

36 9,R'=Cbz,R®=H 37, R'=Cbz, R®’=H
19, R* = Cbz, R> = OH 38, R' = Cbz, R® = OH
20, R! = Boc, R? = OH 39, R! = Boc, R? = OH

Scheme 50aza-Michael addition reaction to nitroalkeBé.

For the initial studies nitroalker&6 was employed as testing bench and research
was focused on the use of benzylcarbar@atéhe reaction protocol consistediofsitu
preformation of the catalysdb in CH,CIl, according to the method described
previously.Siquencial addition of nitroalker®@ and carbamated following usual
experimental conditions did not afford the expeqteaduct after 48h stirring (Table 9,
entry 1). The same result was observed with catdlyésee structure on page 60). We
decided to explore the reaction with the same yitalsystem and stronger aza-
nucleophiles, such abl-hydroxybenzylcarbamat&d andN-hydroxytert-butyl carbamate
20.

With the stronger selected nucleophiles, the reastworked perfectly with
excellent conversion, but selectivity was 0%ee lireatries (table 9, entry 2, 3). Even

there was no selectivity improvement while reactemperature down to -60°C.
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Table 9: Conversion and ee of aza-Michael addition of azaleaphiles9, 19, 20to
nitroalkene36in the presence of cataly4b.

Entry NHR°R® Product Yield(%0) ee(%§
Comp. R R

1 9 Cbz H 37 0

2 19 Cbz OH 38 99 0

3 20 Boc  OH 39 99 0

®Reactions performed on 1 mmol scale with a ratic@®amate:4b; 1:2:0.2.Reaction conversiorfee
determined by chiral HPLC.

Based on the preliminary unsuccessful results eatlyst4b, subsequently, we
decided to evaluate the effect of thiourea denestifor the aza-Michael addition. In this
regard, many structural variants of thiourea dérres are available. In particular, it is
well reported that the indanol- and BINAP- derizatl thioureas4(Q, 41 (Fig. 17) are
easy to prepare (see experimental part) and these selected for the aza-Michael

addition.

CF
CFs s
o ) J
\’ L \NkN CF,

FsC N~ °N H H

e
40 41

Figure 17:0rganocatalysts based on thiourea derivatives.

For the initial studie§-nitrostyrene45 was employed as testing bench for these
catalysts. Catalys#0 and 41 (10 mol %) were unable to promote the reactiorhwit
nucleophile9, whereas, the addition of nucleophilé® and 43 (Fig. 18)to 45 in the
presence of catalys#) and41, resulted in excellent conversion (>99%) with Ogoie
both cases. Selectivity was not improved within teemperature range from 25°C to

—60°C. Nucleophile phthalimid&4 was also inert to react (table 10).
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i 7
_OH _NH
0" "NH, N o /Z<NH
H
9 42 43 44 ©O

Figure 18: Nucleophiles, 42, 43, 44.

Table 10: aza-Michael addition reaction betweén 42, 43, 44and S-nitrostyrene45
catalysed by thiourea derivativéd® or 41.2

Rl\N/RZ
N0 40 o 41(10mol%) PP
+ NHR'R?
CH2C|2, r.t,
NR?R3=
45 9, CbzNH, 46. ChzNH
42, BANHOH 47, BNOH
43, BnONH,

48, BnONH

44, phthalimide o
49, phthalimide

Entry NHRR® T°C Time(h)  Product Conv. (%) ee(%)
1 9, Cbz-NH 25 48 46 ---- ----

2 42, BANHOH 25 5 47 >99 0

3 -30 24 47 >99 0

4 -60 48 47 60 0

5 43, BhONH, 25 5 48 >99 0

6 -30 24 48 >99 0

7 -60 48 48 70 0

8 44, phthalimide 49

®Reactions performed on 1 mmol scale with a rattoalkene: catalyst: nucleophile; 1:0.1°Reaction
conversion was determined By NMR (500MHz). “Determined by HPLC. Nucleophilekd, 20 and
(Boc),NH were also unreactive in the above condition.

In view of the unsuccessful results of the azakda addition of aza
nucleophiles top-nitrostyrene, we considered the aza-Henry reactenalternative
pathway to gef-nitroamines (Scheme 51). The results are desciibebe following

chapter (Chapter II).
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0]
_R?
o NO2 +H2Nk0 . .
aza-Michael addition
45
(0]
r2.
NO,
O
NJL o R? aza-Henry reaction
‘ + CH3N02

H

Scheme 51Alternative path tg3-nitroamines.
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4.1. Introduction

Bearing close resemblance to three of the mostlaonental carbon-carbon
bond forming reactions (aldol, Mannich and Henrgjtro-Mannich or aza-Henry

reaction allows access to synthetically usgfaitroamines (Scheme 52

NHR
~X=NR
aza-Henry NO,
NO,M X
e s o
X=0
Henry NO,

Scheme 52General aza-Henry and Henry reaction

The B-amino nitroalkane structure can be derivatizedh inumber of ways,

principally, via simple reductiotf® of the nitro function to yield 1,2-diaminé&¥, a-

amino acidsyia Meyer oxidation*> Nef oxidation*® conversion to nitrile oxid&"’

nucleophilic substitutiot{® and replacement of the nitro function by hydroggading
to the corresponding monoamino derivatié¢Scheme 53). The 1,2-diamine structural

motif is important in biologically active naturatquucts'™ in medicinal chemistry>*

142 Highlight: N. WestermannAngew. Chem. Int. E@003 42, 151-153.

143 see, for instance: P. H. O'Brien, D. R. Sliskovit, J. Blankley, B. Roth, M. W. Wilson, K. L.
Hamelehle, B. R. Krause, R. L. StanfieldMed. Cheml1994 37, 1810-1822.

144 For a review on 1,2-diamines, see: D. Lucet, TGadl, C. MioskowskiAngew. Chem. Int. EA99§
37, 2580-2627.

145@) V. Mayer, C. WursteBer. Dtsch. Chem. Ge$873,6, 1168-1172. (b) K. J. Kamlet, L. A. Kaplan,
J. C. Daconsl. Org. Chem1961, 26, 4371-4375.

148 For Nef oxidation, See: Reviews, (a) H. W. Pinniokg. React199Q 38, 655-792. (b)R. Ballini, M.
Petrini, Tetrahedron2004 60, 1017-1047. For the application of this approachthie synthesis of
optically activea-amino acids, see: (c) E. Foresti, G. Palmieri,Rdtrini, R. ProfetaQDrg. Biol. Chem.
2003 1, 4275-4281.

47T Mukayama, T. Hoshind, Am. Chem. So&96Q 82, 5339-5342.

18R, Tamura, A. Kamimura, N. On8jnthesis1991, 423-434.

149 (a) N. Ono,The Nitro Group in Organic Synthesi#/iley-VCH: New York, 2001 (b) N. Ono,In
Nitro Compounds: Recent advances in Synthesis &edntry H. Feuer, A. Nielsen, T. A. Eds., VCH:
New York199(Q 1-135.

%0 @) A. Pasini, F. ZuninoAngew. Chem. Int. Ed1987, 26, 615-624. (b) M. Otsuka, T. Masuda, A.
Haupt, M. Ohno, T. Shiraki, Y. Sugiura, K. Maeda,Am. Chem. So&99Q 112 838-845.
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and more recently in their use in chiral auxiliarignd chiral ligands for asymmetric

catalysis->?
NHPG
Rl/L\COZH
NHPG
| ) NHPG
R CNO Meyer, R™=H L _NH,
NHPG
R! Nu
R2
Rl/
R2

Scheme 53Transformation of the nitro group.

While a number of intriguing reports have appearddtailing the
stereoselective generation of 1,2-diamines, thesteli@oselective synthesis of 1,2-
disubstituted 1,2-diamines to date relies uponcihrversion of alkenegia diols and
diazides®® or aziridines?>* aza-pinacol-type coupling of two imin&S, conversion of
enantiomerically pure naturally occurring aminoda¢r® the addition of alkyl-nitrogen

carbanions to iminesS, and the use of chiral auxiliarié® The scope of these methods

15)@) E. T. Michalson, J. Smuszkovid2rog. Drug. Res1989 33, 135. (b) J. Reedijk). Chem. Soc.
Chem. Commuri996 801-806.

15%@) H.-U. BlaserChem. Rev1992 92, 935-952. (b) E. N. Jacobsen,Gatalytic Asymmetric Synthesis
I. Ojima, Ed. VCH: Weinheim1993 p 159. (c) H. C. Kolb, M. S. VanNieuwenhze, K. 8arpless,
Chem. Rev1994 94, 2483-2547 and references therein.

153D, Pini, A. luliano, C. Rosini, P. SalvaddBynthesid99Q 1023-1024.

154@) M. Meguro, N. Asao, Y. Yamamotbetrahedron Lett1994 35 7395-7398. (b) W.-H. Leung, M.-
T. Yu, M.-C. Wu, L.-L. Yeunglbid. 1996 37, 891-892.

1%%(@) M. Shimizu, T. lida, T. FujisawaChem. Lett 1995 609-610 and references therein. (b) N.
Taniguchi, M. UemuraSynlett1997 51-53.

1% M. T. Reetz, R. Jaeger, R. Drewlies, M. Hildeigew. Chem., Int. EA997, 30, 103-106.

%7@) N. Kise, K. Kashiwagi, M. Watanabe, J. Yoshidh Org. Chem1996 61, 428-9. (b) Y. S. Park,
M. L. Boys, P. Beak]. Am. Chem. Sot996 118 3757-3758 and references therein.

1%8@) D. Enders, J. WiedemaniBynthesis1996 1443-1450. (b) G. Alvaro, F. Grepioni, D. Savoih,
Org. Chem1997 62, 4180-4182 and references therein.



Chapter II - aza-Henry reaction 79

is limited due to the variability in diastereoseieity and, where appropriate, the
availability of enantiomerically pure starting maads, the nature of the chiral auxiliary,

or in many cases the basicity of the reaction dvs">°.

Organometallic methodologies with potential caialyariations are known,
but often they are hampered by very narrow sulesBpécificity or have limited

application for the synthesis of chiral, nonraceprieducts.

Anderson and coworkeéf8 reported an interesting diastereoselective aza-
Henry reaction providin@-nitroamines in racemic form (Scheme 54). To aveitlo-
addition, these intermediates were then reducdtetcorresponding diamine with Sml
andp-methoxybenzyl (PMB) group was deprotected by eanononium nitrate (CAN).
The vicinal diamineXIl could be thus obtained in moderate to high yield with
good diastereoselectivities (upto 1:10, syn:armthe predominate formation ainti
isomer oversyn isomer has been explained on the basis of a simbaeed,
Zimmerman-Traxler model. Hydrogen bonding betweka vicinal NH and ON-O
groups in anti is energetically favourable. Moreemtly, the same author has found that
the reaction can proceed faster and with bettexcteity if Lewis acid catalysts like
BF; and Sc(OTH) are employed® Thus, the stage was set for developing the catalyt

asymmetric variants of this sequence.

. , PMB.
PMB i) nBuLi NH NH,
N NO, THF,-78°C R _ 3 Smi “_ R
B i T
A H R ii) ACOH, THF No, D) CAN NH
-78°C to 0°C Xy ™"
anti:syn upto 10:1 yield 78-100%

Zimmerman traxler model:

HT N HH i
PMB. /_137 PMB_ /17

Ar ‘ Ar ‘

R H
anti transition state, syn transition state
more favorable. disfavorable

Scheme 54Diastereoselective aza-Henry reaction of imine$witronates promoted
by Lewis acids.

159 For a recent review see: D. Lucet, T. LeGallMibskowski, Angew. Chem., Int. EA998 37, 2580-
2627 and references therein.

1601 Adams, J. C. Anderson, S. Peace, A. M. K. PiénheOrg. Chem1998 63, 99329935.

1613, C. Anderson, S. Peace, S. Mijmnlett, 200Q 850-852.
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Pioneering contribution to the asymmetric, catalgza-Henry reaction was
made by Shibasaki and coworkéfavho developed the asymmetric aza-Henry reaction
conducted with the heterobimetallic catalydil (Scheme 55). Since the catalyst
contains both Brgnsted basic and Lewis acidic fonetities, both the electrophile and
the nucleophile can be activated concurrently.hie ¢ase of usual imines such s
benzylimines, only unsatisfactory results were ioietd, whereadl- phosphinoylimines
which have coordinating power of O-atom of P=0O witterometallic complexes, gave
moderate to good enantioselectivity (69-91%) winiable chemical yields (41-93%).

H
- NO
Ar/\/ 2

N FOPh2 Ph,OP-

0,
* + CHaNO, Cat. (20 mol%)
Ar H toluene/THF(7:1),-40°C
60-168h

"z

Ar = Ph, 4-CI-Ph,p-tolyl,
2-furyl, 2-thiophenyl

41-93% vyield, 69-91%ee

Catalyst:

YbK(binapthoxide)s, Yb: K: binapthol=1:1:3

(X1

Scheme 55Asymmetric aza-Henry reaction of nitromethane tdiarines promoted by
heterobimetallic catalyst

Later from the same group a new heterodimetalialgstXIV (Scheme 56)
based on Al and Li metal centres has been documheRte high selectivities it appears
mandatory to include anchor groups in the imine ponent (P=O bonds), which
provide additional complexation and orientationng@ts in the transition state. Under
optimized conditions the adducts could be obtaime@0-90% yield gin:anti > 1:6)
with an enantiomeric excess >80%. Among the disathges are the limited number
of suitable nitroalkanes, the restrictionNephosphinoylimines, and the large amount of
catalyst (20 mol%, which corresponds to 40 mol%athigand BINOL).

162 (@)K. Yamada, S. J. Harwood, H. Groger, M. Shikasingew. Chem. Int. EA999 38, 3504-3506.
(b) K. Yamada, G. Moll, M. Shibasal®ynlett, 2001, 980-982.
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_POPh, Cat. (20 mol%) Ph,OP.
N : ryNo2 'BUOK(18%) N
+ 4
7 H OTBS CH,Clp,~40°C oTBS
Z NO;

90%, sin:anti (1:6), 77% ee (anti)

Catalyst CP-99 994
XV
(XIV) V)

Scheme 56 Asymmetric aza-Henry reaction of arylimines wittnagalkanes conducted
by heterobimetallic catalyst

One point in favour of this methodology is thatimal diamines can be
obtained easily by reduction of the nitro group hwiSmbi and cleavage of the
phosphinoyl group by 6M HCI. The effectivenessho$ imethod has been demonstrated
recently in the synthesis of the potent antagomissubstance P, CP-9999%\().'%

Jargensen and coworkers achieved an interestitigoohén terms of handling,
substrate variety, and practicabiltff. They showed that application of Cu(ll)-chiral
bis(oxazolines) complexeéVvl (20 mol %) to the addition of silyl nitronates itoino
esters can afford aza-Henry productsith high diastereo and enantioselectivities
(Scheme 57). After reduction of the nitro moiethe taza-Henry adduct can be

transformed into very valuable building blocks like B-diaminocarboxylicacids.

163 N, Tsuritani, K. Yamada, N. Yoshikawa, M. Shibas&@hem. Lett 2002 276-277.

84a) K. R. Knudsen, T. Risgaard, N. Nishiwaki, K. @othelf, K. A. Jgrgensen,). Am. Chem. Soc
2001 123 5843-5844. (b) N. Nishiwaki, K. R. Knudsen, K. @othelf, K. A. Jargensen,nyew. Chem.
Int. Ed 2001, 40, 2992-2994.
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Cat. (20 mol%),

o THF, -100°C
N8 TMSO.9 0 o Hy P
Jro -
NO
EtOOC KR Cat. (20 mol%), EtOOC/V; ?
EtzN, CH,Cl, R

r.t.
de(syn: anti) upto 95:5,

74-97%ee
O O when R = H, 87%ee
Catalyst : §/N \J

_N
Cu =
Ph TfO OTf Ph
(XVI1)

Scheme 57Asymmetic aza-Henry reaction catalysed by Ph-BofaTt), complex

Under these reaction conditions the aza-Henry @ddare stable and can be
isolated. Owing to the high reactivity of the silidd nitronates, the reaction proceeds
uncatalyzed even a{78°C. A practical drawback is that very low reactiemperatures
(-100°C) were required to achieve high diastereoseitées (syn:anti> 25:1) and high

enantioselectivities (> 95% ee for the syn product)

P .Ph
O, OEt S
(R)-PhBOX-Gu j Vo Ot
N e} \N_’C/
™S, O | e
O-N  PMB _TMS \\f NONTY, Et
V—Et orN=(
Ph |
H PMB H

Figure 19: Possible reaction model

This limitation can be overcome and the reactian be conducted at room
temperature when amines {Nthas been the amine of choice) are added to 8 le
reactive nitro compounds. The resulting stereosiglées and yields are generally very
high (syn:anti >92:8; >93% ee for the syn produ80%ee for the anti product; 60-87%
yield). All these features make this sequence abiento technical applications.
Decreasing the temperature to 0°C, which is easitpmplished, increased selectivities
but prolonged reaction times were needed. The sblused (CHCI,) does not need

further purification and drying, and inert gas asploere can be avoided. The reaction



Chapter II - aza-Henry reaction 83

with nitromethane, however, afforded only moderatatioselectivity (87% ee) and
catalyst loading is considerably high (20 mol %).

Later the same groliy extended their catalytic system to create quatgrna
stereogenic centers in the reaction between babhpal imine and nitronate species
(Scheme 58). The approach is based on chiral mlale@cognition by the combination
of chiral Lewis acids [Cu(ll): bis(oxazoline)] (20ol%) and chiral organocatalysis
(cinchona base) for the formation of optically eetiquarternary centers in the aza-
Henry reaction. The procedure leads to products witto 98%ee and a diastereomeric

ratio of 14:1 in excellent yields with catalyst ttiags of 5 mol%.

_PMB NO, (R)-PhBox-Cu(OTf), :
NI )\ Cinchona base, (1:1), (20 mol% O2N NHPMP
Etooc) + H3C COOR H3C N 2 H
CHCl; r.t, 48h ROOC  COOEt
de (syn:anti) up to 14:1
ee upto 98%
Activation model: O/
. RL R? w —0
Cinchona base — ‘N® A)\]\)

3 +
R% gl PMP~. #

Scheme 58Construction of optically active quaternary centi®saza-Henry reaction
catalysed by Ph-BOX-Cu(OZ®omplex and cinchona base.

In classic chiral Lewis-acid catalysis, the chiighnd will screen one of the
Re or Sifaces of the electrophile from attack. In a sitwatwhere the nucleophile is a
chiral tertiary anion the catalyst must, in orderattain good diastereoselectivity, also
distinguish between the two easily interchangeail@ntiomeric or enantiotopic faces
of the anion. Here, a single activation strategghnfail, affording the product in high
enantioselectivity, but with low (or no) diasterelesxtivity. For controlling the
assembly of tertiary nucleophiles with electrophigechiral Lewis acid catalyst, which
was prepared admixindRl-PhBox and Cu(OT$) is used to activate the electrophile

and organocatalysis (Cinchona alkaloid base) id ts@ctivate the nucleophile thereby

185 K. R. Knudsen, K. A. Jgrgensedrg. Biomol. Chenr2005 3, 1362-1364.
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generating a diastereomeric pair (Scheme 58). Taimbxcellent level of enantiomeric

excess imine component was restricted only to iresier substrate.

Anderson and coworkef§ developed a protocol that overcome this limitation
on imine scope for the enantioselective aza-Heegction between alkyl, aryl, and
heterocyclicp-methoxybenzylimines and trimethylsilylnitropropete catalyzed by a
chiral tBu-BOX Cu(ll) complexXVIl (Scheme 59).

o - PMP
N/PMP TMSO\%/O Cat.(10 mol%) c R
pl | R
+
R kEt THF, -30°C, 40h mz
R = aryl, heteroaryl, > Yield 79-91%
alkyl O— o de(anti:syn) upto 15:1
] [ ee 70-91%ee
Catalyst : N.oy N~
—A_TfO OTf /V
(XVI1)

Scheme 59: Diastereoselective and enantioselective aza-Heragction of silyl
nitronate catalysed bYBu-BOX-Cu(OT# complexXVII .

The resultanp-nitroamines are obtained in 70-94% enantiomexicess in

good yield and can be readily reduced to synthigticgeful 1,2-diamines.

Over the past few years, significant interest Heeen focused on the
development of new protocols for environmentallggasses that are both economically
and technologically feasible, an important arededalgreen chemistry. Ricci and
coworkers$®” have developed organocatalysed solvent-free amayHeaction (Scheme
60).

166 3. C. Anderson, G. P. Howell, R. M. Lawrence, CWdlson,J. Org. Chem 2005 70, 5665-5670.
87 Bernardi, B. F. Bonini, E. Capito, G. Dessole, ®omes-Franchini, M. Fochi, A. Riccl, Org.
Chem 2004 69, 8168-8171.
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_POPh Ph,OP
)l\f 2 NO, TMG (5 mol%) Yr2
+

R
R "R Ar
R 2 100°C, 0.1mBar

NO,

90-96% yield

— NH
R = aryl, hetaroaryl. upto 98:2(anti:syn)

HsC. .
3 N)kl‘\l CHs
CH3 CH3
1,1,3,3-tetramethylguanidine (TMG)

(Xvii
Scheme 60: Highly diastereroselective synthesis by achiral éad,1,3,3-
tetramethylguanidine (TMGXVIII .

A nitrogen containing superbase 1,1,3,3-tetramgtiasidine (TMG)XVIII
was found to be an effective organocatalyst for tieaction between N-
diphenylphosphinoyl imines and nitroalkanes ttaobthe corresponding adduct in its
racemic form bearing tertiary and quaternary sgegea@ centres. Exploiting a protocol
that avoids the use of solvent also during workwgeedure, the synthesis of a series of
B-nitroamines in excellent yields (90-96%) and hdjastereomeric ratios ((anti:syn)
upto >98:2%) was described.

Johnston and coworkéf& have developed a “chiral proton” model that

promotes the diastereoselective aza-Henry reatfioheme 61).

.Boc Boc
N NO, Cat. (10 mol%) NH

)\ + K )\rNo2

Ar Rl -20°C, 5 days Ar [

de( syn:anti) upto 95:5,
ee 59-90%

Catalyst:

(XIX)

Scheme 61:Chiral proton XIX catalysedasymmetric aza-Henry reaction of N-Boc
arylimines.

168 B M. Nugent, R. A. Poder, J. N. JohnstdnAm. Chem. So2004 126 3418-3419.
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With 10 mol% of the protonated,@midine ligand chiraKIX at-20°C for 5

days, moderate isolated yields enantio- and diessetectivities were obtained. Under
these reaction conditions nitromethane didn’t dffyjsod enantioselectivities

Takemoto and coworkéf€ have developed a bifunctional thiourea catalyst fo
the highly selective aza-Henry reactionNphosphorylimines. Typically 10 mol% of

catalystXX is used in dichloromethane with nitromethane, aftdr 24-48h, moderate
yields (57-91%) and ee’s (63-76%) were obtaineti¢Be 62).

Ph,OP<
_POPh, INH
)‘ N K Cat. (10 mol%) Ar/\‘/ 2
Ar Rl CH2C|2, 24-48h 1
CF 75-94% vyield,
3 de (syn:anti) upto 97:3,

O\ s /@\ ee 85-99%

Catalyst : Y NkN CF3
N H H
SN
(XX)

Scheme 62Asymmetric aza-Henry reaction of N-PQRinylimine with nitroalkanes
promoted by chiral thiourea derivativeX.

The same author obtained better enantioselectwitgn N-Boc-imines were
used instead, with 10 mol% of the same catalys2@¢C, high enantioselectivities (85-

99%ee) and diastereoselectivities (upym:antj 97:3) with excellent chemical yields
were observed.

activated

S
nucleophile )k
\
O - H LN
N "H=— , =N

O'B

T

Z""I‘Z

new chiral centre
after protonation
activated electrophile

(XX)

Figure 20: Model for substrate activation catalysedXxX

169 X. Xu, T. Furukawa, T. Okino, H. Miyabe, Y. TaketnpChem. Eur. J.2006 12, 466-476
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The proposed reaction model implies a bifunctiorathalystXX (Figure 20)
where a tertiary nitrogen atom acts as base. Afiteonate formation, the protonated

amine can increase the electrophilicity of the entarbon through hydrogen bonding.

With a similar catalyst design, Jacobsen and ckerdr® have developed a

more efficient catalytic model for the asymmetrz@adienry reaction (Scheme 63).

Cat. (10 mol%), Boc ..
.Boc NO i NH
N 2 ProNEt, 4A MS 1
)\ + K Ar/\‘/ NO,
Ar RL toluene, 4°C 18h 1
R

S tBu 79-99% yi8|d,
. J\ NMe syn:anti upto 94:6,
Catalyst : “N” N 2 ee 92-97%

AcNH H H o

(XXI)

Scheme 63: Highly asymmetric aza-Henry reaction of N-Boc amnylies with
nitroalkanes promoted by chiral thiourea derivatk¥| and triethylamine as base.

In this catalytic system, the thiourea catal¥3ti alone is unable to promote
the reaction because its nitrogen atoms are natgénbasic. Consequently, to promote
the reaction, triethylamine, which acts as extebaale, is required; and after 18h at 4°C,
good chemical yields (79-99%) with high selectasti€yn:antj 94:6 and 92-97%ee)
are obtained. With this catalytic system, the rieactvith nitromethane showed good

enantioselectivity but imine scope is somewnhatttchi

After our research work, another thiourea catalystived from cinchona
alkaloids was developed by Ricci and coworkétdJsing 20 mol% of catalysXIl ,
the reaction withN-Boc imines are achieved in reasonable time andl gdwemical

yields with moderate to high enantioselectivity-&8%bee) (Scheme 64).

1701 p voon, E. N. JacobseAngew. Chem. Int. EQ005 44, 466-468.
1 L. Bernardi, F. Fini, R. P. Herrera, A. Ricci,fiddo, V. SgarzaniTetrahedron2006 62, 375-380.
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( %) Boc\NH
_Boc Cat. (20 mol%),
N
)\ + CH3NO, Ar)VNOZ
Ar toluene, -24°C
FsC CF3 52-87% yield
63-94%ee

=
N_S
cat. = H o
N N
H //(
chom (XX
\

Scheme 64:Enantioselective aza-Henry reaction promoted byclioma alkaloid
thiourea derivative XXI1 ).

Very recently, independent but related methodsleympy PTC anda-amido
sulfones as imine precursors have been docume@iecne hand work developed in
our laboratory by A. Laso and R. Log&zand on the other hand, work by L. Bernardi
et al!” have described the aza-Henry reaction of substitattroalkanes using-Boc-
amidoaryl sulfones aN-Boc-imino equivalents (Scheme 65). In these cak2snol%
of phase transfer catalyst (PTEXIIl was used with 130 mol% CsOH®lbase. Base
promoted elimination of-toluenesulfinic acid from thé-Boc-amidoaryl sulfones
leads to the corresponding-Boc imines in situ that react with the the niticaile,

affording the aza-Henry adducts in good yields laigth selectivity.
Boc<

NH
CH3NO,
NO
R/'\/ 2

Cat.(12 mol%) : 250
NHBoc  CsOH.H,0(130 mol%) yield 72 82%

R™ "SO,Tol toluene, -50°C, 44h

Boc<
CH3CH,5NO, NH

R = alkyl, aryl OCHj NO,

R
CHj
yield 85-88%

syn:anti 95:5
ee 91-98%

Catalyst:

(XXIIN)

Scheme 65Asymmetric aza-Henry reaction by phase transfealgat usinga-amido
sulfones

172 ¢, palomo, M. Oiarbide, A. Laso, R. Lopdz,Am. Chem. So2005 127, 17622-17623.
3. Bernardi, F. Fini, R. P. Herrera, A. Ricci, $garzaniAngew. Chem. Int. E005 45, 7975-7978.
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Despite the above mentioned impressive progressiynthallenges remain
unaddressed for the catalytic asymmetric aza-Hesagtions, notably with regard to

extension of substrate scope, selectivity and regct

Our specific new finding is that cooperative aation'’‘of nitrocompounds
and aldimines towards the aza-Henry reaction caefteeted by a combination of a
Lewis acid, a chiral amino alcohol ligahd,and a tertiary amine base, to obtain highly
enantioselective aza-Henry adducts, thus providimgw entry to enantioenriched aryl

glycines upon final Nef oxidation.

174 Recent reviews on cooperative activation of nysiéles (or pronucleophiles) and electrophiles:Xa)
A. Ma, D. CahardAngew. Chem. Int. ER004 43, 4566-4583. (b) S. Kanemasa, K. IEyr. J. Org.
Chem 2004 4741-4753.

175 For other recent uses Nfmethylephedrine, see: Addition of acetylides aehalydes: (a) N. K. Anand,
E. M. CarreiraJ. Am. Chem. $02001, 123 9687-9688. (b) D. E. Frautz, R. Fassler, E.M.r€lea, J.
Am. Chem. So200Q 122 1806-1807. Imino-Reformatsky Reaction; c) P. 8zL, E. Rivalta, Angew.
Chem. Int. Ed2005 44, 3600-3603.
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4. 2 Results and discussion

4. 2. 1 Selection of the protecting group

Our initial concern was to identify the best sditd-protecting group in the
imine component in terms of both reaction conversamd enantioselection. Initial
screening reactions were carried out using commlgrcavailable nitromethane
(distilled in presence of MgSOkept on molecular sieves) witlrphosphinoylimine
under the combination aZn(OTf),, diisopropylamine (DIPEA), and the chiral amino
alcohol N-methylephedrine {()-NME) promoting system56 (Scheme 66).
N-Methylephedrine ¢)-NME) and Zn(OTf)were selected, because this chiral Lewis
acid complex showed good reactivity and selectiiritpther type of reaction€® The
reaction protocol consisted of situ preformation of the catalyst by admixing
Zn(OTf), and diisopropylamine (DIPEA) in nitromethane fordt room temperature,
from which a nonhomogeneous yellow colored soluisoformed. Then<)-(1R, 23
N-methylephedrine (45 mol %) was added and afterirgii the mixture for an
additional 2h, the imine was added at the same deatyre. After 19h, the reaction
was quenched with 0.1M HCI anf-nitroamine 57 was obtained with >99%

conversion. Unfortunately the crude product sho@ete (table 11, entryl).

bG Zn(OTf),:DIPEA:(-)-NME PG
N’ (1:1:1.5), (30 mol%)(56) HN

)l\ + CH3N02 Ar)\/NOZ

Ar H
Ph,  CHs
/\ 57, PG = POPh,

g(])- Eg = P-CC)ZZhZOC y HO  N(CHa), 58, PG = p-CH30CgH,
o2 PG jg ntl (-)-NME 59, PG = CgH4CH.

’ : 64 2 60, PG = p-C6H4802
53, PG = p-CgH,SO, 61 PG = s
54, PG = Cbz 62. PG = Boc
55, PG = Boc ' B

Scheme 66: aza-Henry reaction between imineS0-55 and nitromethane,
PG=protecting group

When reaction temperature was decreased2@’C, there was only 10%

conversion after 48h and ee determination was dedytable 11, entry 2). Imines

8T F. Knopfel, D. Boyall, E. M. Carreir@rg. Lett 2004 6, 2281-2283.
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from p-anisidine (entry 3) and benzyl amine (entry 4) aehhicorrespond tq-
methoxyphenyl and benzyl protectéttatom did not react under the conditions

described.

Table 11:Effect of the imine substituent (PG) on yield andrgioselectivity

Entry Imine PG ToC Product Yield(%) ee(%Y)
1 50 PhPO r.t 57 >99 0
2 50 PhPO -20°C 57 10
3 51 p-CH30CsH,4 r.td 58
4 52 CeHsCH; -20°C 59
S 53 p-CH3CeHsSO;  -20°C 60 >99 30
6 54 Cbz -20°C 61 82 82
7 55a Boc -20°C 62a 8P 94

Otherwise noted: Reactions conducted on a 1 mmalesn nitromethane (2 mL) using imine:
Zn(OTf),:iPRLEIN:(-)-NME in a 1:1:1:1.5 molar ratios at specified targiure® Reaction conversion.
P After column chromatograpHyDetermined by HPLCY.t. is defined as room temperature.

The reaction conducted wititTs protected imin&3 led, after 15h at-20°C,
to the corresponding-nitroamine 60 obtained in >99% conversion, with poor

enantioselectivity (30% ee, entry 5).

Results changed drastically whBrBoc andN-Cbz imines were used. Thus
the aza-Henry reaction ™-Cbz protected benzaldehyde imiBé led, after 18h to
adduct6l, which was obtained in 82% isolated yield afteluomn chromatography
with a promising 82% ee (entry 6). More encouragiNgBoc protected iminé5a
produced after 15h at the described temperatuee,ctirespondindg3-nitroamine
adduct62ain 80% isolated yield after flash column chromaggary and with 94% ee
(entry 7). Enantiomeric excess for this reacti@swetermined by using chiralpak IA
column on chiral HPLC (see experimental part).k8igly, however, the selectivity

was not consistent and results were varying iredsffit runs from 20% ee to 94% ee.
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4. 2. 2 Reaction condition optimization

As a first hypothesis for this large fluctuatiome thought that moisture
coming from either reactant might be the causepibwe our thought, reaction was
conducted with 4@QL water on 1 mmol scale. After 20h, >99% conversiotin 0%
ee were obtained (table 12, entry 6), thus indigatine deleterious effect of water on
the selectivity. Subsequently, several reactiondit@mns were tested in order to
establish the most consistent ones. In a similatnag when hexafluoro-2-propanol
((CR3),CHOH) was used as additive, selectivity was reduoed 64%) (entry 5). To
avoid moisture, we envisaged that some benefifiatiemay arise from performing
the reactions in the presence of molecular siekastly MS-4A, previously dried
under vacuum at 160°C for 72h, was used, leaditeg &bh at-20°C, to aza-Henry
adduct62ain 80% isolated yield and with 97% ee (entry 3)n€istent yields and

ee’s were obtained under these conditions in SeweTs.

Table 12: Effect of additives on the reaction between N-Bouné 55a and
nitromethane under catalytic conditions.

N/BOC Zn(OTf),:DIPEA:(-)-NME (1:1:1.5) IN
| (30 mol%)
NO,
H + CH3N02
/©)\ -20°C,16-20h /Ej)V
R R
55a,c,f 62a,c,f
Entry  Imine R Additivé Product Yield(%) ee(%)
1 55a H L 62a 80 94
2 55a H MS-3A 62a 78 84
3 55a H MS-4A 62a 80 97
4 55a H MS-5A 62a 83 96
5 55a H (CFs),CHOH 62a >90 64
6 55a H H,O(40uL) 62a >9¢f 0
7 55¢ CHs ... 62¢c 90 91
8 55¢ CHs MS-4A 62¢c 91 92
9 55f c . 62f 96 84
10 55f Cl MS-4A 62f 97 96

[a] Additives were used (100 mg/mmol). [b] Afterl@mn chromatography. [c] Reaction conversion.
[d] Determined by HPLC.

Among the other often employed sieves, MS&formed similarly (80%
yield, 96% ee) (entry 4), while the efficiency oSMBA was apparently inferior (80%
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yield, 84% ee)(entry 2). To ensure general applitalof these conditions, reactions
with imines55c, fwere also conducted, leading to consistent yie&ls/of 91/92 and

97/96, respectively.

After getting consistent results from above reactconditions, we next
explored the influence of catalyst loading and terajure. Reactions were conducted
at temperatures variable within the range of —2@°€5 °C. For example, in the case
of N-Boc-imine 55a temperature variation from —20 °C +@0°C resulted in >99%
conversion with lower enantioselectivity (88% eeble 13, entry 2)At room
temperature, after 3h, conversion was >99% with &&fentry 1) whereas reactions

are temperature tolerant within the range of —2@0%&50 °C.

Table 13: Temperature and catalyst loading effect on the @oaelectivity in the
aza-Henry reaction of nitromethane with imitea

N Zn(OTf),:DIPEA:(-)-NME (1:1:1.5) Ly BOC
§ (30 mol%) \
| N H + CH3NO, ~_NO
_ 4A-MS, -20°C,16-20h ©/
55a 62a

Entry Zn(OTf, DIPEA (-NME  MS-4A TCC) t(h) &8

(mol%) (mol%)  (mol%) 100mg/mmol (%)
1 30 30 45 100mg 25 3 87
2 30 30 45 e -10 14 88
3 30 30 45 100mg -20 16 97
4 20 20 30 100mg -20 18 87
5 10 10 15 100mg -20 22 72

Reaction conversion were >99% in all entries [ajebmined by HPLC.

On the other hand, selectivity was reduced witheloeatalyst loadings. For
instancejn the case of 20 mol% catalyst, -&20°C, after 18h, selectivity fefrom
97% to 87% ee (entry 4) and with catalyst loadihgi®mol%, enantioselectivity was

only 72% ee (entry 5).

Although initially we chose zinc metal, the prelinary inconsistent results
forced us to consider other metals too. Hence ML Tu(OTf), Ba(OTf), and
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Yb(OTf)3 Lewis acids were selected but none of them cordglige selectivity above
14% ee, though >99% conversions were obtained| entiies (Table 14, entry 2-5).
Table 14: Effect of the Lewis acids on the aza-Henry reachetween N-Boc imine

55aand nitromethane.

N/Boc M(OTf),:DIPEA:(-)-NME (1:1:1.5) _Boc

| (30 mol%) H’i‘
@%H + CH3NO, - _NO;
4A-MS, -20°C,16-20h g
55a 62a
Entry M(OTf), Conv. (%} ee(%)

1 Zn(OTf) >99 97
2 Cu(OTf >99 14
3 Mg(OTf) >99 7
4 Ba(OTf) >99 13
5 Yb(OTH)° >99 0

3Conversion determined B NMR (500 MHz)."Determined by HPLC. [c] Reaction time only
5h.

Regarding the base, although other amines weoeualsful in promoting the
aza-Henry reaction with good level of chemical ateteochemical efficiency (Table
15), DIPEA was the best option.

Table 15: Effect of the amine base on the reaction of nitritvaree with N-Boc imine
55a

.Boc Zn(OTf),:amine base:(-)-NME (1:1:1.5) _Boc
N| (30 mol%) HN
©)\H + CH3NO, ©)\/NOZ
4A-MS, -20°C,16-20h
55a 62a
Entry Base Conv.(%) ee(%)
1 DIPEA >99 97
2 E&N >99 92
3 BwN >99 95
4 DBU >99 84
5 P2-Et >99 77
Conversion determined by'HNMR (500MHz). "Determined by HPLC
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Et
N e,
\N NM62 NM2
DBU P,-Et

Figure 21 BDU and B-Et bases.

When triethylamine and tributylamine were usedbath cases conversions
were >99% after 16-20h with 92% ee (entry 2) anélo 3 (entry 3) respectively.
Stronger bases, like DBU and-Pt, afforded >99% conversion and led to with lower
selectivities after 16-18h; 84% ee and 77% ee ctisjgdy (entry 4, 5).

On the other hand, the mol unit ratio of the thmmmponents of the
triggering system (Zn(OTf) DIPEA: (-)-NME) was shown to be crucial for both
high yield and selectivity. In this sense, NME aowas unable to impart any
asymmetric induction, although the reaction tookcpl (entry 1, table 16). The
combination of 45%-)-NME with 30% Zn(OTf}resulted in slow reaction rate with

40% conversion after 22h and 0% ee (entry 2).

Table 16: Effect of the relative amount of-)(NME and Zn(OTf) on the
enantioselectivity of the reaction of nitromethavith imine55a

.Boc

.Boc
©)\H + CHNO, Zn(OTf),(X mol%):(-)-NME (Y mol%)‘ @i'\lv’\loz
4A-MS, -20°C,16-20h
55a 62a

Entry X(mol%) Y (mol%) Conv.(%) ee(%)
1 0 45 60 0
2 30 45 40 0
3 30 60 >909 38
4 30 75 >99 97
5 30 90 >99 95
6 30 100 >99 88

[a] Conversion determined by NMR (500 MHz). [b] Determined by HPLC.

Combinations of Zn(OT$) and¢)-NME in a mol ratio of 30:75 or higher

(entries 4-6) led to high enantioselectivities,ing@ihese results demonstrate that the
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presence of base is key for success and suggéshéhamino alcohol ligand, when
used in excess, may play a dual role, as basesantil inductor. In addition, the
reaction conducted with Zn(O%f)(30mol%) and <)-(1R,2S)-N-methylephedrine
(45%) without DIPEA (entry 2), resulted sluggishithwacemic product formed in

only 40% conversion after 20h.

4. 2. 3 Substrate scope of the reaction

Having established the best reaction conditionscatalyst composition for
the reaction of nitromethane and imiB&a the validity of the method for other
imines, was explored. As the results in Tablesti@w,the preliminary evaluation of
the reaction scope was carried out by using a gw¥hl-Boc aryl imines which vary
in electronic character. Imings5a-m bearing electron-rich, electron-neutral, and
electron-poor aryl substituents were well toleratedive N-Boc [3-nitroaminest2a-

m in generally good chemical yields and high levelsstereocontrol. Apparently,

heteroaromati®N-Boc imines are less suited substrates for thetimad-or instance,

using the furfuraldehyde correspondiNgBoc imine62n, the aza-Henry adduct was
obtained in 96% yield, but with a poor 66% ee. Bt@ndard reaction conditions
involved nitromethane as solvent, but other solv&dtems, such as mixtures of
nitromethane and methylene chloride or toluene5®@/v), can be equally used. A
practical aspect of the method is that a singleystallization from hexane and or
mixtures of ethyl acetate and hexane of the cfisddroamine can provide products

of increased enantiomeric purity.

Table 17: Enantioselective aza-Henry reaction of nitromethesith different N-Boc
arylimines promoted by catalyS6.
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Zn(OTf),:DIPEA:(-)-NME (1:1:1.5) _Boc
N (30 mol%)(56) HN
i+ CHaNO, Ar)\/NOZ
Ar H 4A-MS, -20°C, 16-20h
55 62
Imine 55 Ar Product62 Yield(%) ee(%)

a CsHs a 81 97

b 0-CH3CgH4 b 75 99

c p-CH3CsHs4 c 90 92(94)
92 ggl
85 8@

d m-CH3;OCeH. d 80 90(99)
86 ggl

e p-CH3;0OCsH4 e 73 91

i p-CICsH4 i 97 98°(98)

g p-FsCCsHa g 98 92(94)

h m-NO,CsHa h 59 90(92)

i p-NO,CsH4 i 65 87

j p-CH;0.CCeHa j 78 94

Kk 1-Naphthayl k 95 94(98)

I 2-Naphthayl I 70 93

m 3,5-Ch,4-MeOGH, m 66 87%(95)

n 2-furfural n 96 66

4solated yield after column chromatograpfetermined by HPLC after removal of traces ©f-(
NME by column chromatography. The number in paresgls refers to the product after a single
crystallization from hexane/ethyl acetafelsing Zn(OTf},(20%); DIPEA (20%); £)-NME (30%). °
Using Zn(OTf) (30%); £)-NME (75%).°In the absence of 4A molecular sieves, 84% eeattamed.

4. 2. 4 Chemical elaboration of aza-Henry adducts

To demonstrate the synthetic utility of the metheldboration of the adducts
into orthogonally protected vicinal diamines wasdeaken first. For example,

reduction of the nitro group d@2a by hydrogen in the presence of Pd-C, led to the
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known monoprotected diamin@3a with 90-94% chemical yield. This allowed to

correlate the absolute configuration of addtiégScheme 67).

HN’BOC |_|N,Boc
NO, H,(1 atm.),Pd-C(10 mol%) NH,
©)\/ MeOH, r.t. ©/‘\/
90-94%
62aa 63a

[a]p%° = - 43.6 (c 1.1%, CHCl)
Lit.[a]p®* = - 44.0 (c 1.1%, CHClI,)

Scheme 67Reduction of the nitro group to amine group

Further acetylation of63a by acetic anhydride and triethylamine in
dichloromethaneto the known64a allowed establishing the optical purity. After

single crystallisation with hot hexane, the produas isolated with >99% ee.

_Boc
HN/BOC HN
I\/NH2 ACZO, Et3N NHAc
©/ CH2C|2’ r.t., 16h
97%ee 97%ee
63a 64a

Scheme 68Acylation of the primary amine by acetic anhydride

The second option explored was the Nef oxidatibthe CG-NO, group to
the carboxy group, which will led to the correspmgdN-Boc-a-amino acid. We
selected for that the oxidation of the nitro grdyypKMnO, developed by Profeta and
coworkers (Scheme 6%% The oxidation of adduds2a (97% ee) under potassium

permanganate (KMng with potassium hydroxide (KOH) and disodium

7 p. H. O'Brien, D. R. Sliskovic, C. J. Blankley, Roth, M. W. Wilson, K. L. Hamelehle, B. R.
Krause, R. L. Stanfield. Med. Chem1994 37, 1810-1822.
8 £ Foresti, G. Palmieri, M. Petrini, R. ProfeBxrg. Biomol. Chem2003 1, 4275-4281
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monohydrogen phosphate @E#H#PQy), originated 65a, which upon methylation
afforded66a in 65% yield after two steps. This compound showe80% ee thus

indicating that partial racemisation took placeinigiNef oxidation.

~Boc 1. KMnOy4, KOH, Na,HPO, - BOC

HN
'BUOH, 0T to r.t. I

|
NO
2 CooMe
2. TMSCHN,, MeOH, benzene

65%, 2 steps, after column 66a

62a
97%ee 60%ee

Scheme 690xidation of the nitro group by KMnQO

To overcome the racemisation problem, we seletttedxidation conditions
developed by Mioskowski and coworkéf The N-BocB-nitroamine adduct§2a-c
upon treatment with sodium nitrite and acetic aiciddimethylsulfoxide at 40°C,
afforded the correspondindl-Boc protected aryl glycine$5a-c in good yield
(Scheme 70). Subsequently, esterification withetimglsilyldiazomethane yielded the
N-Boc-arylglycine methyl ester§6ac without apparent loss of optical integrity
(Table 18). Specific rotation @ 6a, ([(x]DZS =-104.9° (c = 0.65, C¥DH) resulted to
be opposite sign as compared with authentic métprepared from commercially
available §-methylphenylglycine (o = +104.9° (c = 0.65, C§DH) and also
described literature value]p® = +104.9%; ¢ = 0.65, CJOH).**°

Ly BoC Hn-BOC TMSCHNS,, un-Bo°
. No, NaNOz AcOH, DMSO | MeOH, benzene
Ar 2 A" “COOH 1t 2030min AT~ COOMe
40T , 26-40h
62 65 66

Scheme 70:Oxidation of the nitro group onto carboxylic acidollowed by
esterification

1793) C. Matt, A. Wagner, C. Mioskowski, Org. Chem1997, 62, 234-235. b) B. M. Trost, V. S. C.
Yeh, Angew. Chem. Int. EQ002 41, 861-863.
180D Uraguchi, M. Teradal. Am. Chem. So2004 126, 5356-5357.
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Table 18 Effect of the Nef oxidation on yield and enantiesgVity.

Adduct 62 ee(%)of Product Yield(%)® Product Yield(%)® ee(%Y
Compd. Ar. adduct62 65 of 65 66 of 66 of 66
a CsHs 97 a 90 a 80 97
b 0-MeCsHs 99 b 77 b 75 99
C p-MeCsHs 92 c 70 c 65 93
m 3,5-Ch,4- 95 m 85 m 72 33

MeOGsH;

[a] Yield of isolated product. [b] Determined byireth HPLC.

Nef oxidation with sodium nitrite was not suppogiwhen 3-nitroamine
adduct is attached with electron withdrawing grodfm instance, addué2m (95%
ee) subjected upon the same conditions affor@@dh in good yield, but with

important detrimental in ee (33% ee).

4. 2. 5 Practical advantages of this method are:

(i) The availability of the chiral ligand in bo#mantiomeric forms (Scheme
20) and as a results both enantiomerg-aimino nitro compounds can be obtained.
For example, aldimin®5a was treated with (+)-NME in optimized conditiora)d
after 16-20h,62a was obtained as opposite isomers in 82% vyield Wil ee

(Scheme 71).

Zn(OTf),:DIPEA:(+)-NME

(1:1:1.5)(30 mol%) HN’BOC
~_NO,
MS-4A, —20°C, 16-20h Ej/V
,BOC y|8|d 82%

62a €e 97%

N
| + CH3NOZ —
C Zn(OTf),:DIPEA:(-)-NME _Boc

(1:1:1.5)(30 mol%) HN
55a
NO,
MS-4A, ~20°C, 16-20h
yield 80%
62a 59706

Scheme 71:Formation of both enantiomers of the aza-Henry atslwsing chiral
ligand (+) - or (-) =NME (45 mol %), DIPEA (30 mol %) and Zn(QT80 mol %)
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(ii) The essentially total recovery of (-)-NME){NME was not recovered by
simple aqueous worked up with 0.1 M HCI becausentained in the organic phase.
So, NME was recovered by following ways: from tla¢el fractions of the column,
(1S, 2R)-N-methylephedrine was recovered 32Recovery of the chiral ligand that
remained in the acidic aqueous phase was carriedyuwrop-wise addition of a
solution of NaOH 65%. Combined yield of chemicadliyd optically pure-)-NME
ligand (97%).
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5. Chapter Il

Mannich Reaction
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5. 1 Introduction

Enantioselective Mannich reactidffsare of fundamental importance for the
synthesis of optically active chiral amines aggémino acids. Control over the
asymmetric Mannich reaction constitutes one of iti@n challenges. Impressive
achievements have recently been demontrated, ticylar in asymmetric catalysis,
with regard to the versatility of this reaction. t@lgtic direct and indirect
enantioselective methodologies have been developéule the direct Mannich
reaction requires unmodified ketone donors, amiaed aldehydes, the indirect

Mannich reaction uses performed enolate eqivalmis/or imines (Scheme 72).

PG TMSO NH O
3 : )
)‘ . Rl‘/g\R indirect Mannich reaction R)\/\)k@
R R2 Rl R?
1
o) GF)\N'R o)
N/PG . direct Mannich reaction
) < BAP
R R? R?

Scheme 72General Scheme for direct and indirect Mannich teac

Many catalytic asymmetric Mannich methods havenbesported over the
last few years. Excellent indirect catalytic methodhich involve the addition of
enolates to imines in the presence of metal cdtalysave been reported by
Kobayashi*®? Sodeokd®® Lectka’®* and Jacobséfr research groups who used chiral

181 For reviews, See: (a) A. Cordovacc. Chem. Re2004 37, 102-112. (b) S. Kobayashi, M. Ueno,
In Comprehensive Asymmetric Catalysis SupplemeBdk. E. N. Jacobsen, A. Pfaltz, H. Yamamoto,
Springer, Berline2003 Chapter 29.5. (c) S. Kobayashi, H. Ishita@ilem. Rev1999 99, 1069-1094
and references therein

182 3) H. Ishitani, M. Ueno, S. Kobayashi,Am. Chem. So&997 119 7153-7154. (b) S. Kobayashi,
T. Hamada, K. Manabel. Am. Chem. SoQ002 124 5640-5641. (c) H. Ishitani, S. Ueno, S.
KobayashiJ. Am. Chem. So200Q 122 8180-8186.

183 (@) E. Hagiwara, A. Fuijii, M. Sodeokd, Am Chem. Sod998 120, 2474-2475. (b) A. Fuijii, E.
Hagiwara, M. Sodeokd, Am Chem. So&999 121, 545-556.

184 (@) D. Ferraris, B. Young, T. Dudding, T. LectdaAm. Chem. So4998 120, 4548-4549. (b) D.
Ferraris, B. Young, C. Cox, T. Dudding, W. J. liDrury, L. Ryzhkov, T. Taggi, T. Lectka,J. Am
Chem. Soc2002 124, 67-77 and references therein.

185 A.G. Wenzel, E. N. Jacobseh,Am Chem. So2002 124, 12964-12965



Chapter I1I - Mannich reaction 106

zirconium/binol, palladium(ll)/binap, copper(l)/l@p complexes and thiourea
respectively. Recently Kobayashi and cowork&rdeveloped an efficient catalytic,
enantioselective and diastereoselective Mannicle tgaction of a hydrazone ester

with silicon enolates using water as the solvenhgne 73).

Ph/ Ph
NH HN
0,
G e,
_NHBz TMSO \ (@]
N ZnF, (100 mol%) :
Eto\H)\H * R , R3
5 o CTAB (2 mol%) o RtR
H20, 0T, 20h yield(%) syn /anti ee(%)
R, R?: alkyl, R: alkyl, aryl
< 94% 8:92- 92:8 67-95

CTAB = cetyltrimethylammonium bromide

Scheme 73indirect Mannich reaction using water as solvent.

It should be noted that this method provides acte<ither the syn or anti

adducts stereospecifically frorg)(or (Z)-enolates.

However, a disadvantage of these stereoselectaenidh reactions can be
the preparation and instability of the preformedlates used. The most effective and
atom-economic asymmetric Mannich reaction would ebecatalytic process that
involves the same number of equivalents of iming anmodified carbonyl donor, a
process which is so-called direct Mannich reactfénThe transformations are

catalyzed by both organometallic complexes and Irfieta organic catalysts.

Recently, Shibasaki et al. reported that thgZiidt linked-BINOL XXIV)
complex is an excellent catalyst for the directnasetric Mannich-type reactidfi®

186 T Hamda, K. Manabe, S. KobayashiAm. Chem. So2004 126, 7768-7769.

187B.M Trost, The Atom Economy Search for Synthetic Efficienciencel991, 254, 1471-1477.
188 (@) S. Matsunaga, N Kumagai, N. Harada, S. Harada, NbaShaki,J. Am. Chem. So2003 125
4712-4713. (b) M. Shibasaki, H. Sasai, T. Afaigew. Chem., Int. Ed. Endl997, 36, 1871-1873 and
references thereifc) N. Yoshikawa, Y. M. A. Yamada, J. Das, H. Sab&i Shibasaki,J. Am. Chem.
Soc.1999 121, 4168-4178. (d) N. Yoshikawa, N. Kumagai, S. 8a@iaga, G. Moll, T. Ohshima, T.
Suzuki, M. Shibasaki]. Am. Chem. So2001, 123 2466-2467. (e) D. Sawada, M. Shibasakihgew.
Chem., Int. Ed200Q 39, 209-213. (f) S. Yamasaki, T. lida, M. Shibasdlefrahedron Lett1999 40,
307-310.
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CLUL T O
OHHO
s

(S,S)-Linked BINOL complex (XXIV)
Figure 22: (S,S)-linked-BINOL complex

The EpZn/linked-BINOL complex was investigated as cathlglse to its
high selectivity in direct asymmetrisynselective aldol reactions and Michael

reactions with aryl hydroxyketones as the dorits.

Mannich reactions between imines with variobsprotecting groups,
hydroxyaceto-2-methoxyphenone, and ,Zgatlinked-BINOL (XXIV) complex
revealed that N-diphenylphosphinoyl (Dpp) protedtathes were the most promising
with regard to stereoselectivity. Thubl-Dpp-protected imines are employed as
acceptors, and the corresponding Mannich adduetssatated in high yield (96 —
98%) and excellent enantioselectivity (98 -99 % (&sheme 74).

o)
Il
o S.S-Linked BINOL(Imol%) ~ PhoP. -
N O  OMe Et,Zn(4mol%), MS-3A°
)\\ + HO THF, -20°C R™ ™
R™H OH
. 96-98% vyield
R:aryl 3:1->49:1 dr

98->99.5% ee
Scheme 74: Mannich reaction of a-hydroxy ketone to imines using BINOL
derivatives XXIV) and EpZn.

Recently the same group, has reported a highiigiezit synselective

enantio- and diastereoselective catalytic Mannige treaction of a glycine Schiff

189 (a) S. Matsunaga, J. Das, J. Roels, E. M. Vogelyamomoto, T. lida, K. Yamaguchi, M.

ShibasakiJ. Am. Chem. So200Q 122, 6506-6507. (b) N. Kumagai, S. Matsunaga, T. Kiitas S.
Harada, S. Okada, S. Sakamoto, K. Yamaguchi, Mbe8aki,J. Am. Chem. SoQ003 125 2169-
2178 and references therein. (c) S. Harada, N. igamad. Kinoshita, S. Matsunaga, M. Shibasaki,
Am. Chem. So2003 125 2582-2590 and references therein.
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base using the chiral two-centre phase transfelysatS,3-tadias XXV) (Scheme
75).190

Boc<

NH
_.Boc S,S)-tadias (10 mol%
N . Ph._N_COjBu 5) ( ‘) R CO,'Bu
)l \r Cs,CO4(2€eq.)
R Ph Nx_Ph
PhF Y
F
Raany! O H.C 86 99°/P § Id
3 1 - Oy|e
\ /R 95.5-99.1 dr
N+ 58 - 82ee
o) \_Rl
1
o, /R
N
S
F R, 4-MeCgHs

(S,S)-tadias (XXV)
Scheme 75Mannich reaction using the phase transfer cata{$s8)-tadiasKXV.

Trost and co-workers reported that dinuclear zimenglexes catalysed
Mannich reactions with unmodified aromatic hydrokgtones as donors with
excellent enantioselectivity> Mannich-type reactions betwedho-methoxyphenyl-
protecteda-ethyl glyoxylate and hydroxyacetophenone in thespnce of a catalytic
amount (5 mol%) of catalyst chiral Lewis acid (ap@ttohol and diethylzincXXVI
afford the desiredN-PMP protected amino acid derivative in 76% yielith a dr of
7:1 and 95% ee (Scheme 76).

:© o) NH O

cat. (5 mol%)

N
| HO o__~
Et/O\H)\H * \)J\Ar MS-4A°, THF, -5°C Et” Ar

(0] Ph O OH

Ph o,Et O
Ph \ o/ Ph ,
L Zn 66-90% vyield
cat=, " ", I
=N 9 N >15:1 dr

99- >99% ee

Scheme 76Mannich reaction otr-hydroxy ketone to imines in the presence of chiral
amino alcohol and BZn.

190 A Okada, T. shibuguchi, T. Ohshima, H. Masu, kmaguchi, M. Shibasakhngew. Chem. Int.
Ed. 2005 44, 4564
1918 M. Trost, L. M. TerrellJ. Am. Chem. So2003 125, 338-339.
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Jargensen and coworkers have disclosed the finstl Cu(ll)/Box complex-
catalyzed direct asymmetric Mannich reaction ofvatéd carbonyl compounds and
a-imino esters? The chiral Cu(OTfyBox complexes are also catalysts for the
asymmetric Mannich-type additions of unmodified amaltes andB-ketosters to
activatedN-tosyl-a-imino esters®® Reactions with substituted diethyl malonates in
the presence of a catalytic amount of Cu(@Bx complexes proceed smoothly at -

20 °C, giving Mannich adducts in good yield with-81% ee (Scheme 77).

O%O
X
~Ts Cu

P Ts<
R . ~ Z NH O
’\‘l EtOZC\/COZEt ™ or R /:\)k
Et0OC” H * | EtO,C~ Y~ "CO.Et
R CH,Cl,, -20°C A
R = alkyl

R = Ph, catalyst A 73-88% yield
61- >87% ee

R ='Bu, catalyst B 60-99% yield
74-94% ee

Scheme 77Enantioselective Mannich reaction of active methgtetoa-imino esters
in the presence of Cu-Box complexes.

Scheme 78 shows the first direct aminocatalyticmamgtric Mannich
reaction which has been reported by [ét.

OMe
NH> : /©/
)OH (L)-proline (20 mol%) O HN

O
+ + 1*/\
R™ "H DMSO, r.t R™ YT R
OH R?
OMe R:alkyl, aryl 57-92% yield
3.1-20.1dr
61 - 99%ee

Scheme 78Direct Mannich organocatalytic reaction using prod.

192 @) K. Juhl, N. Gathergood, K. A. Jgrgens@ngew. Chem. Int. EQ001, 40, 2995-2997. (b) K.
Juhl, N. Gathergood, K. A. Jgrgense@hem. Commun200Q 2211-2212. (c) K. Juhl, K. A.
Jorgensen]. Am. Chem. So2002 124, 2420-2421.

193 M. Marigo, A. Kjaersgaard, K. Juhl, N. Gathergptd A. JgrgensenChem.-Eur. J2003 9,
2359-2367.

194 (@) B.List,J. Am. Chem. So@00Q 122 9336-9337. (b) B.List, P. Porjalev, W. T. Billed. J.
Martin, J. Am. Chem. So2002 124, 827-833.
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The Mannich reaction is regiospecific for oxygemstituted ketones,
providing one single regioisomer in good yield whiigh ee. The highest selectivity is
observed when aromatic imines with electron-witindng groups are used as
acceptors. Similar model reactions are describedBagpas and coworkers and
others'®®

More recently Ley and coworkers screened new ystgahnd solvent for the
catalytic asymmetric Mannich reactib. Among the catalysts tested, a new catalyst
tetrazole derivativXXVIl was found to catalyze the asymmetric Mannich reacif
ketone and\N-PMP-protectedu-imino ethyl glyoxylate with high enantioselectivit
and high yield (Scheme 79).

/N‘
N N

7 OMe
OMe b NN o O
H
" _

Cat. 1-5mol%

solvent, r.t
EtO,C~ 'H
> 70 yield
> 19,1dr
solvent, CH,Cl,, agueous CH3CN, aqueous THF >99%ee

Scheme 79:Mannich reaction in the presence of pyrrolidineble catalyst
XXVII .

Despite the above mentioned impressive progreasymshallenges remain
unaddressed for the catalytic asymmetric Mannielttiens, notably with regard to

substrate scope, selectivity and reactivity.

195\W. Notz, K. Sakthivel, T. Bui, G. Zhong, C. F. Bas Ill, Tetrahedron Lett2001, 42, 199-201.

19%(@) A. Cordova, W. Notz, C. F. Barbas Wl, Org. Chem2002 67, 301-303. (b) A. Bggevig, N.
Kumaragurubaran, K. A. Jgrgensé&hem. Commur2002 620-621. (b) A. B. Northrup, D. W. C.
MacMillan, J. Am. Chem. SoQ002 124, 6798-6799. (¢) N. S. Chowdari, D. B. Ramachary, A
Co'rdova, C. F. Barbas llTetrahedron Lett2002 43, 9591-9595. (d) A. Co'rdova, W. Notz, C. F
Barbas Ill, Chem.Commur2002 67, 3024-3025. (e) A.Bggevig, K. Juhl, N. Kumaraguamamn, W.
Zhuang, K. A. JgrgenseAngew. Chem., Int. E@002 41, 1790-1793. (f) B. List). Am. Chem.Soc
2002 124, 5656-5657. (g) N. Kumaragurubaran, K. Juhl, Wuatg, A. Bggevig, K. A. Jgrgenseh,
Am. Chem. Soc2002 124, 6254-6255. (h) T. D. Machajewski, C.-H. Worgygew. Chem., Int. Ed
200Q 39, 1352-1374 and references therein. (k) A. Co’ad&: Watanabe, F.Tanaka, W. Notz, C. F.
Barbas I11,J. Am. Chem. So2002 124, 1866-1867.

197A. J. A. Cobb, D. M. Shaw, D. A. Long-Bottom, J.®old, S. V. LeyOrg. Biomol. Chen2005 3,
84.
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5.2 Results and discussion

Mannich reaction is a well known and a good toolniake C-C bond
formation. To get the asymmetric version, we filsbught to extend the catalytic
system of the chiral Lewis acid complex (Zn(QT{80mol%), DIPEA(30mol%), )
NME (45mol%)) which shown the best results for #ma-Henry reaction, to other
active methylene nucleophiles. Our initial scregnieactions were carried out using
commercially available dimethylmalonate (was used racieved) with N-Boc-
phenylimine under the Zn(O%f) DIPEA, (-()NME (1:1:1.5) (30 mol%) catalyti¢®
conditions that showed good performance in azayezactions (previous chapter).
The reaction protocol was as follows: dimethyl nmalie (300 mol%) was added into
a solution of Zn(OTH (30 mol%) and diisopropylethylamine (DIPEA) (30 #)lin
dichloromethane (2 mL) at room temperature andrestirfor 1h at the same
temperature. Then chiral ligand (1R, 2$-N-methylephedrine (45 mol %) was
added and stirred for an additional 2h. After tthet colorless reaction mixture was
kept at -30°C for 10 min and imirfiba was added. The reaction was quenched after
19h and70 was obtained in 95% conversion with 36% ee (taBleentry 1).

N ZNn(OTf),:DIPEA:()NME - BOC
| COOR (1:1:1.5), (30mol%)(56) COOR
H 4 HZCi ©)\/
COOR  CH,Cl,, -30°C,15-20h COOR
55a 67, R=Me 70, R = Me
68, R =Bn 71, R=Bn
69, R='Bu 72, R='Bu

Scheme 80Asymmetric Mannich reaction of dialkylmalonatertorie55a

Next, our concern was to identify the best suitdklyl group (R) in the

malonate component in terms of both reaction cawerand enantioselectivity.

1% C. palomo, M. Oiarbide, R. Halder, A. Laso, R. epgAngew. Chem. Int. EQ00§ 45, 117-120.
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Table 19: Conversion and enantioselectivty of the Mannicictiea of malonate to
imine55a

Entry Malonate Product Yield(%) ee(%)
Comp. R

1 67 Me 70 95 36

2 68 Bn 71 90 47

3 69 ‘Bu 72 95 72

Reactions conducted on a 1 mmol scale (1-5) inkdiaalonate (3.0 equiv.) using imine:
Zn(OTf):iPRLEtN:(-)-NME in a 1:1:1:1.5 molar ratio at specified temgiare. [a] Reaction conversion
was determined bfH NMR (500 MHz). [b] Determined by HPLC.

For example, when dibenzylmalonate and ditertbuaydmate were used, after
16-20h, conversion were >90-95% and stereoseléetvd7%ee (entry 2) and 72%ee

(entry 3) respectively.

As the chiral aminoalcohol-Lewis acid complex shed somewhat limited
results in the initial attempts, we thought abautching to homologue commercially
available and cheap chiral aminoalcohol cinchorialaids {3, 74, 75and 76)
without changing the nucleophiles and acceptor.ifduour work, Schaus and
coworkers® shown that cinchona alkaloids act as good bifuatticatalysts to
promote the Mannich reaction pfketoesters to imines. Our interest was to use the
same catalytic system with soft nucleophiles likalkylmalonates in the addition to

imines, a reaction which was still undeveloped.

73 R=H, cincho_ni_ng 75 R=H, cinchonidine
74 R=0CHg Quinidine 76 R=0OCHj3 Quinine

Figure 23Cinchona alkaloids used in Mannich reaction.

1993, Lou, B. M. Taoka, A. Ting, S. E. SchalisAm. Chem. So2005 127, 11256-11257.
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In the initial testing reaction, diethylmalonatdd@ion to imine55a in the
presence of quinidiné4 (10 mol%) at-30°C was performed and after 16h, adduct

70 was obtained with 99% conversion and 80%ee (2bjentryl).

Table 20: Dialkylmalonate addition to imin&5ain the presence of organocatalyst
quinidine74.

N/Boc |_”\I/Boc
\ g HzciCOOR Cat. 74 (10mol%) ©)YCOOR
COOR CH,Cl, COOR
-30°C,15-20h
% 5, R =bn 7%, ReBn
69, R=1tBu 72, R=1tBu
Entry Malonate  Catalyst Solvent product Converioree(%)
1 74 CH,Cl, 99% 80
2 67 74 Toluene 70 90 68
3 74 THF 95 33
4 74+ RIMA® | CH.Cl, 20 24
5 (" CH.Cl, 94 89
6 CHCl; 99 67
7 EtOH 81 29
8 68 74 < MeOH 71 34 05
9 CHsCN 55 77
10 Et,O 67 88
11 L '‘BuOMe 76 72
12 69 74 CH.Cl, 72 40 52

(a) Reaction conversion determined'BINMR (500MHz). (b) ee determined on chiral HPL®IA is
defined as Mendelic acid, used 10 mol% as addifReaction was also ran with cinchonidif& 78%
ee of opposite isomer was obtained.

We thought changing the solvent system could kiendental for selectivity.
When reactions were conducted in toluene and THih adduc?0 was obtained

in >90% conversion and lower selectivity; 68% ed 88% ee respectively (entry 2,



Chapter I1I - Mannich reaction 114

3). Addition of an additive, says mandelic acidoateduced the reaction rate as well
as selectivity 24% ee (entry 4). However dibezybmate reacted to imine in better
selectivity (89% ee) with good conversion (94%, [€aB0, entry 5).Changing the
solvent system, did not enhance the selectivitalb{entries 5-11). Reaction with
ditertbutylmalonate showed poor reactivity (40% \@rsion) and selectivity 52%
(table 20, entry 12). Next, our concern was to iiferthe best suitedN-protecting

groups in the imine component.

Our second selection was N-tosyl protected beemgide aldimine53. The
reaction conducted with this imine and dimethylmalie 67 in the presence of
catalyst73 in dichloromethane, after 20h, affordéd in excellent conversion (99%)

and 19% ee. Catalyst, however, showed less selectivity (6% with 99% cosiom).

N/Ts HN/Ts
| ,COOMe Cat.73 or 76 (10 mol%)
H 1t HC COOMe
COOMe
-30°C,15-20h COOMe
53 67 77

Cat. 73, 99% conv. 19% ee
Cat. 76, 99% conv. 6% ee

Scheme 81Dimethylmalonate addition to N- tosylaldimine prated by catalyst3
or 76.

During our work, Schaus and cowork8fsshowed that the cinchonine- and
cinchonidine promoted asymmetric Mannich reactibfi-ketoesters with acyl imines

proceeds with chemical and stereochemical effigi€Bcheme 82).

20035 | ou, B. M. Taoka, A. Ting, S. E. SchailsAm. Chem. So2005 127, 11256-11257.
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(0]
(@]
)L 7 Cat.(10 mol%) i HNLOR
N OR at. mol%
)‘\ + Rt RlMPh
ph ™ H CH,Cl, -35°C, 16h A
0~ “OR? 0~ "OR?
R: alkyl R™: CHg, R% CHj, allyl
1:1-20:1dr
N 60 - 94ee

K cinchonine cinchonidinej
catalyst
Scheme 82Enantioselective Mannich reaction promoted by comzhalkaloids

Very recently, Deng and coworkers also reported thiourea derivatives of
cinchona alkaloids were efficient bifunctional dgsa for Mannich reaction of

malonates with N-Boc imines (Scheme &%).

Boc
-Boc cat. (20mol%) NH

N
+ CH,(COOR' '
R)‘ 2 )2 acetone, -60°C, 36h R)\/COOR

7 COOR'
H H 81 - 99% yield

N\/\/CFS 96 - 99% ee
cat: g

e
0 L

Scheme 83Thiourea induced Mannich reaction of malonatesnomes

Addition of less nucleophile malonates with iminasthe presence of 20
mol% thiourea based on cinchona alkaloids provigeod chemical yield (81-99%)
and excellent enantioselectivity (96-99%) underdmihoisture- and air-compatible
conditions. The above mentioned partially developdahnich reactions of active
methylene compounds with imines, which were regbdiering our own work, turned

our attention to find out better organocatalysts.

2013 Song, Y. Wang, L. Dengl. Am. Chem. So2006 128 6048-6049.
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As mentioned in the introduction of the secondptbia(aza-Henry reaction),
our group presented a new asymmetric aza-Henryntéely with broad substrate
scope based on the use wfamido sulfone substrates and phase transfer setaly
(PTC). Therefore, we considered the applicatiotheSe conditions to the Mannich

reaction of dialkylmalonates.

The initial screen of several chiral quaternarynanium salts78-82 and
inorganic bases CsOH,,8 (120 mol %) for the reaction of-amido sulfoneB3 and
dimethylmalonate67 in toluene as solvent was informative. After 48mod
conversion 90% was obtained and 0% ee as showmhie 21 (entry 1). Similar
results were obtained with tosyl-protecte@mido sulfone, whereas Cbz-protected

amido sulfone showed the highest selectivity (4E)oaad good conversion (99%).

s
HO [/r\% 78 R = Bn, X=Cl
R X 79 R = 9-methylanthacene, X=ClI
0 X 80 R = CHg, X=I
\©\ P 81 R = p-NO,-CgHy, X=Br
N 82 R = p-CF3-CgH,, X=Br

Figure 24Quaternary ammonium salts of chinchona alkaloids.
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Table 21: Screening of quaternary ammonium salts in thetrea®f amino sulfones
83-85with dimethylmalonaté?.

PG -PG
HN” Cat.78-82 (12 mol%) HN
_COOMe CsOH,H,0 (120 mol%) COOR
SOPh + HyCl ©)\/
©)\ COOMe toluene, -40°C, 48h COOR
grezer sorS e
85 PG = Ts 77 PG =Ts
Entry a-amido Ammonium  Product Conv.(%) ee (%)
sulfone salt
1 83 78 70 a0 0
2 79 10 06
3 80 99 0
4 81 99 17
5 82 50 30
6 84 78 86 99 41
7 85 78 77 60 0
¥Conversion was determined by NMR (500Mli1e91 determined on chiral HPLC.

As selectivities were not higher than 41%, we aered other different
nucleophiles and among them malononitrile. Reactibmalononitrile with thea-
amido sulfoneB3 in the presence of CsOH:@ (120 mol %) and cataly38 (12 mol
%) in toluene at -40°C, after 67h, afforded Manréciduct88 in >99% conversion
and 35% ee (Scheme 84).

.Boc
N B0° Cat.78 (12 mol%) HN
,CN CsOH,H,0(120 mol%) CN
SO,Ph  + HZC\
CN toluene, -40°C, 67h CN
88
83 87 >99% conversion
35% ee

Scheme 84Mannich reaction of malononitril87 to a-amido-sulfone33.
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In the mean time, Ricci and coworkers have dematesdr the
enantioselective reaction between in situ gener@rprotected azomethines and
malonates in the presence of 150 mol% of potassiarbonate (50% v/v) and 1
mol% of quinine-derived quaternary ammonium broreidas phase transfer

organocatalysts (Scheme 85).

/C6H4-p-OMe
o Cat. (1 mol%) GPW o)
K,CO3 (150 mol%
"D';PG + o 2C03 (150 mol%) R/\iocerp'OMe
(@] toluene, -20°C, 48h
R “S0,Ph ’ ’ O
2 O\ Q
CgHga-p-OMe 2 CgHy-p-OMe
R = alkyl, aryl (1.2 equiv.) 7 50 - 95 % yield
Ho. AN' ) B 76 - 98% ee
S
Oy T
Cat. = ) NC
N

Scheme 85:Mannich reaction betweesramido sulfones and malonate promoted by

organo-phase transfer catalysts.

Under these conditions and with 1 mol% catalyst réq@orted selectivities
were moderate to good. However this method presamtee limitations: (i) Selected
active methyl compound which is not commerciallyidable is essencial to obtain

high selectivity; (ii) Base loading is very high.

The published results by other groups as mentioalkeodve turned our
attention to look for other new catalytic systentsal could provide better selectivity

and broader substrate scope.

Thus, the quest for the best catalysts is stillaieed.
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6. Conclusions

The field of asymmetric catalysis is a lively, famting and highly
competitive research field in organic chemistry.eTbontinuous need for novel
asymmetric reactions as well as the demands faapdreand more environmentally
friendly catalytic processes is a challenge forciémists in this filed. The work
presented in this thesis has focused on the dewelopof novel asymmetric reactions
as well as contributing to the field of asymmetatalysis by the development and

successful application of novel catalysis.

A new asymmetric aza-Michael methology has beenemented. Highly
enantioselective conjugate addition of carbamates lheen achieved by using-
hydroxy enones as the Michael acceptors and Cb{Hjexazoline) catalysis. The
bidentate ketol moiety plays a key role, likelyahgh efficient 1,4-metal binding
chelation with the catalytic metal since other Wydappreciated Michael acceptors
such asN-enoyl oxazolidinones, alkylidene malonates doneatct at all and/or give
poor selectivity. Importantly, while the method gévhigh selectivity (ee up to 99%)
with B-alkyl substituted enones, the countergaaryl substituted substrates resulted
inactive even under forcing conditions. The methexlilted quite general with repect
to the nature of the carbamates. Further elaboratiche resulting adducts through
oxidation cleavage of the ketol unit opens a netwyeinto enantioenriche-amino

carboxylic acids and aldehydes.

A new practical and asymmetric aza-Henry methodoldtas been
implemented based on the use of combined LewisBww@dsted base/Chiral ligand as
the catalytic trigger of the reaction. The bestalbaic system is comprised of
Zn(OTf), / DIPEA / NME (in a 0.3:0.3:0.45 ratio) and yielosa 59-96% range and
ee’s in a 66 — 99% range are observed for theioeaat nitromethane with an array
of N-Boc aryl imines. The method uses readily availatosmercial materials as the
catalyst components and tolerates well a wide rariggectronically and structurally
distinct aryl imines.

These results, along side previously describedteesuHenry reaction (A.

Laso’s Doctoral Thesis, Donostia 2006), indicatbe tewis acid/Brgnsted
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base/Chiral ligand system bears considerable patexst ambifunctional catalysis in a

broader context.

Finally, a preliminary study has been carried outhe Mannich reaction
between malonates and imines (either preformednaositu formed froma-amido
sulfone precursors) under PTC catalysis. Using 20rbI% chiral ammonium salts
derived from cinchona and CsOH®! as stoichiometric base, selectivities upto 89%
ee are attained. New work in this direction id sleded to properly address malonate

scope, imine scope and projection.
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7. Experimental part
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7. 1 General

All reactions were carried out under an atmospbérétrogen in flame/oven
dried glassware with magnetic stirring. Dichloroh@ate (CHCI,), acetonitrile were
dried by distilling over Call THF and diethyl ether were dried by distillingeov
sodium metal. Commercially available HPLC gradeart, isopropyl alcohol, and
hexane were used without distillation. Diisopropyiae was dried by refluxing over
KOH and after distillation, stored with MS—4A (Infim pellets). Toluene was dried in
the presence of sodium metal. Methanol, benzengttlyl sulphoxide (DMSO) were
used as reagent grade. Nitromethane was destillé®& mm Hg over anhydrous
MgSOy before use and stored over 4A molecular sieves.4Bamolecular sieves was
received from Aldrich and activated by heating & PC in high vacuum for 3 days

before use.

Commercial Cu(OTf) Sc(OTfy, Mg(OTf),, Ba(OTf), and Yb(OTf}) were
used without purification. Zinc triflate (Zn(OTJ)was heated at 130 °C for 4 to 5 hours
before use. LiCl was dried by heating at 150 °C2#h under vacuum. Chiral ligands
2,2’-isopropylidenebis[(8)-4-tert-butyl-2-oxazoline, $-(-)-2,2’-isopropylidenebis(4-
phenyl-2-oxazoline) were purchased from Aldrich Chemical. (-R(2S)-N-
Methylephedrine was dried over phosphorous pentoximtfore use. Aliphatic
aldehydes were distilled prior to use. Sodium t@t{NaNQ), glacial acetic acid were
used as reagent grade. Organocatalyst cinchondoidka(quinine, quinidine,
cinchonine, chinchonidine) and diphenyl-pyrrolidnd-methanol were used as
received from Aldrich. Benzylquininiumchloride, 3ytoxy-3-methyl-2-butanone and
tertbutyl acetate were used as received. Activehyfete compounds: dimethyl
malonates, ditertbutyl malonates, dibenzyl malagatealono nitrile were also used as

received from Aldrich.

Purification of reaction products was carried ohby flash column
chromatography using silica gel 60 (230-400 mesBApalytical thin layer
chromatography was performed on 0.25 mm silica6@eF plates. Visualization was
accomplished with UV light and a solution obtaingdadmixing in 470 mL of water,

ammonium molibdate (21 g), cerium sulphate (1 @) @ncentrated sulphuric acid (31
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mL), followed by heating. Melting points were megsl with a Bichi SMP-20
melting point apparatus and are uncorrected. leffraspectra were recorded on a
Nicolet Avatar 360 FT-IR spectrometéH NMR and**C NMR spectra were recorded
on Varian Gemini-200, Bruker Avance-DPX-300, and ulgr Avance-500
spectrometers and are reported in ppm from intetetbmethylsilane (TMS) or
chloroform. Analytical high performance liquid chmatography (HPLC) with chiral
stationary phase was performed on Waters 600E aewlldt Packard series 1050
chromatographs, equipped with a diode array UVdeteusing Daicel Chiralpak IA,
AD, AS, and Chiralcel OD, OJ columns.

7. 2 Preparation ofa'—hydroxy enones

Variouso'—hydroxy enone derivatives, varying in thp#substituents, were
prepared by two alternative routes using commeycélailable starting materialg—
Alkyl o'—hydroxy enonedah were prepared by two step methodology involving
aldol reaction of commercially available 3-hydra3ymethyl-2-butanone89) with
corresponding aliphatic aldehyde and subsequenyddation of aldol adduct by
cerium(lil)chloride heptahydrate (CeCVH,O). p—Phenyle’'—hydroxy enone&h was
prepared in one step procedure from commercialgilavle 3-hydroxy-3-methyl-2-
butanone §9) and corresponding aromatic benzaldehyde usindHln@thanol-water
system. Synthesis di—isopropyl o'—hydroxy enonele was found problematic by
aldol methodology, hence, the Horner-Eadsworth-Emsnaeaction using (3-
hydroxy-3-methyl-2-oxo-butyl)-phosphonic acid dimmgt ester 93) was employed

according to reported proceddfa.

202 Prepared in two steps (92% overall yield) from camncally available methyl 2-

hydroxyisobutyrate, according to: (a) P. Sampson, Rbussis, G. J. Drtina, F. L. Koerwitz, D. F.
Wiemer,J. Org. Chem1986 51, 2525-2529. (b) D. G. McCarthy, C. C. CollinsPJ.O'Driscoall, S. E.
LawrenceJ. Chem. Soc. Perkin Trans1299 3667-3675.
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7. 2. 1 Route I: From 3-hydroxy-3-methyl-2-butanone

General Procedure A: From commercial 3-hydroxy-3-méghyl-2-butanone

o O OH o)
STEP 1 STEP 2
HO%{ HO R HO MR
RCHO, LDA CeCl3.7H,0, Nal 7\
THF, -78°C CH3CN, reflux 1a-f
89 90

To an oven or flame-dried 3-neck round bottom Kldisted with a low
temperature thermometer and a dropping funnel bbadth n-BuLi (2.5 M solution in
hexanes, 80 mL, 200 mmol) under nitrogen was adityd THF (200 mL) and
diisopropylamine (28 mL, 200 mmol). The solutionsw@oled to -78°C and n-BulLi
added dropwise such that the temperature remaiaekavb70°C. After the addition,
the mixture was allowed to stir at -78°C for 1 tidse adding 3-hydroxy-3-methyl-2-
butanone (8.8 mL, 80 mmol) dropwise (again keepirggtemperature below -78°C).
After complete addition, the mixture was allowedstor at -78°C for a further 1 h
before dropwise addition over a 45 min period o$cdution of the corresponding
aldehyde (240 mmol, 3 equiv.) in dry THF (30 mLheTmixture was stirred at -78°C
and the reaction monitored by TLC (7:3 Hexane:EtOpwduct). After 2-3 h, the
reaction was quenched with sat. )} and then extracted with G&l,. The organic
extracts were combined, dried over MgSEhd concentrated. The crude product was
flash chromatographed (SifOusing a hexane: ethyl acetate gradient from &6:1:1.
Dehydration was carried out by slight modificatiosf known proceduré”
CeCk:7H0O (1.5 mmol per 1 mmol substrate aldol) and Nab (hmol per 1 mmol
substrate aldol) were successively added to a segpeof the aldol intermediate thus
obtained in CHCN (10 mL/mmol) and the mixture was stirred atueffor 3 h. After
cooling at room temperature, the reaction was @dwtith ether (200 mL) and washed
with 0.5 M HCI (50 mL). The aqueous layer was eotied with EtOAc (3 x 100 mL)
and the EtOAc extracts were combined, successivahed with 20 % NaHS@30
mL), NaHCQ (30 mL) and brine (30 mL), and dried over MgS@&vaporation of
solvent under reduced pressure gave a crude pradhch was flash chromatographed

(SiOy) using 9:1 hexane:ethyl acetate as eluent.

2035, Bartoli, M. C. Bellucci, M. Petrini, E. Marcami, L. Sambri, E. TorregianQrg. Lett.200Q 2,
1791-1793.
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Table 22: Yields ofa'—hydroxy enones la—f after two steps.

Enone R Yield (%)
la CH3-CH,- 56
1b PhCH-CH,- 42
1c CHa-(CHy)s- 64
1d (CH3),-CH,- 55
le (CHs),-CH- 80
1f Cyclohexyl- 43

Iolated yields after column chromatography

Preparation of compound 2-Hydroxy-2,6,6-trimethyl-hept-4-en-3-one (19)
(Procedure is not optimized) 3-Hydroxy-3-methyli&dnone89 (5.0 g, 49 mmol) was
o dissolved in a mixture of MeOH (120 mL) and (40
HOWC(CH3)3 mL). Freshly distilledtert-pentanal (7.5 g, 87.5 mmol) was
then added followed by LiOH4® (10.28 g, 245 mmol)The

reaction was stirred at reflux for 3 h, and aftemoval of MeOH under reduced

pressure, the agueous residue was diluted with (A0 mL) and extracted with GBI,
(3 x 100 mL). The CbLCl, extracts were combined, dried over MgS@nd
concentrated. The crude product was flash chromapbgd (SiQ using a 4:1
hexane:ethyl acetate mixture as eluent to getitieecompoundlg. Yield 2.3 g (18%).
IR (CHCls, cm-1)6 3456, 2940, 1705, 1602, 1065; 1H NMR (200 MHz, Cp€7.07
(d, 1H, J=15.6 Hz), 6.28 (d, 1H, J=15.8 Hz), 4.B6, 1H), 1.3 (s, 6H), 1.0 (s, 9H);
13C NMR (50 MHz, CDCI3p 203.0, 160.4, 117.2, 75.4, 34.1, 28.6, 26.4.

Preparation of 4-Hydroxy-4-methyl-1-phenyl-pent-1-@&-3-one (1h)

0 0]

7 LIOH, MeOH-H,0  HO
HO . H =
25°C, 24 h

89 1h

3-Hydroxy-3-methyl-2-butanon87 (11.1 mL, 100 mmol) was dissolved in
methanol-water (3:1 ratio, 400 mL) and benzaldehtdemL, 110 mmol), LiOH.ED
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(842 mg, 20 mmol) were added successively. Thetimamixture was stirred at
room temperature for around 24h until TLC analy§is88 hexane:ethyl acetate) or
NMR analysis (if needed) indicated disappearancstarting ketone. (Reaction time
can be reduced to 5 hrs by using 9.24 g (220 mmibliOH.H,O instead of 20
mmol). After completion of reaction, methanol wasnoved in vacuo. The residue
was diluted with water (250 mL) and extracted bghthromethane (3 x 125 mL).
Organic layer was washed with water (3 x 75 mL) afrted over MgSOA4.
Evaporation of solvent under reduced pressure ahdegjuent purification of crude
product by flash column chromatography using hexahgl acetate (95:5) as eluent
yielded the title compoungLh). Yield 16 g (84%). IR (CHG| cm?) 3464, 2976,
1690, 1607, 1076H NMR (300 MHz, CDCJ) 6 7.84 (d, 1HJ= 15.0 Hz), 7.60-7.41
(m, 5H), 7.10 (d, 1HJ= 15.3 Hz), 4.06 (bs, 1H), 1.47 (s, 6HJC NMR (75 MHz,
CDClg) 6 202.5, 145.4, 134.3, 130.9, 128.9, 128.6, 11&%,26.4.

7. 2. 2 Route II: Forp-Alkyl- o'—hydroxy enones

Step 1:
Preparation of (3-hydroxy-3-methyl-2-oxo-butyl)-@pbionic acid dimethyl ester
(According to: (a) P. Sampson, V. Roussis, G. JinBytF. L. Koerwitz, D. F. Wiemed. Org. Chem.

1986 51, 2525-2529. (b) D. G. McCarthy, C. C. Collins,P1.O’'Driscoll, S. E. Lawrence]. Chem.
Soc. Perkin Trans. 1999 3667-3675).

O Et3SiCl, EtN, o)

HO DMAP (20 mol% i
%OMG ( ) Etgsloxj\OMe
60 °C, 16 h, 92%
91 92
"BuLi (2.5 M),

o o

CH3P(O)(OMe), _ 1_owe
Et;SiO S
THF, -78 °C, 3 h, 99% OMe
93

Methyl 2-hydroxyisobutyrat1 (6.9 mL, 60 mmol) was added under a
nitrogen atmosphere to a solution dfN-dimethylamino pyridine (DMAP) (1.22 g,
10 mmol), triethylamine (6.8 mL, 50 mmol) and thigithlorosilane (8.5 mL, 50
mmol) in 50 mL dichloromethane. The reaction mass wstirred at 60°C for 16h.
After filtering over celite to remove the salt, thiérate was diluted with diethyl ether

(150 mL) and the resulting solution was washed Wiithe (1 x 50 mL) and water (1
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x 50 mL). Evaporation of solvent under reduced sues yielded compoun82
Yield: 12.6 g (92%). No further purification is ros.*H NMR (200 MHz, CDC}) &
3.72 (s, 3H), 1.45 (s, 6H),95 (q, 6HJ = 4.0 Hz), 0.59 (M, 9H).

Commercially available dimethyl methyl phosphon@dt&.8 mL, 130 mmol)
in dry THF (40 mL) was added dropwise to a coldusoh of n-BuLi (1.6 M in
hexanes, 79 mL, 130 mmol) in dry THF (80 mL) at *%Z8nder nitrogen atmosphere.
After stirring the resulting solution for 30 min,salution of the crude triethylsilyl
ether92 (12 g, 51 mmol) in dry THF (100 mL) was added davige at —78 °C. The
mixture was stirred at the same temperature (—J8#CG h and then quenched at this
temperature with sat. Ni&l (200 mL). Reaction mass was extracted with gieth
ether (3 x 250 mL), dried over Mg@QEvaporation of solvent under reduced pressure
yielded the title compoun@3. Yield: 17 g (99%). It was used for the next step
without purification."H NMR (200 MHz, CDC4)  3.79 (s, 3H), 3.77 (s, 3H), 3.39 (d,
2H, J= 11.0 Hz), 1.35 (s, 6H), 0.96 (t, 98 8.0 Hz), 0.63 (g, 6H)= 8.0 Hz);*°C
NMR (500 MHz, CDC})) 6 207.2, 80.1, 52.87, 34.3, 33.2, 26.9, 7.0, 6.5).

Step 2:Preparation of enonde by Horner-Eadsworth-Emmons reactith

0 0] o a) LiCl, EtzN 0
. ! 0
E.SIO b-OMe b) HF (ag. 48%)
3>t )%k/ ome + JU HO A R
R™ H CH4CN
93 1b, R = PhCH,CH, 74%

le,R=CHsCH,  72%

Dried LiCl (1.05 g, 23.75 mmol) and triethylami(@3 mL, 22.85 mmol)
were added successively to a solution of (3-hydi®xgethyl-2-oxo-butyl)-
phosphonic acid dimethyl est@8 (7.0 g, 21.6 mmol) in dry acetonitrile (50 mL).€'h
resulting milky suspension was stirred for 15 minr@om temperature and the
corresponding aldehyde (21.5 mmol) was added dsgpwihe mixture was stirred
for 48 h, diluted with water (150 mL) and extracteih diethyl ether (3 x 75 mL).
Evaporation of the solvent gave an oil which wassdived in acetonitrile (120 mL)

and HF acid (48% aqueous, 1.2 mL) was added drepwise mixture was stirred at

204 H-E-E reaction developed by M. A. Blanchette, Who§, J. T. Davis, A. P. Essenfeld, S.
Masamune, W. R. Roush, T. SakKegtrahedron Lett1984 25, 2183-2186.
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25 °C for 3 h, diluted with dichloromethane (250)mkashed with brine (3 x 75 mL),
dried over MgS® and concentratedn vacuo Flash column cromatography
(hexane:ethyl acetate, 90:10) of the crude resghwe corresponding pure titbe—
hydroxy enoneslb (R = PhCHCH,) (74%),1e(R = CHCH,) (72%).

7. 2. 3 Preparation of chiral enoné-Benzyloxy-2-hydroxy-2-methyl-hept-4-en-3-
one (21)

OH NaH, BnBr OBn DIBAL-H, o8N
~">COOCH;  BuyNI, THF ~"SCOOCH;  ELO,-78C - CHO
94 80% 95 2h, 85% 96
o O OH o)
HO LDA, THF, -78°C HO%Q\/ CeCl3, 7H,0 HO\)W
) 96 5gn Vel CHaCN A\ SBn
89 70% 97 67% 21

Benzylation of S)methyllactate

To a solution of NaH (washed with toluene(2 x 1Qn@®0% dispersion in
mineral oil, 2.55¢g, 85 mmol) in THF (50 mL) was add-methyl lactated4 (5mL,
52 mmol), benzyl bromide(6 ml, 50mmol) and tetrgtarnmonium bromide (18.5g,
50 mmol) at 0°C underNatm. Then reaction mixture was stirred for 18lambient
temperature. Reaction was quenched with saturatdgCN(30 mL) at 0°C and
extracted with hexane (3 x 100mL). Collected orgaptiase was dried over MgRO
evaporated under reduced pressure to get oil m@Hyknzyl lactatd5 which was
purified by flash column chromatography using etuethylacetate/hexane (2:8).
Yield 80%.

Reduction of methyl ester

To a solution of methyl est®5 (8.75 g, 45 mmol) in diethyl ether (45 mL)
was added dropwise diisobutylaluminiumhydride (DIBHA) (1M in hexane, 67.5
mL, 67.5 mmol) during 1.5h at -78°C undes &im. After 2h at same temperature,

water (7 mL) was added dropwise and allowed theti@ato get room temperature.
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The reaction was filtrated off and washed with ldggether. Collected organic phase
was dried over MgS§) evaporated under reduced pressure to get crdedyae96

which was purified by flash column chromatograptield 6.2 g, 85%.

Aldol condensation

The aldol produc®7 was obtained using the general procedure A (Route 1
step 1) from aldehyd®6 (30 mmol). Yield 70% after column chromatograpfi.
NMR (500 MHz, CDC}) § 7.37 (br. s, 5H), 7.01 (dd, 1H, J=9.1, 8.9Hz)36(6, 1H,
15Hz), 4.77 (dd,1HJ)=8.5, 7.5Hz), 4.6 (d, 1H]=8.0Hz), 4.3 (br. 1H), 1.36 ( s, 6H),
1.25 (dd, 3H,J=7.5, 8.2Hz);"*C NMR (125 MHz, CDGJ) & 205.3, 144.4, 142.1,
128.6, 128.5, 126.3, 123.2, 82.8, 76.8, 72.5, Z62A.

Enone 21:

The enon&1 was prepared using the general dehydration proeed§Route
1, step 2) from aldol addu®Z (20 mmol). Yield 67% after column chromatography.
'H NMR (500 MHz, CDC}) 8 7.35 (m, 5H), 4.77 (dd,1H=8.5, 7.5Hz), 4.44 (d, 1H,
J=8.0Hz), 4.1(br. 1H), 3.8 (d, 1H,= 12Hz), 3.0 (br. 2H), 2.8 (br. 1H), 1.36 (s, 6H),
1.25 (dd, 3H,J=7.5, 8.2Hz);"*C NMR (125 MHz, CDGJ) 5,202.3, 144.4, 128.6,
128.5, 126.3, 82.8, 76.8, 75.3, 72.5, 34.5, 2223 .2

2-Hydroxy-2-methyl-hept-4-en-3-one (1a)
The general procedure (Route I, method A) was Wb using n-propanaldehyde
(17.5 mL, 240 mmol). Yield 6.6g (56%). IR (CHCEM™):

O 3390, 2950, 1635, 1169, 974 NMR (500 MHz, CDC})
HO%K/ACHzCHg § 7.15 (m, 1H), 6.38 (d, 1H,=15Hz), 4.0 (s, 1H), 2.27 (m,
2H), 1.36 (s, 6H), 1.08 (t, 3H,= 6.0 Hz);*C NMR (125
MHz, CDCE) § 202.5, 152.3, 121.4, 75.2, 26.4, 25.9, 12.2

2-Hydroxy-2-methyl-7-phenyl-hept-4-en-3-one (1b)

The general procedure (Route |, Method A) was fedld using hydrocinnamaldehyde
(31.6 mL, 240 mmol). Yield 7.7g (42%). IR (CHCEMY): 3446, 2973, 1677, 1630;
H NMR (500 MHz, CDC}) § 7.28-7.21 (m, 6H), 6.41 (d,1d,=15.5Hz), 3.98 (s, 1H),
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5 2.8 (t, 2H,J = 8Hz), 2.59 (m, 2H), 1.34 (s, 6HJC NMR
M (125 MHz, CDCY) § 202.3, 149.4, 140.6, 128.6, 128.5,
CH,CH,Ph

HO
7\ 126.3, 123.1, 75.3, 34.5, 34.3, 26.3.

Using General Procedure (Route Il) from hydrocinabtehyde (0.221g, 1.65 mmol),
0.270 g (74%) of the title compound was obtained.

2-Hydroxy-2-methyl-undec-4-en-3-one (1c)

The general procedure (Route |, method A) was Wb using n-heptanal (33.5 mL,
240 mmol). Yield 10.6g (64%). IR (CH&lcm"): 3465,

Ho%(wz)scm 2959, 1677, 1630, 14751 NMR (200 MHz, CDC}) §

7.0 (m,1H), 6.35 (d,1H) = 16.2Hz), 4.04 (br s, 1H),

2.13 (g, 2HJ =7.2 Hz), 1.36-1.32 (m, 2H), 1.25 (s, 6H),

1.17 (br s, 6H), 0.76 (t, 3HI=8.0 Hz);*C NMR (50 MHz, CDCJ) § 202.3, 150.8,

122.3,75.2,32.7, 31.5, 28.8, 27.9, 26.3, 22.9).14

2-Hydroxy-2, 7-dimethyl-oct-4-en-3-one (1d)

The general procedure (Route |, method A) was Wb using isopentanaldehyde
(25.7 mL, 240 mmol). Yield 7.78g (55%). IR (CHCI

o 0 P cm?): 3465, 2940, 1696, 1621, 14584 NMR (200

WCHZOH(GH@Z MHz, CDCl) § 6.93 (m, 1H), 6.32 (d,1H=15.2 Hz ),

3.98 (br s, 1H), 1.98 (t, 2H= 8.5 Hz), 1.61 (m, 1H),

1.20 (s, 6H), 0.75 (d, 6HI= 6.6 Hz);"*C NMR (50 MHz, CDC}) § 202.2, 149.93,

123.5,75.1, 41.9, 27.8, 26.2, 22.3.

2-Hydroxy-2,6-dimethyl-hept-4-en-3-one (1e)
The general procedure (Route |, method B) wasviabb using isobutyraldehyde (1.65
o mL, 18.2 mmol). Yield 2.3 g (80%JH NMR (500 MHz,

HoWCH(CH) CDCly) & 7.15 (dd, 1H,J = 15.3 Hz,J'= 8.5 Hz), 6.35
3)2
(d,1H,J= 15.4 Hz), 4.0 (s, 1H), 2.5 (m, 1H), 1.4 (s, 6H),
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1.1 (d, 6H,J= 8.0 Hz);**C NMR (125 MHz, CDGJ) § 202.70, 157.07, 119.27, 75.18,
31.44, 26.36, 21.20.

Using General Procedure (Route Il) from isobutadehy72% title compound was

obtained.

1-Cyclohexyl-4-hydroxy-4-methyl-pent-1-en-3-one (}f

The general procedure (Route |, Method A) was ofWdd wusing
cyclohexylcarbaldehyde (29 mL, 240 mmol). Yield ¢.0
HO\)(L/\ (43%). IR (CHC}, cmi®): 3456, 2940, 2846, 1696, 1621,
/N ¢Cef1 | 1475:'H NMR (200 MHz, CDCY) 5 6.86 (dd,1H,)=15.4

Hz, J'= 6.8 Hz), 6.27 (d,1HJ= 15.4 Hz), 4.04 (s, 1H), 2.0
(m, 1H), 1.60 (m, 4H), 1.17 (s, 6H), 1.1 (m, 6 NMR (50 MHz, CDCY) § 202.6,
155.2, 119.9, 75.2, 40.8, 31.6, 26.2, 25.8, 25.6.

6. 2. 4 Preparation of TES—protected enone (31)
(0] (0]
TES-CI, TEA/DMAP
HO = TESO %
CH2CI2, 25°C

1b 31

Under N atmospherey'—hydroxy enondb (218 mg, 1 mmol) was dissolved
in 10 mL dichloromethane. To this solutibhN-dimethylamino pyridine (DMAP)
(24 mg, 0.2 mmol), triethylamine (208., 1.5 mmol) were added. Reaction mass
was cooled to 0 °C and triethylsilylchloride (252, 1.5 mmol) was added dropwise
over a period of 5 min. The reaction mass was wdrtoeroom temperature and
stirred until TLC analysis indicated the reactiampletion (about 12 h). Reaction
was quenched with sat. NEI (25 mL), and extracted with dichloromethane (3
mL). Organic layer was washed with brine (1 x 30)nalnd water (1 x 30 mL).
Evaporation of solvent under reduced pressure abdegjuent purification by flash
column chromatography using hexane:EtOAc (95:5)elhents yielded the pure
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product31 as colourless oil. Yield: 310 g (95%H NMR (500 MHz, CDC}) § 7.35—
7.18 (m, 5H), 7.00 (q, 1Hl = 7.0 Hz), 6.80 (d, 1H) =16.0 Hz), 2.80 (t, 2H) = 7.5
Hz), 2.56 (dd, 2H,J= 7.5 Hz), 1.34 (s, 6H), 0.96 (t, 981= 8.0 Hz), 0.60 (q, 6H] =

8.0 Hz);13C NMR (500 MHz, CDGJ) 6 202.7, 146.9, 141.0, 128.4, 128.3, 126.1,
124.5, 78.8, 34.48, 34.40, 27.2, 7.0, 6.6.

Preparation 3-Pent-2-enoyl-oxazolidin-2-on&° (33)
To a solution of oxazolidin-2-one (0.74 g, 8.4 mjnial dry THF (8 mL) was added
sodium hydride (60%, 0.502 g, 12.6 mmol) with THI5 (

o)
)k )(LN mL) as emulsion at 0°C temperature and stirred 30r
O\_/N 33 min.Then trans-pentenoylchloride (1.19 g) in THP (fL)

was added and stirred for another two hours at same
temperature. The reaction mixture was quenched sathrated ammonium chloride
solution and extracted with dichloromethane (3 x @), dried over MgSQ@
concentrated under reduced pressure to get the guatluct which was purified by
flash column chromatography using eluent ethyldeetand hexane (1:5). The title

compound33was obtained as an oil. Yield (1.1 g, 77%).

2-(3-Methyl-butylidene)-malonic acid dimethyl ester(34)

The title compound was prepared accordingly Carditlal®®®

A solution of isovaleraldehyde (2.58 g, 3.2 mL,8tol) in dry DMSO (10 mL) with
10 mol% proline (0.35 g) was stirred for 5 min. The

MeOZCM dimethylmalonate (7.92g, 6.86 mL, 60 mmol) was aldaled

MeO,C 34 the mixture was stirred at room temperature ovéinighe

mixture was diluted with ethylacetate (30 mL) andshed
twice with water (30 mL). The organic layer wasedriover MgS@ and the solvent
was removed under vaccum to afford 2-(3-methylbdéyle) malonic acid dimethyl
ester 34 which was purified by flash column chromatographging eluent
ethylacetate/hexane (1:5). (Yield 5.52gm, 92%).

295, Chaozhong, V. A. Soloshonok, V. J. HrubyOrg. Chem2001, 66, 1339-1350.
208G, cardillo, S. Fabbroni, L. Gentilucci, M. GiatipAA. Tolomelli, Syn. Comm2003 33, 1587-
1594.
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7. 3 Preparation of carbamates

Benzyl-carbamic acid benzyl ester (17)

@]
(0]
©/\NH2 . Bn. )]\ Na,CO3 . Bn\NJJ\o
o~ “cl THF:H,0 (0.4:1.0) H /\©
(1 equiv.) (1.1 equiv.) 16-18h 17

95%

The title compound was prepared according to Sertiti?®’

Benzyl-carbamic acid tert-butyl ester (18)

o
©/\NH2 (Boc), (1 equiv.) _ ©/\NJ\OJ<
MeOH, 2h H

1 equiv.) 85%

The title compound was prepared according to Chah?®

Preparation of (4-Nitro-but-3-enyl)-benzene (36)

o)
P] KOH OH DCC, Et,0
! X NO
R H t CH3NO e NO e R/\/ 2
2 omin. R}\/ 2 Cul,
o reflux-r.t
quantitative

36, R = PhCH,CH,-
50% yield

The title compound was prepared according to MiosHo et al*%°

2975, E. Gibson, M. H. SmitlQrg. Biomol. Chen2003 1, 676-683

28 C_T.Chen, J. H. kou, V. D. Pawar, Y. S. MunotSSWeng, C. H. Ku, C. Y. Liul. Org. Chem
2005 70, 1188-1197

29D, Lucet, S. Sabelle, O. Kostelitz, T.-L, Gall, @ioskowski,Eur. J. Org. Chem1999 2583-2591.
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7.4 aza-Michael Reaction

7. 4. 1 Preparation of chiral ligands and catalysts

Chiral ligands $)-(-)-2,2-isopropylidene bis(4-phenyl-2-oxazoling)—1),
2,2’-isopropylidene bis[(8)-4-tert-butyl-2-oxazoline I(-2), (9-(-)-2,2'-isopropylidene
bis(4-benzyl-2-oxazolinel4), 2,6-Bis-(4-isopropyl-4,5-dihydro-oxazol-2-yl)pgime
(L-6) were purchased from Aldrich chemical. Chiral hdal,1-bis[2-((4)-(1,1-
dimethylethyl)-1,3-oxazolinyl)] cyclopropaneL+43) was prepared according to
procedure reported by Denmark (see below). Chigahb {3&[2(3'aR*, 8'an), 3au,
8an]}-2,2"-(cyclopropylidene)-bis{3a, 8a-dihydro-8Hdeno[1,2¢l]-oxazole} (L-5)

was synthesized according to Sibi (see below).

o o0 O%
§/N N\) N N\) §/N N~/
P L1 Ph  BU o Ty

g 8%%7 o

Bn
L-6

L-4

Preparation of chiral ligands

Preparation of chiral ligand (L-3)?*°

1,2-Dibromoethane
t t “t
Bu 98 Bu Bu L3 Bu

O @) LDA, -78 °C OTXKO
Cn D Ch
“t

Chiral ligand L-3, 1,1'-bis[2-((49)-(1,1-dimethylethyl)-1,3-0xazolinyl)]

cyclopropane, was prepared according to the praeedipoted by Denmark and co-

1% penmark, S. E.; Stiff, C. Ml. Org. Chem200Q 65, 5875—5878.
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workers as follows: Under Mitmosphereo a solution of commercially available 2,2’-
methylene bis[(8)-4-tert-butyl-2-oxazoline)]l-2) 98 (1.0 g, 3.75 mmol) in dry THF
(100 mL), was addeN,N-tetramethylethylene diamine (TMDA) (1.13 mL, 7.5nol)
and diisopropyl amine (DIPA) (538, 3.75 mmol). Reaction mass was cooled to —75
°C and n-BuLi (5.0 mL, 1.5 M soln in n-hexane, TtBnol) was added keeping
temperature at —75 °C. Reaction mass was warme8Q@®C and stirred for 30 min.
and again cooled to —75 °C. 1,2-Dibromoethane @¥243.75 mmol) was added
slowly to the reaction in about 10 min. Then reattmass was allowed to warm to
room temperature and stirred at the same temper&burl6 h. The yellow reaction
mass was quenched with sat. JH(40 mL) and extracted with diethyl ether (3 X010
mL). Combined organic layers were washed with wg8rx 75 mL), dried over
MgSQOs. Evaporation of solvent and subsequent purificatiop flash column
chromatography using ethyl acetate:methanol (981&nts and further crystallisation
using hexane/ethyl acetate yielded white solid wéhow tinch as pure produtt-3 in
30% yield (330 mg).

Preparation of chiral ligand (L-5)%'*

@) @) NaH OTKO
/ /

\(\r\) ,,,,, 0_50 OC, 2 h "\’I\) /////
@ 1,2-Dibromoethane @

The title compound was prepared according to m®ocepoted by Sibi and co-

\
N
L-5

workers as follows: Under Nto a solution of commercially available dihydro
bisoxazoline99 (400 mg, 1.2 mmol) in dry THF (6 mL), at O °C, wadded sodium
hydride (145 mg, 3.6 mmol, 60% in mineral oil) inds at 10 min interval between
each. Reaction mass was stirred for 30 min at A %=-Dibromoethane (124, 1.4
mmol) was added slowly to the reaction. Then reaathass was then warmed to 50 °C
till reaction completion indicated by TLC analygsround 2 h). The reaction was
guenched with sat. Ni€l (40 mL) and extracted with GBI, (3 x 100 mL).

Combined organic layers were washed with water (BxmL), dried over MgS§

2 M. P. Sibi, J. J. Shay, M. Liu, C. P. Jaspedséym. Chem. Sot998 120, 6615—6616.
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Evaporation of solvent and subsequent purificabgrflash column chromatography
using ethyl acetate: methanol (98:2) eluents andhdu crystallisation using
hexane:ethyl acetate (90:10) yielded white solisigpare product—5 in 80% vyield
(340mg).

1-(3,5-Bis-trifluoromethyl-phenyl)-3-(2-hydroxy-indan-1-yl)-thiourea (40)

c:H2<:|2 rt /@\
N
0% H
100

The title compound was prepared according to Ritei***

To a stirred solution of 3,5-bis(trifluoromethyfignyl isocyanate (5 mmol) in
CH.Cl; (10 mL), (IR, 29-cis-1-amino-2-indanol (5 mmol) was added in ooetipn.
After stirring the resulting solution at room temgeire for 16h, the solvent was
evaporated under reduced pressure and white saliifigad by crystallisation
(hexane/acetone), affordd@ as a white solid in 90% vyield.

Preparation of 1-(3,5-Bis-trifluoromethyl-phenyl)-3-(2'-dimethylamino-
[1,1']binaphthalenyl-2-yl)-thiourea (41)

e (L (T

NHACc

NH, Ac,O Formaldehyde _
7
= AcOH PN NH, NaBH3CN OO NC
NHz  CH,CI, THF, r.t, 93%
77%
103
102
FsC S
OO {nes JL
NH N
4M HCI 2 FsC H
—_— —_—
EtOH, refulx Z NT CH,Cl,, r.t N\
93% > 95%
41

212R. P. Herrera, V. Sgarzani, L. Bernardi, A. Riéngew. Chem. Int. EQ005 44, 6576-6579.



Experimantal part 138

Preparation of compound R)-N-(1-(2-Aminonaphthalen-1-yl)naphthalen-2-
yl)acetamide (103*3

OO NH, Ac,O
— AcOH,CH,Cl, Z
SOL T NG C

102 103
To a solution of R)-(+)-1,1-Binaphthyl-2,2-diamine 102 (284 mg, 1.0
mmol) and acetic acid (0.6 mL, 10 mmol) in 10 mLdofed CHCI, was added acetic
anhydride (104uL, 1.0 mmol) at 0°C under nitrogen atmosphere. Tésulting

solution was stirred for overnight at room tempemt then 2M NaOH aqueous
solution was added to adjust the solution to pHHi& reaction mixture was extracted
by CHCI, (3 x 20 mL) and combined rganic phases were waslighdsaturated brine
and dried over MgS§ The solvent was removed under reduced pressdréharcrude
product was purified by flash column chromatogragethylacetate/hexane; 2:1) to

afford the colorless oil in 80% yield.

Preparation of compound R)-N-(1-(2-Dimethylamino)naphthalen-1-
yl)naphthalen-2-yl)acetamide (104"

e SO

NHAc Formaldehyde

PN NH, NaBH;CN NG
THF, 1.,100%

103 104

To a solution of R)-N-(1-(2-Aminonaphthalen-1-yl)naphthalen-2-
yhacetamide 103) (0.25 g, 0.77 mmol) and aqueous formaldehyde (3¥%& mL, 9.0
mL) in 10 mL of THF was stirred for 15 min. Then BE&3CN (200 mg, 5.3 mmol)
was added and stirred for further 15 min, followlmgaddition of AcOH (1.0 mmol).

2133, Pieraccini, G. Gottarelli, R. Labruto, S. MasjeD. Pandoli, G. D. Spad@hem. Eur. J2004
10, 5632.
214, -J. Wang, M. Shil. Org. Chem2003 68, 6229.
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The resulting solution was stirred for overnight@m temperature, then 2M NaOH
aqueous solution was added to adjust the soluwigpHt~7. The reaction mixture was
extracted by CkCl, (3 x 30 mL) and combined rganic phases were wastidu
saturated brine and dried over MgSOhe solvent was removed under reduced
pressure and the crude product was purified byhflaslumn chromatography
(ethylacetate/hexane; 1:5) to afford a brown powglemtitative 100% vyield (272 mg,
0.77 mmol).

Preparation of compound R)-N-(1-(2-Dimethylamino)naphthalen-1-
yl)naphthalen-2-yl)-2-amine (1053

‘ ‘ NHAC 4N HCI l ' NH,
= NH, EtOH, reflux Z N:
93%

104 105

To a solution of R)-N-(1-(2-Dimethylamino)naphthalen-1-yl)naphthalen-2-
yl)acetamidel04 (0.18 g, 0.51 mmol)in 15 mL of EtOH was added 4ml KECmL).
The resulting solution was stirred under reflux fi8h, then 1M MaOH aqueous
solution was added to adjust the solution to pH Fhé reaction mixture was extracted
by CH,CI, (3 x 30 mL) and combined rganic phases were waslighdsaturated brine
and dried over MgS© The solvent was removed under reduced pressdréharcrude
product was purified by flash column chromatogragéthylacetate/hexane; 1:10) to
afford a colorless oilin 93% vyield (148 mg, 0.47 pi)n
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Preparation of 1-(3,5-Bis-trifluoromethyl-phenyl)-3-(2'-dimethylamino-
[1,1'binaphthalenyl-2-yl)-thiourea (41)

CF3
CO % soNNe!
NH @NCS NJ\N CF4
2 FC H H
> = e
Z N/ CH2C|2, r.t N\
~ 95%
41

105

The title compound was prepared according to Warad’€®

To a solution of R)-N-(1-(2-Dimethylamino)naphthalen-1-yl)naphthalen-2-
yl)-2-amine 105 (36 mg, 0.12 mmol) in 2 mL of dried G8I, was added 3,5-
bis(trifluromethyl)phenylisothiocyanate(22.0 mg182 mmol) at 0°C under nitrogen
atm. The resulting solution was stirred for ovehtigt room temperature. The reaction
mixture was concentrated in Vacuo and then theecpurdduct was purified ny flash
column chromatography to afford the slight yellavlicsin 95% yield (68 mg).d]p>°=
8.5 (c = 0.5, CHG).

215 3. Wang, H. Li, W. Duan, L. Zu, W. Wan@rg. Lett 2005 7, 4713-4716.
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General procedure for preparation of catalyst compkxes 4a-k

CeigRsasTRens e as

-

Cu

-

Zn

t t E
BU s Spr, BU BU TiG OTf 'BU ‘B TfO ort ey B g ot Bu
4a (From L-2) 4b (From L-2) 4c (From L-2) 4d (From L-2)
% % % O%O

| |
NN
t (/:l\'l ”/’t
Ph TfO ot Ph i TfO “orten B 110 ot “gy B FeSb SbFg BY
4e (From L-1) 4f (From L-4) 4g (From L-3) M (From L-3)
|
O @) =
WX@ WXD N
N, N N\M/N 7 N\\\/S-C:/N
ci “ Mg “ > ",,//
4i (From L-5) 4j (From L-5) 4k (From L-6)

At room temperature, under an, Btmosphere, corresponding bis(oxazoline)
ligand L-1 to L—6 (0.075 mmol) and corresponding metal salt (0.0%af were
admixed in stated solvent and stirred for 3 h. Tties solution was subjected to the
specified condition for aza-Michael addition.

7. 4. 2 Preparation of racemic adducts: General proature for the reaction of -
hydroxy enones with carbamates 9-12 catalysed by @®Tf)3*°

0
o . JU_r
HO _ H,NCO,R'(9-12), Sc(OTf)3 (10 mol%) O HN™ ~O
CH,Cl,, r.t. R
la-h 2¥2
9,Rl=Bn; 11, R=Me 13, R1=Bn; 15, Rl=Me
10, R! = tBu; 12, R= Et 14, R = tBu; 16, Rl= Et

The corresponding enorde(0.5 mmol) was weighted into an oven or flame-
dried flask and placed undep.N'he corresponding carbam&ed.2 (1 mmol) was then
added by rinsing with dry Ci&l, (0.5 mL) from a weighting boat directly into the

2165 Kobayashi, K. Kakumoto, M. Sugiu@rg. Lett 2002 4, 1319-1322.
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reaction flask. Sc(OT%$)(0.024 g, 0.05 mmol) was then added by rinsing vdity
CH.CI, (1.0 mL) from a weighting boat directly into theaction flask. The resulting
solution was stirred at room temperature until jpiEsrance of starting material as
monitored by TLC. The mixture was then diluted withii M HCI (10 ml) and
extracted with CHCI; (3 x 10 mL). The CbLCl, layers were combined, dried over
anhydrous MgS® and concentrated. The crude product was purifigdcelumn

chromatography using gradient mixtures of ethytateédichloromethane as eluent.

7. 4. 3 Preparation of asymmetric adducts: Generaprocedure for asymmetric
1,4-conjugate additions of carbamate8-12to a”-hydroxy enones 1a-h.

(@]
Q 1 JU Rt
HO)%K/\ H,NCO,R? (9-12), 4b (10 mol%) O HN™ ~O°
R > HO
1a-h CH2C|2, r.t. WR
9,R'=Bn; 11, R= Me 13, R1=Bn; 15, R=Me
10, R! = tBu; 12, Rl= Et 14, R' =tBu; 16, R'= Et

2,2"-Isopropylidene  bis[@-4-tert-butyl-2-oxazoline] (tBu-BOX) (or the
corresponding chiral ligand) (0.22 mmol) was weaghin a flame-dried flask and
placed under N Cu(OTf) (72.3 mg, 0.2 mmol) was then added by rinsing it}
CH.Cl, (3.0mL) from a weighting boat directly into theaotion flask. After stirred at
room temperature for 3 h, a solution of the coroesiing o”-hydroxy enonela-h (2
mmol) in dry CHCI, (1.5 mL) was cannulated into the solution followsda 1.5 mL
rinse, and the resulting mixture was stirred fduher 30 min at room temperature.
This solution was cannulated into a solution of tleeresponding carbama®12 (4
mmol) in dry CHCI, (2.0 mL) followed by a 1.0 mL rinse, and the mnetwvas stirred
at room temperature undeg, ffor the stated time. The resulting reaction migturas
diluted with 0.1 M HCI (40 mL) and extracted wittH&Cl, (3 x 30 mL). The CkCl,
layers were combined, dried over anhydrous Mg3d concentrated. The crude
product was purified by column chromatography o@®,Seluting first with CHCI,
until total elution of the excess carbamate and thecessively with 2%, 5% and 10%
EtOAc in CHCI; to yield pure compound$3-16 The ee was determined by chiral
HPLC analyses as stated below.
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Characterisation data
N-(1-Ethyl-4-hydroxy-4-methyl-3-oxo-pentyl)-carbamicacid O-benzyl ester (13a)
The title compound was prepared according to theeige procedure starting from
5 enonela (0.284 g, 2 mmol)Yield 488 mg (83 %). Clear
o HNJJ\O/\Ph oil; [a]p®® = -20.6 € 0.5, CHC4); IR (CHCk, cmit) 3419,
HOM 3334, 1687, 1532'H NMR (500 MHz, CDC}) § 7.37-
13a 7.31 (m, 5H), 5.14 (d, 1HJ) = 6.5Hz), 5.07 (q, 2H,
J=13Hz), 3.97-3.90 (m, 1H), 3.66 (br.s, 1H), 2.8%,(d
1H, J = 17.0Hz,J'=5.3Hz), 2.77 (dd, 1HJ = 17.0Hz,J" = 4.3Hz), 1.58 (dq, 2H,
J=7.5Hz,J = 6.5Hz), 1.33 (s, 3H), 1.32 (s, 3H), 0.93 (t,, 3H 7.5Hz);°C NMR
(125 MHz, CDC}) 6 213.5,156.0, 136.4,128.5, 128.1, 128.0, 76.5, 66.7,,44081,
27.3, 26.3, 26.2, 10.0; Elemental analysis calciif(¥CisH23NO4 (293.36): C 65.51,
H 7.90, N 4.77; found: C 65.35, H 8.19, N 4.70;i@hHPLC (Chiralpak AS column;
IPrOH:hexane 5:95; 0.8 mL/min, 210 nm)y&4 = 17.1 min, Rtinor =24.6 min, 96 %

e.e.

N-(4-Hydroxy-4-methyl-3-oxo-1-phenethyl-pentyl)-carbanic acid O-benzyl ester
(13b)
The title compound was prepared according to theeige procedure starting from
o) enonelb (0.436 g, 2 mmol).Yield 633 mg (86 %);
o HNJ\O/\Ph white waxy solid which crystallizes to form cleads
HO)M% from CH.Cl,/hexane; m.p. 61-63°Cp[o2® = -15.0 €
13b 0.5, CHC}); IR (CHCL, cm*) 3408, 3325, 1701, 1536.
'H NMR (500 MHz, CDCJ) & 7.38-7.31 (m, 4H),
7.29-7.26 (m, 2H), 7.19 (d, 1H,= 7.5Hz), 7.15 (d, 1HJ = 7Hz), 5.23 (d, 1HJ =
7.5Hz), 5.09 (d, 2H) = 12.7Hz), 4.07-4-01 (m, 1H), 3.58 (br.s, 1H), 2(86, 1H,J =
17.0Hz,J=5.3Hz), 2.80 (dd, 1H) = 17.0Hz,J" = 4.5Hz), 2.75-2.69 (m, 1H), 2.65-
2.59 (m, 1H), 1.99-1.93 (m, 1H), 1.85-1.78 (m, 1#)32 (s, 3H), 1.31 (s, 3H}’C
NMR (125 MHz, CDCY) 6. 213.4, 155.9, 141.1, 136.4, 128.5, 128.4, 128.8.212
128.1, 126.1, 76.5, 66.7, 48.0, 40.4, 35.9, 32673,226.2; Elemental analysis calcd
(%) for GooH27NO4 (369.45): C 71.52, H 7.37, N 3.79; found: C 73H8(.32, N 3.94.
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Chiral HPLC (Chiralpak AS column; iPrOH:hexane 5:038 mL/min, 210 nm) Rkjor
= 25.4 min., Rinor =34.2 min., 96 % e.e.

N-[1-(3-Hydroxy-3-methyl-2-oxo-butyl)-heptyl]-carbamic acid O-benzyl ester
(13c)
The title compound was prepared according to theeige procedure starting from

o enonelc (0.099 g, 0.5 mmol) and benzyl carbamate

o HNJ\O/\ Ph (0.151 g, 1.0 mmol). Yield 115 mg (66%); white doli
HO%J\/'\/\/\/ m.p. 46-48°C (hexane:ethyl acetate)pf> = -18.6 €

13c 0.5,CH.CL,); IR (KBr, cm?) 3477, 3334, 2910, 1718,
1571."H NMR (500 MHz, CDCJ) § 7.36-7.31 (m, 5H), 5.15 (d, 1H,= 2.9Hz), 5.08

(s, 2H), 4.02-4.00 (m, 1H), 3.67 (br s, 1H), 2.82(m, 2H), 1.53-1.52 (m, 2H), 1.34-
1.33 (m, 8H), 1.29-1.26 (m, 6H), 0.89-0.86 (t, 3=5.6 Hz);*C NMR (125 MHz,

CDCl) 8 213.6, 156.0, 136.6, 128.6, 128.2, 128.1, 76.67,648.4, 40.5, 34.4, 31.7,
29.0, 26.4, 26.3, 22.6, 14.1; Elemental analysisdcé&s) for GoH3iNO,4 (349.46): C
68.74, H 8.94, N 4.01; found: C 69.84, H 8.36, 44.Chiral HPLC (Chiralpak AS
column; iPrOH:hexane 4:96; 0.5 mL/min, 210 nm)&Rt = 17.7 min, Réinor = 27.9

min, 92 % e.e.

N-(4-Hydroxy-1-isobutyl-4-methyl-3-oxo-pentyl)-carbamc acid O-benzyl ester
(13d)
The title compound was prepared according to theeige procedure starting from

o enoneld (0.340 g, 2 mmol). Yield 456 mg (71 %). Clear
o HNJ\OAPh oil; [o]p®® = -27.4 € 0.5, CHC); IR (CHCk, cni')
HO)&/j\ 3409, 3344, 1696, 15364 NMR (500 MHz, CDC}) 5
7.36-7.31 (m, 5H), 5.11 (d, 1H,= 8.0Hz), 5.07 (s, 2H),
13d 4.13-4.06 (m, 1H), 3.66 (br s, 1H), 2.83 (dd, T 17.3

Hz,J = 5.3 Hz), 2.77 (dd, 1Hl = 17.3 Hz,J'= 4.7 Hz), 1.67-1.60 (m, 1H), 1.56-1.50
(m, 1H), 1.33 (s, 3H), 1.32 (s, 3H), 1.32-1.25 @Hf), 0.91 (t, 6H,J = 7.5Hz);*°C
NMR (125 MHz, CDC}) § 213.5, 155.9, 136.4, 128.5, 128.1, 128.0, 76.4{,665.4,
43.4, 40.8, 26.3, 26.1, 25.0, 23.0, 21.9; Elemeatalysis calcd (%) for {gH,7NO,
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(321.41): C 67.26, H 8.47, N 4.36; found: C 67.B2,7.85, N 4.51; Chiral HPLC
(Chiralpak AS column; iPrOH:hexane 4:96; 0.8 mL/m2A0 nm) Riajor = 15.1 min,
Rtminor =22.4 min, 96 % e.e.

N-(4-Hydroxy-1-isopropyl-4-methyl-3-oxo-pentyl)-carbanic acid O-benzyl ester
(13e)
The title compound was prepared according to theeige procedure starting from
enonele (0.312g, 2 mmol). Yield 323 mg (53 %). Pale
o yellow oil; [a]p?®> = -20.2 € 0.5, CHC}); IR (CHCk, cmi
HOM 1) 3437, 3344, 1701, 15434 NMR (500 MHz, CDC}) &
136 7.37-7.29 (m, 5H), 5.10 (d, 1H,= 6.5Hz), 5.07 (s, 2H),
3.88-3.82 (m, 1H), 3.66 (br s, 1H), 2.80 (d, JH; 6Hz),
1.95-1.86 (m, 1H), 1.34 (s, 3H), 1.32 (s, 3H), O®BH, J = 5.7 Hz);**C NMR (125
MHz, CDCk) § 213.4, 156.2, 136.4, 128.5, 128.1, 128.0, 76.67,683.7, 38.3, 31.3,
26.4, 26.3, 19.5, 18.5; Elemental analysis calciif(¥C;7H2sNO, (307.38): C 66.43,
H 8.20, N 4.56; found: C 66.14, H 8.48, N 4.58;i@hHPLC (Chiralpak AS column;
IPrOH:hexane 4:96; 0.8 mL/min, 210 nm»RB4 = 16.3 min, Rfinor =20.7 min, 98 %

ee.

(1-Cyclohexyl-4-hydroxy-4-methyl-3-oxo-pentyl)-cabamic acid benzyl ester 13f
The title compound was prepared according to theeige procedure starting from
enonelf (0.98 g, 0.5 mmol) and benzyl carbamate (0.302
O g, 2 mmol). Yield 100mg (57.6%). White solid; Mg8-
o) HN)J\O/\Ph 25
89°C (ethyl acetate/hexane)p]qd™ = -7.4 (€ 0.5,
CH,Cl,); IR (KBr, cm®); 3370, 3328, 2935, 1710, 1560;
'H NMR (200 MHz, CDCJ) & 7.36-7.33 (m, 5H), 5.15
(d, 1H,J = 9.2 Hz), 5.07 (s, 2H), 3.87 (m, 1H), 3.71 ( bikl), 2.83 (d, 2H,) = 5.6
Hz), 1.7 (m, 6H), 1.35-1.18 (br s, 6H), 1.18 (m)3HO (M, 2H):*C NMR (125 MHz,
CDCls) 5 213.7, 156.2, 136.6, 128.6, 128.2, 128.1, 76.78,683.0, 41.0, 38.0, 30.2,
29.2, 26.5, 26.4, 26.2, 26.1, 26.0; Elemental aslyalcd (%) for gHogNO,
(347.45): C 69.14, H 8.41, N 4.03; found: C 70.R78.32, N 4.21; Chiral HPLC

HO

13f
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(Chiralcel OD column; iPrOH:hexane 10:90; 0.5 mlidm220 nm, Rfajor = 34.8 min,
Rtminor =42.4 min, 94 % e.e

(1-tert-Butyl-4-hydroxy-4-methyl-3-oxo-pentyl)-carbamic acid benzyl ester (13g)
The title compound was prepared according to theeige procedure starting from
enonelg (0.075 g, 0.44 mmol) and benzyl carbamate (0.1,38.88 mmol).Yield
64mg (45%). White solid; m.p.118-119°Cu]p*° = -1.4
J (c 0.5,CH,Cl,); IR (KBr, cm?) § 3267.5, 2967.5, 1726,
HOM 1677, 1541 NMR (200 MHz, CDGJ)) 6 7.42-7.35 (m,
5H), 5.1 (s, 2H), 4.85 (d, 1H,= 8.2 Hz), 4.08 (br s, 1H),
3.7 (s, 1H), 2.89 (dd, 1H] = 3.6 Hz,J= 14.8 Hz), 2.5
(dd, 1H,J = 10.6 Hz,J’= 15.6 Hz), 1.34 (d, 6HJ = 8.6 Hz), 0.95 (s, 9H)*C NMR
(75 MHz, CDC}) $,213.2, 156.4, 136.3, 128.4, 127.9, 77.4, 66.9, ,58733, 34.7,

26.6; Chiral HPLC (Chiralpak AS column; iPrOH:hera#:96; 0.5 mL/min, 220 nm,

(4-Hydroxy-4-methyl-3-oxo-1-phenethyl-pentyl)-carbanic acid tert-butyl ester
(14b)
The title compound was prepared according to theeige procedure starting from

enonelb (0.109 g, 0.5 mmol) and tert-butyl carbamate
o HNj)\OJ< (0.117 g, 1 mmol). Yield 154 mg (92%). White solid,

HO o M.p. 93-94°C (ethyl acetate/hexan)]p®™® = -18.4 ¢

0.5, CH.CL,); IR (KBr, cm) 3390, 3259, 1710, 166&

NMR (500 MHz, CDC}) & 7.3-7.2 (m, 5H), 4.9 (s, 1H,),
4.0 (br s, 1H), 3.7 (br s, 1H), 2.8 (br s, 2H), &V, 1H), 2.6 (m, 1H), 1.9-1.8 (m, 2H),
1.45 (s, 9H), 1.34 (s, 6H}*C NMR (125 MHz, CDGJ) § 213.6, 155.7, 141.2, 128.8,
126.1, 79.6, 47.9, 41.1, 36.4, 32.8, 28.6, 26.4&ntental analysis calcd (%) for
C19H20NO4 (335.41): C 68.03, H 8.71, N 4.18; found: C 68.878.70, N 4.11; Chiral
HPLC (Chiralcel OD column; iPrOH:hexane 10:90; @&/min, 220 nm, Rgor =
13.1 min, Rtjnor =11.6 min, 90 % e.e.

14b
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[1-(3-Hydroxy-3-methyl-2-oxo-butyl)-heptyl]-carbamic acid tert-butyl ester (14c)
The title compound was prepared according to theeige procedure starting from

enonelc (0.099 g, 0.5 mmol) and tert-butyl carbamate

o) . .
(0.117 g, 1 mmol). Yield 120 mg (76%). White waxy
o) HN)J\OJ<

HO solid; M.p. 49-50°C (ethyl acetate/hexanejjof> = -

M 21.6 € 0.5,CH,Cl,). IR (KBr, cmi®) 3477, 3334, 2910,

= 1718, 1571 "H NMR (300 MHz, CDC}) 6 4.87 (br s,

1H), 3.87 (m, 2H), 2.78 (br s, 2H), 1.54 (br s, 2HNA2 (s, 9H), 1.34 (br s, 8H), 1.27
(br s, 6H), 0.88 ( t, 3HJ=6.5 Hz);*C NMR (75 MHz, CDC}) § 213.6, 155.6, 79.4,
48.0, 41.0, 34.7, 31.7, 28.9, 28.3, 26.2, 22.50;1Elemental analysis calcd (%) for
Ci17H33NO4 (315.45): C 64.73, H 10.54, N 4.44; found: C 6518®.77, N 4.50; Chiral
HPLC (Chiralpak AD column; iPrOH:hexane 3:97; 0.6/min, 220 nm, Rtajor= 30.0
min, Rtninor =75 min, 96.5 % e.e.

(4-Hydroxy-1-isobutyl-4-methyl-3-oxo-pentyl)-carbanic acid tert-butyl ester
(14d)
The title compound was prepared according to theeige procedure starting from

o enone 1d (0.510 g, 3 mmol) and tert-butyl carbamate
o HNJ\OJ< (0.702 g, 6 mmol)Yield 746 mg (86.6%). White solid; m.
HO, p. 63-64°C (ethyl acetate/hexan@)]p® = -29.0 ¢ 0.5,
CH.Cl,); IR (KBr, cmi*) 3287.5, 2987.5, 1696, 1677, 1541;
'H NMR (200 MHz, CDC}) & 4.83 (d, 1H,)= 8.8 Hz), 4.06
(m, 1H), 3.9 (s, 1H), 2.8 (m, 2H), 1.6 (m, 1H),3 &, 9H), 1.36 (s, 6H), 0.92 (d, 6H,
J= 5.8 Hz);**C NMR (125 MHz, CDGJ) § 213.6, 155.6, 79.4, 46.2, 43.7, 41.5, 28.4,
26.2, 25.0, 22.95, 22.94; Elemental analysis c#&¥l for CsH,oNO, (287.40): C
62.69, H 10.17, N 4.87; found: C 62.66, H 9.39,.R04 Chiral HPLC (Chiralpak AD
column; iPrOH:hexane 4:96; 0.5 mL/min, 210 nmyRt= 22.22 min, Rinor =19.08

min, 96 % e.e.

14d
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(1-Cyclohexyl-4-hydroxy-4-methyl-3-oxo-pentyl)-carlamic acid tert-butyl ester

(141)

The title compond was prepared according to theeiggrprocedure starting from
enonelf (0.180 g, 0.51 mmol) and tert-butyl carbamate20.4, 1.02 mmol). Yield
135 mg (85%); White solid; M. p. 96-97°C (ethyl @te/hexane)a]p>® = -16.8 € 0.5,
CHCIy); IR (KBr, cm'l) 3387, 3365, 2912, 1725, 1660;
j\oj< 'H NMR (200 MHz, CDC}) & 4.9-4.8 (d, 1H) = 7.6 Hz),
HO | 3.9 (br s, 1H), 3.8 (br s, 1H), 2.7 (m, 2H), 1.7, @H),
1.42 (s, 9H), 1.4 (s, 6H), 1.2 (s, 3H), 0.96 (m,)2HC
NMR (75 MHz, CDC}) § 213.8, 155.8, 79.4, 52.6, 41.2,
38.6, 30.0, 29.6, 29.126.3, 26.0; Elemental analyaicd (%) for gH3:NO, (313.43):
C 65.14, H9.97, N 4.47; found: C 66.17, H 9.844.81; Chiral HPLC (Chiralpak AD
column; iPrOH:hexane 5:95; 0.5 mL/min, 210 nmy Rt = 17.2 min, Rfinor =22.3

14f

min, 91 % e.e.

(4-Hydroxy-4-methyl-3-oxo-1-phenethyl-pentyl)-carbanic acid methyl ester (15b)
The title compound was prepared according to the

o general procedure starting from endre(0.150 g, 0.688
o HNJ\O/CH3 mmol) and methyl carbamate (0103 g, 1.38 mmol)ldyie
HO%J\/K/\ph 103 mg (51%); White waxy solid; m. p. 45-46°C (éthy
15b acetate/hexane]p]p™ = -9.8 (¢ 0.5, CH.Cl,); IR (KBr,
cm?) 3475, 3362, 2950, 1710, 152H NMR (200 MHz, CDCY)  7.3-7.17 (m, 5H),
5.20 (d, 1H,J= 7.4Hz), 4.05 (br s, 1H), 3.67 (s, 3H), 2.9-2.7 @hl), 1.86 (m, 2H),
1.36 (s, 6H);13C NMR (75 MHz, CDCJ) 6 213.6, 156.7, 141.3, 128.6, 126.2, 76.5,
52.2,48.1, 40.5, 36.1,32.8, 26.3; Elemental amalyacd (%) for GsH23NO,4 (293.16):
C 65.51, H 7.90, N 4.77; found: C 66.43, H 8.044.88; Chiral HPLC (Chiralpak AS
column; iPrOH:hexane 4:96; 0.8 mL/min, 220 nmyu Rt = 30.7 min, Rinor =41.2
min, >99 % e.e.
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(4-Hydroxy-4-methyl-3-oxo-1-phenethyl-pentyl)-carlamic acid ethyl ester (16b)

The title compound was prepared according to theeige procedure starting from
enonelb (0.050 g, 0.229 mmol) and urethane (0.41 g, 0.46
- )J\O/\ mmol). Yield 52 mg (74%). Colorless oil]p™ =-12.2 ¢

HO 0.5, CH,CLy); IR (KBr, cmi') 3409, 2987, 1705, 1545
th NMR (200 MHz, CDC}) & 7.36 -7.19 (m, 5H), 5.23 (d,

1H, J= 3.4 Hz), 4.1 (m, 3H), 2.87 (t, 2H= 7.3 Hz), 2.7-

2.59 (m, 2H), 2.2-1.8 (m, 2H), 1.35 (s, 6H), 1.3-Im, 3H);1BC NMR (50 MHz,
CDCl3) 6,213.7, 155.5, 141.3, 128.5, 126.0, 61.0, 48.0,,48672, 32.8, 26.4, 14.7;
Elemental analysis calcd (%) for8l2sNO, (307.18): C 66.43, H 8.20, N 4.56; found:

C 64.66, H 8.11, N 4.11; Chiral HPLC (Chiralpak A&8umn; iPrOH:hexane 4:96; 0.8
mL/min, 220 nm, Riajor = 21.9 min, Réinor =30.6 min, 96 % e.e.

2-(1-Benzyloxycarbonylamino-3-methyl-butyl)-malonicacid dimethyl ester (35)
The title compound was prepared following the geherocedure applied ta-
hydroxy enones starting from alkylidene malor24€0.050 g, 0.25 mmol) and benzyl
carbamate (0.076 g, 0.5 mmol). Yield 70 mg (80%)lo@less liquid;R (CHCh, cri?)
3448, 2968, 1738.8, 15134 NMR (200 MHz, CDCJ) § 7.35 (s, 5H), 5.6 (d, 1H, =
10Hz), 5.08 (d, 2H,) =1.2 Hz), 4.4 (m, 1H), 3.8 (s, 3H),
PN 3.7 (s, 3H), 3.65 (d, 1Hl = 6.3 Hz), 1.64 (m, 1H), 1.30
MeO,C (m, 2H), 0.94 (t, 6HJ = 4.8 Hz);*C NMR (75 MHz,
Meojc/)\ 35 CDCly) 6,168.7, 168.2, 155.9, 136.7, 128.5, 66.7, 55.2,
52.7, 49.1, 42.6, 25.0, 23.1, 21.9; Chiral HPLCita@lpak
OD column; iPrOH:hexane 3:97; 0.5 mL/min, 220 nriga3: = 28.1 min, Rinor =30.7

min, ~00 % e.e.

[1-(1-Benzyloxy-ethyl)-4-hydroxy-4-methyl-3-oxo-petyl]-carbamic acid tert-butyl
ester

The title compond was prepared according to theeiggrprocedure starting from
enone2l (0.127 g, 0.51 mmol) and tert-butyl carbamate (0.21.02 mmol). Crude
yield 149 mg (80%).The title compound was not pedfand the optical rotation was



Experimantal part 150

not measuredH NMR (500 MHz, CDCJ) (major isomerp 7.35-7.32 (m, 5H)4.9 (d,
1H, J = 8.5H2),4.64 (d, 2H,J = 18Hz),4.32 (d, 1H,J =

fj\ J< 11.5), 2.99-2.8 (br, 2H).,.44 (s, 9H), 1.30 (t, 6H] = 7.5,
o HN" O 6.5Hz): °C NMR (125 MHz, CDG) § 213.7, 156.2,

HO
)M 140.2,137.7,128.8, 127.6, 127.4, 127.2, 126.9,, 78663,

OBn
75.7, 70.6, 51.7, 38.5, 29.2, 27.9, 27.7, 26.8,255.1.

7. 4. 4 Elaboration of the adducts
A) To aldehyde (27)

O NHBoc OH NHBoc
HO BH3-THF(1M), _ HO
THF, 0°C, 7-8h
0,
14b 85% 26
O NHBoc
NalO,4
> H
CH30OH/H,0
80% 27

Step 1

To a solution of (4-Hydroxy-4-methyl-3-oxo-1-phéimd-pentyl)-carbamic
acid tert-butyl estefldb (335 mg, Immol) in THF (3 mL) was added boron gelr
(1M solution in THF) at 0°C and stirred for 7-8hsaime temperature. Then reaction
was quenched with methanol and allowed to get rdemperature. Solvent was
evaporated under reduced pressure and white salglwashed with ethylacetate to
give the title compoun@®6, which was purified by flash column chromatography
Yield 286 mg, 85%H NMR (500 MHz, CDC}) § 7.3-7.2 (m, 5H), 4.5-4.34 (m, 2H),
3.9-3.73 (br, 2H), 3.49-3.40 (br s, 1H), 2.8 (beH), 2.7 (M, 1H), 2.6 (m, 1H), 1.9-
1.8 (m, 2H), 1.45 (s, 9H), 1.16 (s, 6HJC NMR (125 MHz, CDGJ) § 155.7, 142.2,
128.8, 127.1, 126.1, 79.6, 47.9, 48.2, 41.1, 348, 28.6, 26.4.
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Step 2

A solution of sodium periodate (1.50 g, 7 mmolHyO (10 mL) was added to
a solution of the corresponding vicinal d&# (337 mg, 1 mmol) in methanol (1 mL)
and after complete addition the reaction was stieroom temperature until starting
material disappeared as monitored by TLC (sevemlrd). Methanol was then
removed under reduced pressure and the reacticlinmigxtracted several times with
CH.Cl,. The organic layers were combined, washed witheband then dried over
anhydrous MgS® and concentrated. Corresponding unstable aldel®/dewas
obtained in 80% (221 mg) yield. Optical rotationsaaot determinedH NMR (500
MHz, CDCk) 8 9.7 (s, 1H), 7.4-7.3 (m, 5H), 4.4-4.34 (m, 1Hp-3.73 (br, 1H), 3.49-
3.40 (br s, 1H), 2.8 (br s, 1H), 2.7 (m, 1H), @§ 1H), 1.9-1.8 (m, 2H), 1.45 (s, 9H).

B) To acids and esters
(i) Method A: With Cerium Ammonium Nitrate (CAN)

O  NHCbz (NH,),Ce(NOs), (CAN) O  NHCbz
HO -
R CH4CN/H,0, 0°C HO R
>91%
13b, R = CH2CH2Ph 22b, R= CHchzph
13d, R = CH,CH(CHs), 22d. R = CH,CH(CHs),

The corresponding'-hydroxyketone (1.0 eq, 0.81 mmol,) was dissolired
CHsCN (9.0 mL) and cooled to 0°C. A solution of ceriiif) ammonium nitrate (3.0
eq., 2.43 mmol, 1.33 g) inABD (4.5 mL) was then added dropwise and after com@ple
addition the reaction was stirred at 0°C for 45 .nTihe reaction mixture was then
diluted with CHCI;, (30 mL) and added to a separating funnel wheveag shaken
with 0.1 M HCI (40 mL). The organic layer was segiad and the aqueous layer
extracted further with C§Cl, (2 x 30 mL). The organic layers were combined,
washed with brine (15 mL) and then dried over anbys MgSQ and concentrated.
The crude product was purified by column chromaipgy on SiQ eluting with 2%
acetic acid in CECl,. The purified product was then triturated with @& to yield

upon drying the pure§f-p-amino acid as a white solid.
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(i) Method B: With sodium periodate (NalOy)

O NHP NalOg4 )OJ\/’\VI\HP
HO -
W R H,O/MeOH, r.t. HO R
13b, R = PhCH,CH,, P =Chz 22b, R = PhCH,CH,, P =Cbz
13d, R = (CH3),CHCH,, P = Cbhz 22d, R = (CH3),CHCH,, P = Cbz
14b, R = PhCH,CH,, P =Boc 24b, R = PhCH,CH,, P =Boc
14d, R = (CH3),CHCH_, P = Boc 24d, R = (CH3),CHCH,, P = Boc

A solution of sodium periodate (1.50 g, 7 mmol}HzO (10 mL) was added to
a solution of the correspondinghydroxy ketone (0.7 mmol) in methanol (1 mL) and
after complete addition the reaction was stirredcatm temperature until starting
material disappeared as monitored by TLC (sevemlrd). Methanol was then
removed under reduced pressure and the reacticlinmigxtracted several times with
CH.Cl,. The organic layers were combined, washed witheband then dried over

anhydrous MgS@and concentrated.

3-Benzyloxycarbonylamino-5-phenyl-pentanoic acid 2b)

The compoun@2b was prepared using general Method A, starting ft@im(0.258 g,

0.7 mmol). Yield 0.208 g (91%)H NMR (500 MHz,
o~ CDCly) & 11.2 (br. 1H), 7.38-7.31 (m, 4H), 7.29-7.26 (m,

HO)WPh 2H), 7.19 (d, 1H, = 7.5Hz), 7.15 (d, 1H) = 7Hz), 5.23

(d, 1H,J = 7.5Hz), 5.09 (d, 2H] = 12.7Hz), 4.07-4-01 (m,

1H), 3.58 (br.s, 1H), 2.89 (dd, 18= 17.0Hz,J’= 5.3Hz), 2.80 (dd, 1H] = 17.0Hz,

J = 4.5Hz), 2.75-2.69 (m, 1H), 2.65-2.59 (m, 1H)P%1.93 (m, 1H), 1.85-1.78 (m,

1H).

The compoun@2b was prepared using general Method B, starting ft8im(0.369 g,
1.0 mmol). Yield 0.314 g (96%)

3-Benzyloxycarbonylamino-5-methyl-hexanoic acid (29
The compoun@2d was prepared using general Method A, starting fi@ah(0.225 g,
0.7 mmol). Yield 0.177g (91%). The obtained compbwhowed identical physical
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and spectroscopic data to those repottéfu]p> = -28.7
PN (c = 2.9, CHCJ) [Lit. data forR isomer: f]p?° = + 29.5 ¢

2.5, CHCH)]. 'H NMR (500 MHz, CDCJ) & 7.5(s, 5H),
HO
)K/b\ 5.45-5.15(d, 1H, J= 8Hz), 5.15(s, 2H), 4.33-4.0 (tH),

2.66-2.5 (m, 2H), 1.6-1.33 (m, 3H), 0.92 (d, 6M; 5.8

Hz).

The compoun@2d was prepared using general Method B, starting ft8ah(0.321 g,
1.0 mmol). Yield 0.301 g (94%).

3-tert-Butoxycarbonylamino-5-phenyl-pentanoic acid(24b)

The compoun@4b was prepared using general Method B, starting ftdim(0.335 g,

0 1.0 mmol). Yield 0.331 g (99%). The compound showed
o HNJJ\OJ< identical published spectroscopy ddth'H NMR (500
MHz, CDCk) 6 7.32-7.17 (m, 5H), 5.84 (br.1H,), 4.9 (br.
1H), 3.96 (br, 1H), 2.89 (dd, 1Kd717.0Hz,J'=5.3Hz), 2.80
(dd, 1H,J=17.0Hz,J'=4.5Hz), 2.75-2.69 (m, 1H), 2.65-2.59 (m, 1H), %072 (m,
2H), 1.46 (s, 9H)**C NMR (125 MHz, CDGJ) 5 176.6, 155.6, 141.4, 128.5, 128.4,
126.0, 79.7, 47.4, 39.3, 36.4, 32.6, 28.4.

HO Ph

3-tert-Butoxycarbonylamino-5-methyl-hexanoic acid 24d)
The compoun@4d was prepared using general Method B, starting ftdoh(0.287 g,
1.0 mmol). Yield 0.264 g (92%YH NMR (200 MHz,
j\ J< CDCly) & 4.83 (d, 1H,J= 8.8 Hz), 4.06 (m, 1H), 3.9 (s,
o 1H), 2.8 (m, 2H), 1.6 (m, 1H), 1.43 (s, 9H), 0.@R 6H,
HO J= 5.8 Hz);**C NMR (125 MHz, CDGJ) § 173.0, 158.6,
74.7,,49.4, 46.3, 42.2, 27.4, 26.3.

O HN

217 El Marini, A.; Roumestant; Viallefont, P., Razafiamboa, D.; Bonato, M.; Follet, Nbynthesis
1992 1104-1108.
218 Abele, S.; Guichard, G.; Seebach,Hlv. Chim. Actal99§ 81, 2141-2156.
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Transformation of acids into methyl esters

UHP N,CHSiMe, JOJ\/'N\HP
HO R MeOH/CgHg, . CH30 R
22b, R = PhCH,CH,, P = Chz 23b, R = PhCH,CH,, P = Cbz
22d, R = (CHy),CHCH,, P = Cbz 23d, R = (CH3),CHCH,, P = Cbz
24b, R = PhCH,CH,, P =Boc 25b, R = PhCH,CH,, P =Boc
24d, R = (CH3)2CHCH2, P =Boc 25d,R = (CHs)chCHz, P = Boc

Trimethylsilyl diazomethane (2M solution in hexan@sl65 mL, 0.33 mmol)
(explosive was added dropwise to a solution of a2®i24 (0.3 mmol) in benzene (5
mL) and methanol (0.5 mL) at room temperature. A@ min of stirring, solvents
were removed under reduced pressure to get thespamding crude ester, which was

purified by flash column chromatography (gradieneat: ethyl acetate/hexane).

3-Benzyloxycarbonylamino-5-methyl-hexanoic acid métyl ester (23d)

The compound®3d thous obtained fron22d (360 mg, 1.28 mmol). Yield 270 mg
(74%).™H NMR (500 MHz, CDCJ) § 7.5-7.33 (m, 5H),
5.45-5.15 (d, 1HJ = 8Hz), 5.15(s, 2H), 4.33-4.0 (m,

Meo)l\/i\ 1H), 3.8 (s, 3H), 2.62-2.52 (m, 2H), 1.5-1.33 (rh{)3

0.92 (d, 6HJ = 7.2 Hz);**C NMR (125 MHz, CDGJ) &
171.0, 157.6, 141.4, 128.5, 128.4, 126.0, 72.R,55 .4,
43.3, 36.4, 24.2, 22.9. This compound was transfdr into25d by N-deprotection

and subsequent Boc-protection thus confirming ithkeahd configuration.

3-tert-Butoxycarbonylamino-5-phenyl-pentanoic acidmethyl ester (25b)

The compound thus obtained fr@#b (85 mg, 0.29 mmol) showed identical physical
and spectroscopic data than that publistiédtield 88 mg (98%).d]n>°= -8.7 €=1.8,
CHCl) [Lit. data forR isomer: f]p®°> = +7.2 €=1.8, CHC})]. '"H NMR (500 MHz,
CDCl) § 7.52-7.2 (m, 5H), 5.74 (br.1H), 4.85 (br. 1HR®&(br., 1H), 3.8(s, 3H) 2.89

219 M. Alcon, M. Canas, M. Poch, A. Mayono, M. A. pess, A. RieraTetrahedron Left1994 35,
1589-1592.
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O
o HNJ\O/k

Meo/u\/KL

Ph

(dd, 1H,J = 17.0Hz,J" = 5.1Hz), 2.75 (dd, 1H] = 17.0Hz,
J = 4.5Hz), 2.75-2.69 (m, 1H), 2.60-2.55 (m, 1H)9G
1.75 (m, 2H), 1.44 (s, 9HYC NMR (125 MHz, CDGJ) &
173.0, 154.6, 142.4, 128.5, 128.4, 126.0, 79.75,507.4,
39.3, 36.4, 32.6, 28.4.

3-tert-Butoxycarbonylamino-5-methyl-hexanoic acid nethyl ester (25d)

The compound thus obtained frd&4d (149 mg, 0.6 mmol) showed identical physical

o
O HNJJ\OJ<

MeO

and spectroscopic data than that publish&dld 150 mg
(95%). []p?®> = - 21.9 € 1.47, CHOH) [Lit.?° [a]p*° =
-22.8 €=1.47, CHOH)]. *H NMR (500 MHz, CDC}) &
5.33-5.15 (d, 1H, J= 8Hz), 4.33-4.0 (m, 1H), 3.653H),
2.62 (d, 2H, J= 6Hz), 1.5-1.33 (m, 3H), 1.43(s, .961p2

(d, 6H,J= 7.2 Hz)."*CNMR (125 MHz, CDGJ) 8 172.0, 157.6, 70.7, 50.5, 48.4, 44.3,

40.2, 28.4, 27.3.

220 E| Marini, A.; Roumestant; Viallefont, P., Razafiamboa, D.; Bonato, M.; Follet, Nbynthesis

1992 1104-1108.
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7. 4.5 Synthesis of an unnaturgB-dipeptide

~Boc
O HN

a |

T == HO —
_Boc
HO i R — pcord O HN
%K/ 41% HO
x 29

14d O NH,
HO\ e, 85%

| 90% /\

O NHBoc

28d
O NHBoc

0 HN)K/
Ho)VI j\
A

30
unnatural f—dipeptide

Reagents and conditions: (a) Nal@O0 equiv.), MeOH-kED (2:1), 24-26h, 92%; (b) TFA (10
equiv.), CHClI,, 0°C 5h, 90% (c) EDC (1.4 equiv.), HOBt (1.0 equi€H.Cl,, 20-24h, 41%;

(d) (i) cyanuril fluoride (5 equiv.), CKCl,, -20°C, 84% (ii) NMM, ChKCl,, 20-24h, 41%; (e)

NalO, (10 equiv.), MeOH-kD (2:1), 24-26h, 85%

Deprotection of Chz group of 13d

O
> HO
13d 28d

To a solution of adduct3d (174 mg, 0.54 mmol) in ethyl acetate (5.0 mL)
was added 10% activated Pd on charcoal and theuraixtas kept under hydrogen
atmosphere at room temperature for several holirghg starting material was
disappeared. Then the suspension was filtered ghraupad of celite and evaporated
under reduced pressure. The crude product was inseéxt step without further
purification. Yield 95% (95 mg):H NMR (200 MHz, CDCY) & 5.34 (s, br. 2H), 4.83
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(d, 1H,J = 8.8 Hz), 4.06 (m, 1H), 3.9 (s, 1H), 2.8 (m, 286 (m, 1H), 1.36 (s, 6H),
0.92 (d, 6H,J = 6.8 Hz);

Deprotection of Boc group 14d

(0] J<
o HNJ\O TFA . O NH,
HO CH2C|2, OOC m
90%
14d 28d

To a solution of corresponding N-Boc adduct (189, &9 mmol) in dry
dichloromethane (6 mL) cooled to 0°C was addedutnbacetic acid (1.2 mL, 18
mmol). The resulting solution was stirred at thensatemperature for 5-6h. Then
dichloromethane (4 mL) was added and the orgaritisno was washed with saturated
aqueous solution of NaHG@B x 15mL). The combined organic layer were drigdro
MgSO04, filtered, and concentrated under vacuumive the unprotected amine.Crude
yield 90% (99 mg). The crude compound was usedénnext step without further

purification.

Carboxylic acid and amine couplings.

o (@) NHBoc
o} HN)kO/k: O NH EDC, HOBt O HN
+ MO CH,CI HO
2%~12,
HO 41%
24d 28d 29

A solution of the corresponding amin28d (0.3 g, 1.7 mmol), the
corresponding carboxylic acié4d ( 0.4 g, 1.7 mmol), EDC (0.45g, 2.3 mmol) and
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HOBt (0.23g, 1.7 mmol) in dry dichloromethane (2B)rwas stirred at 0°C for 1h, and
at room temperature for additional 16h. The resgltmixture was diluted with
dichloromethane (50 mL) and washed with 0.1 N KH$® x 20 mL), a saturated
aqueous solution of NaHG®20 mL) and water (20 mL). The organic phase wasdd
over MgSQ and the solvent evaporated under reduced pressigiee the coupling
product 29, which was purified by flash column chromatograplfgluent
hexane:ethylacetate). Yield 419%H NMR (500 MHz, CDCJ): 6 6.3 (br.s, 1H), 5.07 (
d, 2H,J = 8Hz), 4.37 (br. s, 2H), 3.9-3.87 (br. m, 2H), 2.8¢{m, 3H), 2.36 (br. s, 2H),
1.61(m, 2H), 1.45 (s, 9H), 1.35 (m, 6H), 0.92 (@H1J = 7.2 Hz).**C NMR (500
MHz, CDCk): 6 213.9, 174.3, 171.1, 155.9, 79.2, 77.8, 54.1, 46458, 43.7, 43.4,
41.8,41.4,39.4, 28.4, 26.2, 25.0, 23.04, 23.M&21.95.

Oxidative scission of the ketol moiety 29

(@] NHBoc
(e} NHBoc
O HN
O HN NalO,
HO > HO
MeOH/ H,0
30

29

The coupling adduc@9 (1mmol) was oxidised by general oxidation pathway
using NalQ in methanol and water system as described aboveatural 3-dipeptide
30 was obtained in 80% yield, as a white solldlNMR (500 MHz, CDC}) § 6.5 (br.s,
1H), 5.1 (br s, 2H,), 4.34 (br. s, 2H), 4.2-3.8 @Hl), 2.57-2-43 (m, 3H), 1.61 (m, 2H),
1.45 (s, 9H), 1.27 (m, 2H), 0.93 (m, 12H).
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7. 4. 6 Chemical correlations:
i) between 23d and 25d

J /l<
O HN” "0~ “Ph Ha, Pd/C, (Boc),0 . o H,;])J\O
Meo)‘\/b\ EtOAG, rt. MeOJ\/j\
23d 25d

To a solution of addu@3d (174 mg, 0.59 mmol) and (Be€) (259 mg, 1.18
mmol) in ethyl acetate (5.0 mL) was added 10% atdd¢ Pd on charcoal and the
mixture was kept under hydrogen atmosphere at teomperature for several hours till
the starting material was disappeared. Then thpesiggon was filtered through a pad
of celite and evaporated under reduced pressurerdsidue was purified by column
chromatography (gradient eluent of Hexane: ethytate) to get the title ester
compound25d. Yield 0.130 g (85%). The compound thus obtaineowsed identical
physical and spectroscopic data than that publisied® = -21.9 € = 1.47,
Methanol) [Lit. [o]o>>= —22.8 €=1.48, Methanol)].

ii) between Cbz adduct 13d and Boc adduct 14d

o o)
o) HNJ\O/\Ph H,, Pd/C, (Boc),0 N /k
HO 2 ’ -, O HN™ O
><”\/5\ EtOAc, r.t. HOM\
13d 14d

To a solution of13d (0.030 g, 0.093 mmol) and (Be€) (0.041 g, 0.186
mmol) in ethyl acetate (3 mL) was added activaté@® charcoal (10%, 3 mg) and the
mixture was kept under hydrogen atmosphere at teomperature for several hours till
the starting material disappeared. Then the sugpengs filtered through a pad of
celite and the solvent evaporated under reducedspre. The crude product was
purified by column chromatography (eluent, ethyktate/hexane) to get the title
compound which showed identical physical and spsctpic data than authenfidd.
Yield 0.024 g (90%).
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7.5 aza-Michael addition to nitroalkene

7. 5. 1 Preparation of asymmetric adducts:
General procedure:

Method A: 1,4-conjugate addition of aza-nucleophile to nitroalkene 36 with

o

N. N
C

catalyst 4b.

uoo
t / N\ ~
BU Tt oTf 'Bu

NO, 4b (10 mol%) NO,
o + NHR!R?
CH,Cl,, r.t, 48h

RL _R?
N

36 9, Rl = CbZ, R2 =H 37 Rl = Chz R2 =H
1_ 2 ' ’
19, Rl =Cbz, R2 = OH 38, Rl = Cbhz, R? = OH
20, R = Boc, R? = OH 39, R! = Boc, R? = OH

2,2 -Isopropylidene bis[@-4-tert-butyl-2-oxazoline] (tBu-BOX) (0.11 mmol)
was weighted in a flame-dried flask and placed uiNde Cu(OTf) (36 mg, 0.1 mmol)
was then added by rinsing with dry &, (1.5 mL) from a weighting boat directly
into the reaction flask. After stirred at room tesrgture for 3 h, nitroalkene36 (1
mmol) was added, and the resulting mixture wasestifor a further 30 min at room
temperature. Then aza-nucleophile (2 mmol) was édael the mixture was stirred at
room temperature under,Nor the stated time. The resulting reaction migtuvas
diluted with 0.1 M HCI (40 mL) and extracted wittH&Cl, (3 x 30 mL). The CELCl;
layers were combined, dried over anhydrous Mg®@d concentrated. The crude
product was not purified by column chromatograp®onversion and ee’s were
determined by NMR (500 MHz) and chiral HPLC repeety.
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Method B:
RY .R?
N
N NO, 40 or 41(10mol%) NO,
+ NHRIR?
CH,Cl,, r.t,

NR?R3=

45 9, CbzNH, 46, ChzNH

42, BANHOH 47 BnNOH

43, BnONH, 48, BnONH

44, phthalimide 49, phthalimide

CF
CF3 3
: COLE L)
L \NkN CF,
F5C N" N H H
L e
41

40

To a solution off3-nitro styrene45 (1 mmol) in dichloromethane was added
catalyst40 or 41 (10 mol%) at room temperature and stirred for 1he aza
nucleophile was added (1 mmol) and the resultingtiem was stirred for 5-48h at
specified temperature. Then after reaction was cfueth with 0.1M HCI (3 mL) and
extracted with dichloromethane. The organic phaas dried over MgS§) evaporated
under reduced pressure to give the crude produithvkas not purified. Conversion
and ee’s were determined by NMR (500 MHz) and tHRLC repectively.

(1-Nitromethyl-3-phenyl-propyl)-N-hydroxycarbamic acid benzyl ester (38)
The title compound was prepared following abalescribed procedure A, using

carbamatel9 (2 mmol), nitroalkene36 (177 mg, 1 mmol)

en. J_ oHn and catalystb (0.1 mmol). Conversion >99%H NMR
\O N/

No,| (200 MHz, CDCY) & 7.43-7.31 (m, 10H), 5.43 (br s, 1H),
5.2(m, 1H), 5.1 (d, 2H) = 2.0 Hz), 4.88 (br s, 1H), 4.65 (d,
1H, J = 8 Hz) 2.75-2.69 (m, 1H), 2.65-2.59 (m, 1H), 1.99-

1.93 (m, 1H), 1.85-1.78 (m, 1H). Chiral HPLC (Chéel AS column; 97:3 hexane:
iIPrOH, 0.6 mL/min, 220 nm, Rfjor= 22.1 min, Rfinor =32.7 min, ~00 % e.e.
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(1-Nitromethyl-3-phenyl-propyl)-N-hydroxycarbamic acid tert-butyl ester (39)
The title compound was prepared following abovecdeed procedure A, using

carbamate20 (2 mmol), nitroalkene36 (177 mg, 1mmol)

0
j\o)LN/OH and catalysttb (0.1 mmol). Conversion >99%H NMR

NO, (200 MHz, CDC¥) 6 7.32-7.17 (m, 5H), 5.41 (br s, 1H),
5.32(m, 1H), 4.78 (br s, 1H), 4.62 (m, 1H), 2.762(m,
2H), 1.99-1.72 (m, 2H), 1.46 (s, 9H); Chiral HPLC

(Chiralpak OD column; 96:4 hexane: iPrOH, 0.5 mldn20 nm, Riajor = 28.1 min,
Rtminor =30.7 min, ~00 % e.e.

N-Benzyl-N-(2-nitro-1-phenyl-ethyl)-hydroxylamine @7)
The title compound was prepared following abovecdeed procedure B, using
benzylhydroxylaminet2 (123 mg, 1 mmol), nitroalkeré5 (149
N mg, 1mmol) and catalyg0 or 41 (0.1 mmol). Conversion >99%.
@ANOZ H NMR (500 MHz, CDCY) 5§ 7.43-7.40 (m, 5H), 7.30-7.28 (m,
5H), 5.1 (m, 1H,), 4.88 (m, 2H), 3.6 (m, 2H); ChitdPLC
(Chiralpak 1A column; hexane:iPrOH 95:5; 0.5 mL/mi220 nm, Rt = 33.1 min,
Rt=36.0 min,[00 % e.e.

O-Benzyl-N-(2-nitro-1-phenyl-ethyl)-hydroxylamine @48)
The title compound was prepared following abovecdbed procedure B, Udin@-
benzylhydroxylaminet3 (123 mg, 1 mmol), nitroalkeng5 (149
O mg, 1 mmol) and catalystO or 41 (0.1 mmol). Conversion
@ANOZ >99%.'H NMR (500 MHz, CDC}) § 7.4-7.30 (m, 10H), 5.29(m,
1H), 5.2 (br s, 1H), 4.99 (m, 2H), 4.88 (br s, 1465 (d, 1HJ
= 8 Hz); (Chiralpak IA column; hexane: iPrOH, 985 mL/min, 220 nm, Rt = 33.1
min, Rt = 36.0 min[D0 % e.e.
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7. 6 Preparation of imines

7. 6. 1 Two-step preparation oN-Boc aldimines 552*

o a) Boc-NH,, PhSO,Na HNfBOC b) K,COj N,BOC
Ar)J\H HCOOH, CH30H, H,0 Ar)\sozph THF reflux Ar)'\H
rt, 2-3 days
106 55

aAr: CgHs e Ar: p-CH30 CgH, | A P-NO>CeH,

b Ar: 0-CH3CgH, f Ar: p-CICgH, J Ar: p-MeO,CCqHy

¢ Ar: p-CH3CgH, g Ar: p-F3CCgH, Kk Ar: 1-Napht

d Ar: m-CH30C¢H,  h Ar: m-NO,CgH, | Ar: 2-Napht
m Ar: 3,5-Cl,, 4-CH3;0CgH,
n Ar: 2-fural

General Procedure: (According to Jacobsen’s proceg)tf
Step 1.

t-Butyl carbamate (2.93 g, 25 mmol) and benzenesalcid sodium salt
(8.2 g, 50 mmol) were taken into a 250 mL roundtdoot flask and dissolved in a
mixture of methanol (25 mL) and water (50 mL). Tdweresponding benzaldehyde
(50 mmol) was then added, followed by formic adi®(mL) and the reaction mixture
was stirred for 3 days at room temperature. Theltieg white solid was filtered off
and washed with water and ether, redissolved inlaiomethane, dried over MgQ0O
and concentrated under reduced pressure to affosd respective a-amido

benzenesulfone as white solid.

Step 2.
An oven dried round bottom flask was charged vaitthydrous potassium
carbonate (16g) and dry THF (10 mL/mmol) underagién atmosphere. Then, the

221 (@) A. M. Kanazawa, J.-N. Denis, A. E. GreedeOrg. Chem1994 59, 238-1240 (b) B. M.
Nugent, R. A. Yoder , J. N. Johnstoh, Am. Chem. So2004 126, 3418-3419.

22 6 G. Wenzel, E. N. Jacobsed,Am.Chem.S0€002 124, 12964-12965

22 Al aldehydes used are commercial except 3,5-dichfi-methoxybenzaldehyde. For its
preparation, see: T. Kousaka, K. Mdipsci. Biotechnol. Biocher2002 66, 697-701. Commercially
available methyl 3,5-dichloro-4-methoxybenzoate wasated with sodiumborohydride (NaBHin
EtOH at 0°C, to obtain corresponding alcohol whids oxidised by PCC to get the tilte compound
3,5-dichloro-4-methoxybenzaldehyde.
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respectivea-amido benzenesulphone (19.4 mmol) was added amdntkture was
heated to reflux with stirring under a nitrogen asphere for 17 h. The mixture was
then cooled to room temperature, filtered throughsteort pad of celite and
concentrated under reduced pressure. The residus wedissolved in
dichloromethane, dried over Mgg@ltered and concentrated under reduced pressure
to afford the corresponding-Boc aldimine55a-nwhich was kept under high vacuum
at RT for several hours before use. It is importamote that compound is moisture

sensitive. Aldimines were stored at -30°C to awt@domposition.

N-Benzylidene carbamic acid tert-butyl ester (55a)
The aldimineb5awas prepared from adductamidosulfon&06a(6.73 g, 19.4 mmol)

using general protocol as above described to get ghre
l\f’ compound as oil. Yield (3.9 g, 98%). IR (thin filrm™) 2960,
©/kH 1730, 1640,1210H NMR (200 MHz, CDCJ) & 8.94 (s, 1H), 8.0-
7.93 (m, 2H), 7.6-7.49 (m, 3H), 1.65 (s, 9LAC NMR (50MHz,

CDCls) 6 168.9, 163.0, 134.0, 133.4, 129.9, 128.4, 81.8.27

N-(2-Methyl-benzylidene)-carbamic acid tert-butyl eser (55b)
The aldimine55b was prepared from adduetamidosulfonel06b (9.6 mmol) using

Boc general protocol as above described to get the gnmgpound as
CHs hf’ white solid (1.5g, 98%), IR( thin film, cfl) 2945, 1730, 1654,

H 1210;'H NMR ( 200MHz, CDC}) 5 8.84 (1H, s) 8.10-7.96 (m,
1H), 7.57-7.41 (m, 1H), 7.37-7.25 (m, 2H), 2.5838l), 1.49 (s,
9H); *C NMR (50MHz, CDC}) 5 169.0, 163.8, 139.2, 133.6, 132.9, 130.4, 129.3,

127.4,82.2,,27.8, 19.4.

N-(4-Methyl-benzylidene)-carbamic acid tert-butyl eser (55c¢)
The aldimine55c was prepared from addugtamidosulfonel06c (36 mmol) using

general protocol as above described to get the pure

N compound as white solid (7g, 89%), IR ( thin filom™)

|
/©/kH 2930, 1634, 1340H NMR (200MHz, CDC}) 5 8.90 (s,
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1H) 7.41-7.30 ( m, 2H), 7.28-7.16 (m, 2H), 2.36 38)) 1.51 (s, 9H)XC NMR
(50MHz, CDC}) § 171.0, 162.8, 142.2, 132.9, 132.3, 129.3, 82.(8,28.3.

N-(3-Methoxy-benzylidene)-carbamic acid tert-butyl ster (55d)
The aldimines5d was prepared from addugctamidosulfonel06d (4.8 mmol) using

general protocol as above described to get the pure

l\f’BOC compound as waxy solid. (1.1 g, 98%), IR ( thimfikcni®)
H 2991, 1725, 1610, 1248H NMR (200 MHz, CDC)) &
8.87 (s, 1H) 7.53 (s, 1H), 7.43 (d, 1H= 6.8Hz), 7.28 (d,
OCHs 1H, J = 6.8 Hz), 7.14 (m, 1H) 3.8 (s, 3H), 1.63 (s, 9H);

3C NMR (50MHz, CDC4) & 169.4, 163.8, 162.2, 132.7,
126.3,114.0 , 82.1, , 55.9, 27.6.

N-(4-Methoxy-benzylidene)-carbamic acid tert-butyl ster (55e€)
The aldimine55e was prepared from addugtamidosulfonel06e(21 mmol) using

general protocol as above described to get the pure
N’ compound as white solid (5.0 g, 100%), IR ( thimfi

/©)|\H cm?) 2930, 1713, 1590, 1340H NMR (200MHz,
CDCl) & 8.90 (s, 1H) 7.93-7.91 ( d, 2H, = 8.4Hz),

6.98 (d, 2HJ = 8.4Hz), 2.90 (s, 3H) 1.61 (s, 9H)C

NMR ( 50MHz, CDC}) 6 169.4, 163.8, 162.2, 132.7, 126.3, 114.0 , 8519,27.

HsCO

N-(4-Chloro-benzylidene)-carbamic acid tert-butyl eter (55f)
The aldimine55fwas prepared from adduatamidosulfonel06f (13 mmol) using

general protocol as above described to get the pure

N compound as white solid (3.0g, 98%), IR ( thin filomY)
/@AH 2978, 1720, 1451*H NMR (300MHz, CDC})  8.85 (s,
1H) 7. 90 (d, 2H, J = 6Hz), 7.49 (d, 2B= 5Hz), 1.62 (s,
9H): C NMR (75 MHz, CDCJ) & 167.9, 162.8, 141.2,
132.9, 131.3, 129.3, 81.3, 28.
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N-(4-Trifluoromethyl-benzylidene)-carbamic acid tert-butyl ester (559)
The aldimine55g was prepared from addugtamidosulfonel06g (15 mmol) using
general protocol as above described to get the pure

,Boc
l\f compound as white solid (3.5 g, 97%), IR (thin filom
/©)\H 1y 3315, 2981, 1723, 1634, 1328 NMR (500 MHz,
FC CDCly) & 8.89 (s, 1H), 8.07 (d, 2H), = 8.1Hz), 7.78 (d,

2H, J = 8.4Hz), 2.36 (s, 3H) 1.62 (s, 9H)'C NMR (
125MHz, CDC}) § 167.5, 162.8, 137.2, 134.5, 130.3, 126.3, 1261,28.2.

N-(3-Nitro-benzylidene)-carbamic acid tert-butyl eser (55h)
The aldimine55h was prepared from adduatamidosulfonel06h (17.8 mmol)

using general protocol as above described to getpire
N'BOC compound as yellow oil. (4.5 g, 100%), IR ( thitnfj crm?)
l H 2990, 1717, 1534, 13361 NMR (500MHz, CDC}) § 8.90 (s,
1H) 8.78-8.77 (m, 1H), 8.44-7.16 (m, 2H), 2.3634), 1.51
NO, (s, 9H);**C NMR (50MHz, CDC}) & 171.0, 162.8, 142.2,

132.9, 132.3, 129.3, , 82.0, , 28.8, 20.3.

N-(4-Nitro-benzylidene)-carbamic acid tert-butyl eser (55i)

The aldimines5iwas prepared from addugtamidosulfonel06i (10.2 mmol) using

general protocol as above described to get the pure
r\f' compound as yellow solid (2.5 g, 100%), IR(thimfilcrmi®)

@H 2939, 1724, 1478, 134tH NMR ( 300 MHz, CDGJ) &

8.89 (s, 1H), 8.37 ( d, 2H= 9Hz), 8.12 (2H, dJ= 8.7Hz),
1.63 (s, 9H)°C NMR (125MHz, CDGJ) 5 166.4, 162.8,
140.0, 130.9, 124.3, 123.3, , 83.0, 28.5.

N-(4-methoxycarbonylbenzylidene) carbonic acid terbutyl ester (55))

The aldimine55j was prepared from adduetamidosulfonel06j (5 mmol) using
general protocol as above described to get the gamgound as waxy solid. (1.16 g,
90%), IR (thin film, cnt) 2971, 1697, 1630, 13484 NMR ( 200 MHz, CDCJ) &
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ooo| 889 (s 1H), 8.18 (d, 2H] = 8.1Hz), 7.9 (d, 2H) =
l\f’ 8.2Hz), 3.9 (s, 3H), 1.62 (s, 9HYC NMR (50 MHz,
“""H | CDCl) & 5 1682, 1662, 1623, 137.8, 34.2, 130.06,
H,c00C” 129.98, 129.61, 82.85, 52.6, 28.01.

N-Naphthalene-1-ylmethylene-carbamic acid tert-butylester (55k)
The aldimineb5k was prepared from adductamidosulfone

106k (3.5 mmol) using general protocol as above deedri

to get the pure compound as yellow oil (0.87 g, 87RR (
thin film, cm®) 2971,1697, 1630,1346H NMR (200MHz,
CDCl3) 6 9.96 (s, 1H) 8.9 (d, 1H] = 8.25Hz), 8.2 (d, 1H)

= 7.2Hz), 8.1 (d, 1H) = 8.25Hz), 7.9 (d, 1HJ= 8.3Hz), 7.65 (m, 5H), 1.66 (s, H);
¥C NMR (50MHz, CDC}) & 169.12, 162.99, 134.4, 133.8, 132.1, 132.0, 129.37
129.2,128.99, 128.24, 126.24, 126.6, 125.2, 124928.04, 82.35, 28.12.

N-Naphthalene-2-ylmethylene-carbamic acid tert-butylester (55I)
The aldimineb5lwas prepared from adduatamidosulfonelQ6l (6.2 mmol) using

general protocol as above described to get the pure
N compound as white solid (1.5 g, 95%), IR ( thimfilcm?)
H 2980, 1710, 1634, 134% NMR (500 MHz, CDC}) & 9.06
OO (s, 1H), 8.35 (s, 1H), 8.10 (dd, 18,=1.9, 9.0 Hz), 7.94 (m,
1H), 7.87 (m, 2H), 7.66-7.56 (m, 2H), 1.62 (s, 95¢ NMR
(125 MHz, CDC}) & 170.0, 162.8, 136.2, 134.4, 132.6, 131.4,129.8,.6,2128.4,
127.9, 126.7,124.0, 82.0, , 27.8.

N-(3,5-Dichloro-4-methoxy-benzylidene)-carbamic acidert-butyl ester (55m)

The aldimine 55mwas prepared from adduai-
o '\‘I/BOC amidosulfonel06m (5 mmol) using general protocol
| = H as above described to get the pure compound as whit
H3CO
Cl
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solid (1.4 g 96%)JR (film, cm) 3040, 1704, 1629, 1438H NMR (200 MHz,
CDCly) & 8.73 (s, 1H), 7.89 (s, 1H3.99 (s, 3H), 1.60 (s, 9H)’C NMR (125 MHz,
CDCl) § 166.49, 161.8, 156.37, 131.28, 130.35, 126.6®, &1.09, 27.96.

N-Furan-2-ylmethylene-carbamic acid tert-butyl ester(55n)
The aldimine5mwas prepared from adduetamidosulfone

N/BOC 106m (15 mmol) using general protocol as above desedrib
0o | to get the pure compound as yellow oil (2.7 g, 99®) thin
\ : film, cm®) 2990, 1715, 1634, 12484 NMR (500MHz,

CDCl) § 8.75 (s, 1H), 7.65 (s, 1H), 7.21 (d, 1H= 3.9Hz),
6.64 (dd, 1H,) = 1.56, J= 3.5 Hz), 1.56 (s, 9HJC NMR (125MHz, CDCJ) § 162.8,
157.5, 150.8, 148.0, 121.0, 113.4, 82.1, 27.6.

Benzylidene-(4-methoxy-phenyl)-amine (51)
To a solution of benzaldehyde (1.0 mL, 10 mmolgdichloromethane (10 mL) was
addedp-anisidine (1.2 g, 10 mmol) and Mgs(.0

_~_OCHj

O g) The mixture was stirred for 3h at room
NS

"\f temperature and then filtered through celite. The

@AH filtrate was concentrated under reduced pressure to

give corresponding imine which was recrystalized

from dichloromethane/hexane solution to give celssl needles in 2 g (98%) yield.
'H NMR (500 MHz, CDC}) & 8.7 (s, 1H), 7.53-7.45 (m, 2H), 7.33-7.20 (m, 5618-
6.72 (m, 2H), 3.7 (s, 3H}*C NMR (50MHz, CDC}) § 165.4, 161.8, 145.2, 132.7,
129.4, 126.3, 123.1, 114.0, 55.9.

Benzyl-benzylidene-amine (52)

The title compund was prepared following the same

.Bn

'\f procedure described fdrl, using benzyl amide (1 mmol).

TNH Yield 185mg (95%)H NMR (500MHz, CDC}) & 8.6 (s,
1H) 7.63-7.57 (m, 2H), 7.29-7.20 (m, 5H), 7.14-7.08,
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3H), 4.8 (s, 3H)XC NMR (50MHz, CDC}) 5 163.4, 137.8, 132.7, 129.4, 125.3,
123.1, 59.0.

N-Benzylidene-4-methylbenzenesulfonamide (53
Titanium tetrachloride (1.05 mL, 9.5 mmol)) in ddychloromethane (10 mL) was

added dropwise to a stirred, ice-cooled solution of

NS benzaldehyde (19 mmolp-toluenesulfonamide (19 mmol),
AH and triethylamine (5.76 g, 57 mmol) in dry dichlorethane
@ (40 mL). After the addition was completed, the mnet was

stirred for 30 min. The titanium dioxide was remdviey
suction filtration through celite and washed withichdoromethane (20 mL).
Evaporation of the solvent under reduced pressifioedad a white solid which was
broken up by refluxing in dry diethyl ether (75 nfoy 15 min. The residual trimethyl
amino hydrochloride salt was removed by filtratenmd the filtrate was concentrated
under reduced pressure to afford the crude imingifi€aton by crystallization
(hexane/dichloromethane) affordédas a white solid (3.4 g , 70%); m.p 110-111°C
(Lit 109°C); *"H NMR (500 MHz, CDCY) 6 9.01 (s, 1H), 7.96-7.92 (m, 4H), 7.64 (t,
1H,J = 7.5 Hz), 7.48 (t, 1H) = 7.4 Hz), 7.30 (d, 2H) =8.8 Hz), 2.46 (s, 3H)C
NMR (125 MHz, CDC}) 6 170.0, 144.2, 134.8, 131.2, 130.2, 128.6, 21.0.

P,P-Diphenyl-N-(phenylmethylene)phosphinic amide (50)
The title compund was prepared accordingly Gennigigsl., following the same

procedure described f&3, using diphenylphosphinic amide

_POPh, (2.5 g, 11.5 mmol). Purification o0 was effected by
\ crystallization from a mixture of hexane /dichloretiane.
: Yield 2.1 g (60%); m.p 143-144 °C (li39-140 °C). Al

spectroscopic data matched those described iatlie.

224\, B. Jennings, C. J. Lovelyetrahedron.991 47, 5561-5568.
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Benzylidene-carbamic acid benzyl ester (57)
The title compound was prepared according to tmeige procedure described fidr

Boc aldimines (vide infra) using benzylcarbamate5 (6

_Cb
N mmol) instead oftert-butylcarbamate. Yield 1.5 g (95%);

@H oil; *H NMR (500 MHz, CDC}) & 9.06 (s, 1H) 8.35 (s, 1H),

8.10 (dd, 1HJ =1.9, 9.0 Hz), 7.94 (m, 1H), 7.87 (m, 2H),

7.66-7.56 (m, 2H), 1.62 (s, 9HC NMR (125 MHz, CDG) 6 170.0, 162.8, 136.2,
134.4,132.6, 131.4, 129.3, 128.6, 128.4, 127.6,71224.0, 82.0, 27.8.
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7. 7 aza-Henry reaction

7. 7. 1 General procedure for the asymmetric aza-Hhey reaction with arylimines

Zn(OTf), (30 mol%)
DIPEA (30 mol%)

N (-)-NME (45 mol%)(56) un- G
I +  CHsNO,

Ar)\H MS-44, -20°C, 16-20h Ar)v’\‘oz
50, PG = POPh, 57, PG = POPh,
51, PG = p-CH30CgH, 58, PG = p-CH;0CgH,
52, PG = C¢H,CH, 59, PG = CzH4CH,
53, PG = p'CGH4SOZ 60, PG = p'CGH4SOZ
54, PG = Chz 61, PG = Cbz
55, PG = Boc 62, PG = Boc

Diisopropylethylamine (0.054 mL, 0.3 mmol) was adlddgropwise to a
solution of previously dried Zn(OT£)Y0.109 g, 0.3 mmol) in anhydrous %D, (2
mL) under a nitrogen atmosphere and the mixture stiagd at 25-30 °C for 1h. The
reaction mixture became yellow, and after additb)-(1R, 29-N-methylephedrine
(0.081 g, 0.45 mmol) and MS 4 A (0.1 g), the résglimixture was stirred for an
additional 2 h at the same temperature. The reaatiature was then kept for 10 min
at -20C, and subsequently the corresponding aromatienaiei (1 mmol) was added
and the reaction mixture stirred for 16-18 h att tteanperature. The reaction was
guenched with 0.1M HCI (3 mL), extracted with dimtdmethane (3 x 10 mL), dried
over MgSQ, and concentrated under reduced pressure. Thee gouobluct was
purified by flash column chromatography using ethgétate/hexane mixtures as the

eluant.

Recovery of the aminoalcohol ligand

From the late fractions of the column, part of gR)-N-methylephedrine
was recoveredRecovery of the aminoalcohol ligand that remainedthe acidic
aqueous phase was carried out by drop-wise additican solution of NaOH (20%
w/v) until pH>10. The mixture was extracted with gk, (3 x 10 mL) and the
organic layer was dried over Mg$@nd evaporated to afford additional quantities of
(—)-NME. Combined yield of chemically and opticallyne )-NME recovered

were regularly within the 90-97% range.
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7. 7. 2 Preparation of racemic adducts

Racemic aza-Henry adducts were prepared by treatofi¢he corresponding
aryl aldimine (1 mmol) in nitromethane (solven) 2aL) with diisopropylethylamine
(300 mmol%) at RT for 2-3 hours. Then reaction mmig&twas washed with water,
organic layer was extracted with dichloromethane &, evaporated under reduced

pressure to get the title crude compound which wgesl in next step without further

purification.
\Boc DIPEA (300 mol%) - BO°
)|\ + CH3NO, )\/NOZ
Ar” H rt, 2-3h Ar
rac 62a-n

(R)-N-(2-Nitro-1-phenyl-ethyl)-carbamic acidtert-butyl ester (62a)
The title compound was prepared according to theeigeé procedure starting from
imine 55a(0.20 g, 1 mmol). 0.22 g (81%); white solid; m.p.
L~ BOC 105-106 °C (Li® mp 116-118 °C, 60%e); [a]p>° = — 28.2
L_no, (c=1.0, CHCH); IR (KBr, cm) 3330,2988, 1675, 1550'H
@N NMR (500 MHz, CDC}) & 7.39 (d, 1H, J = 7 Hz), 7.36 (d,
1H,J = 7.5 Hz), 7.32 (d, 2H] = 7.0 Hz), 7.26 (br s, 1H), 5.38
(br s, 1H), 5.29 (br s, 1H), 4.86 (br s, 1H), 4(2LH, J = 4.5 Hz), 1.45 (s, 9H}*C
NMR (125 MHz, CDC}) § 153.8, 136.9, 129.0, 128.5, 126.3, 78.7, 52.7118.
Chiral HPLC (chiralpak IA column; hexane:iPrOH 90; 1.0 mL/min, 220 nm)
Rtngjor = 13.06 min, Riinor =12.27 min, 97%ee Anal. calcd. for GaH1gN2O4

(266.29):C, 58.63; H, 6.81; N, 10.5Found: C, 58.62; H, 6.81; N, 10.53.

(R)-N- (2-Nitro-1-o-tolyl-ethyl)-carbamic acid tert-butyl ester (62b)
The title compound was prepared according to theeigeé procedure starting from
imine 55b (0.22 g, 1 mmol). Yield 0.21 g (75%); white
HC  HN B solid; m.p. 123-125 °C[a]p® = — 47.0 (c 0.5, CHG); IR
NO: (KBr, cm™) 3351, 2945, 1715, 15164 NMR (200 MHz,
CDCl) § 7.23 (br s, 4H), 5.67 (d, 1H,= 5.6 Hz), 5.19 (br
s, 1H), 4.70 (d, 1H) = 5.2 Hz), 2.48 (s, 3H), 1.44 (s, 9H);
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¥C NMR (125MHz, CDGJ) § 154.7, 136.02, 136.0, 131.36, 128.69, 126.86,025.
78.8, 49.5, 28.3, 19.1€hiral HPLC (chiralcel OD column; hexane : iPrOM40:10;
1.0 mL/min 220nm) Rtnajor = 18.37 min ,Rbinor =34.31 min, 99% ee
Anal.calcd.G4H20N204 (280.32): C, 59.99; H, 7.19; N, 9.99. Found C, 3919, 7.18;
N 9.94.

(R)-N- (2-Nitro-1-p-tolyl-ethyl)-carbamic acid tert-butyl ester (62c)
The title compound was prepared according to theeigeé procedure starting from
imine 55c¢ (0.22 g, 1 mmol). Yield 0.25 g (90%); white

_Boc
A . solid; m.p. 99-100 °C;o]p>° = - 30.4 € =1.0, CHC}); IR
NO,
B (KBr, cm*) 3320, 2998, 1698, 15781 NMR (500 MHz,
N
HsC CDCly) & 7.27 (br s, 2H), 7.19 (br s, 2H), 5.33 (br s, 1H),

5.21 (br s, 1H), 4.8 (m, 1H), 4.68 (m, 1H), 2.37 3§l),
1.46 (s, 9H);*C NMR (125 MHz, CDGJ) & 154.7, 138.5, 133.8, 129.7, 126.1, 80.4,
78.8, 52.5, 28.4, 21.@hiral HPLC (chiralpak IA column; hexane:iPrOH 90;11.0
mL/min, 220 nm) Riajor= 12.01 min, Riinor =11.14 min, 92%e (after crystallization
from hexane 94%¢); Anal. calcd. for G4H2:N,O4 (280.32):C, 59.99; H, 7.19; N,
9.99.Found: C, 59.98; H, 7.21; N, 10.00.

(R)-N-[3-Methoxy-phenyl)-2-nitro-ethyl]-carbamic acid tert-butyl ester (62d)
The title compound was prepared according to threeigeé procedure starting from
imine 55d (0.24 g, 1 mmol). Yield 0.237¢80%); White
% solid; m.p 99-108C; [0]p®® = - 22.9 (c = 1.0, acetone)
"2 | NMR (500MHz, CDCY) 5 7.3 (t, 1H,J =7.9 Hz), 6.89-6.82
(m, 3H), 5.3 (d, 1HJ=5.9 Hz), 5.23 (br s,1H), 4.82 (m, 1H),
OCH; 4.68 (dd, 1HJ=5.5, 12.5 Hz), 3.70 (s, 3H), 1.44 (s, 9tfC
NMR (300MHz, CDC}) 6 160.2, 154.7, 138.5, 130.3, 118.3, 112.4, 80.7,7%5.3,
52.8, 28.2; Chiral HPLC (chiralpak IA column; heraPrOH 90:10, 1.0mL/min,
220 nm) (R}t = 23.5 min, (S)t=16 min, 90%ee (after crystallization from hexane,
99% ee); Anal. calcd. For €H20N20s (296.14): C, 56.7; H, 6.8; N, 9.45. Found: C,
57.1; H, 6.8; N, 9.3%.
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(R)-N-[1-(4-Methoxy-phenyl)-2-nitro-ethyl]-carbamic acid tert-butyl ester (62e)
The title compound was prepared according to #m@el procedure starting from
imine 55e(0.24 g, 1 mmol). Yield 0.27 g (91%); white solid;p. 115-116 °C o] o>

= -15.3 € =0.5, CHC}); IR (KBr, cm') 3320, 2945, 1689, 1548H NMR (500

B0 MHz, CDCh) & 7.23 (d, 2H,J =8.5 Hz), 6.89 (d, 2HJ

I no, | =8.6 Hz), 5.29 (br s, 1H), 4.84 (br s, 1H), 5.65 (H),

@N 4.47 (m, 1H), 3.8 (s, 3H), 1.44 (s, 9HJC NMR (125
o 62e MHz, CDCk) & 159.6, 154.2, 127.5, 114.4, 81.5, 78.8,

55.1, 28.1; Chiral HPLC (chiralpak 1A column;
hexane:iPrOH 90:10; 0.8 mL/min 220nm)nR&4 = 19.88 min, Riinor =17.98 min,
91%ee Anal. calcd. for G4H20N20s (296.32):C, 56.75; H, 6.80; N, 9.4%.0und: C,
56.73; H, 6.82; N, 9.45.

(R)-N-[1-(4-Chloro-phenyl)-2-nitro-ethyl]-carbamic acid tert-butyl ester (62f)
The title compound was prepared according to theeigeé procedure starting from
imine 55f (0.24 g, 1 mmol). Yield 0.29 g (97%); white
H 2% solid; m.p. 121-123 °Cp5? = — 25.0 € =0.5, CHCY): IR
Q/'V no: (KBr, cm™) 3368, 2956, 1704, 15481 NMR (500 MHz,
Cl CDCls) 6 7.40 (d, 2HJ = 1.5 Hz), 7.37 (br s, 1H), 7.30 (br
s, 2H), 5.43 (m, 1H), 4.85 (m, 1H), 4.74 (m, 1HB8H(m,
1H), 1.48 (s, 9H)**C NMR (50 MHz, CDGJ) 5 154.8, 135.5, 134.7, 129.4, 127.9,
81.0, 78.8, 52.3, 28.3; Chiral HPLC (chiralpak I&lumn; hexane:iPrOH 90:10; 1.0
mL/min, 220 nm) Riajor= 15.54 min, Rfinor = 11.8 min, 96% (after crystallization
from hexane 98%8¢); Anal. calcd. for G3H17CIN,O,4 (300.75):C, 59.92; H, 5.70; N,
9.30.Found: C, 59.94; H, 5.68; N, 9.32.

(R)-N-[2-Nitro-1-(4-trifluoromethyl-phenyl)-ethyl]-carba mic acid tert-butyl ester
(629)

The title compound was prepared according to theeigeé procedure starting from
imine 55¢g (0.27 g, 1 mmol). Yield 0.33 g (98%); white so(ethyl acetate/hexane);
m.p. 121-123 °Cfa]p?® = -13.2 (c=1.0, acetone)R (KBr, cm’) 3368, 2896, 1658,
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1540;'H NMR (500 MHz, CDGJ) & 7.65 (d, 2H,) =8.2 Hz), 7.45 (d, 2H] = 8.1 Hz),
5.5 (br s,1H), 5.45 (br s, 1H), 4.87 (m, 1H), 4(@8 1H),
HN 1.44 (s, 9H);®*C NMR (125 MHz, CDGJ) § 154.7, 141.0,
/@JVNOZ 126.8, 126.4, 126.2, 81.1, 78.6, 52.3, 28.2; CHHRILC
FsC (chiralpak AD column; hexane:iPrOH 90:10; 1.0 mldm
220nm) Rfajor = 16.59 min, Riinor =13.32 min, 92%ee

(after crystallization from hexane 94&®; Anal. calcd. for GsH17F3N,O4 (334.11):
C,50.3; H, 5.1; N, 8.4. Foun@, 50.8; H, 5.3; N, 8.0.

(R)-N-2-Nitro-1-(3-nitro-phenyl)-ethyl-carbamic acid tert-butyl ester (62h)
The title compound was prepared according to theeigeé procedure starting from
imine 55h (0.25 g, 1 mmol). Yield 0.18 g (59%); white

HN/BO;OZ solid; m.p. 134-135 °C a]p®® = - 29.2 € = 1.0, acetone)
@Jw (Lit. m.p: 140-142°C, 95%8¢); IR (KBr, cmi*) 3346, 2899,
’LOZ 1670, 1560;H NMR (500 MHz, CDGJ) & 8.23-8.21 (m,
2H), 7.70 (d, 2HJ = 7.8 Hz), 7.60 (dd, 1H] = 7.8, 8.5

Hz), 5.60 (d, 1H,J =7.5 Hz), 5.48 (d, 1HJ =5.4 Hz), 4.89 (m, 1H), 4.80 (dd, 18I,
=13.3, 4.3 Hz), 1.46 (s, 9H}*C NMR (125 MHz, CDGJ) § 154.2, 148.3, 139.5,
132.5, 130.8, 123.5, 121.6, 81.5, 78.4, 52.4, Z8ral HPLC (chiralpak IA column;
hexane:iPrOH 90:10; 1.0 mL/min, 220nmhR&d: = 44.12 min , Riinor = 28.25 min,

90% ee (92% ee after crystallization from hexane)Anal. calcd. for GsH;7N3Oe
(311.29):C, 50.16; H, 5.50; N, 13.560und: C, 50.16; H, 5.51; N, 13.50.

(R)-N-2-Nitro-1-(4-nitro-phenyl)-ethyl-carbamic acid tert-butyl ester (62i)

The title compound was prepared according to theeigeé procedure starting from

imine 55i (0.25 g, 1 mmol). Yield 0.20 g (65%); yellow
- BOC solid; m.p. 133-134 °C o]p® = -16.5 €=1.0, acetone)

NO, | (Lit.® m.p. 132-134 °C, 82%8; IR (KBr, cm*) 3323,

OZNO/Z 2978, 2798, 1709, 15681 NMR (500 MHz, CDCJ) &

8.30 (d, 2HJ = 8.5 Hz), 7.54 (d, 2H]= 8.5 Hz,), 5.55

(br s, 1H), 5.43 (br s, 1H), 4.89 (m, 1H), 4.76,(tH, J =13.0, 4.3 Hz), 1.43 (s, 9H);
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¥C NMR (125 MHz, CDG)) & 148.2, 144.3, 127.0, 124.5, 81.5, 78.4, 52.7,;28.3
Chiral HPLC (chiralpak IA column; hexane:iPrOH 90; 1.0 mL/min, 220nm)
Rtnajor= 46.5 min, Rbinor = 21.27 min, 87% e Anal. calcd. for GsH;7Nz0s (311.29):

C, 50.16; H, 5.50; N, 13.560und: C, 50.17; H, 5.50; N, 13.49.

(R)-N-4-(1-tert-Butoxycarbonylamino-2-nitro-ethyl)-benzac acid methyl ester
(62))

The title compound was prepared according to theeigeé procedure starting from
imine 55j (263 mg, 1mmol). Yield 205 mg (78%yhite solid; m.p 166-168C (ethyl
acetate/hexane]p]p®® = - 28.6 (c=0.5, CHG); IR ( KBr, cm*) 3220, 2941, 1682,
1670, 1548H NMR (500 MHz, CDCJ) & 8.06 (d, 2H,J

= 8.0 Hz), 7.4 (d, 2H) = 8.5 Hz), 5.4 (br s, 2H), 4.86 (br

_Boc
HN
/(Ty\/NOZ s, 1H), 4.74 (d, 1HJ = 12.5 Hz), 3.92 (s, 3H), 1.45 (s,
|
MeO,C~ 7 62i

9H); **C NMR (125 MHz, CDG)) § 166.7, 155.1, 142.3,
130.9, 130.8, 126.8, 81.4, 78.9, 52.6, 2&Ahiral HPLC
(chiralpak IA column; hexane:iPrOH 90:10; 1.0 mid220nm) Riajor= 24.06 min,
Rtminor = 18.05 min, 94%ee; Anal. calcd. fogs8,0N206 (324.13): C, 55.55; H, 6.22;
N, 8.64. Found: C, 55.53; H, 6.21; N, 8.62.

(R)-N- (1-Naphthalen-1-yl-2-nitro-ethyl)-carbamic acidtert-butyl ester (62k)
The title compound was prepared according to threeigeé procedure starting from
 Boc imine 55k (0.25 g, 1 mmol). Yield 0.15 g (95%\hite
‘ HY vo, | S0id:m.p. 153-154 °Clo] p®=.11.6 €=0.5, CHCY);
O IR (KBr, cmi') 3360, 2917, 1709, 15484 NMR (200
MHz, CDCk) 6 8.15 (d, 1H,J =8.2 Hz), 7.9-7.85 (m,
2H), 7.68-7.53 (m, 2H), 7.48 (d, 2H,=5 Hz), 6.32 (m,
1H), 5.43 (d, 1H,) =7.8 Hz), 4.90 (d, 2H) =5.8 Hz), 1.46 (s, 9H)*C NMR (50
MHz, CDCk) 6 154.8, 134.1, 132.6, 130.3, 129.6, 129.3, 127.8,412125.3, 123.3,
122.2, 80.8, 78.4, 49.3, 28.3; Chiral HPLC (chiakplA column; hexane:iPrOH
90:10; 1.0 mL/min, 220nm) Rfjor = 19.28 min, Rfinor =13.58 min, 94%ee (after
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crystallization from hexane, 98%¢); Anal. calcd. for G/H2oN.O, (316.35):C,
65.54; H, 6.37; N, 8.86-ound: C, 65.49; H, 6.36; N, 8.86.

(R)-N- (1-Naphthalen-2-yl-2-nitro-ethyl)-carbamic acidtert-butyl ester (62l)
The title compound was prepared according to theeigeé procedure starting from
_Boc imine 551 (0.25 g, 1 mmol). Yield 0.24 g (70%hite solid;
H'LNOZ m.p 141-143 °C[o]o® = -46.8 € = 0.5, CHC); IR (KB,
cm’) 3348, 2970, 1728, 14981 NMR (200 MHz, CDCJ)
8 7.92 (s, 1H), 7.88-7.79 (m, 2H), 7.56-7.44 (m, 2HA}0
(d, 1H,J = 4 Hz), 5.56 (m, 1H), 5.53 (br s, 1H), 4.96-4.84 @H), 1.48 (s, 9H)**C
NMR (125 MHz, CDC}) ¢ 155.0, 134.3, 133.3, 133.2, 129.3, 128.1, 12728,8
126.7, 125.7, 123.9, 80.8, 78.9, 53.1, 28 %iral HPLC (chiralcel OD column;
hexane:iPrOH;80:20; 1.0 mL/min, 220nm) Rijor= 46.78 min, Rfinor = 35.38 min,
93%ee Anal. calcd. for GH20N2O4 (316.35):C, 65.54; H, 6.37; N, 8.86.ound: C,
65.55; H, 6.38; N, 8.87.

(R)-N- (1-Furan-2-yl-2-nitro-ethyl)-carbamic acid tert-butyl ester (62n)
The title compound was prepared according to theeigeé procedure starting from
imine 55n (0.2 g, 1 mmol). Yield 0.25 g (96%); white
o NO, solid; IR (KBr, cm') 3323, 2978, 2798, 1709, 1568;
(\_/Y 'HNMR (500 MHz, CDC}) § 7.2. (d, 1H,J = 8.5 Hz),
6.26-6.06 (m, 2H), 5.55 (br s,1H), 5.43 (br s, 1489
(m, 1H), 4.76 (dd, 1H) =13.0, 4.3 Hz), 1.43 (s, 9HYC NMR (125 MHz, CDGJ) &
160, 140.2, 110.3, 105.0, 81.5, 78.4, 50.7, 28BraCHPLC (chiralpak OD column;
hexane:iPrOH85:15; 1.0 mL/min, 220nm) Rijor= 26.5 min, Réinor =33.8 min, 66%
ee Anal. calcd. forCyiiH1gN20s (256.26): C, 51.56; H, 6.29; N, 10.93. Found: C,
51.17; H, 6.50; N, 11.

. Boc
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(R)-N- [1-(3,5-Dichloro-4-methoxy-phenyl)-2-nitro-ethyl}carbamic acid tert-
butyl ester (62m)

The title compound was prepared according to timeigé procedure starting from the
imine 55m (0.30 g, 1 mmol). Yield).24 g (66%);

- Bo° white solid; m.p. 153-155 °Co]p?® = — 24.2 (c, 0.5,

cl NOz2 | CHCL): IR ( KBr, cmi®) 3248, 2900, 1704, 1445
HaCO NMR (500 MHz, CDCY) & 7.27 (s, 2H), 5.6 (br s,
cl 1H), 5.3 (br s, 1H), 4.7 (m, 2H), 3.8 (s, 3H),144

9H); *C NMR (125 MHz, CDG) & 154.8, 152.4, 134.7, 130.16, 127.04, 126.59,
81.2, 80.95, 60.85, 28.8hiral HPLC (chiralcel OD column; hexane : iPrOBQ:10;

1.0 mL/min 220nm) Rdajor = 10.5 min ,Rtinor =8.29 min, 87%ee (after single
crystallization from ethylacetate/hexane, 98%; Analysis calc. for €H1sCIoN2Os
(365.21): C, 46.04; H, 4.97; N, 7.67. Found: C0461, 4.99; N 7.68.

(R)-N- (2-Nitro-1-phenyl-ethyl)- P,P-Diphenyl- phosphinic amide (57)
The title compound was prepared according to timeigé procedure starting from the

imine 50 (0.30 g, 1 mmol) at room temperature. Yield >99%
HN/POth conversion.'H NMR (500 MHz, CDCJ) & 7.93-7.67 (m,
NO, 4H), 7.59-7.67 (m, 11H), 4.97-4.77 (m, 3H), 4.3@,(dH,
@/’v J=8.2, 7.3Hz)*C NMR (125 MHz, CDGCJ) § 138.1, 137.9,
132.4, 132.36, 132.3, 131.8, 131.7, 131.3, 1308.11
128.7, 128.6, 128.5, 126.4, 80.8, 80.7, 53.3, 83tzral HPLC (chiralcel OD column;
hexane : iPrOH; 90:10; 1.0 mL/min 220nm),g4:= 10.5 min ,Rfinor =8.29 min, 0%

ee

(R)-N-4-Methyl-N-(2-nitro-1-phenyl-ethyl)-benzenesulfonanide (60)

The title compound was prepared according to theeigeé procedure starting from

imine 53 (0.26 g, 1 mmol). Yield 0.31 g (97%); off-white

solid. m. p 155-157°C*H NMR (500 MHz, CDC}) § 7.65

@JVNOZ (d, 2H, J= 8.3Hz), 7.27-7.24 (m, 5H), 7.10 (d, 2Bi= 8.3
Hz), 5.5 (d, 1HJ = 7.4 Hz), 4.99 (m, 1H), 4.84 (dd, 1H,

J=13.1, 6.6Hz), 4.66 (dd, 1H, J=13.1Hz, 6.34Hz), Z4BH); 30%ee

_tosyl
HN O
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(R)-N- (2-Nitro-1-phenyl-ethyl)-carbamic acid benzyl estr (61)

The title compound was prepared according to threeigeé procedure starting from

imine 54 (0.24 g, 1 mmol). Yield 0.26g (86%\hite solid;

-2 m.p. 67-70 °C[o]p?® = -9.2 € =1.0, CHCH); IR (KBr, cmi

Q&NOZ 1) 3368, 2987, 1704, 15281 NMR (500 MHz, CDGJ) &

7.39-7.31 (m, 10H), 5.9 (d, 1K,= 7.5 Hz), 5.48 (d, 1H]

=6.0 Hz), 5.1 (d, 2HJ =2.0 Hz), 4.88 (br s, 1H), 4.65 (d, 1Bt 8 Hz); **C NMR

(125 MHz, CDCY4) & 151.0, 136.7, 135.9, 129.2, 129.05, 128.7, 12®8,3, 128.1,
126.4, 125.8, 78.5, 67.4, 53.@hiral HPLC (chiralpak IA column; hexane:iPrOH

85:15; 1.0 mL/min, 220nm) Rijor = 23.01 min, Riinor = 17.1min, 82%ee Anal.

calcd. for GgH16N204 (300.35):C, 63.99; H, 5.39; N, 9.3%ound: C, 63.94; H, 5.40;
N, 9.32.

7. 7. 3 Elaboration of the aza-Henry adducts
A) To 1, 2-diamine
(2-Amino-1-phenyl-ethyl)-carbamic acidrt-butyl ester

HN/ Boc HN/ Boc
H,, Pd/C(10mol%)
NO, NH;
CH3O0H, r.t, 20-24h
62a 94% 63a

According to procedure developed by Stanfield amdarkers (Ref. below):
To a solution o62a(0. 27 g, 1 mmol)n methanol (3 mL) was added activated Pd(C)
(10%, 0.027 g) and the mixture was kept under hyeincatmosphere at RT until the
starting material dissapeared. The resulting susperwas filtered through a short
pad of celite, and the solution concentrated uneidguced pressur&he crude product
was purified by flash column chromatography usitig/lkeacetate/hexane mixtures as
the eluant. Yield 0.222 g (94%); Yellow oil;{]o® = - 43.6 € =1.1, CHC}), [Lit.?®
[a]p?® = - 44 € =1.1, CHCh]. '"H NMR (200 MHz, CDCJ) & 7.33-7.29 (m, 5H),

22p_H O'Brien, D. R. Sliskovic, C. J. Blankley, Roth, W. Wilson, K. L. Hamelehle, B. R. Krause,
R. L. Stanfield,J. Med. Chem1994 37, 1810-1822.
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6.10 (br s, 1H), 5.43 (br s, 1H), 4.8 (br s,1HB(M, 2H), 2.01 (s, 1H), 1.44 (s, 9H);
¥C NMR (125 MHz, CDGQJ) § 171.0, 156.1, 139.7, 128.8, 128.5, 127.8, 1268,7

55.3, 45.5, 29.7, 28.3, 23.1; All other spectroscogata were coincident with
published data.

Acetylation :

(2-Acetylamino-1-phenyl-ethyl)-carbamic acidtert-butyl ester (64a)

_Boc -Boc
HN Ac,0, EtsN H';'
'\/NHQ NHAC
©/ CH,Cl,, 1t, 16h
94%
64a

63a

To a solution oN-Boc diamine63a(0.12 g, 0.5 mmol) in dichloromethane
(1 mL) were successively added acetic anhydrid®8(0OmL, 0.7 mmol) and
triethylamine (0.12 mL, 0.8 mmol). The resultindudimn was stirred for 16 h at room
temperature under a nitrogen atmosphere, quenchiedwM HCI (2 mL), extracted
with dichloromethane (3 x 10 mL), dried over Mgs@nd concentrated under
reduced pressure. Purification of the crude prottyctiash column chromatography
using ethyl acetate/hexane mixtures as the eluand recrystallisation from
hexane/dichloromethane afforded the title compob#a Yield 0.13 g (94%); m.p.
180-181 °C;[a]p?° = -49.4 € =1.0, CHCH); *H NMR (200 MHz, CDGJ) & 7.33-7.29
(m, 5H), 6.10 (br s,1H), 5.43 (br s, 1H), 4.8 (brl#sl), 3.60 (m, 2H), 2.01 (s, 1H),
1.44 (s, 9H)C NMR (125 MHz, CDGJ) § 171.0, 156.1, 139.7, 128.8, 128.5, 127.8,
126.4, 79.8, 55.3, 45.5, 29.7, 28.3, 23.1; Chir&LB (chiralpak IA column;
hexane:iPrOH 95:05; 0.5 mL/min, 220nm}&4:= 27.4 min, Rbinor =23.6 min, 97%
ee (>99% ee after washing with hot hexanefnal. calcd. for GsH2:N,O3 (278.35):
C, 64.73; H, 7.97; N, 10.060und: C, 64.73; H, 7.96; N, 10.1.
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B) To Acids and esters

Procedure A

Boc
Boc _Boc -
HN HI}I Hlil
~
©/‘\/N02 - > [ :/ \COOH [ ©/ COOMe
62 oo 65 66

Procedure B

Procedure A.

The method developed by Petrini was empld{?éd:

Nitroderivative62a (1 mmol, 97%ee) dissolved IBUOH(8mL) was treated
with aqueous buffered KOH (0.5 M in KOH and 1.25iMMK,;HPQO,, 6mL) at room
temperature. The mixture was stirred for 5Smins dreh aqueous KMng0.5 M, 2
mL, 4 mmol) was added dropwise mailtaineing the perature below 25°C by
occasional cooling. After cooling at room temperatfor 1h the mixture was cooled
by ice bath and then saturated,8@; (10 mL) was added. The mixture was then
acidified with 2M HCI until pHb5 and then extracted with ethylacetate (4 x 15 mL).
The crude carboxylic aci@5awas dissolved in a mixture of methanol (0.84 mhjl a
benzene (8.4 mL), and the resulting solution wamatéd with trimethylsilyl
diazomethane (2M solution in hexane, 0.5 mL, 1 mrand stirred for 20min at room
temperature. The solution was concentrated undircesl pressure to get compound
N-Bocphenylglycine 66a which was purified by flash column chromatography
(eluent: ethyl acetate/hexane). Yield 65% with 6886

Procedure B:

The method of MioskowsKi’ was employed: A solution of nitro compound
62 (0.67 mmol), sodium nitrite (2.0 mmol), and aceditid (0.4 mL, 10 mmol) in
DMSO (5 mL) was heated at 40°C for 24h. After aoglat RT, 1N HCI (10 mL) was
added and the aqueous phase was extracted witlordictethane, dried over MgSQ0Q

226 Foresti, G. Palmieri, M Petrini, R. Profe@rg. Biomol. Chem2003 1, 4275-4281.
227 ¢, Matt, A. Wagner, C. Mioskowski, Org. Chem1997, 62, 234-235
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and concentrated under reduced pressure. The candexylic acidé5 was dissolved
in a mixture of methanol (0.84 mL) and benzene (8l4, and the resulting solution
was treated with trimethylsilyl diazomethane (2Musion in hexane, 0.5 mL, 1
mmol) and stirred for 20min at RT. The solution wamcentrated under reduced
pressure to get compoure®, which was purified by flash column chromatography

(eluent: ethyl acetate/hexane).

Preparation of racemic samples

Racemic compoun@l6 was prepared from the corresponding racemic adduct

62 according to the general procedure described in B.

.Boc .Boc _Boc
HY " NaNO,, AcOH Al TMSCHN, HIN
2 PN
Ar DMSO, 40°C, 26h Ar~ "COzH MeOH, benzene  Ar”~ “CO,Me
62 65 66

tert-Butoxycarbonylamino-phenyl-acetic acid methylester (66a)
The title compound was prepared following generakcpdureB starting from62a
Boc (266mg, 1 mmol, 97%ee).Yield 212 mg (80%); whitédso
mp-101-103°C; IR (KBr, cif) 2980, 1705, 1680, 1560;
COOCHs  [¢]p® = -104.9 ¢ = 0.65, CHOH) (optical rotation of
authentic material prepared from commercia—(
phenylglycine: §]p®° = + 104.46 ¢ =0.65, CHOH)); *H NMR (200 MHz, CDCJ) &
7.37 (m, 5H), 5.68 (br s, 1H), 5.36 (br s, 1H), &7 3H), 1.46 (s, 9H)'*C NMR
(50MHz, CDC}) 6 171.7, 154.9, 136.9, 128.9, 128.7, 128.5, 1202,&7.7, 52.8,
28.4; Chiral HPLC (Chiralcel OD, hexane:iPrOH, 99:014 tmL/min, 210nm), Riajor
= 21.56min, Rtinor = 26.21min, 97%ee (after one recrystallisation from hot hexane,
ee>99%). [Li*?® m.p. 102-103°C of] p*° = - 105.0° ¢ =1.09, CHOH)].

-~

HN

228 N. Matsunaga, H. Harada, T. Aoyama, T. Shidigterocycle992 33, 235-255.
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tert-Butoxycarbonylamino-o-tolyl-acetic acid methylester (66b)

The title compound was prepared following generalcedureB starting from62b
(69 mg, 0.25 mmol, 99%eeyield: (45 mg, 75%), IR
(KBr, cm-1) 2970, 1710, 1685,1530'H NMR
(500MHz, CDC}) 6 7.36-7.15 (m, 4H), 5.65(d, 1H,
=15Hz), 5.4 (d, 1H, J=15Hz), 3.75 (s, 3H), 2.343(4),
1.44 (s, 9H);®*C NMR (125 MHz, CDG) & 171.4,
156.1, 137.6, 134.4, 128.8, 127.2, 80.2, 57.7, ,5287, 21.5. Chiral HPLC
(chiralpak IA column; hexane : iPrOH 98:02; 0.5/min 220nm) Rtajor= 22.54 min
,Rtminor = 26.08 min, 99%ee.

Boc
CHgHN™

COOCH,4

tert-Butoxycarbonylamino-p-tolyl-acetic acid methyl ester (66c¢)

The title compound was prepared following gen@ralcedureB starting from62c
5 (69mg, 0.25mmol, 92%eegyield: (39mg, 65%),IR

_Boc

H;l (KBr, cm-1) 2980, 1705, 1680, 1568 NMR

/@Acoocm (500MHz, CDC}) 5 7.36-7.15 (m, 4H), 5.55 (d, 1H,
J = 13.5Hz), 5.3 (d, 1HJ = 17Hz), 3.72 (s, 3H),

2.34 (s, 3H), 1.44 (s, 9H)*C NMR (125MHz,

CDCls) 5 172.2, 155.2, 138.6, 134.4, 129.8, 127.2, 80.%,52.8, 28.7, 21.5Chiral

HPLC (chiralpak 1A column; hexane:iPrOH 98:02; Gri./min 220nm) Rfajor =
29.57 min, Rtinor = 27.42 min, 93% ee.

tert-Butoxycarbonylamino-(3,5-dichloro-4-methoxy-plenyl)-acetic acid methyl
ester (66m)
The title compound was prepared following gengracedureB starting from62m

(70 mg, 0.19 mmol, 95%ee).Yield 50 mg, 729
o BOC NMR (500 MHz, CDC}) 8 7.24 (s, 2H), 5.59 (br s,
cl 1H), 5.16 (br s, 1H), 3.71 (s, 3H), 3.65 (s, 3HXOL(s,
COOCH;Z 13
9H); °C NMR (125MHz, CDGJ)) & 173.7, 162.2,
157.9, , 134.6, 129.7, 127.2, 80.2, 59.7, 53.12 38.4.
Chiral HPLC ( Chiralcel OD, hexane: iPrOH, 99:014 0

HzCO

Cl

mL/min 220nm), 30%ee.
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7. 8 Mannich reaction

7. 8. 1 Preparation of organocatalysts
(According to the described method by Shioiri andorkersy?°

=
N+
HO ; — 79 R = 9-methylanthracene, X = Cl
R X 80 R=CHg, X =1
0 X 81 R = p-NO,-CgHy, X = Br
P 82 R = p-CF3-CgH,, X =Br
N
= =
RX
HO N HO N<
o toluene, reflux R _
- X 24-40h 0 X X
—
N N/

A mixture of quinine (3.24 g, 10 mmol) and theresponding benzyl halide
(20 mmol) in THF (40 mL) was refluxed. The precpéd solid was filtered, washed

with benzene and recrystallised from methanol ve ¢ine pure compound.

The compound thus obtained showed identical physiad spectroscopic
data that publishe@®

229(3) S. Arai, H. Tsuge, M. Oku, M. Miura, T. ShipiTetrahedron2002 58, 1623-1630.

230 (a) T. Perrard, J.-C. Plaquevent, J.-R. Desnirsiebrault,Org. Lett200Q 2, 2959-2962; (b)
B.lygo, P. G. WainwrightTetrahedron Lett1998 39, 1599-1602; (c) T. Ooi, M. Kameda, k. Maruoka,
J. Am. Chem. So2003 125 5139-5155.
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7. 8. 2 General procedures for asymmetric Mannicheaaction

Procedure A:

N~ BOC Zn(OTf),:DIPEA:(-)NME N~ Boc
I _COOR (1:1:1.5), (30mol%), COOR
H + Hzc\
COOR  CH,Cl,, -30°C,15-20h COOR
55a 67, R =Me 70, R=Me
68, R =Bn 71, R=Bn
69, R='Bu 72, R="8u

Diisopropylethylamine (0.054 mL, 0.3 mmol) was adlddropwise to a
solution of previously dried Zn(OT£)(0.109 g, 0.3 mmol) and dialkyl malonate (3
mmol) in anhydrous C§Cl, (2 mL) under a nitrogen atmosphere and the mixuas
stirred at 25-30 °C for 1h. The reaction mixturéemfaddition of (-)-(R, 29-N-
methylephedrine (0.081 g, 0.45 mmol), the resultmixture was stirred for an
additional 2 h at the same temperature. The reaatiature was then kept for 10 min
at -30C, and subsequently the corresponding aromatienaiei (1 mmol) was added
and the reaction mixture stirred for 16-20 h att tteemperature. The reaction was
guenched with 0.1M HCI (3 mL), extracted with dimtdmethane (3 x 10 mL), dried
over MgSQ, and concentrated under reduced pressure. ReaCtomersion was
determined by NMR and the crude product was useddaetermination.

The compound thus obtained showed identical spgmdmc data than that
published’®*

2313, Song, Y. Wang, L. Dend, Am. Chem. So2006 128 6048-6049.
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Procedure B:

-Boc _Boc
| COOR Cat. 73-76 (10mol% i)
Hot RC at. 73-76 (10mol%) COOR
COOR
CH,Cl, Loor
-30°C,15-20h

67, R=M 70, R =Me

55a 68 R-Br 71, R=Bn

69, R =tBu 72, R=tBu

73 R=H, cinchonine 75 R=H, cinchonidine
74 R=0OCHg,Quinidine 76 R=0OCHs,Quinine

To a solution of the corresponding dialkyl malonaie malononitrile
compound (300 mmol%) in dichloromethane (2 mL) uradaitrogen atmosphere was
added cinchona alkaloid catalyst (10 mol %) andestiat 25-30 °C for 30min. The
reaction mixture was then kept for 20 min at -308@g subsequently imirgba was
added and the reaction mixture stirred for 40-4& Ithat temperature. The reaction
was quenched with 0.1M HCI (3 mL), extracted witbhtbromethane (3 x 15 mL),
dried over MgS@ and concentrated under reduced pressure. Redctamersion
was determined by NMR and ee was determined oarthde product using a chirlpak

IA column.
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Procedure C:

_PG -PG
HN Cat.78-82 (12 mol%) HN
_COOMe CsOH,H,0 (120 mol%) COOR
SOPh + H,C_
COOMe toluene, -40°C, 48h COOR
83 PG = Boc 67 gg Eg = ggc
84 PG = Chz PG T z
85PG =Ts =Is
7
Nt 78 R = benzyl, X =ClI
HO ] — 79 R = 9-methylanthracene, X = Cl
o X 80R=CHs X=I
-~ X 81R= p-NOz-C6H4, X =Br
P 82 R = p-CF3-CgH,, X = Br
N

To a solution of the corresponding dialkyl malonateactive methylene
compounds (3 mmol) in anhydrous toluene (3 mL) wradeitrogen atmosphere was
added the correspondiraramido sulfone (1mmol) and the corresponding cataly
(78-82 (12 mol %) and stirred at 25-30 °C for 30min. Thaction mixture was then
kept for 20 min at -4€, and subsequently base CsOHOH120 mmol%) was added
and the reaction mixture stirred for 40-48 h at°@@mperature. The reaction was
guenched with 0.1M HCI (3 mL), extracted with dimtdmethane (3 x 15 mL), dried
over MgSQ, and concentrated under reduced pressure. ReaCtomersion was
determined by NMR and ee was determined on theegpuoduct using a chirlpak IA

column.

2-(tert-Butoxycarbonylamino-phenyl-methyl)-malonic acid dimethyl ester(70)

The title compound was obtained using general phoce

Hn-BOC B. Conversion >99%. Chiral HPLC (Chiralpak IA colam

©)\(COOMG iPrOH:hexane 30:70; 0.6 mL/min, 210 nm,=Rt9.9 min,
70 COOMe Rt =16.5 min, ee 79%.
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2-(tert-Butoxycarbonylamino-phenyl-methyl)-malonic acid dibenzyl ester(71)

_Boc

HN

ot

COO0OBn

COOBn

71

The title compound was obtained using general phoee
B. Conversion >94%.Chiral HPLC (Chiralpak IA column
iPrOH:hexane 20:80; 0.6 mL/min, 210 nm, Rt34.06
min, Rt =41.05 min, ee 89%.

2-(tert-Butoxycarbonylamino-phenyl-methyl)-malonic acid ditertbutyl ester (72)

The title compound was obtained using general phoee
A. Conversion >95%.Chiral HPLC (Chiralpak IA column
iPrOH:hexane 20:80; 0.5 mL/min, 210 nm,=Rt4.8 min,
Rt = 24.89 min, ee 72%

2-[Phenyl-(toluene-4-sulfonylamino)-methyl]-malonicacid dimethyl ester(77)

HN

7

Ts
COOCH4]

COOCH,

The title compound was obtained using general phaee
C. Conversion >99%.Chiral HPLC (Chiralpak IA column
iPrOH:hexane 10:90; 0.5 mL/min, 210 nm,=R49.6 min,
Rt = 55.8 min, ee 41%.

2-(Benzyloxycarbonylamino-phenyl-methyl)-malonic ail dimethyl ester (86)

HN

-

86

_.Cbz
COOCH;4

COOCH;

The title compound was obtained using general phoee
B. Conversion 60%.Chiral HPLC (Chiralpak IA column;
iPrOH:hexane 25:75; 1.0 mL/min, 210 nm,=Rt9.8 min,
Rt = 28.59 min, ee 0%.

(2,2-Dicyano-1-phenyl-ethyl)-carbamic acid tert-buyl ester (88)

The title compound was obtained using general phoee
C. Conversion >99%.Chiral HPLC (Chiralcel OD column
iPrOH:hexane 10:90; 1.0 mL/min, 210 nm,=Rt8.1 min,
Rt = 35.8min, ee 35%.
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O NHCbz
HO
H NMR
13g
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(@) II\IHCbz
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'H NMR
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(@) II\IHCbZ
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MeO
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'H NMR
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IH NMR
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'H NMR
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1
H NMR
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Apendix Il 237
Chiralpak AS, 96:4 (hexane:iPrOH), 0.5mL/misr210nm
k . : i Area
Peak RetTime Type Width Area Height
» i min]  [mAU*s] (mAU] %
o NHCbz __ﬁ_l_fli\i?.]_ﬂ-_-_‘_.g _____ |~mmmmmm | === S i
HO 1.47286e4  126.56786 97.6234
1 17.146 MM 1.9395
13a 2 24.624 MM 1.7084 358.55582  3.49790  2.3766
! |
|
4
] \
Chiralpak AS, 95:5 (hexane:iPrOH), 0.8mL/mix210nm
Peak RetTime Type Width Area Height Area
O ’I\‘HCbZ #  [min] [min]  [mAU*s] [mAU] g
Ho%Q\APh o |- meeme |=memmmeee | mmemmnee R |
1 25.436 MM 2.9519 1.66433e4 93.96838 98,1968
13b 2 34,205 MM 2.3225 305.61594 2.19311  1.8032




Apendix Il 238

Chiralpak AS, 96:4 (hexane:iPrOH), 0.5mL/misr210nm

Peak RetTime Type Width Area Height Area
O  NHCbz # I[nin] (min]  [mAU*s] [mAU] %
HO N e === = o R — o |
1 17.694 MM 2,6588 7477,41455 46.87159 95,8491
2 27.873 MM 2.8419 323,82446  1.89910  4.1509
rac-13c
P
i

Chiralpak AS, 96:4 (hexane:iPrOH), 0.5mL/misr210nm

O

13d

NHCbz

Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] %
= |- e [rmmmmmmm— [===mmmm——— [-===mmm- \
1 15,125 M 2.0383 1.15045e4  94.06971 97.5042
2 22,408 MM 2.2875 294,47495  2,14552  2,4958




Apendix Il

239

Chiralpak AS, 95:5 (hexane:iPrOH), 0.8mL/misr210nm

Peak RetTime Type Width Area Height Area
O  NHCbz #  [min] [min]  [mAU*s] [mAU] %
HO aalleSSann === s e e |
1 16,336 MM 1.8388 9658.24414 87.54135 98,9665
2 20,693 MM 1.2916 100.85738 1,30144  1.0335
13e
( |
3 |
\
E |
\ \
] | L
B I
W 3 ‘ \\
I
- ! &
Chiralpak AS, 96:4 (hexane:iPrOH), 0.8mL/misx210nm
Retention o .
(0] II\IHCbZ Time (min) Area % Area | Height
HO._
/ O 34,809 | 12977659 97,00 | 127364
13f 42,425 400944 3,00 4480
! \\
|
[\
M // \‘\
/\\/ ’
M . J N
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240

Chiralpak AS, 96:4 (hexane:iPrOH), 0.8mL/misr210nm

Retention o,
o NHCbz Time (min) Area Yo Area Height
HO 17,076 | 24005579 96,92 | 235024
.
21,067 763498 3.08 7900
139
!"ﬁ‘:
I !‘ \‘\
I F\
\ | \
\ /’ \
A\ / A
\
{\\ \ /\
- 7}\,,,,J N — , - o o
Chiralcel OD, 90:10 (hexane:iPrOH), 0.5mL/mir220nm
Retention )
Time (min) Area %% Area Height
(0] NHBoc
HO 11,615 631146 4,90 24219
Ph 13,110 12250728 95,10 4007 90
14b
'ﬂ; |
!’: |
|
i
|
I
A~ )\ \ - )




Apendix Il 241

Chiralpak AD, 97:3 (hexane:iPrOH), 0.5mL/mkx220nm

Retentlc?n Area % Area | Height
O  NHBoc Time (min)
HO 26,750 | 104631 1,78 | 1436
30,046 | 5785131 98,22 | 45163
1l4c N
[\
[\
/A
o\
A i\
I ;o\
i / \
I\ / \
1 / \
| / \
J\ ) N
[\ \

Chiralpak AD, 96:4 (hexane:iPrOH), 0.5mL/mi%210nm

O  NHBoc Peak Ret’lfime Type Width Area Height Area
| # [min) (min]  [mAU*s] (mAU] %

Bl Rt |======mm |====mmem e |===mmmmme |==m=mme I

j\ 1 19,089 MM 1.5875 242.23987  2.54318 1.9252

14d 2 22,223 2.5295 1,23404e4  81.30984 98.0748

50
o
s

\
\
\




Apendix Il 242

Chiralpak AD, 95:5 (hexane:iPrOH), 0.5mL/mkx210nm

Peak RetTime Type Width Area Height Area
# [min] [min]  [mAU*s] (mAU] %
O  NHBoc ey e | === |==mmmmme- |===mmmee I
HO_ 1 17.245MM  1.7430 668.27991  6.39004  4.4651
/ O 2 22,334 VW 1.6275 1.42985e4  104,03514 95,5349
14f

Chiralpak AS, 96:4 (hexane:iPrOH), 0.8mL/misr220nm

(0] NHCO,Et Peak RetTime Type Width Brea Height Area

HO #  [min] (min]  [mAU*s] [mAU] %
?%V T [ et et mmmeeneee |emmeee |
1 21.923MM  2.6171 2.50359ed4  159.43698 98.0971

16b 2 30.610 MM 2.1385 485.65616 3.78506  1.9029




Apendix Il 243

Chiralcel AD, 96:4 (hexane:iPrOH), 0.5mL/mits210nm

O NHCbz Peak RetTime Type Width Area Height Area
el e G §
1 16,437 MM 0.5841 1704,13281  48.62803  2.2017
23d 2 17.562 MM 0.9636 7.56983e4 1309,35278 97.7983
] |
r
3 |
|

Chiralpak AD, 96:4 (hexane:iPrOH), 0.5mL/mkx210nm

Peak RetTime Type Width Area Height Area

9 NHBoc 4 [nin] min]  [WAU*s]  [mAU] 3
MeO ::]\\\ Rl e e | === | ===mmmmmee |===mmmm-
1 18.927MM  1.8223 528,91943  4.83756 3.2768
54 2 22,097 MM 2,7113 1,561254  95.97194 96.7232




Apendix Il 244

CHIRALPAK 1A, 90:10(hexane:iPrOH),1.0mL/miA=210nm

HN”BOC Processed Channel Descr.: 210
Processed ar -
N02 Channel Descr. RT Area Yo Area | Height
1| 210 12,289 279398 1,38 16639
62_& 2| 210 13,055 | 19985916 95,62 | 720943
1500,00
o
~
~
1000,00 S
2
<
500,001 3
(o))
-
-
0,00 -
L L 5 L L
10,50 11,00 11,50 12,00 12,50 13,00 13,50 14,00 14,50
Minutes
1000,0 S
800,00 § §
- N
600,00 -
2
400,00
200,00
0,007 ANAY
A S
1060 10,80 11,00 11,20 11,40 11,60 11,80 12,00 1220 12,40 12,60 12,80 13,00 13,20 13,40 13,60 13,80 14,00 14,20 14,40 14,60

Minutes

CHIRALPAK 1A, 90:10(hexane: iPrOH), 1.0mL/mikz220nm (alter column
chromatography)

Processed Channel Descr.: 220

_Boc
H'}' Processed RT Area | % Area| Height
_NO; Channel Descr.
/@/ 11220 11,137 066445 402 55398
HaC 21220 12,008 | 23067898 95,98 | 1035187
62c
1000,00 o
800,007 §
5 600,00 -
<
400,00 5
200,00 =]
0,0 \/4_"\/\

T
9,60 9,80 10,00 1020 10,40 10,60 10,80 11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00 13,20 13,40 13,60 13,80
Minutes

1000,007

800,00

11,087
11,998

600,00

AU

400,007

200,00

0,01

L T T T T o T I T T e L B B T T L B B L B B L B
9,60 9,80 10,00 10,20 10,40 10,60 10,80 11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00 13,20 13,40 13,60
Minutes
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Chiralpak 1A 90:10 hex : iPrOH, 90:10, 1.0mL/min

_Boc Processed Channel Descr.: @210nm
HN
Processad B .
NO, Channal Descr T Arsa % Area | Height
1| @210nm 18,232 | 1805502 | 517 65548
2 [ @210nm 23818 | 34075887 | 04,82 | 713200
62d @ *
OMe
600,00 0
;oo
= PN
250.00] 8
)
5 150,00

Chiralpak 1A, hexane:iPrOH (90:10), 0.8 mL/mix210nm

HN/Boc Processed Channel Descr.: 210
Processed o ;
~_-NO, Channel Descr RT Area ‘o Area | Height
1| 210 18,559 60926 417 | 2216
H3CO 2| 210 20,682 | 1401338 | 95,83 | 33674
62e
40,007
2 20,00 §
0,001 =)
I
-20,00- T —

— T — T T T T T T T T T
16,50 17,00 17,50 18,00 18,50 19,00 19,50 20,00 20,50 21,00 21,50 22,00 22,50 23,00
Minutes

400,007

17,904

AU
;
fzc 107

200,00

0,007

———T
15,00 15,50 16,00 16,50 17,00 17,50 18,00 18,50 19,00 19,50 20,00 20,50 21,00 21,50 22,00 22,50 23,00
Minutes




Apendix Il 246

CHIRALPAK IA, 90:10(hexane:iPrOH),1.0mL/min=220nm (after crystallization
99%, before 96%)

Processed Channel Descr.: 220

B Processed a _
HN oC Channel Descr RT Area e Area Height
N02 1220 11,823 269660 0,53 14349
2| 220 15,544 | 50917060 99 47 | 1551381
62f
1500,001 A
<
)
n
1000,007 B
2
<
500,007 Q
@
b
O'O‘\““\“‘\"“\“"\““\““\““\““\““\““
9,00 10,00 11,00 12,00 13,00 14,00 15,00 16,00 17,00 18,00 19,00
Minutes
400,00-
2
200,00
0,00
9,00 10,00 11,00 12,00 13,00 14,00 15,00 16,00 17:00 18,00 10,00
Minutes

Chiralpak 1A 90:10 hex : iPrOH, 90:10, 1.0mL/min

F3C

HN

629

_Boc

NO,

Processed Channel Descr.: @210nm
Processed
Channel Desecr.

1 | @210nm 14,311 | 23708055 55,29 | B11628

HT Area % Arsa | Height

ra

@210nm 228570 1172288 4,71 | 20828

2000,00]
1800.004
1600.005
1400.005
1200.00]

§ 1000.007

800,007
00,00
400,007

200,004

0,004

~—

©.00

1000

11700

12l00 13l00 14l00 15l00 16.00 1700 18]00

160,00
140,00
120,00
100,007

g sow00]

60,00
40,00
20,00

0,00

-20,00

Eravg

10l00

11l00

12700 13l00 1400 1500 1600 17.00 18l00 190/00
Minutes



Apendix Il

Chiralpak 1A 90:10 hex : iPrOH, 90:10, 1.0mL/min

247

HN/Boc Processed Channel Descr.: @210nm

| Frocessed .
~_NO Channe! Descr. al Area | % Area | Height
1[ @210nm 28599 | 1636863 | 4,09 30477
NO, 62h 2| @210nm 44439 | 31137261 | 95,01 | 374534

o]
o]
] g

§ 200.009

200,00

so000] g
I R N

22,00

24,00 26,00 28,00 30,00 32,00 34,00 36,00 38,00 40,00 42,00 44,00 46,00 48,00 50,00 52,00 54,00

Minutes

CHIRALPAK IA, 90:10(hexane:iPrOH),1.0mL/miia=220nm

Processed Channel Descr.: 220
.Boc
HN Chzrr?ncslsgzgcr RT Area | % Area | Height
NO '
/@J\/ 2 220 21274 | 287350 6,56 G273
O.N ) 2| 220 46,507 | 4058032 [ 9345 | 38416
2 62i
150,007
100,00 ~
50,00 a <
o,ongﬁ_\’_/_ /!

TS B e T L I e T LTS L B L T I e S
16,00 18,00 20,00 22,00 24,00 26,00 2800 30,00 32,00 34,00 36,00 3800 40,00 4200 44,00 46,00 4800 5000 52,00
Minutes

— T T T T T T T T T T T T T T T T
18,00 20,00 22,00 24,00 26,00 2800 30,00 32,00 34,00 36,00 3800 40,00 42,00 44,00 46,00 48,00 50,00 52,00 54,00 56,00
Minutes



Apendix Il 248
CHIRALPAK IA, 90:10(hexane:iPrOH),1.0mL/mii=220nm
Hn-BOC Processed Channel Descr.: @210nm
Processed .
S NO; Channel Descr. | 10| Area | % Area | Heioht
‘ _ 1] @210nm 28090 [ 1636863 400 39477
) 2| @210nm 44430 ( 31137261 | 85,01 | 374634
s
g g
JpE B
" %
con

ia00 1s.00  1e6.00  17.00  1s.00  19.00

20.00

2100 2200  23.00

Minutes

2400

25.00

26.00

27.00

28,00

29,00

30,00

31,00

CHIRALPAK IA, 90:10(hexane:iPrOH),1.0mL/mif=220nm( after crystalisation

98%, before crystalisation 94%)

Processed Channel Descr.: 220

_.Boc
HN Processed RT Area % Area | Height
| Channel Descr.
NO,
O 11220 13,588 186542 0,93 7348
62k 20220 19,286 | 19860547 99,07 | 590180
600,00
400,00 ;
2
200,007 Q
0,0(T““““‘%““““““““““““““““
11100 12100 13‘.00 14100 15‘.00 16100 17‘.00 18100 19‘.00 20100 21‘.00 22,00
Minutes
2000,00
1500,00
2 1000,001
500,00
0,0(T“““““‘“‘““““““““,““‘i““““‘
12‘,00 13‘,00 14‘,00 15‘,00 16‘,00 17‘,00 18‘,00 19‘,00 20‘,00 21‘,00 22‘,00

Minutes
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ChiralcelOD, 80:20(hexane:iPrOH),1.0mL/mkx220nm

Processed Channel Descr.: 220

_Boc Processed o .
HI?I Channel Descr RT Area %o Area | Height
NO
2 1]220 35370 | 2482155 | 340| 20162
21220 46779 | 70433524 | 96,60 | 329369
62l
300,00
200,00
<(100,0(} §
0,007 /$\/
T 2400 000 2800 3000 3200 3400 3600 3800 4000 4200 4400 4500 4500 5000 5200 S4.00 5600 5800 6000 6200 6400
Minutes
800,01 % m
600,0 e E
2400.0
200,0
0,0

——— T e e T
24,00 26,00 28,00 3000 3200 3400 3600 3800 4000 4200 44,00 46,00 4800 5000 5200 5400 56,00 5800 60,00 62,00
Minutes

CHIRALPAK IA, 90:10 (hexane:iPrOH),1.0mL/mia=220nm( after crystalisation
95%, before crystalisation 87%)

.Boc
HN
Cl NO, Area % Area Height Retention Time
2070701 6,68 123908 8,286
28935805 93,32 1238493 10,335
H3CO 62m
Cl
&
1000,00- g"
—
2
500,00 &
=
7,‘50 8,60 8,‘50 9,b0 9,‘50 10‘,00 10‘,50 11‘,00 11‘,50 12‘,00
Minutes
40,007 =1 E
(o)) —
0 —
2 20,00
<
0,00
‘ ‘8.‘00‘ o ‘8,150‘ o ‘9,‘00‘ o ‘9,‘50‘ o ‘IO‘.OO‘ o ‘10‘.50‘ o ‘11‘.00‘ o ‘11‘.50‘ o ‘121070‘ o ‘12‘.50‘ o ‘13‘.00‘ ‘

Minutes
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Chiralcel IA, 95:5 (hexane:iPrOH), 0.5mL/miks220nm
Processed Channel Descr.: 220
_Boc Processed oy i
H[\'lv Channel Descr. HT Area Yo Area | Height
NHAc
‘ N 220 23489 195862 1,42 2733
= 2| 220 27.406 | 13589371 98,58 | 167674
64a
150,00
100,00+
2
50,00 2
~
Q
0,007 7 { - - ~
"T2000 2000 22,00 2300 2400 2500 2600 2700 2800 2900 30,00 3100 3200 3300 3400
Minutes
1000,007
800,007
5 600,007
< 400,007
200,007
0,007 JANYAN A
1000 20,00 21,00 2200 2300 2400 2500 2600 27,00 2800 2900 3000 3100 3200 3300 3400
Minutes
Chiralcel OD, 98:2 (hexane:iPrOH),0.5mL/mkx220nm
HN'BOC Processed Channel Descr.: 220
Processed ]
RT Area % Area | Height
Channel Descr.
CO,Me
1| 220 14,148 | 50270576 | 90,48 | 047426
66a 2] 220 16050 | 775184| 152| 11887
PR

16.00 17.00 18,00 19.00

2a.00

25,00
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Chiralpak 1A, 98:2 (hexane:iPrOH),0.5mL/mix220nm

.Boc
HN
Area % Area Height Retention Time
COzMe 3247751 3,58 68355 27,428
87468273 96,42 1472575 29,574
H3C 66¢C
1500,00
<
in
1000,00] Q
2
< [o0]
500,00 g
N
O,OO’H‘ - N N
28‘,00 26‘,50 27‘,00 27‘,50 28‘,00 28‘,50 29‘,00 29‘,50 30100 30‘,50 31100 31‘,50 32‘,00 32‘,50 33‘,00 33‘,50
Minutes
1000,00 § i
800,00 N 3
(o2}
- 600,00 N
<
400,007
200,00
0,0 o S > S
26100 26‘,50 27‘,00 27‘,50 28‘,00 28‘,50 29‘,00 29‘,50 30100 30‘,50 31‘,00 31‘,50 32‘,00 32‘,50
Minutes
Chiralpak 1A, 98:2 (hexane:iPrOH),0.5mL/mix220nm
.Boc
HN
Cl
COzMe
Area % Area Height Retention Time
H3CO 66m 16418352 38,64 713741 10,529
26072104 61,36 1045447 12,798
Cl
1000,00- §
X g E
=) N
< 500,00 -
0'0(}\““\““\““\““\“"\““\“"\““\““\“/\“\““\“‘
9,00 9,50 10,00 10,50 11,00 11,50 12,00 12,50 13,00 13,50 14,00 14,50
Minutes
2000,007 ©
2 2
1500,00 g 2"
-
2 1000,007]
500,007
O’O&“\‘ U U U U U U U U U LN
9,50 10,00 10,50 11,00 11,50 12,00 12,50 13,00 13,50 14,00 14,50

Minutes
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Chiral HPLC (Chiralpak IA column; iPrOH:hexane 30;0.6 mL/min, 210 nm, Rt

19.9 min, Rt=16.5 min.

.Boc
HN
Retention Time Area % Area Height
/COOMe 15,619 1588215 10,33 52366
18,871 13786695 89,67 393037
COOMe
70
1500,00
3 ]
1000,007 o ©
(2} ©O
2 - —
500,00
0,0(f‘ . . - - - - - > - - - - - - - - - -
12100 13100 14‘.00 15100 16‘.00 17100 18‘.00 19100 20‘.00 21100
Minutes
400,00
=
300,01 @
3
2 200,0¢ g,‘
©o
100,0 E)
0,00 MZ\ ]
o ‘14‘.00‘ o ‘15‘.00‘ o ‘16‘.00‘ o ‘17‘.00‘ o ‘18‘.00‘ o ‘19‘.00‘ o ‘20‘.00‘ o ‘21‘.00‘ o ‘22‘.00‘ o ‘23‘.00‘ o ‘24‘.00‘ Y
Minutes

Chiral HPLC (Chiralpak IA column; iPrOH:hexane 20;8.6 mL/min, 210 nm, Rt

34.06 min, Rt=41.05 min

.Boc
HN
COOBn Retention Time Area % Area Height
32,958 3155938 5,43 49244
COOBN 39,884 54999916 94,57 561287
71

2000,00
1500,00
2 1000,007]

500,00

‘J’32,958

>39884

0,0¢

Minutes

LI e e L L e e L A e B B B L e e e A
29,00 30,00 31,00 32,00 3300 3400 3500 3600 37,00 3800 3900 40,00 41,00 4200 43,00 44,00 4500 46,00

600,00

33,053

Al
Paelee

5 400,007

200,00

0,00

— — T
38,00 40,00

Minutes

L I e e S B e e e e e e e A
26,00 28,00 30,00 32,00 34,00 36,00

— T T T
42,00 44,00

— —
46,00 48,00
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Chiral HPLC (Chiralpak IA column; iPrOH:hexane 20;®.5 mL/min, 210 nm, Rt
14.8 min, Rt= 24.89 min

_Boc
HN

t Area % Area Height Retention Time
COOBu 37893397 86,22 1082195 15,498

N
| t 6056883 13,78 137227 26,589
= COOBu

72

1000,007
800,00
600,00

AU

400,00
200,00

?26,589

0,00

— T T T T T T — 71—
14,00 16,00 18,00 20,00 22,00 24,00 26,00 28,00 30,00 32,00

60,00

24,896

14,8

40,007

U

<
20,00

0,007

L e e e o L e e e e e B e e e L e e e e s e e L e s sy e
14,00 15,00 16,00 17,00 18,00 19,00 20,00 21,00 22,00 23,00 24,00 25,00 26,00 27,00 28,00 29,00
Minutes

Chiral HPLC (Chiralpak IA column; iPrOH:hexane 10;9.5 mL/min, 210 nm, Rt
49.6 min, Rt=55.8 min

_Ts 30000 P
HN 2 2
200001 ~ 2
COOCH;,] - “*
=
100,00
COOCH;
000} . ;
77 T UL T T T N L R SV
000 4200 40 4600 4800 5000 5200 5400 5600 5800 6000 6200 6400

Miutes
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Chiral HPLC (Chiralpak IA column; iPrOH:hexane 25;71.0 mL/min, 210 nm, Rt

19.8 min, Rt= 28.59 min

Retention Time Area % Area Height
19,819 57095022 70,53 1003339
COOCH 28,530 23859303 29,47 291750
COOCH3
1000,00]
2
800,00 &
(o))
_ 600,00] = §
= 400,00 Q
200,00 /\
0,00 — — —— . . : — — : . . . . .
16,00 1800 2000 2200 24,00 26,00 2800 30,00 3200 34,00 36,00
Minutes
1000,00]
800,00 )
(=2}
_ 600,00] - §
< 400,00 &
200,00 /\
0,00 : : : : : : : : : : —— — : : : : : :
16,00 18,00 20,00 22,00 24,00 26,00 28,00 3000 32,00 34,00 36,00
Minutes

Chiral HPLC (Chiralcel OD column; iPrOH:hexane 1M:2.0 mL/min, 210 nm, Rt

18.1 min, Rt= 35.8 min

_Boc
HN Retention Time Area % Area Height
/CN 17,129 23429607 43,83 443657
‘ 33,506 30025233 56,17 303075
CN
88
10,007 ©
=
5,007
5 7 2
< 0,007 g
(32]
5,001 /\
10'0(}‘/‘\“‘\“‘\“‘\“‘\“‘\“‘\“‘\“‘\“‘\“‘\“\‘\“‘\“\‘
18,00 20,00 22,00 24,00 26,00 28,00 30,00 32,00 36,00 38,00 40,00 44,00
Minutes
400,001 N
=
300,007 N
8
2 200,001 B8
3
100,001
0,007
16‘,00 18‘,00 20‘,00 22‘,00 24‘,00 28‘,00 28‘,00 32‘,00 34‘,00 36‘,00 38‘,00

Minutes
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