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1. INTRODUCTION AND AIMS

-Amino acids are in the limelight of current intsredue to their valuable
pharmacological properties. They serve as essestiaictural units of a number of
biologically active compounds, found in natural guots. Naturally occurring cyclopentane-
based -amino acids, such as cispentacihand icofungipeh®, are strong antifungal agents,
while the cyclohexane amino acid Tamifland theO-heterocyclic amino acid Zanamitfr
exert notable antiviral activities. These compousdsve as building blocks of-lactams,
antibiotics and peptides. Open-chairamino acids, and particularly**-amino acids, a
subclass of -amino acids, are also structural elements of ahtproducts with activity
against leukemia, e.dolastatin 11, 12, 1énd D*®, Majusculamide € and Onchidif?,
natural antitumoural agents such as GuineamidedCD&h Ulongapeptih’ and Malevamide
C17_39.

The Institute of Pharmaceutical Chemistry at theversity of Szeged has extensive
experience in the field of the synthesis and ti@msétion of -amino acids. The research is
focused on the development of stereoselective appes towards highly functionalized
alicyclic and open-chain-amino acid derivatives. The regio- and stereosgkesyntheses of
mono- and dihydroxylated, mono- and difluorinatqatptected amino, epoxy, azido,
isoxazoline alicyclic -amino acid derivatives, starting from the appraijai alicyclic

unsaturated -lactams have been successfully accomplished by M@ double bond
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Figure 1. Selected examples of the functionalization oficycamino acid derivatives



Although numerous methods have been reported fersgmthesis of -amino acid
derivatives, the development of new regio-, stevatrolled, efficient approaches towards

highly functionalized enantiomerically pure speéh remains an important goal.
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Figure 2. Reactions investigated in the present PhD work

The present PhD work was focused on the developwiestereocontrolled synthetic
strategies to novel enantiomerically pure disubtd alicyclic -amino esters derived from
norbornene-basetdiende anddiexo -amino carboxylates and acyclié*substituted amino
acid derivatives frontis or trans cyclopentene and cyclohexenemino acids. The method
is based on functionalization of the ring C-C deuldond of the -lactam through
dihydroxylation, and oxidative C-C bond cleavagetlod vicinal diol, followed by Wittig
transformation with different phosphoranylides aratluction of the olefinic bond. All

products were obtained in both racemic and optigalre forms (Figure 2).



2. LITERATURE BACKGROUND

Synthetic routes towards **amino acids

Since the Institute of Pharmaceutical Chemistrydered considerable experience in
the synthetic elaboration of functionalized cy@@mino acid derivatives, and a significant
number of papers have been published on this’fielde current literature survey is focused
on the synthesis of open-chairamino acids, and particularg*>-amino acid derivatives.

The most relevant synthetic procedures will be lgdited below.

2.1. Homologation ofa-amino acids via Wolff rearrangement of

a-alkylated-a-diazoketones

The Wolff rearrangement is one of the most prattieactions for elongation of the
carbon chain of carboxylic acids by one carbon atéemg et al. reported a synthesis 6f-
dialkylated -amino acids through the photo-induced Wolff reagement’. The a-alkyl-a-
diazoketone required as precursor for the reaction was syuzétfrom the corresponding
a-amino acidl through diazomethane coupling, followed by an aici@tkylation reaction.
The subsequent Wolff rearrangement was triggeretd¥yight at -78 °C to give a ketene
intermediate, which was further trapped by alcotwffurnish the desired®*-amino acid
derivatives (Scheme 1).

0 1. i-BUOCOCI/Et;N 0 Me
Me 2. CH2N2 Me N, hv, MeOH/CH,Cl, Me : OMe
OH 3. KHMDS/HMPA, MeX
NHBoc BocHN Me BocHN (0]
1 2 3,6:1d.r. (anti:syn)

Scheme 1Homologation ofx-amino acids via the Wolff rearrangement

The stereochemistry of the major diastereomer vedsrohined to banti. The steric

size of the substituents plays a crucial role endtereoselectivity of this reaction.

2.2. Curtius rearrangement of 2,3-disubstituted 1,4licarboxylic acids

The Curtius rearrangement provides access to ditrisubstituted -amino acid

derivatives through a carboxyl amine conversion.
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Scheme 2Synthesis ofi-hydroxy ?>-amino acids via the Curtius rearrangement

Roers and co-workers reported the synthesisyafand anti a-hydroxy f%*-amino
acids éyn8 and anti-8) via a modified Curtius rearrangement, utilizing B (diphenyl
phosphoryl azide) as an azide source (Scheme 2. shimthetic sequence includes a
stereoselective aldol reaction catalysed by cl8rglll) and Cu(ll) complexes, which allows
the preparation afyn6 andanti-6 precursors in an optically pure form with e.e.ta®1%.
The modified Curtius rearrangement leads to oxdawnessyn7 and anti-7 through an
isocyanate intermediate, which undergoes furthérammolecular cyclization. After Boc
protection, the cyclic oxazolidinones were subrditi@ basic hydrolysis in order to obtain the
targetp**-amino acidsyn8 andanti-8 in good yields'.

A further example of the Curtius rearrangement-bagproach is the synthesis of
iturinic acid and 2-methyl-3-aminopropanoic acidraported by Sibi and Deshpande. They
described a stereo- and chemoselective carboxylpgoonversion into an amino group in
alkyl-substituted succinates, while the other caybogroup was protected by a chiral
auxiliary’®. Similar methodology was applied by the Evans grisuprder to obtain botis-
alkyl and -aryl amino acid species with high enantiomerices&l. Balamurugan et al.
described the preparation ofansp?*amino acids via aranti-selective aldol reaction,

azidation and controlled hydrolysis of the chirakiiary®.

2.3. Ring opening of disubstitute3-lactams

The single-step conversion of 2,3-disubstitufiethctams provided a direct access

route to >*-amino acids, although the synthesis of the precurdactams in stereo- and

chemoselective fashion still remains a synthetillehge. It should be noted that the use of



N-acyl B-lactams is preferable, since the acyl group endstire3-lactam carbonyl reactivity
towards nucleophilic attack and serves as a piiategroup of the newly formed amino
functior?®,

Musso et al. described a synthesis of formamidd derivativel0 via hydrolysis of3-

lactam9 in basic aqueous media, followed byNformylation reactioft (Scheme 3).

Pho. 0 Fﬁ
N | 1. NaOH, H,0 0
& ™, 2. formic acetic anhydride, H N OH
CH,Cl, - pyridine DI
(0] - (0]
9 10

Scheme 3Ring opening of §-lactam via basic hydrolysis

Ojima and co-workers reported a hydrolysispelactam under acidic conditions to
afford enantiomerically pura-alkylisoserine hydrochlorid&s For substrates showing high
instability in strong basic media, mild alcoholysisthe presence of Nar KCN can be an

alternative, demonstrated by Palomo &t al

2.4. Oxidation of 2,3-disubstituted 1,3-amino alcatls

Sabala et al. recently reported the oxidation afkgiated amino alcohdl 1 into an N-
protected amino acid12 by means of Nalg) with a catalytic amount of Rugland
enantiomerically pure starting materials (Schenfé Zhe same strategy was earlier applied
by the Davis group for the synthetic generatiomiatkylatedN-Ts-protected amino acids in

asymmetric fashion with good yief8s

Boc. <
oc NH Boc NH O
NalO4, RuCly :

i-Pr/>,,,AOH “CCly/MeCN/H,0 i-Pr/>21\OH
H H

11 12

Scheme 4 Oxidation of 1,3-amino alcohols by Naj@nd RuC{

The Swern—Pinnick oxidation of 1,3-amino alcoh8| demonstrated by Meiries et al.,
resulted in -methyl- -vinyl B-amino acid derivativel4. The first step involved Swern
oxidation of the primary alcohol to the aldehydsing dimethyl sulfoxide activated by oxalyl
chloride. Further Pinnick oxidation of the aldehygeup into the carboxylic acid was
performed by treatment with NaGl@nd NaHPO, (Scheme 5¥.



NHCOCCl; 1. (COCI),, DMSO NHCOCCl,
2. EtsN

X OH 3. NaClO,, t-BuOH X COH
Me NaH,PO4
13 Me\/l\Me 14 (5:3) (syn:anti)

Scheme 5Swern—Pinnick oxidation of amino alcoHs

The disadvantage of the procedure was the signifitewvel of epimerization that
occurred in the course of the Swern oxidation, Iteguin an inseparable 5:3 mixture of

syn/antidiastereomers.

2.5. Alkylation of B*-amino acid derivatives

A highly diastereoselective synthesis5f-dialkylated amino acid derivatives can be
achieved through the direct alkylationf¥famino acids. Capone et al., for instance, desdribe
a versatile synthesis afiti-o,B-dialkyl B-amino acidl6 by exploiting the -acidity of thep*-
amino acid derivativd5®’. Deprotonation of the active methylene first tquce, leading to

enolate formation, which is followed by treatmertrwnethyl iodide (Scheme 6).

OMe OMe
1. KHMDS
2. Mel
N~ O
N" O THF, -78°C O/\
MeOO;\)LOMe MeO Bn/\I)J\OMe
15 16,93:7 d.r.

Scheme 6Alkylation of B*-amino acid derivatives

The highanti diastereoselectivity obtained can be explainedhbypresence of twhi-
protective groups, which help to avoid side-reaxgion the basic reaction medium. The
formation of aZ-enolate, providing the more stable conformatioan @ccount for the
excellent diastereoselectivity through the alkglatirom the less hindered face.

This methodology was successfully applied in a nemd$ additional papers, including
the preparation of the disubstituted 3-aminobut@@acids as starting materials for enzymatic
resolution by Cardillo et & the synthesis of dialkylated amino esters of foeihe,
allylglycine and serine by Gardiner and co-work&@nd dialkylated 3-aminobutanoic acid
synthesis by Heinrich and Seeb&ch



2.6. Rearrangement of imides with hypervalent iodia reagents

Aliphatic amides can be transformed into aliphamino acid derivatives via the
Hoffmann rearrangement. Two recent synthetic vanat of this reaction are known and
presented herein. The first method describes thehegis of dialkylated -amino acid
derivatives by means of hypervalent iodine(lll) getedin situ from an iodoarene and an
oxidant (Scheme 7 The rearrangement involves the formation of aidénhypervalent
iodine(lll) complex, followed by ring opening of éhimide. The proposed mechanism
includes the oxidation of iodobenzenem®CPBA in the presence of TsHHO, followed by
formation of the imide-*-iodane intermediate through the reaction with enichder basic
conditions. The ring opening leads to formationaaf isocyanate, and subsequent alcohol

addition yields the *#*amino acid speciek3.
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Scheme 7 Hoffmann rearrangement of imides with hypervalexiine reagents



The second method introduces a Hoffmann rearrangieofiémides via the oxidation of
alkali metal halide’S. KBr was used as a bromine source, which was oxidiget-BuOCI in
order to generate bromine chloride situ. N-Bromo imide formation then takes place,
followed by ring opening, and the Hoffmann rearemgnt affords the isocyanate. The
corresponding carbamal® is next formed via bromide elimination and additiof alcohol.
The eliminated bromide is oxidized to bromine clderbyt-BuOCI, and participates in a new
catalytic cycle. This method allows the synthesisdesired products without halogen-
containing organic waste.

Saavedra et al. reported another methodology ®pthparation of dialkylatedamino

acid derivatives frona-amino acids via a one-pot scission-oxidation-Mahmeactior?’.

2.7. Reaction of carboxylic acid esters with imiddychlorides

One specific application towards disubstitutedmino acid derivatives is based on the
reactions between carboxylic acid esters with iylidchlorides described by Fustero’s
group®. The synthetic protocol used for the preparationtioé imidoyl chlorides was
previously described by Uneyama etalThe first step in the Fustero synthesis, depiated
Scheme 8, includes enolate formation by the treatnoé pentenoic esters with LDA,
followed by a direct Mannich-like reaction that gsv -amino este21 after work-up. The

final product21 was isolated as a mixture of imino-enamino tauterB&rand22.
Al'q,‘N Ar\

Ar | NH
~
N \/\)?\ 1.LDA THF,-78°¢c F COR . F X COR
X cl A OR 2 NHClea F — F
FF
. .
19 20 21 22
1. NaCNBH3
THF/TFA/O °C
2. NHCleat
A
"NH
F COR
F
(x)-syn-23 (1)-anti-23

synlanti 1:1
Scheme 8Reactions of carboxylic acid esters with imidoylaztdes



Subsequent reduction with sodium cyanoborohydresleealucing agent proved to be
best in terms of the isolated yield, but the reactid not display any stereoselectivity, since
both diastereomers were obtained, in 1:1 ratio.

2.8. Michael addition of chiral amines toa, B-unsaturated esters

The Michael addition of chiral lithium amides tgf-unsaturated esters serves as a
powerful synthetic tool for the preparation ofamino acid derivatives. Davies and co-
workers were the first to demonstrate the sterectiee 1,4-conjugate addition of optically
pure lithium amideR)-25 to disubstituted esté?4 with a d.e. >95%, followed by protection
group cleavage with Hand Pd(OH)YC,and ester hydrolysis furnished enantiomericallyepur
dimethyl- -amino acid27 (Scheme 9Y.

Ph
0 A O NH, O
Ph™ "N° "Ph 2 .
N oppy M Ph™ "N" O 1. Pd(OH),/C/H, MOHHCI
t-Bu (R)-25 \/'\)J\Ot_Bu 2. HCI

24 26, >99:1% d.r. 27

Scheme 9Michael addition of lithium amid&5to a, -unsaturated est@#d

The high diastereoselectivity can be envisionetims of a proposed model (Figure 3),
wherein the lowest energy transition state beldogse a,3-unsaturated ester with @&ncis
conformation. The lithium is chelated to both tlaebonyl oxygen and the nitrogen lone pair,
and the two phenyl groups are situated almost latal each other. In this case thiface
addition is the favourable process, resulting mnpunced stereoselectivity.

NS

=1 otsu
:/>/
0
Figure 3. Proposed transition model of the lithium amad@-unsaturated ester complex
The hydrogenolysis applied in the final step oftannot be used in the cases of

substances containing certain functionalities, sasha -bond, in consequence of likely

undesired reductions. In order to avoid these sidetions, the utilization of milder



protecting group chemistry is required. One sucingde of the synthesis f*amino acid
derivatives, introducingN-allyl protecting group chemistry, is that reportedChippindale et
al’’. First, conjugate addition of chiral allylatechiitm amide R)-29 to (E,E)-tert-butylhexa-
2,4-dieneoat@8 gave access ®0in a yield of 78% and >95% d.e. (Scheme 10).

g J\ THF, -78°C Xy~ J\
AR COtBU N/\/ BLLEELE S N “Ph
Li MCOzt-BU
28 (R)-29 30, 78%, >95% d.e.

1. LDA, THF, -78 °C
2. allyl bromide

J\ 1. (PPh3)sRhCI X J\
HN™ "Ph MeOH/H,0, A NN

Ph

/\/P/Cozt-Bu 2. column chromatography /\/\{Cozt-Bu

anti-32, 77%, >95% d.e. anti:syn-31, 99%, 75% d.e.

Scheme 10Michael addition of chiral amid29to ester28

The next step involved a deprotonation Mfallyl B-amino ester30 by LDA, and
subsequent allylation with allyl bromide led to arseparable mixture o&nti and syn
diastereomers in 75% d.e. Subsequent deallylatypriwilkinson’s catalyst produced a
mixture of secondary amines, which could be sepdray means of column chromatography,
furnishing the majoanti diastereome82in >95% d.e.

This approach was further successfully applied leyntley et al. in order to obtain
223 trisubstituted amino acids via conjugate additimha “hydroxylamine equivalent”
lithium amide to -alkyl and -aryl a, -unsubstituted estéfs’® Ozeki et al. reported a
synthesis of -amino- -hydroxy esters through the Michael addition Nfbenzyl-2R)-

methoxy-(+)-10-bornylamide to, -unsaturated estéfs

2.9. Dipolar cycloaddition of nitrile oxides to oléins

Chiral isoxazolinones serve as key intermediatestiie synthesis of various highly
substituted3-amino acid derivatives. Their stereoselective Isgsits can be achieved through
1,3-dipolar cycloaddition of a nitrile oxide andairal allylic alcohol, originally described by
Kanemasa et &f. A general strategy for the synthesisBedmino acids from isoxazolines is

depicted in Scheme 11. Cycloaddition of nitrile dB3 and allyl alcohol34 followed by

10



reduction gave isoxazolidirg. Subsequent reductive cleavage of the N-O boridwied by

oxidative C-C bond cleavage of the dd, furnished the final product amino a&8.

©)
Gi)\l’o
“Z
+ —>R1W —>R1/K:)\( —>R1/\:)\|/ —>R1/\:)J\OH
Iig OH R, OH R, OH R,
HW 35 36 37 38
R, OH
34

Scheme 11General scheme of the isoxazoline strategy towidwelsynthesis gb-amino

acids

On the basis of the above-mentioned procedure, évliand co-workers reported a
similar route to dialkylate@?>-amino acids (Scheme £3)First, isoxazoline89 was gained
via 1,3-dipolar cycloaddition of a nitrile oxidegemeratedin situ from the corresponding
oxime, to a magnesium allyl alcoholate. Compo88dvas then reduced with LIAHN THF,
and subsequent one-pitprotection afforded amino dicgl0 as a mixture of diastereomers.
Oxidative C-C bond cleavage with Nal@nd RuC] gave diethylN-Boc-protected3-amino
acid 41 in 67% d.e. The method was supported by theoretioakiderations and further
extended to the synthetic generation of varioussates by the same grddp*

N-O Boc. Boc.

. NH OH NH O
/ 1. LiAlH4, THF B NalO4/RuCls =
W 2. Bocy0 \/\)\l/ \/\)J\OH
. OH : :
e ~. OH BN
39 40 41,63% d.e.

Scheme 12Reduction of isoxazolind89and further oxidation t@-amino acid41

One more intriguing example of asymmetric disubtd 3-amino acid synthesis via
dipolar cycloaddition was presented by Sibi andvooker$®. The first step in the synthesis
involved a Lewis acid-catalysed aza-Michael additaf N-benzylhydroxylamine tax,[3-
disubstituted imid&2, and intramolecular $acyl lactonization then resulted in the formation
of isoxazolidinoned4 (Scheme 13). The active Lewis acid catalyst forimesitu was derived
from the chiralbis-dihydro-oxazole framework3 as ligand and a magnesium salt. The high

stereocontrol of the aza-Michael addition is prowsnthe chiral ligand, which provides

11



sufficient steric hindrance, and the subsequenttiaddof nitrogen occurs on thiee face of
the-carbon.

BnNHOH,
O Mg(NTf2) (5 mol %) NH,

0 O. A
L": 43 (5 mol %) 0 N-Bn H,, Pd/C HO,C :
A H CH,Cl, dioxane \l/\
42 44 (2R, 3R) 45 (2R, 3R)
. OWXFO
L: | | >
N .

Scheme 13Enantioselective synthesis @famino acid45 through cycloaddition

The reductive ring cleavage of isoxazolidinon& through Pd/C-catalysed

hydrogenolysis furnished dimeth@lamino acidd5 in optically pure form.

2.10. Asymmetric hydrogenation of3-enamino esters

Catalytic asymmetric hydrogenation or reductionfeénamino esters is a practical
method for the preparation of optically puyseamino carboxylates in the presence of chiral
ruthenium(ll) or rhodium(l) complex&s A large number of catalytic systems have been
developed in order to improve the yields and s&steztivitie§’, including rhodium-based
catalysts with mono- and bidentate ligafidd and chiral phosphine-based ruthenium
catalyst&*®°

To the best of our knowledge, the first approadhatals dialkylated3*>*-amino acid
derivatives was developed by Cimarelli ef%in 1996. In that paper, the diastereoselective
reduction of prochira-enamino este46 was performed in the presence of NaHB(QAR)

acetic acid, affording theynp-amino ested7in 72% d.e. (Scheme 14).

12



Scheme 14Reduction of3-enamino estet6 to f-amino ested7 with NaHB(OACc)/AcOH

A ruthenium-catalysed hydrogenation methodologyaiams dialkylated3-amino esters
was reported by Tang and co-workérdhey described the hydrogenation of enamitjeg
by means of a ruthenium(ll) catalyst generatedsitu by ligand exchange of Ru(COD)-
(methallyly, and a $§-Cs-TunaPhos chiral ligand. The reaction, performedenn50 atm
hydrogen pressure in EtOH, resulted in th§3R)-threo isomer in 72% e.e. (Scheme 15).
The application of other chiral ligands, such a®N&P, MeO-BIPHEP, &, C;-, or G-
TunaPhos, provided similar results in terms of énaalectivity.

Ru-(S)-TunaPhos

O  NHCOMe HBF,
EtO / H, (50 atm) AcHN COzEt
EtOH, rt
(Z)-48 (+)-49, 72% ee.

PPh,
PPh,
Scheme 15Hydrogenation of**enamidet8 with Ru-(S)-TunaPhos as catalyst
The above work was extended by Elaridi and co-wwsrke order to obtain therythro
derivativé®, Asymmetric hydrogenation of enamidE)48 in the presence of the chiral

rhodium catalyst R R)-Me-BPE-Rh(I) in methanol at 60 psi hydrogen puessgave the
(2R,3R)-erythroderivative50in 48% e.e. (Scheme 16).
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Scheme 16Hydrogenation op**enamide48 catalysed by Rh-Me-BPE

/ (0—

The reaction was then further optimized, and tlyhdst e.e. of 65% was obtained with

benzene as solvent at 90 psi hydrogen pressure.

2.11. Addition of carboxylic acid derivatives or aflehydes to aldimines

The asymmetric Mannich reaction is a powerful tiwl the preparation of optically
active 3-amino acid derivatives. Lewis acids are often @ygdl to activate the aldehyde or
the imine and to control the stereoselectivity. Mmto and co-workers reported the
improved rare metal-based enantio- and diasterectsegd Mannich reaction depicted in
Scheme 1%7.

0 La(OAr)3 (10 mol%) O
I 0 (8,8)-i-Pr-pybox 0=S.
0=S. + (10 mol%) 2NH O
R J CCl, LiOAr (5 mol %)
Ph Me (Ar=4-MeO-CgHy-) Ph CCly
Me
51 52 B 53,96% e.e.
R=2-thienyl o) N/ o)
R,
N\oL/-a{] N
( +r)3 /\
LiOAr

(Ar= 4-MeO-CgHy-)

Scheme 17Lanthanum aryloxide/pybox ligand—catalysed Mahnm&action

In this work, 1,1,1-trichlorobutan-2-or% was used as a Mannich donor in the reaction.
A new lanthanum aryloxidePr-pybox + lithium aryloxide catalyst was introddcegiving
synadduct53in 96% e.e. andynanti = 21:1 d.r.

While several successful examples of the chiralikewid activation of aldehydes have
been reported, few examples are known for iminevaodn by Lewis acids, probably due to
the different coordination manner. Lewis acid cawates the aldehyde from tisgnface of
the hydrogen atom of the aldehyde, but in the oaslee imine the Lewis acid can coordinate

either from thesynor from theanti direction of the imine hydrogen atom. Kobayashalet
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reported an example of effective imine activatioraiMannich reaction by means of a chiral
zirconium catalyst (Scheme 18}

OH
OH .
OSiMe; 5_6 (10 mol%) @:
N + Me%OM additive (20 mol%) NH O

€ toluene

J Me Ph OMe
Me® Me

57, 95% e.e.

X
S
o._ Y 56b: X=Cl

LZr<, 56¢c: X=Br
OO O Yigg X=I
X

Scheme 18Chiral zirconium—catalysed Mannich reaction

Ph

The Mannich reaction between imibd and silyl enolaté5, catalysedoy zirconium
complex56, derived from Zr(CBu)s, (R)-3,3-BrBINOL, afforded the Mannich addub in
99% vyield and 69% e.e. It should be mentioned that use of water as an additive
dramatically increased the enantiomeric exces® 8b%. The high enantioselectivity can be
explained by the bidentate coordination of imineghte chiral zirconium catalyst, then silyl
enolate interaction with the zirconium, and furtretack on the stereo-activated imine
furnishes produds7, along with regeneration of the catalyst.

A further interesting example of highly diastereand enantioselective Mannich
reactions, depicted in Scheme 19, was describedidayio and co-worker8’. Propionamide
derivative 58 was deprotonated with LDA, and further reactechwihine 59, yielding anti
diastereomef-aminoamides0 with a d.r. of >99:1. It should be mentioned the presence
of LiCl plays a crucial role in the stability andactivity control of the enolate; in its absence
no reaction occurred. Amidé0 was transformed into optically pure disubstitufedmino
ester 61 through a hydrolysis-esterification sequence. Irtgrdly, no racemization was
observed during the transformations.

| OH | OH
N 1. LDA/LICI 1.4 M HpSOy4
: 2. Ph-CH=NPMP : 2. MeOH, H,S0,

0 59 NH O NH O
58 PMP 60, >99% d.e. PIv":)61,>99% e.e.

Scheme 19Mannich reaction between th&$)-(+)-pseudoephedrine propionamide-derived

compound58 and imine59
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Besides Lewis acid-catalysed Mannich reactionsumber of organocatalysts with
such advantages as stability towards water andesxpgve been developed. Chiral Bronsted
acids act as stronger electrophilic activators aspared with hydrogen-bond activation-
based organocatalysts. A versatile Bronsted adalys®ed Mannich reaction was recently
reported by Yamanaka et ‘8f (Scheme 20). Cataly$3 was prepared fromRj-BINOL.
Aldimine 54 was reacted with ketene silyl ace®l in the presence of a catalytic amount of
Bronsted aci®b3, giving the corresponding Mannich addédtin 96% e.e.

OH
HO OTMS @[
\ + H% _63 (10 mol%) NH O

)| OEt toluene
Ph Me X Ph™ ™" TOEt
Me

54 62 OO (0] 64, 87:13 d.r. (syn:anti), 96% e.e.

\/O

Coe™
X
63 X=4—NOQCGH4

Scheme 20Chiral Bronsted acid-catalysed Mannich reaction

Several examples of highly efficient proline-casagt Mannich reactions have also been
reported, including the synthesis athydroxy{-amino acids by Dziedzic and co-work&rs
and 2,3-dialkylatedB-amino acids synthesis by Yang et'¥l. The latter approach is
illustrated by the Mannich reaction between bergayde-derivedN-Boc-imine 66 and
hexanal65 in the presence of§-proline, affording the dialkylated produ6? in >99:1 d.r.
and >99:1 e.r. Compour@¥ was then readily converted into the correspon@agnino acid

68 by Pinnick oxidation and acid-mediated deprotecpoocedures (Scheme 21).

1. NaH,P Oy,

0} Boc.. (S)-proline O NHBoc 2-methyl-2-butene, O NHyTFA
+ N (20 mol %) : NaClO, :
H I MeCN H> X 'Ph 2. TFA, CH,Cl, HO™ Y "Ph
n-Bu Ph n-Bu A-Bu
65 66 67,>99:1d.r., >99:1 e.r. 68, >99:1 d.r., >99:1 e.r.

Scheme 21Proline-catalysed Mannich reaction
The reaction catalysed by proline proved to be lgigtereoselective and practical, as it

does not require chromatographic purification. Therent limitation of the process is that

aliphatic imines cannot be used as reactants.
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2.12. Addition of ester enolates to chiral sulfinyimines

One promising method for the preparation of distitsid B-amino carboxylates is the
addition of ester enolates to sulfinylimines, whigroceeds with high yields and
diastereoselectivities; moreover, the sulfinyl grazan be removed with ease by treatment
with HCI in protic solvents. Several studies insttiield have been published by Davis et
al}%>1% |n order to obtairm,B-dialkylatedB-amino Weinreb amid&1, addition of prochiral
Weinreb amide enolafé0 to chiral sulfinylimine69 was performed, resulting in a 4:1 mixture
of synanti diastereomer31l. The diastereomeric mixture could then be sepayraiording
the majorsyndiastereomer in 76% yield. Selective removal efNbsulfinyl group was next
performed by HCI in MeOH, vyielding amid&2, which was furtherN-tosylated and
hydrolysed to give the desir@damino acid74 (Scheme 22).

! :

anti syn
36 ( ( synlanti 6 2

~ PN

~ ~

I z I
(2R,3R) ) * (2R,35) ) * )2R,3S)-) *

Scheme 22Addition of Weinreb amid&0 to sulfinimine69

The addition of titanium enolates of carboxylicegstto sulfinylimines, described in the
work of Tang et at%, affordedN-sulfinyl B-amino esters with high diastereoselectivities up
to 99:1. TheN-sulfinyl B-amino ester77, formed as a single diastereomer in 90:10 d.r.,

underwent am-deprotection procedure to give access to amirsh estier78 (Scheme 23).

_S.
o O""°NH O NH, O
8. + 0O CITi(0i-Pr)s Hel
>r \N/ﬁ “LDA, THF OMe ~ WMeOH OMe
OMe
75 76 77, 90:10 d.r. (syn:anti) 78

Scheme 23Addition of estef76 to sulfinylimine75



2.13. Ring opening of 4,5-dialkyl-1,3-oxazinan-6-@s

The ring opening of 4,5-dialkyl-1,3-oxazinan-6-opgevides access to a diverse range
of B> disubstituted amino acid derivativ€s'° The synthesis of 1,3-oxazinan-6-0B2is
depicted in Scheme 24. Firsf-amino acid 81 was prepared through Arndt-Eistert
homologation ofx-amino acid79. Acid-catalysed cyclization dfi-protected3-amino acid31
then resulted in the desired intermedid82 Further alkylation of82 in the presence of
KHMDS and Mel furnished 5-alkyl-1,3-oxazinan-6-088 in a 19:1transcis d.r. The
diastereomers formed were separated by crystadliizatThe reductive cleavage &3

proceeded smoothly, affording theprotected3*-disubstituted amino acigy.

0 A -
E s 89
4

A

89 . )

C ( ;'&<

|> L
C C ;&<
: 4 N %
g9 Y ; 89_>_¥ - 89_>_>:
- — A

>) . )translcis*

Scheme 24Synthesis op**disubstituted amino acid derivatigd

via 1,3-oxazinan-6-on&2
Different approaches towards the ring opening 8tdkazinan-6-ones can give access

to numerous disubstitutgétamino acid derivatives (Figure 4). The manipulaigpresented

highlight the versatility of oxazinanones.
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Figure 4. Oxazinanone ring openings

A wide range of synthetic strategies towafds-disubstituted amino acid derivatives
were described above; most of them are efficierd wersatile. However, a number of
limitations should still be emphasized, including some cases an insufficient level of
reaction stereocontrol, the availability of progedubstituted reactants, the possibility of
large-scale synthesis, the difficulty of the expemntal procedures, and the cost of the
materials used.
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3. RESULTS AND DISCUSSION

3.1. Synthesis of racemic and enantiomerically purstarting materials

The synthetic preparation of racemic dihydroxyladeeko -amino este(+)-88 as required
starting material is depicted in Scheme 25. Fbigyclic -lactam(z)-86 was synthetized bix-
chlorosulfonyl isocyanate (CSI) addition to norkadiiene, followed by chlorosulfonamide
hydrolysis with NaSOs™**. The lactam ring was then opened 400with ethanolic HCI solution,
and subsequeni-benzoyl protection resulted idiexo -amino ester(+)-87*2 Further cis-
selective dihydroxylation of+)-87 in the presence of a catalytic amount of @s(d N-
methylmorpholineN-oxide (NMO) as co-oxidant yielded dihydroxylatgiéxc -amino esteft)-

88 (for the analogous transformation of Boc-protecteaino esters, see reference 40).

0
1. CSI, Et;0 Y 1. HCI/EtOH CO,Et HO CO,Et
0 °C, 40 min 0°C,1h 2 0s04, NMO 2
4 — = ao M, — -1 . / —=2524 AV, HO
2 NayS0s, Hy0, - NH 5 Phcocl, NaHCO,, NHCOPh acetone, 20 C, NHCOPh
(+)-85 0°C,1h (+)-86 H,O/PhMe, 0 °C, (2)-87 , 79% (+)-88

2 h, 80%

Scheme 25Synthesis of dihydroxylatediexanorbonane -amino estef+)-88

Bicyclic diende -amino acid(z)-90 was obtained from bicyclidiendeanhydride(+)-89
via a ring opening reaction with NHfollowed by Hoffmann degradatibfi. The subsequent
esterification procedure with EtOH and S@@&hd N-benzoyl protection gavdiende -amino
ester (+)-91'% Stereoselective dihydroxylation ¢£)-91 by means of NMO and a catalytic
amount of Os@furnished the dihydroxylatediendo -amino este(+)-92 (Scheme 265.

Z 7 N I
o Com #$
#$
/0—
B* B

i
B* B*

Scheme 26Preparation of dihydroxylatetlendenorbornane -amino este(+)-92

Cyclopentene-fusedlactam(z)-94 was prepared from cyclopentadigag-93 through CSI
addition, followed by NaS@mediated hydrolysis®. The -lactam (+)-94 was further
transformed into a-amino carboxylatét)-95 through ring opening with ethanolic HCI solution
and benzoylatiolt>. Base-induced inversion afs derivative(+)-95 with NaOEt resulted in the
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trans form ()-97. Further dihydroxylation of botleis- and trans -amino esters yielded the
corresponding vicinal diol&)-96 and(+)-98 (Scheme 27>,

" T #$ ,(— R
#$ #$
B* B* L )B* B*

’lIQ I”Q

B* B*

Scheme 27Synthesis of dihydroxylatetls andtrans cyclopentane-basedamino esters

The synthesis of 1,4-unsaturated cyclohexadieneeter -lactam (£)-100 was achieved
from the corresponding 1,4-cyclohexadigmp99 by CSI additioh'®. Ring opening followed by
N-benzoylation afforded -amino ester(+)-101**". When (+)-101 was subjected to NaOEt-
mediated inversion, it gaweansderivative(x)-103. Stereoselective double bond dihydroxylation
gave access to the corresponding di#)s102 and(z)-104 (Scheme 28).

1. CSl, Et,O O 1. HCIEtOH
0 °C, 40 min 0°C,1h NaOEt, EtOH
2. NayS03, H,0, NH 2- PhCOCI, NaHCO; 0°C, 12h,81%
0°C,1h H,O/PhMe, 0°C, PhOCHN  CO,Et PhOCHN  CO,Et
()-99 (+)-100 2h, 68% ()-101 (+)-103
0504, NMO 0s0,4, NMO
acetone, acetone,
20°C, 12 h, 75% 20°C, 12 h, 78%
HO, OH HO  OH
PhOCHN  CO,Et PhOCHN  CO,Et
(+)-102 (+)-104

Scheme 28Synthesis of dihydroxylatetls andtrans cyclohexane-basedamino esters

The 1,3-unsaturated cyclohexadiene-derivddctam (+)-106 was prepared from the 1,3-

cyclohexadiend+)-105"°. Ring opening followed by group protection affaddeamino ester
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(+)-107**". Stereoselective double bond dihydroxylation gageess to the corresponding diol
(¥)-108 (Scheme 29).

HO,
1. CSI, Et,0 1) 1. HCI/EtOH
_0°C,40min_ 0°C,1h 0s0O4, NMO HO"
@ 2. Nap;SO3, H20, NH 2. PhCOCI, NaHCO3 acetoone,
0°C,1h H,0/PhMe, 0°C, PhOCHN  CO,Et  20°C. = PhOCHN  CO,Et
(£)-105 (£)-106 2h,74% (£)-107 12h, 81% (£)-108

Scheme 29Synthesis of dihydroxylatetls cyclohexane-basedamino esters

The well-established protocol for the synthesidibfydroxylated -amino esters allowed
the preparation of starting materials in enantiocadly pure form. Racemic -lactam was
subjected to enzyme-catalysed enantioselective romening, which was scaled up
successfull}*®. Lactam(+)-86 was mixed with Lipolase, water was then added, tardmixture
was shaken in an incubator shaker at 70 °C. Enastigcally pure amino aci¢)-109 (e.e. >
98%) and unreactedlactam(+)-86 (e.e. = 99%) were obtained and easily separateghtiomer
(+)-86 was then transformed to optically pureamino carboxylaté+)-87 through ring opening
with HCI/EtOH solution andN-Bz protection. Subsequent C-C double bond dihygagion with
OsQ, resulted in vicinal dio(+)-88 (Scheme 30).

0] (0]
y N
7 Ltpclase MSOZH + 3 N
NH 70°C > HN

S R
(£)-86 (-)-109 (+)-86
HCI/EtOH
0°C,1h
PhCOCI,
Etozcﬁi(j"' 0s0Oy4, NMO Etozcﬁl NaHCO3 Etozcﬁl
PhOCHN OH = etone.~ PhOCHN N\ *H,0/hme, HCIHN )
R S 20 °C, R 0°C, 1h, 75% R
(+)-88 12h, 85% (+)-87 (+)-110

Scheme 30Enzymatic resolution of-lactam(+)-86 and synthesis afiexo -amino esters

The preparation of enantiomerically pureamino ester(-)-111 was attained through
diastereomeric salt recrystallization. The reacbetween racemidiende -amino este(t)-111
and 1 equivalent of enantiomerically pube(-)-mandelic acid(-)-112 in EtOAc for 10 min
yielded the corresponding diastereomeric salt méx(t)-113. The salt mixture was then twice
recrystallized from EtOAc-EtOH 10:1; the diasterenin ratio was monitored by NMR. The
pure diastereomer was filtered off and treated witaturated NaHGolution, giving optically
purediende -amino este(-)-111with e.e. = 99.9% (determined on a chiral HPLCr@liack IA
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column, eluent: n-hexane—IPA (80:20), flow rate: 0.5 mL/rlin detection at 210 nm).

Benzoylation and stereoselective dihydroxylatiosuteed in enantiomgr)-92 (Scheme 31).

H, OH
OH H.,, LOH
S ,
7 ( )-112 recrystallizatign y . R OH
CO,Et COzEt O R| COLEt o
NH, NH, NH;
(3)-111 (3)-113 (-)-113
1.PhCOCI, NaHCO4 %‘33, 25%
HO g s . S
HO. H,O/PhMe, 0 °C, 2 h, 80% 7
2.0504, NMO, CO-Et
R r| CO,Et o o R 2
NHCOPh acetone, 20 °C, 12 h, 85% NH,
(-)-92 (-)-111

Scheme 31Synthesis of enantiomerically pultgende -amino este(-)-92

Cyclopentanecis and trans -amino esters were gained through the enzyme-ca@dly
kinetic resolution of -lactam by a slightly modified literature proceddfeThe -lactam(+)-94
was mixed with CAL-B Candida antarcticalipase B) int-BuOMe and then shaken in an
incubator shaker at 80 °C. The reaction was stodpediltering off the enzyme at 50%
conversion. The solvent was evaporated off andutiveacted -lactam(-)-94 (e.e. = 99%) was
crystallized out from diisopropyl ether. The fikeroff enzyme was washed with distilled water,
and the water was evaporated off, yielding enargiically pure amino aciq+)-114 (e.e. >
99%). Next,(-)-94 was treated with HCI/EtOH solution, and the foliogr benzoylation and
dihydroxylation led to optically pure diol RI2R)-(+)-96. The amino acid(+)-114 was
transformed tdrans -amino carboxylate @29)-(+)-97 via esterification, group protection and
base-induced epimerization procedures. The follgwdimydroxylation of (+)97 led to formation
of the enantiomer G,ZR)-(+)-98 (Scheme 32).

1. EtOH/HCI E
Et0,C s 050, NMO, t0,C
™ 2. PhCOCI Ncho3 acetone, 20 °C, "'OH

H,0/PhMe, 0°C, PhOGHN 12h,77%  PhOCHN"R
o 1h, 72% OH
CAL-B (-)-94 (-)-95 (+)-96
Ny 80°C
(+)-94
R,CO-H _1.SOCly, EtOH _ S.COaE 0s04, NMO, S.CO.Et
- 2 PhCOCI, NaHCO: NaHCO, acetone, 20 °C.~ HO'
SMNH,  H:0PhMe 0°C.ih ~— SSNHCOPh 12h.77% R NHCOPh
3. NaOEt, EtOH, HO
(+)-114 0°C, 12, 76% (+)-97 (+)-98

Scheme 32Enzymatic resolution of-lactam(x)-94 and synthesis of dihydroxylateds and

trans -amino esters
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Preliminary experiments were first conducted byizitig the racemic substances, and the
well-established strategy was then extended to gheparation of enantiomerically pure

compounds.

3.2. Functionalization of cispentacins through C-xidative cleavage of

diexo-and diendo-norbornene -amino acids

The syntheses ofrans and all-cis-disubstituted cispentacin derivatives were based o
similar strategies, i.e. the transformation of @€ double bond of carbocycles. The concept of
the synthetic route, presented in Scheme 33, iedudnctionalization of the ring C-C double
bonds of diexanorbornene -lactam and diende -amino acid through stereoselective
dihydroxylation, and conversion of the vicinal di oxidative ring cleavage in order to generate
the corresponding dialdehyde key intermediatepvadid by Wittig transformation with different
phosphoranylides and hydrogenation of the doubie lormed.

0
Ru, \\\R )\“ /O
At e b
PhOCHN  'CO,Et NHCOPh = /1 /NH

PhOCHN CO,Et

(0] 0]
R,,,Q\\\R )\ /( HO
HO. 4
R L —— H Q HI:> COzEt  e— COZH

PROCHN  COEt o oo Coet NHCOPh NH,

Scheme 33Retrosynthetic scheme for the preparation ofraifiwnalized cispentacins from

diexo anddiendenorbornene derivatives

The first step in theransdisubstituted cispentacin derivatives synthesigolved the
NalO,-mediated oxidative ring cleavdeof vicinal diol (+)-88 (preparation of which was
described in the previous section). This resultedialdehyde key intermediae)-115, which
proved to be a stable, isolable compoumtie two formyl moieties of+)-115 are intrans
relationship relative to the carboxylate and angdeups, which is predetermined by the rigid
structure of the starting dihydroxylateeamino ester.

The diformyl derivativgt)-115 was an excellent precursor for further transforomat, e.g.
the synthesis of dialkenylated cispentacins. Ireotd obtain these derivatives, dialdehygly
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115 was subjected to aim situ Wittig reactiort®®. First, methyitriphenylphosphonium bromide
was treated with potassiutert-butoxide in dry THF for 15 min in order to generahe
corresponding phosphoranylide, which was reacteth wdialdehyde (£)-115 to furnish
dialkenylated produdft)-116 in moderate yield. Similarly, the reaction of aretiphosphorane,
generated from benzyltriphenylphosphonium bromiue potassiuntert-butoxide, with diformyl
derivative ()-117, led to the corresponding dialkenylated Wittig prod(+)-118 Subsequent
catalytic hydrogenation dft)-116 and(x)-118 resulted indialkylated cispentacin derivativés)-
117and(x)-119in good yields (Scheme 34).

(@]
_aq NalO THF/H,0 )\ /(
(#)-88 oA T2

20 °C, 10 min H

PhOCHN  CO,Et
()-115

@ o @ S
PhsP-Me Br PhgP-CH,Ph Br
t-BUOK, THF, 1 h, 0 °C, 51% t-BUOK, THF, 1 h, 0 °C, 34%

\\IIII “\\// Ph\\\/“/ “\‘///Ph

PhOCHN — CO.Et PhOCHN  CO,Et
(#)-116 (+)-118
PdIC, H,, EtOAC Pd/C, H,, EtOAC
20 °C, 1 h, 89% 20°C,1h, 73%
PROCHN  COoEt PhOCHN  CO,Et
(#)-117 (£)-119

Scheme 34Preparation of difunctionalized cispentacin datilves(+)-117 and(zx)-119from
dialdehydg(#)-115

Further disubstituted cispentacins were obtaineal amalogous synthetic sequences by
utilizing various commercially available phosphaganThe Wittig reaction of dialdehydg)-115
with methyl (triphenylphosphoranylidene)acetateTidF afforded compoundz+)-120 in good
yield. In a similar reaction with (triphenylphosphorangit)-2-propanone, olefinic produgi)-

122 was formed. Hydrogenolysis with a catalytic amooh®Pd/C gave saturated final products
(¥)-121and(x)-123 (Scheme 35).
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0) 0]
Mol
H H

PhOCHN  CO,Et
(£)-115

‘Ph3P=CHCOQMe ‘Ph3P=CHCOMe

THF,0°C, 1 h, 74% THF, 0°C, 1 h, 43%

Me
CO,Me Me

Vo APV

PhOCHN  CO,Et

MeOQC

PhOCHN CO,Et

(£)-120 (£)-122
Pd/C, Hy, EtOAC Pd/C, Hy, EtOAC
20°C, 1h, 49% 20°C, 1°h, 86%

MeO,C CO-M Me Me
2 \“” \\\‘// olvie O}\ //&O

PhOCHN  CO,Et
PhOCHN  CO,Et
(£)121 (£)-123

Scheme 35Preparation of difunctionalized cispentacin datilves(+)-121 and(z)-123from
dialdehydg(#)-115

The newly developed synthetic strategy allowed pineparation of novel cispentacin
derivatives in enantiomerically pure form. The Cidnd cleavage of optically active
dihydroxylated -amino carboxylaté+)-88 with NalQ, gave access to dialdehy@g-115.Thein
situ Wittig reaction allowed the preparation of dialkktgd compoundét)-116and(+)-118 and
further the saturation of the olefinic bonds ledofaically pure substituted cispentacips117
and(+)-119in good yields (Scheme 36).

Phgl?MeBr@ \\S R\\// \ R s/
t-BuOK " Pd/C, H, "y w
| THF, 20 °C, 1 h, 4% S R EtOAc, 20 °C S R
Et0,C'  NHCOPh 1h.90%  g6.c"  "NHCOPh
o) (+)-116 (-)-117

(+)-88 NalOs, THF/H0 )\ S““KH
20°C,10mn H ¢ R

Et0,C  NHCOPh

(+)-115 Ph
Ph
| \\ S AR, /f \, RS f
PhsP- CHg,Ph BY . PAIC, Hy //,Q\n
t-BuOK s R EtOAc, 20 °C S R
THF, 20 °C, 1 h, 39% ’
° Eto,d® NHcoph 'P71%  Eto,C"  'NHCOPh
(+)-118 (+)-119

Scheme 36Preparation of optically pure difunctionalizedpgstacin derivative§)-117 and(+)-
119
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The diformyl -amino ester was further transformed into the gpwading enantiomers
(+)-120 and (+)-122 in reactions with methyl (triphenylphosphoranyhdg¢acetate and
(triphenylphosphoranylidene)-2-propanone, and gatalreduction of the double bonds
furnished saturated cispentacin derivatif#s121and(+)-123 (Scheme 37).

MeO,C CO,Me MeO,C CO,Me
rd A

PhgP=CHCO,Me \\,,,,SQ\\\\ Pd/C, H, " S
THF, 20 °C, 1 h, 75% EtOAc, 20 °C
‘ I 1h, 79% $

f

o EtO,C NHCOPh EtO,C NHCOPh
0
VRS (+)-120 (+)-121
H s
EtO,C  NHCOPh
(+)-115
07 o 0 R 0
|Pth=CHCOMe - SN Pd/C, H, i S
THF, 20 °C, 1 h, 45% S R EtOAc, 20 °C
Et0,C  NHcoph N &% Et0O,C  NHCOPh
(+)-122 (+)-123

Scheme 37Preparation of optically pure difunctionalizedpgsatacin derivativegt)-121
and(+)-123

All the enantiomers were obtained with high optigairity (e.e. up to 97%). No
epimerization was observed during the reactionsprasen by the absence of additional
peaks in théH NMR spectra.

The synthesis o#ll-cis-disubstituted cispentacin derivatives was basecda asimilar
strategy as for the previously descriliemhs-disubstituted analogues, i.e. the transformation
of the C-C double bond of the carbocycle by dihygtation, oxidative ring cleavage and
Wittig transformation of the dialdehyde formed.

Preliminary experiments were performed with theemaic substances. Thall-cis-
dialdehyde (£)-124 was obtained fromdiendoedihydroxylated -amino ester(x)-92 by
oxidative ring cleavage with Nak®¥). Next, thein situ Wittig reactiort*® between diformyl
derivative(x)-124 and the phosphorane generated from benzyltrippéogphonium bromide
and t-BuOK in THF, furnished theall-cis distyryl cyclopentane derivativé+)-125.
Surprisingly, the reaction of dialdehyde)-124 with the Wittig reagent generated from
methyltriphenylphosphonium bromide yielded not éxpectedall-cis dialkenylated product
after 1 h, butransdisubstituted compoun@)-116, which was earlier prepared from diformyl

derivative(x)-115 (Scheme 38). In order to avoid the isomerizationnduthe reaction with
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methyltriphenylphosphonium bromide anBuOK, the experimental procedure was modified
by inverse addition of the reagents: thesitu generated Wittig reagent was added to the
dialdehyde to reduce the strong basic medium. Hewaefter completion of the reaction, no
traces of theall-cis product were detected: the reaction yielded exads the isomerized
product(z)-116.

Ph Ph
@ o \§, \\,
PhsP-CH,Ph Br Z__COEt > _WCOEt
£BUOK <:\ __PdCH,
| THF.RT, 1h, 37% S “NHcoph FOAgE T & NHCOPh
e
oM phr (£)-125 phﬁ (£)-126
1.9 NalOg THF/H,O A COE
(#)-92 —5=¢. 7o min" j
< “NHCOPh
o=\
H
(£)-124 H
® o = ® o O
PhsP-Me Br ~COEt PhzP-Me Br ~CO5Et
tBUOK t-BuOK
THF, RT, 1h, 60% THF, RT, 1 h, 51%
NHCOPhHh NHCOPh
= (6]
(¥)-116 (£)-115

Scheme 38Preparation of disubstituted cispentacin deris(¢)-126 and(x)-116

The formation of isomerized produ@i)-116 from dialdehydd€+)-124 can be explained
by the isomerization gft)-124, which was induced biBuOK, in a keto-enol equilibrium to
the thermodynamically more stalfle-115, followed by a Wittig reaction (Scheme 39). This
led us to suppose that formation of the phosphorfame methyltriphenylphosphonium
bromide required a longer time. Hence, the phospinosalt was stirred withBuOK not for
15 min, but for 2 h. When the resulting phosphoraas reacted witlit)-124 for either30
min or 1 h, producft)-116 was again obtained.

Hydrogenation of+)-125 under catalytic conditions resulted in disubstiiutkerivative
(¥)-126in good yield (Scheme 38).

O§/H Ho M oM
- (CO,Et \ ~COEt ~COEt
O‘ __tBuOK _ t-BuOK
< “NHCOPh J~ “NHcOPh “NHCOPh
= HO o)
oM H H
(£)-124 - - (£)-115

Scheme 39Interconversion oft)-115and(+)-124
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The dialdehyde(+)-124 was further subjected to the Wittig reaction withethyl
(triphenylphosphoranylidene)acetate, giving diajkated cispentacirft)-127 in 74% vyield.
The Ortep diagram of compour(d)-127 is presented in Figure 4. In the reaction with
(triphenylphosphoranylidene)-2-propanong;)-124 gave the all-cis derivative (+)-129.
Subsequent catalytic reduction of the olefinic otedl to functionalized cispentacifig-128
and(z)-130(Scheme 40)

02

Figure 4. Ortep diagram of compoun(d)-127
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The synthetic protocol described above was furisdended to the preparation of
optically pure substances. Enantiomerically pureydiioxylated -amino ester(-)-92 was
obtained according to the methodology presentdieegbcheme 26)all-cis-Dialdehyde(-)-
124 was synthetized in optically pure form fro(f)-92 by oxidative ring cleavage. The
absolute configurations of the stereocenters(-)3124 were determined by chemical
correlation. When (-)-124 was treated with the Wittig reagent generated from
methyltriphenylphosphonium bromide amdBuOK, trans disubstituted derivativég+)-116
was gained. Catalytic reduction @)-116 afforded(-)-117; the NMR data, HPLC ChiralPak
IA, n-hexane/IPA, 0.5 ml/min, 210 nm, the same retentiome: 10.05 min, opposite
enantiomer 9.09) and comparison of the opticaltimta revealed that this compound was
identical to that prepared earlier from opticallyre (+)-115 ethyl (1S2R,3S4R)-2-
benzoylamino-3,5-diformylcyclopentanecarboxylatgith known absolute configurations.
Since the stereocentres were not affected duriagrémsformations, it can be assumed from
these results that (-)-124 IS ethyl (IS52R,3R,49)-2-benzoylamino-3,5-
diformylcyclopentanecarboxylate, and hendg)-92 has the R2S3R4S absolute
configuration.

Optically active dialdehydé-)-124 was transformed into dialkenylated Wittig product
(+)-125 in the reaction with the benzyltriphenylphosphoniutoromide-generated
phosphorane. After C-C bond reduction, saturatedpoand(+)-126 was attained (Scheme
41).

_
® © g’—, 2
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SPRIY G R o
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Scheme 41Synthesis of optically pure disubstituted cispeit derivativeg+)-126 and(-)-
117
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The reaction of diformyl derivativé)-124 with commercially available phosphoranes
methyl (triphenylphosphoranylidene)acetate and hémylphosphoranylidene-2-propanone
gave access to optically pufg-127 and(+)-129, reduction of these products leading({p

128and(+)-130in enantiomerically pure form (Scheme 42).
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Scheme 42Synthesis of enantiomerically pure disubstitudisgpentacin derivatives)-128
and(+)-130

31



3.3. Synthesis of disubstituted acyclic>*-amino acids from 2-amino-
3-cyclopentene carboxylic acid and 2-amino-8/clohexene

carboxylic acid

The synthesis of%>disubstituted open-chain amino acid derivatives approached
by the transformation dafis andtrans cyclopentene -amino acids and cyclohexefeamino
carboxylates through the above-described strategydihydroxylation, and oxidative ring
opening, followed by the Wittig reaction. The stereemistry of the acyclic products is
predetermined by the configuration of the cycliarshg materials. The syntheses based on
the cis and trans unsaturated 5-memberedamino acid species from the racemic 1,3-
cyclopentadiene-derived-lactam are expected to give acyddinti andsyn **amino acid
derivatives, respectively, whilsyn or anti acyclic 3-amino acids with a chain one carbon
atom longer can be prepared by starting from 1r3t,4-cyclohexadiene-derivdgtlactams
(Scheme 43).

NHCOPh

R%yﬁ/E\tﬁR —

CO,Et PhOCHN  CO,Et
p—
NHCOPh HN
(0]

R 2R —

CO,Et PhOCHN  ‘CO,Et

NHCOPh
R <‘ ?
R%ﬁ*r/\vﬁ — —
BzHN CO,Et

CO,Et HN
(6]
NHCOPh
R 3R — g::z
CO,Et BzHN  CO.Et
pr—
NHCOPHh HN
(¢}
R 3R — g::>
CO.Et BzHN  CO,Et

Scheme 43Retrosynthetic route td*disubstituted acyclic amino esters

Preliminary experiments were carried out with tleemic substances, and the
protocol was further extended in order to obtaiargiomerically pure products. Open-chain
dialdehyde intermediatit)-131, prepared from diof+)-96 via oxidative ring cleavad® did

not prove to be as stable as the previously predafiformyl cispentacin derivativés)-115
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and (x)-124. Hence further experiments were conducted by usgiaglialdehyde prepared
situ. The reactions  of (£)-131  with phosphoranes generated from
methyltriphenylphosphonium bromide or benzyltripfiehosphonium bromide andBuOK
furnished the corresponding diolefinatadti products (+)-132 and (+)-134 in moderate
yields. Catalytic hydrogenation of these compouledisto saturated-amino esterg+)-133
and(z)-135(Scheme 44).

(£)-96
NalOy NHCOPh NHCOPh
THF/H,0 oh P ve B : Hy, PAIC :
15 min, 20 °C sP-Me Br W EtOAc
t-BuOK 20°C, 1h
THF, 20 °C CO,Et 81% CO,Et
o) H 1h. 50%
o (£)-132 (£)-133
H
EtO,C  NHCOPh ® o NHCOPh  H,, Pa/C NHCOPh
(£)-131 PhsP-CH,Ph Br - Et0Ac - -
+-BuOK Phwph 20°C, 1h W
Phe, 20 °C CO,Et 90% COEt
e (+)-134 (+)-135

Scheme 44Synthesis of disubstitutehti acyclic -amino acid derivativegt)-133and
(#)-135

Furtheranti Wittig products(x)-136 and (3)-138 were synthetized from dialdehyde
(¥)-131 in  reactions with commercially available phospin@s  ethyl
(triphenylphosphoranylidene)acetate or 1-(triphphgphoranylidene)-2-propanone.
Subsequent olefinic bond saturation resulted itkgiated -amino esterg+)-137 and (£)-
139in good yields (Scheme 45).

l;lH(i)Ph Hy, PAIC I;lHCOPh
PhsP=CHCO,Et EtOZCWCOZEt EtOAc EtozC/\/\l/\/\CozEt
THF, RT 20°C. 1h
1h, 78% COLEt 809, CO,Et
o} H (+)-136 (+)-137
(0]
H
EtOZC(E ) 13:IHCOPh NHCOPh H,, Pd/C NHCOPh
1)- Ph;P=CHCOM ~ EtOA ~
‘3—e>MeOC/\/\|/\/\COMe e :h MeOC” " " come
PhMe, RT )
12 h,e 68% CO,Et 89% CO,Et
(+)-138 (£)-139

Scheme 45Preparation of disubstituteohti acyclic -amino acid derivative@)-137 and
(#)-139
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The synthetic methodology was further successkrlgnded to the preparationsyin

-amino acid derivatives. Dialdehydet)-141, obtained from dihydroxylated -amino

carboxylate(+)-98 via NalQ-mediated ring cleavage, exhibited similar insiépitio that of

its earlier-described analog(t9-131. Thein situ Wittig reaction furnished the corresponding

dialkenylatedsyn products(+)-141 and (x)-143, which were further transformed into the

saturated -amino esterg+)-142 and (+)-144 through a catalytic hydrogenation procedure

(Scheme 46).

(%)-98

NalO4
THF/H,O
15 min, 20 °C

=< -

PhOCHN  CO,Et
(£)-140

@ CO,Et CO,Et

Ha, Pd/C

Ph3P -Me Bl' EtOAC

£-BUOK N

THF, 20 °C NHCOPh 205" NHCOPh

1h, 44% 79%

(+)-141 (+)-142
CO,Et H,, PA/C CO,Et
PhPiCHPh B W EtOAc \/\I)\N

£-BUOK 20°C, 1h
PhMeu20 °C NHCOPh 87% NHCOPh
12h, 39% (£)-143 (+)-144

Scheme 46Synthesis of disubstitutesynacyclic -amino acid derivativegt)-142 and

The

reaction

(+)-144

of diformyl derivative  (£)-140 with ethyl

(triphenylphosphoranylidene)acetate or 1-(triphphgsphoranylidene)-2-propanone gave the

syn Wittig products(x)-145 and (+)-147. Subsequent Pd/C-catalysed hydrogenation led to
compoundg+)-146 and(x)-148in good yields (Scheme 47)

H o)
0
, H
PhOCHN  CO,Et
()-140

‘ Ph3P=CHCOZEt Et02C = A COzEt EtOAc Et02c COQEt
T 7o NHCOPh 20.51n NHCOPh
(£)-145 (£)-146
CO,Et Ha, PAIC CO,Et
PhsP=CHCOMe MeOC = N COMe EtOAc MeOC COMe
) NHCOPh A NHCOPh
(£)-147 (£)-148

Scheme 47Preparation of disubstitutegnacyclic -amino acid derivativeg@t)-146 and

(£)-148
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The synthetic methodology was further extendedtlier preparation of all the open-
chain dialkylated products in enantiomerically puoem. Optically pure dialkenylated
products(+)-132 and(-)-134 were prepared from dialdehyd81 via the Wittig reaction. The
saturation of these products furniskaedi 3-amino carboxylateé)-133 and(-)-135 (Scheme
48).

(+)-96
NalO, ® o NHCOPh 1, pa/c NHCOPh
THF/H,0 PhsP-Me Br 2 EtOA -
15 min, 20 °C : S \S\/\l/R\/ R, R
_BuOK 20°C. 11 s
o H THF, 200°C CO,Et 81% CO,Et
o 1h, 45% (+)-132 (1133
H S)Q—s ]
EtO,C  NHCOP ® ° NHCOPh  H,, PdiC NHCOPh
131 PhsP-CH,Ph Br - EtOAc ~
t-BUOK Phwph 20°C,1h Ph/\/h/’?\/\':h
PhMe, 20 °C CO,Et 90% CO,Et
1h, 46%
(134 (135

Scheme 48Synthesis of optically pure disubstitutati acyclic -amino acid derivative§)-
133and(-)-135

Further optically activeanti 3-amino acid derivativeg+)-136 and (-)-138 were
synthetized by treating diformyl compoud81 with commercially available phosphoranes.
Subsequent catalytic hydrogenation led to enantis(Ael37 and(-)-139 (Scheme 49).

NHCOPh
= Hy, PAIC NHCOPh
(PRaP=CHCO:EL E10,c "oy R “COsEt EOAC Y N R
THF, RT 20°C. 1h
1h, 78% COEt 0%, CO,Et
Q H (+)-136 (137
o)
H s)—S
EtO,C  NHCOPh NHCOPh H,, PAIC NHCOPh
131 PhzP=CHCOM ~ EtOA: ~
ooy~ Me0CTNTG RY N come - Meos gy R come
12, 71% CO,Et 91% CO,Et

(138 (139

Scheme 49Preparation of disubstituted enantiomericallygamnti acyclic -amino acid
derivatives(-)-137 and(-)-139
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Next, enantiomerically pure dialdehydd0 was transformed into acycl&yn Wittig
products(-)-141 and(-)-143 Reduction of the olefinic bond afforded final gugts(-)-142
and(-)-144in 99% enantiomeric purity (Scheme 50).

(+)-98
NalO,4 C) CO,Et H.. Pd/C CO,Et
THF/H,0 PhsP-Me Br F10AC
15 min, 20°C S S
H ) ' h: 42% NHCOPh 76% NHCOPh
o (-)141 (-)-142
R /S H ||
PhOCHN  CO,Et CO,Et Hy, PAIC CO,Et
S S
t-BuOK ”s 20°C,1h S
PhMeu20 °C NHCOPh 89% NHCOPh
12h, 40% ()-143 ()-144

Scheme 50Synthesis of disubstituted optically acteygacyclic -amino acid derivatives
(-)-142and(-)-144

Finally, similar synthetic procedures afforded thigalkenylated 3-amino acid
derivatives(-)-145 and (-)-147 in enantiomerically pure form. Catalytic hydrogeoat of
these products in the presence of Pd/C gave atwegasaturated final product{s)-146 and
(-)-148(Scheme 51).

PhP=CHCOZEL | EtO,C. o~ COEl _EtOAc _ EtO,C . CO,Et
S o S
" Jngeat) NHCOPh A NHCOPh
o O (-)-145 (1)-146
Ry—/S H ||
PhOCHN  CO,Ft
2 CO,Et Hy, PAIC CO,Et
140 PhsP=CHCOMe MeOC COMe  EtOAc MeOC COMe
PhMe, RT 7SI SN 20°C, 1h s[ S
12h, 71% NHCOPh 91% NHCOPh
(-)-147 (-)-148

Scheme 51Preparation of disubstituteynacyclic -amino acid derivativeg)-146 and(-)-

148in optically pure form

Following the extension of our study with novel Wjtreagents on the synthesis of
open-chainB-amino acid derivatives, the synthetic approacharolw dialkylated3**-amino
acid species based on cyclohexBramino carboxylates was demonstrated.

Diformyl derivative (x)-149 was synthetized from dihydroxylatgdamino estexz)-
102 through an oxidative ring cleavage protocol, whiedis previously successfully applied
for the preparation of cispentacin-based diformetivchtives()-115 and (+)-124 or open-
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chain dialdehydeét)-131 and(+)-140. It should be noted that dialdehy(ig-149 displayed
similar instability to that of the previously debad acyclic dialdehyde&)-131 and(+)-140.
As it could not be isolated, further experimentseveonducted with dialdehyde generaied
situ. The Wittig reaction betweegt)-149 and methyl (triphenylphosphoranylidene)acetate or
(triphenylphosphoranylidenegcetonitrile resulted imanti open-chain dialkenylated products
(¥)-150 and (x)-151 The following hydrogenation under catalytic cdiadis furnished
saturatedp-amino esterg*)-152 and (+)-153 in good vyields. Furtheanti disubstituted
compoundg*)-154 and(z)-155 were obtained via the reactions of dialdehfg)el49 andin
situ generated ylides from methyltriphenylphosphonium rontide or
benzyltriphenylphosphonium bromide. Subsequent gobbnd reduction yielde@-amino
acid derivativegt)-156 and(z)-157 (Scheme 52).

(£)-102
NalO, NHCOPh Hy, Pd/C NHCOPh
THF/H,0 PhsP=CH-R : EtOAc R
15 min, 20 °C THF RWR - R g
20°C, 1h CO.Et 20°C,1h CO,Et
o) 0 2
(#)-150 R=CO,Me (79%) (#)-152 R=CO,Me (90%)
y y (#)-151 R=CN (70%) (£)-153 R=CN (96%)
EtO,C  NHCOPh ®
2 (4)-149 Ph3P-CH,R Br NHCOPh H,, Pd/C NHCOPh
t-BUOK : EtOAc = R
RN xR RS
THF 20°C,1h s
20°C,1h CO,Et CO,Et
(£)-154 R=H (45%) (#)-156 R=H (80%)
(£)-155 R=Ph (46%) ()-157 R=Ph (92%)

Scheme 52Preparation of disubstituteshti open-chain derivative®)-152, (+)-153, (£)-156
and(x)-157

The above synthetic protocol was subsequently detrio the preparation of open-
chain syn 3-amino esters. The diformyl derivatie)-158 synthetized from dio(%)-104
demonstratedsimilar instability to that of the previously described acyclic analogues.
Difunctionalized Wittig productq+)-159, (+)-160 and (£)-161 were formed by treating
dialdehyde (+)-158 with commercially available phosphoranes. Subseigqueatalytic
hydrogenation resulted in saturated acyclic comgei)-162, (+)-163 and(z)-164 in good
yields. The reaction of dialdehyde(z)-158 with the ylide generated from
benzyltriphenylphosphonium bromide then affordesl disubstituted Wittig product)-165,
which wasfurther reduced to derivativig)-166 (Scheme 53). For unknown reasons, in the
reaction of dialdehydé+)-158 with the ylide generated from methyltriphenylphospinm

bromide, no product formation was observed.
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Scheme 53Synthesis of disubstitutesynopen-chain derivative&)-162, (+)-163, (+)-164
and(x)-166

Dialdehyde(+)-167 was obtained from the dihydroxylatBeamino carboxylaté+)-108
via oxidative ring cleavage. The dialkenylated $p®@r)-168, (+)-169, (£)-170 and(x)-174,
isomers of earlier prepared derivatives (Schemesr&® 53), were gained via the Wittig
reaction. Subsequent olefinic bond reduction furags novelanti 3-amino acid derivatives
(1)-171, (£)-172 (£)-173 and(x)-174 (Scheme 54). As in the previous case,ithgtu Wittig
reaction  between  dialdehyde (+)-167 and the ylide generated from

methyltriphenylphosphonium bromide failed.

(+)-108
NalO, NHCOPh  , pg/c NHCOPh
THF/H,0 PhsP=CHR R o EtOAC A UR
15min20°C ———— 7 R———R f
H 20761 h CO,Et 20°C,1h CO,Et
o H ’ (£)-168 R=CO,Me (65%) (£)-171 R=CO,Me (95%)
o (£)-169 R=CN (67%) (£)-172 R=CN (95%)
_ (£)-170 R=COMe (55%) (£)173 R=COMe (93%)
EtO,C NHCOPh @ )
(2)-167 PhsP-CH,PhBr NHCOPh  Ha PdiC NHCOPh
t-BuOK H EtOAc =
Ph _ P ———— pth Ph
THF, 20°C Ph 5o 2
1h, 61% CO,Et 1h, 78% COEt
(*)-174 (£)-175

Scheme 54Preparation of disubstituteshti open-chain derivative®)-171, (£)-172, (£)-173
and(x)-175
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4. SUMMARY

A novel stereocontrolled synthetic access routebleas developed to difunctionalized
cispentacin derivatives fromiexo and diendenorborneneB-amino acids and acyclip>>-
amino acid species derived fromciss or trans 3-aminocyclopentene and
cyclohexenecarboxylates. The syntheses were basddansformation of the C-C double
bond in the cyclic starting materials by stereadete dihydroxylation with Os@) followed
by NalQ;-mediated oxidative ring cleavage of the correspundiols, with subsequent
Wittig transformations of the dialdehyde interméesand Pd/C-catalysed hydrogenations of
the dialkenylate@-amino esters formed.

Preliminary experiments were performed with theenaic substances, and the protocol
was then extended to enantiomerically pure substariRacemic -amino ester87, 91, 95,

97, 101, 103 and 107 were synthetized as required starting materials {gctams ring
opening, followed byN-protection. Bicyclicdiende -amino ester91 was obtained from
bicyclic diendeanhydride via ring opening, followed by Hoffmanegiadation, esterification
andN-Bz protection. Stereoselective dihydroxylationtleése compounds by means of NMO
and a catalytic amount of Og@rnished dihydroxylated-amino ester88, 92, 96, 98, 102,
104and108(Schemes 25, 26, 27, 28 and 29).

The well-established protocol for the synthesidibfydroxylated -amino esters allowed
the preparation of starting materials in enantiocadly pure form. Racemic-lactam 86 was
subjected to enzyme-catalyzed enantioselective ap&ning, resulting in enantiomerically pure
amino acid(-)-109 and unreacted-lactam(+)-86. Enantiomer(+)-86 was then transformed to
optically pure diol(+)-88 through ring openingN-Bz protection and dihydroxylation (Scheme
30).

The preparation of enantiomerically pureamino ester(-)-92 was attained through
diastereomeric salt recrystallization. The reacbetween racemidiende -amino este(t)-111
and enantiomerically pur@-(-)-mandelic acid-)-113 yielded the corresponding diastereomeric
salt mixture(£)-113. This mixture was then recrystallized, and the ei@simeric ratio was
monitored by'"H NMR. The pure diastereomer was treated with a#dr NaHC@ solution to
give optically purediende -amino este(-)-111 with ee = 99.9%. Subsequent benzoylation and
stereoselective dihydroxylation resulted in enango(-)-92 (Scheme 31).

Cyclopentanecis and trans -amino esters were gained through the enzyme-caigly

kinetic resolution of -lactam. Enantiomerically pure amino a¢ig-114 and unreacted-lactam
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(-)-94 were obtained and separated. NéxXt94 was treated with HCI/EtOH solution, and the
following benzoylation and dihydroxylation led tptaally pure diol (R,2R)-(+)-96. Amino acid
(+)-114 was transformed to dihydroxylateplans -amino carboxylate @2R)-(+)-98 via
esterification, group protection, base-induced epipation and dihydroxylation procedures
(Scheme 32).

The C-C bond cleavage of optically active dihyddatgd -amino carboxylaté¢+)-88 with
NalO, gave access to ethyl 2-benzamido-3,5-diformylqyetdanecarboxylatét)-115. The in
situ Wittig reaction allowed the preparation of dialkktgd compoundét)-116and(+)-118 and
the saturation of the olefinic bonds led to theiagiy pure substituted cispentacins ethyl 2-
benzamido-3,5-diethylcyclopentanecarboxylate(-)-117 and ethyl 2-benzamido-3,5-
diphenethylcyclopentanecarboxyldtg-119(Scheme 34).

The diformyl -amino ester was further transformed into the gpmading enantiomers
(+)-120 and (+)-122 by reaction with methyl (triphenylphosphoranyliégacetate and
(triphenylphosphoranylidene)-2-propanone, and gatalreduction of the double bonds
furnished saturated cispentacin derivatives 318yl 4-benzamido-5-
(ethoxycarbonyl)cyclopentane-1,3-diyl)dipropanoate)-121 and ethyl 2-benzamido-3,5-
bis(3-oxobutyl)cyclopentanecarboxyldtg)-123(Scheme 35).

The syntheses ddll-cis-disubstituted cispentacin derivatives were based similar
strategy. all-cis-Ethyl 2-benzoylamino-3,5-diformylcyclopentanecarflate (-)-124 was
synthetized in optically pure form fro(n)-92 by oxidative ring cleavage. Dialdehy@¢-124
was transformed into dialkenylated Wittig produet)-125 through reaction with the
benzyltriphenylphosphonium bromide-generated phospte. After C-C bond reduction,
saturated ethyl 2-benzoylamino-3,5-diphenethylgyetdanecarboxylatér)-126was attained
(Scheme 38).

The reaction of ethyl 2-benzoylamino-3,5-diformydlmpentanecarboxylaté-)-124
with commercially available phosphoranes gave actesptically purg-)-127 and(+)-129,
reduction of these products leading to ethy5ZR,3R 49-2-benzoylamino-3,®is-(2-
methoxycarbonylethyl)cyclopentanecarboxylédel28 and ethyl 2-benzoylamino-3f&s-(3-
oxobutyl)cyclopentanecarboxylate)-130(Scheme 40).

The synthesis of -

disubstituted open-chain amino acid derivatives approached
by the transformation afis andtrans cyclopentene and cyclohexeneamino acids through
the above-described strategy. Optically pure diafleed product$+)-132 and(-)-134 were

prepared from dialdehyd&31 via the Wittig reaction. The saturation of thesedocts
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furnishedanti -amino carboxylates ethyl 3-benzamido-2-propylpeotde(-)-133 and ethyl
3-benzamido-5-phenyl-2-(3-phenylpropyl)pentandaid 35 (Scheme 44).

Further optically activeanti f-amino acid derivatives triethyl 3-benzamidoheptane
1,4,7-tricarboxylatg+)-137 and ethyl 3-benzamido-6-o0xo-2-(4-oxopentyl)heptdad-)-139
were synthetized by treating diformyl compouri8l with commercially available
phosphoranes and subsequent catalytic hydrogen&abheme 45).

Next, enantiomerically pure dialdehy@é0was transformed into the acyclgnWittig
products ethyl 3-benzamido-2-propylpentano@jel42 and ethyl 3-benzamido-5-phenyl-2-
(3-phenylpropyl)pentanoate)-144 (Scheme 46).

Finally, similar synthetic procedures afforded thigalkenylated 3-amino acid
derivatives(-)-146 and(-)-148in enantiomerically pure form (Scheme 47).

Following the extension of our study with novel Wtreagents to the synthesis of
open-chainB-amino acid derivatives, a synthetic approach tdwatialkylatedB**-amino
acid species based on cyclohex@r@mino carboxylates was developed. Diformyl derxeat
149 was synthetized from dihydroxylateetamino esterl02 through an oxidative ring
cleavage protocol. The Wittig reaction between149 and methyl
(triphenylphosphoranylidene)acetate or (triphengfghoranylidene)acetonitrile resulted in
anti open-chain dialkenylated product$0 and 151 The following hydrogenation under
catalytic conditions furnished saturate@-amino esters 4-ethyl 1,8-dimethyl 5-
benzamidooctane-1,4,8-tricarboxylate 152 and  ethyl  3-benzamido-6-cyano-2-(3-
cyanopropyl)hexanoatd 53 Further anti disubstituted compounds ethyl 3-benzamido-2-
propylhexanoatd56 and ethyl 3-benzamido-6-phenyl-2-(3-phenylpropgkéinoatel 57 were
obtained vian situ Wittig reactions and subsequent double bond redli¢cheme 52).

The above synthetic protocol was subsequently detrio the preparation of open-
chainsynp-amino esters. Difunctionalized Wittig produdts9 160 and161 were formed by
treating dialdehydd 58 with commercially available phosphoranes. Theofsihg catalytic
hydrogenation resulted in saturated acyclic comgsun4-ethyl 1,8-dimethyl-5-
benzamidooctane-1,4,8-tricarboxylate 162, ethyl 3-benzamido-6-cyano-2-(3-
cyanopropyl)hexanoate63 andethyl 3-benzamido-7-oxo-2-(4-oxopentyl)octanoiaéd The
reaction of dialdehydel58 with the ylide generated from benzyltriphenylphospium
bromide then afforded the disubstituted Wittig proidl65, which wasfurther reduced to
derivativel66 (Scheme 53).
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Dialdehyde167 was obtained from the dihydroxylat¢@@damino carboxylatel08 via
oxidative ring cleavage. The dialkenylated spediethyl 1,8-dimethyl 3-benzamidooctane-
1,4,8-tricarboxylatel 71, 2-ethyl 1-benzamido-3-cyanopropyl)-6-cyanohexamad?2 2-ethyl
1-benzamido-4-oxopentyl)-7-oxooctanodté3 and 2-ethyl-1-benzamido-3-phenylpropyl)-6-
phenylhexanoat&75were gained via Wittig reactions and subsequesfinat bond reduction
(Scheme 54).

It should be emphasized that the stereochemistrth@ftarget difunctionalize@®-
amino esters was predetermined by the configuratadrthe cyclic starting materials. Since
the stereogenic centres of the starting materiale wot affected during the transformations,
their stereochemistry determined the configuratiohshe asymmetric centres in the final
products.

The presented synthetic methodology proved to bmplsi efficient and completely
stereocontrolled. Through use of this syntheticrapgh, 54 novel cyclic and open-chain
amino acid derivatives have been obtained. It maygbneralized and applied for the

synthesis of a variety of substituted cyclic andmphain3-amino acid derivatives.
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