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Section 1. Introduction 1

*
1.1 Introduction

The de novo design of peptides and peptidomimetics with argficonformation is an
important question in biology and chemistd/To provide answers, general principles
that guide the design must be developed. In cas@ratieins and peptides their
biological response relays on the interaction ofpat of the accessible three-
dimensional surface with a complimentary surfacett® binding partnet®® The
peptide backbone serves as a scaffold for the pi&sen of the amino acid side chain
functional groups involved in the interaction, kbe oligoamide backbone can also
participate. The various functional groups, if pedp arranged in space, can perform an
enormous number of chemical functions which arebidwgs of all biological processes
and life. In the case afe novo design of peptide and protein backbone conformatio
structural constraints are used to limit their itbéy. One very successful approach,
among other§,is the introduction of two substitutents at theosition of ana-amino
acid.

C*-Tetrasubstitutedu-amino acids are non-proteinogenic modified amimnids in
which the hydrogen atom at tleeposition ofa-amino acids is replaced by an alkyl or
aryl substituent. ETetrasubstituted-amino acids play an important role in ifesnovo
design of peptides and peptidomimetics with enhdumeeperties, because they possess
a stereochemically stable quaternary carbon cemiéch results, after incorporation
into peptides, in a significant conformational bidke orientation of the aromatic ring
of an amino acid residue can also be restrictedth®se modifications. Another
advantage of Gtetrasubstitution is the enhanced lipophilicitytbé peptide molecule,
which may be of importance to cross the blood-bbairrier or other membranes.

A larger peptide can show several different equiim conformations in solution,
which differ in their biological activity. To lockthe peptide in one specific
conformation, it is necessary to bias or consttha@ peptide to prefer a particular
backbone conformation. Sterically constrainetité@rasubstitutedr-amino acid can
achieve this task.

A number of notable successes have been reportetevgmall peptide fragments were
used as antigens for eliciting immune responsegrtdein epitopes. However, the

overall approach suffers from the fact that thetipepantigens are conformationally

" This introduction is part of a published reviewessMaity, P.; Konig, BPept. Sci. 2008
90, 8-27.
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flexible and cause a wider range of antibodies dordised against the peptide. This
leads to an inefficient immune response. Againfaonationally constrained peptide
fragments can help to overcome these drawbacks.th&nouse of chiral € -
tetrasubstitutedi-amino acids is their application as valuable bogdblocks in organic
synthesis and as core structure of catalysts fonagetric bond formation reactions.
Therefore, numerous attempts to the synthesis"déttasubstituted amino acids have
been performed, many of which involve an opticalotetion of the racemic forrh.
Recent efforts mainly focus on asymmetric transtdrans based on the alkylation of
enolates from bislactonéspxazinones, imidazolidinone¥ and other procedurés.
These methods have been documented by SeBhamuth Cativield® in their excellent
reviews.

In cyclic C* -tetrasubstitutedx-amino acids (Figure 1), to which the focus of this
introduction is limited, botha-substituents are covalently connected. The ring
introduces steric constraints into the amino aesidue and changes in the chemical
reactivity of the pendant functional groups, eay.reduced rate of hydrolysis of a

peptide or an ester group.

H,N__ COH
&

nt

n=1-5
X=CH, NH, O, S

Figure 1. General representation of cycli¢-@trasubstituted-amino acids.

In this introduction we focus exclusively on thenthesis and use of*@etrasubstituted
cyclic a-amino acids as structure determining and induelegnents. The survey will
cover the recent synthetic approaches to prepate amino acids. Cativieldsearlier
review covers acyclic and cyclic*@etrasubstituted-amino acids, but in the past seven
years several new synthetic routes have been sgbofoniolo et at? discussed the
effect of C-tetrasubstituted cyclia-amino acids within their paper on conformation
control by the Thorpe-Ingold effect. We cover instintroduction recent examples of
conformationally stable turn structures of shomptfmes induced by €tetrasubstituted

cyclic a-amino acids and discuss typical examples of tmg rsize of the G
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tetrasubstituted cyclie-amino acids beginning with three-membered ringsitiauing

with four, five, six membered rings and finally gistructures larger than six-membered.

1.2. Cyclopropane amino acids

1.2.1. Synthesis

The cyclopropane motif is a valuable structure frargioselective synthedfswith
representation in more than 4000 natural productd &00 therapeutic agents.
Cyclopropane amino acids are found to inhibit amawd processing enzymes of
medical interest, by various mechanisms. They &kee potential as conformation
restriction moieties in bioactive peptides cauding stabilization of a peptide towards
enzyme cleavage. The presence of a strained g¥dioocyclopropane ring may lead
to covalent attachment of the peptide to an enzwacteve site leading to enzyme
inhibition. If conformational effects of the cyclagpane amino acid on a peptide are
understood, active site mapping becomes possible.

Each ring mono-substituted cyclopropanamino acids analog exists in diastereomeric
E andZ-forms (Figure 2) in which the characteristic fuangality at thep-carbon atom

of the specific amino acid s to the carboxyl or to the amino function, respesi.

R/AMNHZ HANHz
R’ “COOH

H COOH

Z-isomer E-isomer
Figure 2. Isomers of monosubstituted cyclopropar&mino acids.

Cyclopropane amino acids were first isolated froiheic apples and perry pears by
Burroughs’ and identified as an intermediate in the biosysithef ethylené® During

the past two decades several new synthetic appgedohthe synthesis of cyclopropane
amino acids have been reportéd! One of the earliest and most straightforward
synthetic methods used the alkylation of a glycdegivative or its congener with
ethylene dibromide or its equivalefitScheme 1 depicts the first preparation of a

cyclopropane amino acid.
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R i R i NH

0] [ \ (ii) [ 2
CO,R' COR' COR'
R =NC,N=CR,
R' = Me, Et

(i) BrCH,CH,Br/Base
(i) HCVH,0

Scheme 1. An early preparation of cyclopropane amino acids.

The first approach for an asymmetric synthesis yflopropane amino acids was
described by Pirrurf§ in 1986 that involves the synthesis of both emanérs ofallo-
norcoronamic acidc{s-methyl-Acc). In the following review we focus ogatopropane
amino acids, which were used to induce turn strastuvhen introduced in short
peptides and refer the interested reader for tobenteasymmetric synthesis of other
cyclopropane amino acids to the review of Cativiéla

Pirrund* and Burges$? described the diastereoselective synthesis of hamatogues
of serine, methionine, leucine and others (Schejnetdting from enantiomerically
pure R/9S-epichlorohydrine or R/S-glycidyl triflate as the 1,2-dielectrophile and

different malonate esters in the presence of sodiiyanide.

M\ COR
NS0 re Ha A COR
(\)),\R Base N "NH,
— < 3 - 4
COR'
1 4 O _o
. NH
“H COR 5
R=Cl 2
OTf R" = OH, CN, OBn, SMe, N N,
R' = Me, t-Bu CONH

Scheme 2. Synthesis of cyclopropane amino esteasdb.
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The resulting lactone2( 3) were treated with methanolic ammonia to yield desj
which were converted by subsequent reactions imodesired cyclopropane amino
esterst and5.

Enantiomerically pure D- and L-valiffeare useful starting materials for the synthesis of
all four stereoisomers of 1l-amino-2-isopropylcyctmmanecarboxylic acid. A cyclic
sulphate @), prepared from L-valine in a four-step proceduesmcts with dimethyl
malonate or diethyl gluconate, to afford the kegimediates for the synthesis &

- and § 9- leucine surrogates followed by standard tramsé&dions (Scheme 3).

Enantiomers of the target structures can be oltasterting from D-valine.

NaH /\_.CO,Me /\NH,
- W .. TT=== > W -
COMe \ co,Me \ co,Me
¢ 7 5
CO,Me
O\\ L0
/S\
oo
S CO,Et
—s éo2
COEt /\_.COEt /\_.CO,Et
\ = TTTTs =N\ 2
NaH | NH,
10
% ScoEt

Scheme 3 Synthesis of stereoisomers of 1-amino -2-isopmmybpropanecarboxylic
acid ester8 and10.

The cyclic sulphatel@) obtained from (R, 2R)-1,2-diphenyl-1,2-ethanediol {) reacts
with diethylglutaconate, which can be convenierdglgborated to afford @ 29-1-

amino-2, 3-diphenylcyclopropanecarboxylic atBi(Scheme 4%*

O

o S é/ H Ph
. =S~0 \
'Z‘OH&» 0/7) _______ > Ph\A/N H,
. // \\~ "/
HO™N i) RuCl/Nalo, Ph H COH
Ph
11 12 13

Scheme 4. Synthesis of 1-amino-2, 3-diphenylcyclopropanecayhic acid13.
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Cyclic chiral glycine equivalents usually give rigebetter selectivities in asymmetric
reactions. Bis-lactim ethers described by Scholilewp well known chiral intermediates
for the asymmetric synthesis of amino acids. Bistda ethers derived from L-valine
and glycine or Ltert-leucine and glycine have been used as startingriakst in the

synthesis of (R, 2R)-allo-coronamic acidX6) (Scheme 5).

CH.C_

= CIH,C

H
LN\:(OCF% CH,CI Ny OCHs
Hco” SN n-BuLi \/\//E\ :E‘R
3 H ,
14 5
R =i-Pr,i-Bu

EtNHZ
---------- > S

H  TCOMH
16

Scheme 5. Synthesis of (R, 2R)-allo-coronamic acid 6.

Williams et al® described the first asymmetric synthesis of 2-uled 1-amino
cyclopropane carboxylic acids using double bondlopropanation of a chiral
didehydroamino acid derivativ&®). The intermediatesl8) were then transformed into

the desired 2-substituted 1-amino cyclopropanematiz acids19 (Scheme 6).

(@]
Ny —
(@] Ph—S—CH (@]
0O [ 2 0O
N |/ mmmm=e- E N
H N, T N, H COMH
Boc Ph Boc Ph
17 18 19

R = CH; (de, 100%), Et (de, 100%),
n-Pr (de, 100%), Ph (de, 100%)

Scheme 6. Synthesis of 2-substituted 1-amino cyclopropanemailic acids19.

A detailed study using rhodium (Il) N-@ert-butylbenzenesulfonyl) prolinate as a
catalyst determined the key factors that contr@ #mnantioselectivity. The study
concluded that the level of asymmetric inductiostrengly enhanced by the use of non-
polar solvents, while increasing the size of théeresn the carbenoid results in a
significant drop in enantioselectivity. Even betsetectivity is observed when rhodium
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(I N-(p-dodecylbenzene sulfonyl) prolinate is used aatalyst at -78°C. The product

21 was converted into the desired amino &4dn subsequent steps (Scheme 7).

H
O th
N
t-BUAQ\Iyo oF Rh
Ph //
_ o} 4 ph A_COR Ph, /N\_COH
N2 > \\ ;//___ ______ _» \\ ,,/
COR Ph Ph = i Ph NH,
20 1 21 P 22

Scheme 7. Synthesis of 2-phenyl 1-amino cyclopropanecarboxatid22

1.2.2. Induction of turn/ helical structures in slort peptides.

Unlike a- or B-methyl amino acid€® 2, 3-methano amino acids have rigidly definéd
orientation. Consequently, 2, 3-methano amino ashisuld have marked effects on
secondary structures. The solid state structuresoofe of the derivatives have been
deduced via crystallograpRy.

Burgess et &°?° reported methionine analogs of cyclopropane araitids (methano-
methionine) which induce gturn structure in solution when incorporated iatshort
peptide. Tetrapeptide H-PheS23S)-cyclo-Met-Arg-Phe-NH was prepared by using a
solid phase approach. Different NMR studies corgnthat the tetrapeptide showed
turn possessing—i+2 (C=0"H-N) intramolecular hydrogen bond (Figure 3).
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Figure 3. Truncated representation of thrurn region centered at cyclo-Met and the
close proximity of the cyclopropane ring and thenaatic ring. The contact at 2.27 A
corresponds to an H-bond between the Aryyahd the Phe G.

Jiménez et al’ have investigated the properties of Pro-cyclopka@py3-diphenylo-
amino acid (ediPhe) dipeptides. Coupling of N-terminally proesgti_-proline 23) with
the racemic giPhe @4) yields two diastereomer25 and 26 (Scheme 8). One of the
diastereomers forms B-turn (type II), which was confirmed by X-ray d#iction

structure analysis (Figure 4).
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h

10

Q + I/A<CONHi-Pr
t'BUOYN COOH p NH,
23 24
) |
i :
1 1
] ]
! ]
Y Y
H O Ho O
N - t-B N N NHi-Pr
t-Bu._ N NHi-Pr U\[r
\[r Ph oP
o) O o
Ph
[[—e
t-BU\_//O ~~~~~ H\N)\CH3
S Hew
Iy H \_
N I ~—0
N—
“11Ph
o)
PA
25

Figure 4. X-ray diffraction structure of compourh (B-1I-turn). Most of the hydrogen

atoms are omitted for clarity. The intramoleculadiogen bond is represented as
dashed line.

In 2005 Jiménez et al. reporfédhat different substituents in cyclopropam@mino
acids give different turn structures if incorpodht@to a short peptide. Racemic N’-

methyl-2,  2-diphenyl-1-aminocyclopropane-carboxamid (H-gDip-NHMe)  was
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coupled to Ntert-butoxycarbonylk-proline by the mixed anhydride method. The two
column separable diastereomers showg@etan type Il structure and two consecutive
y-turns, respectively, in the solid state. The replescribed the first observation of two
consecutive-turns (Figure 5).

Figure 5. a) Top: X-ray diffraction structure of PiwProi-csDip-NHMe
accommodating 8-l turn. The intramolecular—i+3 hydrogen bond is indicated by a
dashed line. Only the prolineaGand amide hydrogen atoms are shown, b) Bottom: X-
ray diffraction structure of Ac-Pro-b-c3Dip-NHMe exhibiting two consecutiveturns,
each stabilized by an intramolecular1+2 hydrogen bond (dashed lines). Only the
proline Gu and amide hydrogen atoms are shown.

Toniolo et af? used ediPhe to investigate the relationship betweenctfzmino acid
side- chain chirality and the screw sense of ite tor helical conformations in the
absence of any potentially overlapping influencat tarises from the asymmetric
carbon. Starting from Boc-R 3R) cxdiPhe-OH?® (27) they synthesized a series of
terminally protected ®, 3R) csdiPhe homochiral homopeptides up to the tetra2@y (
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level in 61-80% vyield by activating the amino aadrboxyl function with HOAt
/HATU>**in dry DCM in the presence of DIPEA (Scheme 9)e Bompounds are long

enough to fold into multipl@-turn conformations and even into shoyi-Belices.

o} o}
H H
BuO_ _N BuO'_ [N .
\ﬂ/ OH  ..___.__. - NHiPr
n
O Ph o Ph
= =
27 28

n=2-4

Scheme 9. Synthesis of helical peptid@8 and29.

The heterochiral dipeptid29 was reported from the same grodpsyith excellent yield
after 4 days of reaction between Bo&(3S czdiPhe-OH and H-®, 3R) czdiPhe-
NHiPr using the same coupling reagents. The singlstairystructure shows the
molecule folded in a type-B-turn conformation, stabilized by a weak intramalac
(Boc)C=0O"H-N(NHiPr) hydrogen bond, which closes a 10-membered atiog
(Figure 6). But in the crystal state the self-adsdgmof compound?29 through
intermolecular hydrogen bonds leads to the formmatioa supramolecular helix of large
diameter (18 A), internally decorated with pheriyigs. As a result, a hollow helical
channel large enough to accommodate guest moleaale®bserved. This implies that
compound?29 incorporates a highly restricted cyclopropane ph&anine analogue

(csdiPhe) with remarkable conformational properties.
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Figure 6. X-ray diffraction structure of Boc-[R 3R) csdiPhe],-NHiPr (29). The

intramolecular hydrogen bond is represented bysaethline.

Earlier work investigated the structures of homigarhers of Agc. For a detailed
account we refer to ref. 14. The results indicatedpropensity of tri- and tetrapeptides
of this kind to fold into type B-bends and distorted @helices, respectivel?*"**This

is in contrast to homopeptides of 1-aminoisobutwiad (Aib), 1-aminocyclopentane-
carboxylic acid (Aec) or 1-aminocyclohexanecarboxylic acid gaxof similar length,

for which regular type IIB-bends and 3 helices are found.

1.3. 1-Aminocyclobutanecarboxylic acids

1.3.1. Synthesis

Although the chemistry of small ring systems is lvetlidied>® a-amino acids from the
cyclobutane series have received only little atbentRecent use of 1-aminocyclobutane

carboxylic acids in the field of medicinal chenysis an exception (Figure 7).

HOLC, HO,C HO,C
S SO

\ N N \
HO,C H HOH.C —
z (HO),OP

30 31 32 33

Figure 7. Structures of typical 2, 4-methaneamino acids30-33).

In 1980 Bell et af® reported the first isolation of 2, 4-methano amamds (2, 4-
MAAs), namely cis -2, 4-methanoglutamic acid (2, 4-MGIWB0) and 2, 4-
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methanoproline (2, 4-MPr@&1) from the seeds oiteleia Herbert smithii. Later,cis-1-
amino-3-hydroxymethanocyclobutane carboxylic aBi#) (vas isolated by Austin et al.
from the same souréé.In 1990trans-2, 4-methanoglutamic acid was described as a
highly potent NMDA agonist? whereas other 1, 3-disubstituted cyclobutane ddriv
amino acids, such a83, act asNMDA antagonists and anticonvulsive drugs,
respectively. Furthermore, incorporation of vari@)s4-MAAs into bioactive peptides
increases their stability towards enzyme degradatmd altered their biological
properties remarkab. The first synthetic approach was reported by Garal.*
providing a wide range of achiral or racemic 1-amsytlobutane carboxylic acids and
their corresponding 1, 3-dicarboxylic acids.

In 2003, Frahm et 4 and Fadel et &f reported the synthesis df-alkylated
cyclobutane amino acids using 2-substituted cydknimanes as starting materi&dj.
The racemic 2-substituted cyclobutanoBdsvere prepared from cyclopropyl aldehyde
by a modified enlargement met{8d or from 1, 3-dibromobutane and
tosylmethylisocyanide (TosMi¢} Under acidic conditions, the keton8¢ were
condensed with the chiral auxiliar§)(- 1-phenylethylamine or derivativé$ to give
corresponding iminium mixtures, which by situ addition of sodium cyanide to the
C=N bond would predominantly afford one diastereomé the four possiblen-
aminonitrile isomers. In subsequent steps (hyd®hand hydrogenolysis) the-
aminonitrile isomers were converted into the desamino acids (Scheme 10).

v \ CN COOH
v, Ll
35 b . =\t |—L N o= [ [ "NH,
o 4 R* i( Ph i(
R
MeQOH, or CMSQO 36 37
3-eq. AcOH, NaCN v
24 R £0-60°C. 4d H HNA( NH,
L - @:w > Ph
\ R* TN S COOH
38 39

R=H |JR=Ph (R =i-Pr
Y=H |Y=0H Y = OCH;

Scheme 10. Synthesis of cyclobutaneamino acids887 and39.
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In 2006 Hazelard et &f.reported the preparation of an enantiopure 1-aBihgdroxy-
cyclobutane carboxylic acid (serine analogu8ec)-in four steps, starting from racemic
cyclobutanones and a chiral benzylic amine as lcairliary.

An easy and efficient one-pot reaction from readihilable 2-benzyloxycyclobutanone
(41) gave a kinetic or thermodynamic nitrile with goedlectivity by means of an
asymmetric Strecker synthesis. After separatiore thajor trans-amino nitrile
underwent basic hydrolysis and hydrogenolysispfed by acidic hydrolysis, to give
optically active (R, 2R)-1-amino-2-hydroxycyclobutanecarboxylic acid8), serine

derivatives (Scheme 11).

Lo el

OBn
(S)- 40 (S)-41
jo \§

*
<> +R
2e AcOH + ?‘N‘
osn °0 X H

rac. -41 OBn

42 43

CN HN«( HN‘( CN
D{”N—< + d"CNPh “enPh “N—(
L. H by . + H
OBn OBn OBn OB
44 45 46 47

Scheme 11. Stereoselective synthesis of 1-amino-2-hydroxydyatane carboxylic

acid, an analogue of seringsgy.

The absolute configuration was established by Xdiffyaction structure analysis of the
correspondingis-amino nitrile,44 (Figure 8)
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Figure 8. X-ray diffraction structure of compour.

Wanner and co worker? reported the synthesis of all four sterecisoméf§1s, 29-,
(IR, 2R)-, (1S 2R)-, (1R, 29-] of 1-amino-2 hydroxymethyl-cyclobutanecarboxyli
acid. The synthesis was based on the chiral glyetnevalentd9, which is available in

both enantiomeric forms (Scheme 12).

\—N Z "ot

N 0OsQy(Cat.),
~< sBuLi, -80°C O-NMe; rt, 20h, 76%

69%, >95% de

MeO X MeO X
NN N :
ST ST '[BU-P4, -80°C
~ + P >
>F\O H Y %Om 2h, 72%
@] @]

aX=0H,Y=0H 1:1
b X'=0OH, Y =0SiMe,tBu 1:1
c X=1,Y = OSiMe,tBu 1:1

OSiMetBU  MeO —OSiMeBu OH _OH
=N HA HAN
+ N £ > ----- > y + y
(@) HO HO
(@) (@) (@)
53 54 55 56
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Scheme 12. Synthesis of 1-amino-2-(hydroxymethyl)-cyclobuteamoxylic acidsb5
and56.

The key step involves the cyclization of silyl-proted iodohydrineS1cand52cto the
correspondingpiro derivatives53 and54 with the aid of the phosphazenic baBa-P,.
The final compounds56 and56) were prepared in subsequent steps and displayed a
moderate potency as ligands for the glycine bingitgof the NMDA receptor.

In 2003 Avenoza et af described a thermal [2+2] cycloaddition involvirgy
acylaminoacrylates and ketene diethylacetal (Sch&B)e The reaction gave a new
substituted cyclobutane skeleton that can be tam&fd into protectedf-
hydroxycyclobutane-amino acids. An asymmetric version of this cycldiidn was
reported using sterically hindered aluminium arydi@s or methylaluminoxane as Lewis
acids.

Eto. OEt
COMe W OEt
NHA = OE
c t
- MeO,C
NHAC
59
-+ =
CO,Me o Lo 0) OEt
E— t
OMe|—>»
NHAC W MeO,C Ot
NHAC NHAC

Scheme 13. Synthesis of protectgithydroxycyclobutane-amino acids.

The 3D-structure of compours® was unambiguously determined by X-ray diffraction
(Figure 9).

Figure 9. X-ray diffraction structure of compouri®.
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1.3.2. Induction of turn/helical structures in shet peptides

Toniolo et at*®3

reported a series of homo peptides Zz%¢OtBu, with n = 3 and 4.
Spectroscopic and X-ray diffraction analyses reagdhat Agc, similar as Agc, AcC
and Ag.c residues pass a remarkable conformational rgetrictco the peptide
backbone. Figure 10 shows the structure of a tetraty(Ac,c),-OtBu in the solid state
adopting a helical conformation. Interestingly, tlhegely preferred conformations of
regular type HI/III" B-bends and @/a-helices for 1-amino-1-cycloalkanecarboxylic
acids (Agc; n = 4 — 12) with cycles larger than cyclopromjgsely resemble those of

1-amino-isobutyric acid (Aib). For a more detaitidcussion we refer to ref. 14.

Figure 10 X-ray diffraction structure of Z-(Ac),-OtBu. The two intramolecular H

bonds are represented by dashed lines.

1.4. 1-Aminocyclopentanecarboxylic acids

1.4.1. Synthesis

The unnaturabi-amino acid 1-amino-cyclopentane carboxylic acilCPC) has been
reported to inhibit the growth of Novikoff rat hepma®* Walker rat carcinoma 258,
sarcoma 180 and carcinoma PBerlinguet et af’ reported that this amino acid does
not undergo any metabolic change and Sarkar andvadkers® established the
mechanism of its action.

Strecker or Bucherer-Bergs synthesis is the mespugntly used method to prepare 1-
aminocyclopentane carboxylic acids starting frone ttyclopropane ring. The four
stereoisomers of 1-aminocyclopentane-1,3-dicarboxycid (ACPD), which are
conformationally constrained analogues of glutam&ave been found to act as

excitatory amino acids and were obtained from 3eggtmpentane carboxylic acfd.A
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mixture of the (§ 25 and (R, 2R) stereoisomers of ACPD was obtained from fRe (

enantiomer after Strecker-type formation of a hydian followed by hydrolysis.

Fractional crystallization of the mixture allowsethsolation of both compounds in
diastereomerically pure form. (Scheme 14).

H 02C H 02C O H 02C

U\ Kon i e @
NH4CI NH
60 //_
1. NaOH
2. HCI
3. fractional crystalliyation
HO,C, l o HO.C, l
NH,
" "OH d
T COH
s NH, 64 o

Scheme 14. Synthesis of two stereoisomers of 1l-aminocyclogeetl, 3-dicarboxylic
acid (ACPD) 63 and64).

Asymmetric synthesis of 4-amino-4-carboxy-2-phospimethylpyrrolidines71 and
72, which can be viewed as novel conformationallyrieted analogues of 2-amino-5-
phosphonopentanoic acid (AP 5) incorporated int giirrolidine ring, was achieved
from trans-4-hydroxy-L-proline as a homochiral starting matkerThe hydroxy group
was converted to the corresponding ketone by Sweitatior?® to afford compound
68. The Bucherer-Bergs reaction 68 with ammonium carbonate and potassium
cyanide in 60% aqueous ethanol gave the spirohgaa(flS, 4R)-69 and (&, 45)-70 as
pure diastereomers in the ratio of 84:16, respelstivn 75% vyield. Finally, hydrolysis
of 69 and70 with 6 N HCI followed by hydrogenolysis gave thesded productg1 and

72 after purification on ion exchange column (Schdrbg
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B SO,, TB SO/’ o HO/,
/ / I y
) — ~ [ \_roir, . [\ o,
N~ ~COMe N N
Cbz Cbz Bn
65 66 67
(COCQY),, 0
I H,),CO;, KCN
DMSO P(OiPr), (NH4),CO; .
DCM,-78°C B 60% aq.EtOH, 55°C
68
q 0
O N0
X HN” "NH
0
HN'"

0
' 0)/ b\/lf’(o’?r)z

I
P(OiPr),
N N
Bn Bn
69 70
6N HCI Pd-C, H, Pd-C, H, 6N HCI
130°C 130°C
CO,H HO NH,
HyN I " I
P(OH), 1) P(OH),
N N
H H
71 72

Scheme 15. Synthesis of 4-amino-4-carboxy-2-phosphonomethyiiglines71 & 72.

1-Aminoindan-1, 5-dicarboxylic acid (AIDA} and 1-amino -5-phosphenoindan-1-
carboxylic acid (APICAY%are two subtype-selective antagonists for metalghlimmate
receptors (MGIuRS). Recently, both racemic AIDA and APICA have becouaseful
pharmaceutical tools in seeking the roles of mGluRghysiological processes. Ma et
al® reported a new strategy to synthesize these comasoScheme 16).R}-
Phenylglycine T3) was protected by methyl chloroformate to affong tcarbamate,
which was reacted with benzaldehyde dimethyl acetamnethylene chloride in the
presence of boron trifluoride etherate to prodeis®xazolidinone 74)%°. Alkylation of
74 with tert-butyl bromoacetate provides compourilin 80% yields with more than
97% diastereoselectivity. The oxazolidinone ring7réfwas opened by treatment with
LiOH in methanol to give diestéf6 in 95% vyields. Selective deprotection of tieet-
butyl group with HCI in DCM vyielded7. Compound77 was then cyclized by using
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Friedel-Craft acylation in 92%. The subsequent cédo of the ketone78 gave

compoundr9, which was further transformed to amino agd

" MeO,C, ; MeO,C, ?Ph
z 2 CICO,Me, N/\O N/\O
©ACO2H NaHCO, © LIHMDS, QH
—_—
0 o}
PhCH(MeO), BrCH,CO,tBu Co.tBu
73 BF;Et,0, 76% 74 80% 75
MeO,C, MeO,C,
LiOH NH NH
MeOH wiMe el s6% o OMe 1. Pcy,
EE— —_— R
95% o © o 2. AICl,, 92%
CO,tBu COH
76 © 77 ©

Scheme 16. Synthesis of 1-aminoindan-1-carboxylic a8ial

In situ generated isobenzofuran has been frequently sseghative intermediate for the
synthesis of 9-oxabenzonorbornef&$o synthesize the reactive intermediates, Tamaki
and co workef¥ examined the reaction of 1-methoxyphthala@® (vith methyl N-
acetyla, B-dehydroalaninate8@), which occurred smoothly in refluxing benzendhe
presence of a catalytic amount of AcOH to afford #uducts83 and84 in good yield
and in ratio of 7:1 (Scheme 17).

OMe I) ACOH, @) Q
Benzene
R — +
O +AcHN COMe ii) SnCl, Cco,Me NHACc
Tolune NHAc CO,Me
81 82 83 84

Scheme 17. Synthesis of compound@s and84.
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1.4.2. Induction of turn/ helical structures in slort peptides

We have recently synthesized tetrahydrofurafrtefrasubstituteda-amino acids
(TAA),®® starting from L-methionine85) (Scheme 18). Compour87 reacted with
aromatic aldehydes in the presence of KOH to affmthpound88. The reaction is
highly diastereoselective (>97:8ans : cis), but yields racemic products. Compounds
89 were obtained upon hydrolysis of compou®®sby 6M HCI. The racemic amino
acid 90 was coupled with compour@ll under standard peptide coupling conditions to
afford dipeptide92 and its other diastereomer. The X-ray diffractemmalysis of the
compound92 showed a type B-turn structure with a strong intramolecular hyd¥ng
bond (Figure 11)

0 @ Q
|
S\/\)J\ S Vel -
_ e TREEEEE - V\:)J\Ot-Bu—> /IS_V\;)J\Ot-Bu
NH, NHBoc 3d, dark NHBoc
85 36 87

o Ar BocHN  COt-Bu 6MHCI HN — COM

N reflux
KOH, O > @]
CH5CN o Ar o Ar
88 89
Pl
H,N
: NHBnN
BocHN O H
) O a - Ph 4+ other diastereomer
O
90 Br

Scheme 18. Synthesis of tetrahydrofurart@trasubstituted amino acids (TAA).
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Figure 11. X-ray diffraction structure 092 shows a type p-turn form with a 10-atom

intramolecular hydrogen bond (showed by dashed.line

Among proteinogenic le-amino acids, only isoleucine and threonine possess
additional chiral center in their side chain. Hoeevt was not clear how the chirality of
the side chain influences the secondary structéipgeptides’® Addressing this issue,
Tanaka et al® reported in 2004 how the asymmetric center ofdtt@nino acid side
chain alone controls the screw sense of oligopeptielices consisting only of amino
acids without a chiral center at thecarbon. They synthesized a chiral, cycli¢; C
tetrasubstituted § S)-Acsc °™ a-amino acid 96), in which thea-carbon has no
asymmetric center, but the side ch@icarbons do.§ S - Acsc 9OM homopeptides
therefore do not possess asymmetric centers at@nigackbone of the peptide, but they
have asymmetric centers in the side-chain cycl@mentings. Thus, the screw sence of
the secondary structure is affected only by the-sithin chiral centers.The synthesis
starts from optically active compoun@3 (Scheme 19). The preferred secondary
structure of the homopeptides in CRGblution was first studied by FT-IR absorption
andH NMR spectroscopy. The 3D-structures of the teaihjnprotected octapeptide
99c (Figure 12) and hexapeptid®b were determined by X-ray diffraction. In the
asymmetric unit oB9b one left-handed helical structure (mean vapue 60.9°,y =
46.8°), (which is not a;g-helix, but ana-helix) exists along with three water molecules.

Five intramolecular hydrogen bonds stabilizedHelical structure.
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MeO MeC,  OMe
I —_— R
Meo\" 5329% 1\/[eo\‘~ COQMe 88%
Ctkz-HN
93 94 COR
95 R=Me |
C
96 R=H ’
MeC, OMe
o Q MeO, ,OMe MeQ,  GMe
o ] :
95 CbzHN e)
—>6] ” N coR — 13
Ctz-HN
.// O
MeQ OMe -
MeQO
97 R=Me
98 R-H ¢ m =2 (48%). 4 (29%). 6 (42%). 8 (27%)

99a-d

Scheme 19. Synthesis of $9)-Acsc®M and its homopeptides. Reagents and conditions:
a) dimethyl malonate, KtBu; b) 1. NaOH, 2. DPPA, 3. BnOH; c) NaOH; d) 1/®@d
H,, 2. EDC, HOBt96, MeCN, rt; e) 1. Pd/C, }12. EDC, HOBt98, MeCN, rt.

Figure 12. X-ray diffraction structure of compour@@®b viewed perpendicular to the
helical axis (top); ORTEP drawing viewed along tivelical axis ¢-helical wheel)
(bottom).
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Extending the work, the same group reporteef-tetrasubstituted § S)-Acsc "

] a-
amino acids having chirality only in the cyclic sidhain. The synthesis started frdn (
9-cyclohex-4-ene-1,2-dicarboxylic acitiq0) and is summarized in Scheme‘20.

In the crystal state the asymmetric unitl@b contains four independent molecules
along with two ethanol molecules (Figure 13). Twolecules form a right-handedg3

helix and the other two a left-handeg-8elix.

COZH 83% @\/ 59%

100 P-HN

102 P=Boc,R=E 0
e), f) 103 P=H, R = Etwe] 9 9%
/ P = Boc, R = H104
e
29 [s3n Gy § 1. 99%
; H
Boc-HN

Boc-HN
CO.Et CO,Et
105R = CHOH, 63% Boc-HN OO 108
106R = COH, 40%

oo ) 0
N N
Boc] N~ SCO.Et Boc] N~ “CO,Et
H H
L m L m
m=2,5,8 m=5
109a-c 110

Scheme 20. Synthesis of Gtetrasubstitutedi-amino acids having chirality only in the
cyclic side chain. Reagents: (a) 1. LiAlF2. b, PPh; (b) 1. NaH, CNCHCO,Et; 2.
HCI; 3. BocO; (c) H; (d) NaOH; (e) @ (f) NaBHs; (g) Oxone; (h) BnNk
NaBH;CN; (i) Hp, Pd-C; (j) H, Pd(OH)-C
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Figure 13. Four crystallographically independent molecule<) of 109b, determined

by X-ray diffraction analysis.

1.5. 1-Aminocyclohexanecarboxylic acid

1.5.1. Synthesis

The 1-aminocyclohexane carboxylic acid framework baen used in the design of
potent cathepsin K inhibitofsand V2 agonists of arginine vasopressiithe detailed
synthetic strategy has been described by Cativiela

In 2006 Fustero et &f. reportedp, p-difluorinated derivatives of these amino acids,
because the presence of fluorine atoms often irsdsigmificant changes in the physical
properties, biological activities and metabolicfijjes of the resulting peptid€$.2, 2-
Difluoro-4-pentenoic acid 1(11) was transformed into the corresponding imidoyl
chlorides 112, which were converted into imidoly iodide41@ with Nal in dry
acetone. These intermediates were treated with i@3saveral alcohols in the presence
of a catalytic amount of B@lba) to afford imino estersl(l4) in moderate yields, which
were subsequently chemoselective allylated. Amangel organometallic reagents,
allyl zinc compounds delivered the desired racepricduct almost in quantitative
yields, which was then cyclized tbl6 using the Grubb’s 2nd generation catalyst.
Subsequent steps gave the target di-fluorinatedniinocyclohexanecarboxylic acid
(117) (Scheme 21).
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Rl
o) N
PPh Et;N

S K gy BN oAy
1 cetone

FE RNH, e

111 112

R R

NI Pdy(dba), K,CO; '\f
\ ' \
\/58\ CO (1 atm), ROH v?%cosz
F _ F
113 toluene, DMF (1:1) 114

Rl
Grubb's cat. Hll\l, CO,R?
2" gen. F - R*
—> F R
CH,Cl, »
116

Figure 14. X-ray diffraction structure of compoundl6 with Rz = Ac, R =
(CH,),TMS, Rsand R = H.

The synthesis of orthogonally protected 1-aminaamyekane carboxylic acids begins
with a reductive amination on the commercially &ae 1, 4-dicyclohexanone

monoethylene ketall18 with the amine of choice, acetic acid and sodium
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triacetoxyborohydride in dichloromethane to affad®. In the next two steps the acetal
was deprotected tb20 and the secondary amine was Boc-protecteiPio Ketonel20
was converted to hydantoifi21l using the Bucherer-Bergs proced(fteSelective
hydrolysis 0f121 gavel22 (Scheme 225

RL
N
KCN,
N H2R (NH 4)ZCC%
HOAc (Boc)ZO 3
O NaBH(OAc)3 5 DMAP ’R

118 119 120 121
HOZC NH

Scheme 22. Synthesis of orthogonally protected 1l-aminocyckaime carboxylic acid
122

1.5.2. Induction of turn/helical structures in slort peptides

The cyclic amino acids, which are constructed feBmembered ring backbone, have
high helix promoting effects. Yokum et ®l.showed that even very short peptides,
enriched with amino acids having the general stneci?22 retain a 3g-/o-helix
equilibrium in organic and aqueous phase solvertures.

Jiménez et di* synthesized peptides PivPro-SScsPhe-NHPr (126) and Pivt-Pro-
(RR)csPhe-NHPr (127) (Scheme 23). Their conformational properties wattalied in
the crystal state by X-ray diffraction and in s@atby'H-NMR and FT-IR absorption
spectroscopy, and the results were compared tce tbbsthe analogous dipeptides
containing L- and D-Phe. They also showed by theoretical calculatidhat
discrimination between the type-1 and typgHturns occurs due to the existence of an

NH to n-phenyl ring interaction.
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H

Ph
COzMe

123NH,

veox g
BocN N OMe BocN N OMe
Ph Ph
o} O H
124 H 125
( 1
. ¢),d) 1 ¢),d)
\ (
(j\'(w i Yy o
t-Bu_ _N N NHi-Pr t-Bu_ N N NHi-Pr
Al P i Ph
o) 0] 0 (0] H
126 H 127

Scheme 23. Synthesis of the two Piv-PrgRhe-NHPr dipeptidesl26 and 27 from
racemic H-gPhe-OMe {23). Conditions: (a) Boc-L-Pro-OHBUOCOCI/NMM/CH,Cl,,
-15° C 24 h; yield: 85%. (b) Eluant AcOEt/hexanés; R 0.67 §S), 0.50 RR). (¢)
'PrNH,/AlMeg/toluene, 0° C 1 h, 50° C 36 h; yield 48-50%. (dJBA/CH,Cl, 2/3, rt, 2
h. 2: PiyO/EN/DMAP/CH,CI,, 0 * C 1 h, rt overnight; yield 83-85%.

X X
X O
H O H O
a) N b)
— > BocHN \:)J\OMe—> HJ\HN N\-)J\OMe
BocHN COH o Y o =
128a, b 129a, b 130a, b \]/
o]

T—-Z

X=S,CH S o
a) i-BuOCOCI, H-Leu-OMe.HCl, OMe
N-methylmorpholine; b) HCOOH, EEDQ /
HN ¢
7;0
H

130 a

Scheme 24. Synthesis of compourt30a,band theiry-turn conformation in CDGI
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Amino acid derivativesl28a-b were prepared and coupled witlh)-H-Leu-OMe
(Scheme 24¥. The di-peptides were unable to formia-4 H-bond, but adopted &
turn structure in CDGlsolution. The conformation was not retained in BDDAS

1.6. Miscellaneous

Hydrophobic amino acids play an essential role hie tolecular architectures of
proteins and peptides. Such amino acids are conyrfoohd in the transmembrane
regions of membrane proteins and ion channels, edeuein the lipid bilayer$’
Farnesylation (transfer of 15 carbon atoms) andrgggeranylation (transfer of 20
carbon atoms) of cysteine side chains are knowmaee dramatic effects on the
hydrophobicity of proteins and have been proposedbé important for signal
transductior?* Various unnatural amino acids with hydrophobicesithains have been
explored as building blocks for peptides that pdevinovel hydrophobic coré3 Amino
acids with C-tetrasubstituted cycloaliphatic groups are intingy becausea, o-
disubstitution constrains the conformation of atpchain and also causes changes in
hydrophobicity*® Ohwada et d’ have described a general approach to synthegize th

amino acids with large saturated hydrocarbon nmtipe,a, a-position (Scheme 25).

N\
% NS ({)m LG ) 4 ©)
Eam—
BnOC™ “cot-Bu BNO.C m(\) ) n U 'n
131 no; COLt-Bu BnO,C COLt-Bu BnO,C" "CO,t-Bu
= 0
Laoam= 2 oo 133am=n=9, 84% 1343 84%
’ 133bm=n=6, 64% 134b, 92%
133cm=6,n=19, 86% 134¢ 72%
e, f
—>d) n{ ) n ----- )' > M ) n
HO,C  CO.t-Bu FmocHN  "CO,tBu
ring size =21135a 83% 136a 96%
ring size =18135b82% 136b98%
ring size =15135c88% 136c93%

Scheme 25. Synthesis of protected macrocycli¢-tetrasubstitutedi-amino acids. a)
CH,=CH(CH,)Br, NaH, DMSO, rt; b) CkB=CH(CH,).Br, NaH, DMSO, rt; c)
[(PCys)2Clo.Ru=CHPh], CHCIy, reflux.; d) K, Pd/C, AcOEt; e) DPPA, B, benzene,

reflux; f) 9-fluorenylmethanol, toluene, reflux; rt
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Figure 15. X-ray diffraction structure of the N-benzoyl ethgtter derivative of the

macrocyclica-amino acid containing an 18-membered ring.

C’-Tetrasubstituteda-amino acid derivatives bearing 21-memberetB6g, 18-
membered 136b) and 15-membered1869 rings, respectively, were synthesized
efficiently through ring-closing metathesis reassoof the appropriate dialkenyl
malonate precursord33a-9, which were derived from malonat&81 (Scheme 25§
Stepwise alkylation of malonate derivati¥81 in the presence of NaH/DMSO gave the
monoalkylated products182 a, B in moderate to high yields, while the second
alkylation step yield was generally high and ins#resto the chain length of the second
alkyl bromide. The ring-closing metathesis reactiai the dialkenylated precursors
(133a-9 leading t0134 a-cwere carried out by treatment with Grubbs’ rutiiemi
catalyst in dichloromethane.

The C-tetrasubstituted cycloaliphatic amino acids beglange rings were incorporated
into short peptide chains using the Fmoc solid-phasethod. The design of these
peptides was based on the sequence of helicadespttomposed of alanine, lysine and
glutamic acid. In such helical peptide sequence &lemines at the 3 and 10 positions
were replaced by C-18 rings on the same side ofhtix. The energy minimized
structure predicts stable conformers for the medifyeptide.

In 2000 Trancard et &F.reported a new stereoselective approach to actessilled

‘proline chimeras’, in which the heterocyclic paft the amino acid is substituted in
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such a way that the chimera combines the confoomalticonstituent of proline with the
side chain of another amino acid. Benzylation ef skarting nicotinatesl87 and138)

by benzyl halide gave the corresponding pyridinsedts (39 g b) in excellent yield.
The Wekert procedutéwas used for partial hydrogenationl40 g b. As bromide is a
potential catalyst poison, it was exchanged witlorathe using AgCl. Finally, the ring
size reductioff gave the desired productdl a, b.The aldehyde group was converted

to different functionalities (Scheme 26).

o COR COR
| Ny COR | ) AgCl, MeOH (T Br/Et,O COR
7 PhCHX NC X Pd/C/H NK H,O/EtN N~ “CHO
X =Cl, Br Ph MeOH Ph 5
137R = Me
138 = Menthol 139a, b 140a, b 141a, b
COMe
----- >
N NH,
COMe h)
O( © P
h)N CHO 142

Scheme 26. Synthesis of new proline chimeras.

Cystine is an important four atom bridged bismino acid. The group of Undheim
used C4-bridged analogues where the disulphidetynaias replaced by a C2-unit. In
2001 they reported a methodology which leads to rig&dsamino acid structures in
the form of tricyclic bridges. The distance betwde® amino acid centers can be varied
by the ring size in the tricyclic briddé A C4-alkyne bridge was initially constructed by
alkylation of lithiated (R)-2, 5-dihydro-2-isopropyl-3, 6-dimethoxy-pyrrolir{@44) as
chiral auxiliary with 1, 4-dibromo-2-butyne (Scheig). The reaction is stereoselective
in that the electrophile becomes attacheahs to the isopropyl group1@5).°* The
second alkylation with TMS protected propargyl clie gave the dialkylated product
146in 60% vyield. Removal of the TMS-protecting grompcompoundl46 proceeded
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readily with tetrabutylammonium fluoride (TBAF) tgive 147. The deprotected
material was hydrolyzed with TFA in agueous acetd@iat room temperature to afford
compound148, which was acetylated using A& and DMAP. This compoundL$0)
undergoes RCM in the presence of a Ru (Il) catabygteld compound52in 58%.

&\

nBuL| MeO
THF -78C

OMe MeO.

*/Eiaﬁijl

OMe MeO___N__..» OMe Me o
TBAF_ z ]\ 0.1M TFA
~
MeO 2 =N~ “OMe HN_— /> NH,
N\ 147 \\\ N\ 148 \\\

Ru(ll) 2x5 mol%
toluene

OMeMe

MeO N N OMe —
X \\
149 N 150 N
Ru(ll) 2x5 mol%
l 0.1IM TFA toluene
MeO,C _ COMe MeO,C CO,Me
HN" = NH, AcHN™ 2 NHAC
151 152

Scheme 27. Synthesis of indacene-bridged bisgmino acid) derivatives.

Toniolo and co workers investigated Gtetrasubstituted alicycliax-amino acids
containing larger rings (Ac, n = 7, 8° 9, and 12). In the peptides examined, all the
Acnc residues are found in the helical region of ihefarmational space. Although their
effective volume and hydrophobicity is quite di#fat, a comparable conformational

preference is observed.



Section 1. Introduction 33

1.7. Glossary

Different types of bends are defined accordindhriumber and spatial arrangement of
the residues involved-Turns (orp-bend) (Figure 16) are the most abundant and best
characterized group of secondary folding structt#é%°¢°"*¢They comprise four
amino acid residues connected by three amide gréupmit three-quarter of tight turns
feature a &4 (Cyo) H-bond between the backbone APand NH (+3) groups and the
distance between the' @) and the € (i+3) is < 7A.

A y-turn is defined by the existence of a hydrogenddoetween the CO group of one of
the residueif and the NH of thei42) " residue’®*®

A 3;0-helix*®* is defined by the existence of a hydrogen bondéen the CO group of
one of the residuei)(and the NH of thei{3) " residue (subtype Il or helicql-

turn®®"9%,

L y-turn ‘xH a-helix

___/B-turn
| Il

i i+1 i+2 i+3 i+4

Figure 16. Schematic representation of the intramoleculardgen bond that stabilizes

thep-turn («—i+3), they-turn («—i+2) and thes-turn («—i+4) in a peptide chain.

1.8. Conclusion

Recent trends in the synthesis of cyclittétrasubstituted amino acids with ring sizes
varying from three to six and their incorporationshort peptide to give definite turn
structure were summarized in this review. Mosthafse synthetic routes are based on
stereoselective syntheses using chiral auxiliarise overall shape and intrinsic
stereoelectronic properties of the amino acids mamd for molecular recognition,
signal transduction, enzymatic specificity, immurozhalation, and other biological
effects depends on the arrangement of the sider @raups in three-dimensional chi
space f*, x° etc. torsional angles). Cyclic*@etrasubstituted amino acids are valuable
tools for the preparation of structurally definegppdes. In particular, their rigid and
predictable structures and their good accessibitigke them attractive as building

blocks in the synthesis of artificial peptides.
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Tetrahydrofuran C “-Tetrasubstituted Amino Acids: Two Consecutive

B-Turns in a Crystalline Linear Tripeptide

2.1. Introduction

The conformation of a peptide is crucial for itslbgical activity: Most small natural
peptides are conformational flexible, show struafudependence on the environment
and are therefore not suitable to study or cordealondary peptide structures. One of
the successful approaches to restrict peptide cmafiton is the introduction of side
chain restricted amino acid$Disubstitution by alkyl or aryl groups in theposition of
ana amino acid leads to conformational constraint peelngold effect) and a stereo-
chemically stable quaternary carbon cefiteRifferent methods to incorporate
functionality in thea position of an amino acid or usiagp-unsaturated amino acids as
precursors have been reportedToniold® recently reviewed the effect of “C
tetrasubstitution on the structure of homo oliga#esi mostly resulting in stablge3or
a-helices’ In short peptides €alkylateda-amino acids stabilize turn structufeshich

in general have received particular attention, bseathey play an important role in
globular proteins from both structural and funcéibpoints of view’

A polypeptide chain cannot fold into a compact ce without turns, which usually
occur on the solvent exposed surface of proteidshamce probably represent antigenic
sites involved in molecular recognitidhMany naturally occurring oligopeptides have
been proposed to adopt turns in their bioactivéaramation™* Different types of bends
are defined according to the number and spatiahgament of the residues involved,
andp-turns @-bends reverse turn) are the most abundant ancth@sicterized group of
folded secondary structur&sSubclasses of-turns are further distinguished on the
basis of the backbone dihedral angles ) associated with central i+1 and i+2
positions. In the last years several artificialntumducing structures were reported by
Nowick,"* Schmuck:® Frigel® Kelly,'® Gellman!’ Balarant® and others. We report
here the preparation and structural characterizatid C'-tetrasubstituted tetra-
hydrofuran amino acids (TAAs) from methionine, whiaduce two consecutiyeturns

as part of a tripeptide of aliphatic alpha aminmac

" The investigations described in this chapter helveady published (Maity, P.; Zabel, M.; Kénig, B.
Org. Chem. 2007, 72, 8046-8053). All the X-ray crystallography wasetetined by Zabel, M.
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2.2. Results and discussion

The key step of the TAA (Tetrahydrofuran Amino Axislynthesis is the aldol-type
reaction of a methionine derived sulfonium Salvith an aldehyde followed by a
cyclization. Scheme 1 shows the preparation ofstiionium saltrac-3 starting from
the racemic amino acid methionirmag-1). The methionine sulfonium iodidac-3 was
treated with KOH. Acidic protons are found at thif@anium moiety and at the-carbon
of the amino acids. Under the reaction conditidms d-proton of the amino acid is
removed and its stereoinformation is lost. Therestwlate reacts with the carbonyl
group of the aromatic aldehyde and the intermedial&koxide substitutes
intramolecularly dimethylsulfide giving tetrahyduv&n amino acidsac-4 with high
diastereoselectivity of the- andp-stereocenters. A proposed mechanism of the reactio

is outlined in Figure 1.

A

MOtBU - /S\/\H]\OtBu

NHBoc NHBoc
rec1 rac-2 rac-3

Br 0O'Bu B
| Q ’
S+ For cond|t|ons BocHN O

- OBu +

I NHBoc see Tablel

CHO BF

rac-3
rac-4a (trans: cis> 97: 3)

Scheme 1.Synthesis of the protected methionine sulfoniumt sat-3 and its
conversion to TAArac-4a: a) (Boc)O, 1.25 (M) NaOH, 1,4-dioxan, 3.5h, rt, 90%; b)
DCC, DMAP,'BUOH, DCM, 14h, rt, 82%; c) Mel, (GHCO, 3d, rt in the dark, 78%.
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—ST= 1 m Ar N\ \\Ar
] A fo
/-
NHBoc —s | NHBoc NHBoc
O‘Bu O1BU O1BU
J > Ko 0O T
1
Al Ar Me,S Ar
“ 0 1 +/ < 0 O'Bu (o) 1
O'Bu _ g O'Bu
\/
. 5 NHBac , K NHBoc NHBoc
/?'\’ O~ 0 Ar ) 0 Ar
I J
Me,S

Figure 1 Proposed reaction mechanism of tetrahydrofurante@asubstituted amino

acid formation.

A series of optimizations revealed that aromatitehi/des with an electron withdrawing
substituent and a sterically demanding protectirayg for the carboxyl function, such
as 'Bu, give the best reaction conversions and stelerisdties. Decrease of the
reaction temperature from room temperature teC-#creases product yields and
selectivity. Several solvents and bases were te3teel reaction occurred smoothly in
polar solvents. As KOH is not soluble in less paalvents, such as dichloromethane
and toluene, tetrabutlyammonium bromide was addedplaase transfer catalyst.
However, yields are moderate in these solvents. gradl solvents CECN gave the
best yield of the desired product in 2 to 3 h (€ab). Additionally, the scope of the
reaction and its dependence on steric and electpoperties of the aryl aldehyde was
investigated (Table 2). Electronic effects on theaction yield are small, while
diastereoselectivity depends on the aldehyde. &ladive stereochemistry of the major
diastereoisomer was confirmed by X-ray diffractianalysis of compoundac-4e
(Figure 2) and compoundac-4n (benzyl ester ofrac-4a, see appendix for X-ray
structure). With benzene, naphthalene and cinnafdehydes high selectivityrans/cis

> 97/3) with moderate to good yields (45-78%; 50 59%09according to aldehyde
conversion) were obtained, whereas the diasterstsety was poor with furfural and
p-cyanobenzaldehyde.
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Table 1 Optimization of the reaction conditions convertiogmpoundrac-3 to TAA

rac-4a
Reaction . b
; Anti/Syn
Solvent Base temp. | Reaction | v, 4 o0
0 time [h] ratio
[C]
KOH 5 40
®DCM 20 97/3
KO'Bu 4.5 47
'BUOH KOH -5 3.5 40 97/3
KOH 2 55
DMF -5 96/4
CsOH 1.5 54
KOH 4 52
*Toluene 20 96/4
KO'Bu 3 60
KOH 3 78
CHsCN KO'Bu -5 2 60 >97/3
CsOH 2 65

2 Tetrabutyl ammonium bromide (10 mol%) was addegtsase transfer catalyst,

Thetrang/cisratio was determined by HPLC.

c.r«.
tb%"% m?cﬁ)
9 &

Figure 2. X-Ray diffraction analysis of the major diastereosenef compoundac-4e
confirming thetrans-configuration. For clarity only the amide hydrogatoms are

shown.
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Table 2: Scope of the reaction of sulfonium salt-3 with aromatic aldehydes

CHO

Entry Base | Temp. | Time | Product| Yield® | Trans/Cis
(°C) (h) (%) .
ratio
Br@CHO KOH | -5tort 3 rac-4a | 78[95] | 97/3
OZNOCHO
KOH -5 0.5 | rac4b | 35[50] | 96/2
@CHO KOH | -5tort 2 rac-4c | 70 [85] 97/3
MGOOCHO KOH -5 2 rac-4d | 50[80] | 96/%
< > CHO KOH | -5tort 2 rac-de | 55[90] | 96/2
CHO
; KOH -5 3 rac-4f | 47 [70] 20/t
r
F@CHO KOH | -5tort 2 rac-4g | 63 [74] 20/
NC@'CHO CsOH | -5tort| 25 | racdh | 55[87] o/f
@wo CsOH 5 3 rac-4i | 55[60] | 20/f
C'OCHO CsOH | -5tort| 25 | racd4j | 55[70] | 20/f
KOH | -5tort 3 | racak | 55[67] | 20/f
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@fCHO

KOH

5tort

2.5

rac-4l

58 [80]

20/t

@CHO

O

KO-Bu

rac-4m

56 [75]

3/t

% The isolated yield was determined with respecthe aryl aldehyde used. The

isolated vyield with respect to the converted arglehyde is given in brackets.

Selectivity was determined by HPLC on achiral catufrSelectivity was determined by

column chromatographic separatiéetermined by NMR.

Compoundrac-4a was converted into the carboxylic adidc-5 (Scheme 2) by

treatment with 6M HCI in methanol affording the hgchloride salt of the free amino

acid quantitatively. N-Reprotection with Boc-anhgdgave compoundac-6.* Using

standard peptide coupling conditions, the racemaibaxylic acidrac-6 was coupled

with L-alanine methyl

ester

hydrochloride and L-pylalanine methyl

ester

hydrochloride giving dipeptide§-10 in moderate yields. The diastereomers were

separated by column chromatography and X-ray difffva structure were obtained for
theR,SSisomer7 andSR,Sisomer9.
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Ci-Bu
BocHN,

rac-4a

R=CH; 7 9
PhCH, 8 10

Scheme 2.Deprotection of TAAand coupling with chiral amino acids: a) 6M HCI,
MeOH, reflux, 6h, quantitative; b) (Baf), 1.25 (M) NaOH, 4h, rt, 60%; c) DIPEA,
EDC, HOBt, L-alanine methyl ester hydrochloride lophenylalanine methyl ester
hydrochloride, DCM, 24h, rt, 60% and 55%, respetyiv

TAAs were incorporated into a short peptide chaindemonstrate their ability to
induce a turn structure (Scheme*3Compoundrac-6 was coupled with the benzyl
amide of L-alanine and the diastereomés and 12 were separated by column
chromatography. The crystalline structure of digkptll confirmed the RSS
configuration. The molecule adoptgdurn type | conformation with terminal Boc-CO
and benzylamide NH groups intramolecularly hydrogsmnded [N-O: 2.92 A;
N-H...O: 163°]. The torsion angles,(y) of the TAAI+1 (-61.7, -25.2) and L-Ala+2
(-82.9, -2.0) residues correspond t@-turn type | (Figure 3% The X-ray diffraction
analysis of theSR,S diastereomerl2 (see appendix for X-ray structure) shows no

intramolecular hydrogen bonds or turn structurenfaion.
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13b

Scheme 3incorporation of TAArac-6 into a short peptide chain: a),©tHCI DIPEA,
EDC, HOBt, DCM, 24h, rt, 50%; b) (i) ED-HCI, (ii) DIPEA, EDC, HOBt, DMF, 3d,
rt, 41%.

§8 oS
{a}v * ASLP {"

1YY
L e

Figure 3. X-Ray diffraction structure of the compoudd accommodating A | turn in
the crystal state. The intramolecul&aB—i hydrogen bond is indicated by a dashed line.

Only the amide hydrogen atoms are shown.
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After Boc-deprotection isomefll was coupled with acetylated glycine vyielding
tripeptidel3a Instead of a simple elongatgdurn structure, a conformation consisting
of two consecutivgs turns type lll, slightly deviating from an idealpyelix structure,
was observed in the solid state (Figure 4). Theidaranglesd, y) for the left side turn
Glyi+1(-62.4, -21.0), TAA i+2 (-55.1, -26.0) and for the right side turn TAR 2 (-
55.1, -26.0), L-Ala (-71.6, -31.5) resemble the typical values (-60°, -30° and -60°,
30°). The structure is stabilized by two intramalac hydrogen bonds (N...O: 2.92 A,
N-H...O: 163°) and (N...O: 3.26 A, N-H...O: 149°). A 2DDESY spectrum (Figure
6) provides evidence for the existence of the psedoconformation in solution.
Additional support comes from a variable-tempetiNMR study in DMSQd6:
Temperature coefficients of the amide protons(19.58 ppb/K) and KH(-3.17 ppb/K)
possibly indicate strong intramolecular hydrogends) and temperature coefficients of
H, and H are significantly higher (-5.35 ppb/K and -7.20bfit respectively; see
Figure 5 for data). However, temperature coeffitsaare only assessed as an indication
because a more detailed analysis is required tmbigaiously correlate their values to
hydrogen bonding as shown by Andersen ét @ompoundl2 was also coupled in
same condition with acylated glycine to afford campd 13b. The X-ray crystal
structure shows an intramolecular H-bond with 10nber ring has formed to gy

turn type-Il structure (see appendix for x-ray stoe).

() \\)L;, (i 5
£
i3y P H & g%.-)
: .
Oy : s ¢
1 N—= ®— 0
Br ,'(.) H b __ :,l‘-- ¢.“$ﬁ7 ..-‘
\ S=g =4
%N‘ ® . 0
H
o £
(o] B

Figure 4. Structure (i) and X-ray diffraction analysis (iij compoundl13a exhibiting
two consecutivel turns, each stabilized by an intramolecuta8—i hydrogen bond
(dashed lines). Only amide hydrogen atoms are sh@nback bone structure of the

tripeptide.
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The bromine substituent in compourat-4a allows a subsequent functionalization of
the TAA, which may be of use for specific labelliagmodification of properties of the
turn motif. Conventional Suzukf, Heck?® and Buchwal& coupling (Scheme 4) gave
derivativesrac-14 torac-16a,h

O'Bu
BocHN

O

R
R =1i) NHBn rac-16a

N O rac-16b
N/

Scheme 4Cross coupling reactions: a) MethylacrylatesNgtPd(OAc), P(o-tolyl), in
DMF, 14h, 80°C, 71%; b) phenylboronic acid, &, Pd(OAc}, TBAB, in water :
DMF (1:1), 100°C, 71%; c) benzylamine or morpholingsPQO,, 2-isobutyryl-
cyclohexanone in DMF, 100°C, 75% or 35%.

2.3. Temperature dependence of NMR chemical shifts

Temperature dependence of chemical shifts was mexhda identify possible strong
intramolecular hydrogen bonds in solution. TH& NMR spectra were recorded at
various temperatures on a 600 MHz spectrometerleTd8bshows the determined
chemical shift values (ppm) for each NH group & éxamined compounds in the range
of 293-373 K.
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Table 3. Determined'H resonance chemical shift in ppm for NH protonsvatious
temperature in [d6]-DMSO

A) Compoundl3a

TIKY/
NHa NHs NH. NHq
NH[ppm]

293K 8.245 9.027 7.356 7.558
313K 8.137 8.886 7.288 7.550
333K 8.026 8.738 7.225 7.537
353K 7.924 8.593 7.160 7.520
373K 7.819 8.446 7.097 7.497

B) Compoundll

TIK)/ NH[ppm] | NH 4 NHp
293K 7.975| 7.873
313K 7.972| 7.858
333K 7.970| 7.841
353K 7.964 | 7.823

The resonance values from Table 3 were used talatdcthe temperature dependence
of the chemical shift. The measured values werdquand fitted to a linear correlation
function. From the plotted graph we calculated tt@&responding temperature
coefficient in ppb/K. These values were used tarege the possibility of hydrogen
bonds, using the following boundaries: Hydrogendsowery likely for values smaller
than -2 ppb/K; intermediate range from -2 to -3 /gphnd no hydrogen bonding for
values larger than -4 ppb/K.
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Figure 5. Temperature dependence of amide proton resonamteéseaptidel3a and
dipeptidell
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2.4. ROESY experiments

1D-ROESY measurements in [d6]-DMSO was performe@0&K on a Bruker DRX-
600 spectrometer with a working frequency of 600MB3z. The difference ROESY
experiment with selective excitation using the rfiedi DPFGSE pulse sequence (g3
Gaussian cascade Double Pulse Field Gradient Spho)Ewas used. For every

irradiated proton a series of 5 experiments wiffedgnt mixing times (from 10 ms to 1
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s) and with a relaxation delay of 2 s were acquifd exponential window function
with 4 Hz line broadening was applied before thairtes transformation (FT) and a
baseline correction was conducted after the FT.

2D-ROESY experiments with a mixing time of 500 merevperformed for structural
calculations. Signal overlap restricts the numbeolservable intrastrand contacts. At
least four ROESY interactions were detected for (1) and two for NH (16), as

illustrated in Figure 6.

E E
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Figure 6. ROESY spectrum for compourida and illustration of observed contacts in

solution.
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2.5. Fluorescent amino acid and it's incorporatiorinto peptide chain'

Fluorescence spectroscopy has become one of theusefsil tools in conformational
studies of biopolymefé and for visualizing intracellular processes or ecolar
interactions® Introduction of fluorescence moiety into the pdptichain can be
achieved either by reaction with fluorescence praith functional groups present in
peptide chains (carboxylate, amino group, hydrosylphahydryl) or by direct use of an
amino acid bearing fluorescent function at theiteschain. Among the proteinogenic
amino acids only two possess fluorescent propeffieg, and Tyr), but sometimes
native peptides do not contain these amino acidth@r photophysical behavior in
complex®. Incorporation of amino acid with photophysicahbeior different from the
native fluorescent amino acids into peptide chawenss to be beneficial. In this
consequencsynthetic fluorescent amino acids may exhibit significanvattages over
the relatedprotein (Trp, Tyr) residue in terms of potentially diffeteand improved
properties® So we prepared the pyrene substituted tetrahydnof@-tetrasubstituted
amino acid, and incorporated in short peptide cldiich shows turn structure in solid
sate. Toniolo et al** took advantage of the fluorescence, the rigiditgl dhe axial
chirality of 2, 1’ : 1, 2; 1", 2" . 3:4-dinaphth@jo-hepta-1, 3-diene-6-amino-6-
carboxylic acid (Bin¥, a C-tetrasubstituted glycine derivative from 1, 1'-&athyl, to
carry out photophysical studies involving intranoiar energy transfer (fluorescence
guenching) and intramolecular spin polarizationEP) effects in conformationally
constrained peptide based systerfrtérasubstituted amino acids are effective ffor
turn and helix inducer in peptid&sThe compoundac-3 and pyrene aldehyde were
reacted in presence of KOH as a base ing@\H to give compoundrac-40
diastereoselectily (trans/cis is 20:1) with modergield of 56% (Scheme 1). Then
compoundrac-40 was coupled with N-acetyHoroline in presence of HOAtand
HUAT as coupling reagents in DCM. Column chromaapipy allowed the separation
of the resulting diastereomeric dipeptidé3d, 17hH, which were isolated in optically

pure form (Scheme 4).

" Manuscript in preparation.
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QHC
0 () 0
o+ KQH, 0°C
- r < 0Bu * —_—
NHBoc O CH;CN. 56%

rac-3

2 hoo b
COCH J N N,
T N Nf> J\OtBu + \W &O‘Bu
0]
o) 0] q y 0] Q Py

. "IP

i) HCI-Ether, 2h
ii) HOAt, HUAT. CH,Cl, 17a 17b
11, 2d, 70%

Scheme 5Synthesis of fluorescent amino acid and it’s ipooation in peptide chain.

Figure 7. X-ray diffraction structure of compourida

The absorption spectrum of compoutith in MeOH shows two peaks at 377 nm and
396 nm (Figure 8).
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Figure 8. Absorption spectrum of compouddb in MeOH

2.6. Conclusion

In summary, we have reported the racemic diastelective synthesis of C
tetrasubstituted tetrahydrofuran amino acids (TA#)m readily available methionine.
Dipeptides of TAA and chiral amino acids yield deasomers, which are readily
separated by column chromatography. Short peptadpiences containing theS
isomer of TAA show a stable turn structure in thgstal state and in solution. Two
consecutivgs-turn type Il turns, resembling a distorteg Belix structure, are found for
a tripeptide amide consisting of Gly-TAA-Ala. Gooaccessibility and variable
modification by transition metal-catalyzed couplingactions make TAAs a useful
addition to the family of Gtetrasubstituted-amino acids and artificial turn structures

in peptide research.
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2.7. Experimental Section:

General: Melting points were determined on a melting poimparatus and are
uncorrected. Specific rotations were measured qolarimeter using a 10 cm cell.
NMR spectra were recorded in CRGIt 300 MHz tH) or 75 MHz {3C) unless stated
otherwise. Structural assignments are based on DITCOSY experiments where
applicable. The multiplicity of the carbon atomgigen as (+) = Cklor CH, (-) = CH
and (Gua) for quaternary carbon atoms. Analytical TLC psasilica gel 60 fs4) and
silica gel 60 (70-230 or 230-400 mesh) for colummomatography (CC) were
purchased from Merck. Visualization of spots by Uight and/or staining with
phosphomolybdate or ninhydrin, both in ethanol3CN, CHCl,, and E{O were dried
by standard procedures and stored over molecudaesior Na. PE means petrol ether
with a boiling range of 70-9%C. All other solvents and chemicals were of reaggatie

and used with out further purification.

tert-Butyl methionine : Racemic methionine (10 g, 67 mmol), 1,4-dioxad@ rfiL) and
1.25 M aqueous NaOH (53 mL) were stirred and cotde@°C. Then a solution of di-
tert-butyl-dicarbonate (15.4 g, 70.4 mmol) in 1,4-diogg12 mL) was added over 15
min. The cooling bath was removed and the readiored for 3.5 h. The dioxane was
removed invacuo, the remaining mixture was diluted with 1M aque&i$SO, (68 mL)
and extracted with EtOAc (1x40, 1x25 mL). The condoi organic layers were washed
with water (24 mL), brine (4 mL) and dried over M3SThe solvent was removed to

give puretert-butyl methionine as colourless liquid (15 g, 90%).

tert-Butyl)-4-(2-(tert-butoxycarbonylamino methylthio)butanoate fac-2a)

O'Bu
NHBoc

To a cooled (0°C) solution dért-butyl methionine (2 g, 8 mmol), DMAP (0.08 g, 0.67
mmol) and tert-butanol (0.71 g, 9.6 mmol) in dry GEl, (20 mL) N,N’-
dicyclohexylcarbodiimide (2.15 g, 10.4 mmol) wasled with stirring and the reaction

mixture was stirred at 0°C for 2 h. After stirriigr 12h at room temperature, the
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precipitated dicyclohexylurea was filtered off awmdshed with DCM (2x10 mL). The
organic layer was washed with 1M HCI (2x5 mL), dusated aqueous solution of
NaHCG; (2x10mL) and water (2x5mL) and dried over MgSO@hen the solvent was
evaporated invacuo, and the crude product was purified by column sfatography
(SiO,, PE : diethyl ether 4:1) to give 2 g of compouh(B2% yield).R: = 0.20 (diethyl
ether : PE = 1:4)

'H NMR (300 MHz, CDCJ) 5 =1.45 (s, 18H), 1.99 (m, 1H, H&-), 2.11 (s, 3H), 2.15
(m, 1H, -CHH-), 2.58 (m, 2H), 4.45 (bs, 1H), 5.25 (bs, 1H)>C NMR (75.5 MHz,
CDCl3), 6 = 27.64 (+, 3C), 27.99 (+, 3C), 28.30 (-), 30.4)) 63.38 (+), 65.83 (+),
72.08 (Gua), 77.28 (Gua), 155.33 (Guap, 171.36 (Guay- MS [ESI HO/AcCN]: m/z (%)
= 305.5 [MH] (100).

(4-tert-Butoxy 3-(tert-butoxycarbonylamino)-4-oxobutyl)dimethylsulfonium iodide

(rac-3a)

|

S
T O'Bu
NHBoc

Compound (10 g, 32.7 mmol), methyl iodide (46.86 g, 0.33namd acetone (10 mL)
were stirred at room temperature for 3 d in th&kdBuring this time a white precipitate
was formed. After cooling in an ice bath for 4 he tprecipitate was filtered off and
washed with chilled solvent (0°C temp. diethyl ethacetone 9:1, 2x10 mL). This solid
was dried invacuo yielding compound® (11.4 g, 78%) in analytical pure form.

'H NMR (300 MHz, CDCJ) & = 1.45 (s, 9H), 1.47 (s, 9H), 2.29 (m, 1H#g-), 2.32
(m, 1H, -CHH), 3.30 (d, 6H), 3.70 (m, 1H, -$G4-), 3.75 (m, 1H, -SCH-), 4.15 (bs,
1H), 5.70 (bs, 1H). ¥*C NMR (75.5MHz, CDGJ)) & = 15.48 (+), 28.00 (+), 28.05 (+),
29.92 (-), 32.56 (-), 53.39 (+), 80.634(&), 82.12 (Gua), 169.65 (Gua), 171.00 (Guay-
MS [ESI, HO/ACN]: m/z (%) = 320.1 [M-1] (100).

Sulfonium salt cyclization, typical procedure: An oven or flame dried flask was
cooled under a stream of nitrogen and charged sutfonium iodide3 (1 mmol) in
acetonitrile (4 mL/mmol). The colourless solutiorasvcooled to 0°C and powdered

KOH or KO'Bu or CsOH (1 mmol ) was added and the reactiorturéxwas stirred for
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15 min. Then the aryl aldehyde (0.9 mmol) was adaledi the mixture was stirred for
another 2-4 h. After consumption of all of the 8tey material, the reaction mixture was
guenched by adding water (3 mL/mmol). The reactroxture was dilute with diethyl
ether (4 mL/mmol) and transferred to a separatonpé&l. The layers were separated and
the aqueous layer was extracted with diethyl e(Bgb mL/mmol). Then combined
ether layers were washed with brine, dried over ®gé&nd the solvent was removed in
vacuo. The crude product was purified by flash colummoamatography on silica gel
using 10-15% diethyl ether / PE as the eluant.

2-(4-Bromo-phenyl)-3tert-butoxycarbonylamino-tetrahydro-furan-3-carboxylic
acid tert butylester (rac-4a)
O'Bu
BocHN
C

Br

Yield = 60%, using KOtBu as a ba$2%, using KOH as a base and 65%, using CsOH
as abaseRf = 0.23 (diethyl ether : PE = 1:4), m.p = 131-133°

'H NMR (300 MHz, CDCJ) & = 1.09 (s, 9H), 1.45 (s, 9H), 2.61-2.68 (m, 2H).64
4.33(m, 2H), 5.00 (bs, 1H), 5.71 (bs, 1H), 7.20X¢, 8.23 Hz, 2H), 7.42 (d, J = 8.23
Hz, 2H). -3C NMR (75.5 MHz, CDG)) § = 27.42 (+), 28.40 (+), 35.80 (-), 67.91 (-),
69.63 (+), 80.13 (Ga), 82.62 (Gua), 84.42 (Gua), 121.75 (Gua), 127.91 (+), 131.02
(+), 136.7 (Gua), 154.3 ( Gua), 170.03 (Gua), MS [ESI; CHCl/MeOH+10mmol
NH4OAC] = 442.2, 444.2 [MH (80), 459.3, 461.3 [M-NH"] (75) .- IR (KBr): U cm™

= 3362, 2975, 2932, 2873, 2199, 1509, 1454, 139fal.Acalcd. For gH2sBrNOs
(442.34): C54.30, H 6.38, N 3.17, found C 54.2°K.617, N 3.16.

tert-Butly 3-(tert-butoxycarbonylamino)-2-(4-nitrophenyl)tetrahydrofu ran-3-
carboxylate (rac-4b)
O'Bu
BocH
o)
@)

NO
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Yield = 35%, using KOH as basi = 0.18 (diethyl ether : PE = 3:17), m.p.= 146-
148C.

'H NMR (300MHz, CDC4) & = 1.30 (s, 9H), 1.50 (s, 9H), 2.55 (m, 1HHE-), 2.80
(m, 1H, -CHH-), 4.05 (m, 1H, -O@H-), 4.25 (m, 1H, -OCH-), 4.45 (bs, 1H), 5.25
(bs, 1H), 7.55 (dJ = 9.26 Hz, 2H), 8.23 (d] = 9.26 Hz, 2H). -*C NMR (75.5 MHz,
CDCly) 6 = 27.92 (+), 28.12 (+), 35.80 (-), 67.04 (-), BB.(), 82.65 (Gua), 84.87
(Cquap, 123.44 (+), 128.08 (fea), 147.88 (+), 154.45 (), 170.47 (Gua), 171.5
(Cqua)- - MS [ESI; CHCl/MeOH+10mmol/1 NHOAc] = 409.2 [MH] (100), 426.2
[M-NH 4] (55) - IR (KBr): ' cmi* = 3375, 2981, 2934, 2877, 1730, 1603, 1504, 1452.
Anal. calcd. For gH»gN.O7 (408.45): C 58.81, H 6.91, N 6.86, found C 58H45,.07,

N 6.85.

3-tert-Butoxycarbonylamino-2-phenyl-tetrahydro-furan-3-carboxylic  acid tert
butyl ester (rac-4c)

Q'Bu
BocHN

Yield = 70%, using KOH as a bade;= 0.21 (diethyl ether / PE = 3:17), m.p.= 61-
63°C.

'H NMR (300 MHz, CDC}) & = 1.09 (s, 9H), 1.45 (s, 9H), 2.50-2.80 (m, 2HP34(m,
1H, -OCHH-), 4.33 (m, 1H, -OCH-), 5.02 (bs,1H), 5.60 (bs, 1H), 7.25-7.30(m, 5H).
3C NMR (75.5 MHz, CDGJ) 8 = 27.92 (+), 28.12 (+), 35.83 (-), 67.04 (), &(€qua),
84.87 (Gua), 123.44 (+), 128.08 (), 133.53 (+), 137.52 (+), 150.61 (+), 154.54 (+),
155.36 (Gua), 170.09 (Gua). - MS [ESI; CHCl,/MeOH+10mmol/1 NHOACc] = 364.3
[MH*] (100), 381 [M-NH] (50). - IR (KBr): ¥ cm* = 3358, 2978, 2932, 2872, 1720,
1494, 1454, 1365. Anal. calcd. FosB20NOs (363.45): C 66.09, H 8.04, N 3.85, found
C 65.89, H 8.32, N 3.32.
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3-tert-Butoxycarbonylamino-2-(4-methoxy-phenyl)-tetrahydio-furan-3-carboxylic
acid tert butyl ester (rac-4d)

C'Bu
BocHN
(@

OMe

Yield = 50%, using KOH as a base, 45%, using'B{Das a baseé® = 0.25 (diethyl
ether / PE .= 1:4 ) m.p.= 97-90.

'H NMR (300 MHz, CDCJ) & = 1.13 (s, 9H), 1.49 (s, 9H), 2.52-2.65 (m, 1HHHE),
2.68-2.82 (m, 1H, -CH-), 3.78 (s, 3H), 4.11-4.23 (m, 1H, -©€l-), 4.27-4.35 (m, 1H,
-OCHH-), 4.93 (bs, 1H), 5.48 (bs, 1H), 6.80 {ds 7.96 Hz, 2H), 7.25 (d] = 7.96 Hz,
2H). - 1%C NMR (75.5 MHz, CDG)) & = 27.49 (+), 28.41 (+), 55.00, 67.74 (-), 69.14,
82.08 (Gua), 113.00 (+), 127.57 (§x), 129.50 (+), 154.54 (foa), 159.46 (Gua
170.08 (Gua)- - MS [ESI; CHCly/MeOH+10mmol/1 NHOAc]. 394.2 [MH] (60),
411.2 [M-NH;] (20). - IR (KBr): 7 cmi* = 3359, 2975, 2931, 2881, 1707, 1613, 1583,
1510. Anal. calcd. For £H31NOg (393.47): C 64.10, H 7.94, N 3.56, found C 64133,
7.64, N 3.37.

3-tert-Butoxycarbonylamino-2-(4-methyl-phenyl)-tetrahydro-furan-3-carboxylic
acid tert butyl ester (rac-4e)

Q'Bu
BocHN
C

Me

Yield = 55%, using KOH as a bad®; = 0.22 (diethyl ether : PE = 3:17), m.p.= 135-
138°C.

'H NMR (300 MHz, CDCJ) & = 1.09 (s, 9H), 1.47 (s, 9H), 2.30 (s, 3H), 2.651H,-
CHH-), 2.72 (m,1H,-CHi-), 4.11 (m, 1H, -O€H-),4.32 (m, 1H, -OCH) 5.02
(bs,1H,CH-), 5.65 (bs,1H), 6.92 (@= 7.95 Hz, 2H), 7.45 (m, J = 7.95 Hz, 2H)*c
NMR (75.5 MHz, CDCJ) & = 21.12 (+), 27.41 (+ 29.94 (+), 35.73 (-), 67.78 (-), 69.74
(+), 82.05 (Gua), 82.07 (Gua), 85.74 (Gua), 126.21 (+), 128.61 (+), 134.38 (),
137.63 (Qua), 154.57 (GQua), 170.07 (Gua)- - MS [ESI; CHCl/MeOH+10mmol/1
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NH,4OAc] = 378.2 [MH] (100), 395.2 [M-NH'] (20), IR (KBr): ¥ cmi' = 3357, 2978,
2930, 2870, 2783, 2199, 1703, 1610, 1514, 1450l. Aakcd. for GiHaNOs (377.47):
C 66.82, H 8.28, N 3.71, found C 66.91, H 8.62,.583

tert-Butyl 2-(3-bromophenyl)-3-tert-butoxycarbonylamino)tetrahydrofuran-3-
carboxylate (rac-4f)

O'Bu
BocH

o Br

Yield = 50%, using KOH as a bad®;= 0.14 (diethyl ether: PE = 3:17).

'H NMR (300 MHz, CDCY) 5 = 1.15 (s, 9H), 1.48 (s, 9H), 2.59-2.71 (m, 2H),844.36
(m, 2H), 5.07 (bs, 1H), 5.65 (bs, 1H), 7.13-7.23 RH), 7.36-7.41 (m, 1H), 7.53-7.55
(m, 1H). -**C NMR (75.5 MHz, CDQJ) 8 = 27.43 (+), 28.41 (+), 35.76 (-), 67.97 (-),
69.59 (+), 80.14 (Ga), 82.70 (Gua), 84.02 (Gua), 122.27 (+), 124.67 (+), 129.35
(Cqua), 129.54 (+), 130.88 (faa), 140.05 (+), 154.34 (fa), 170.03(Gua). - MS[ESI;
CH,Cl,/MeOH+10 mmol/1 NHOAc]. 442.2 [MH] (30), 459.0. [MNH'] (30), 403.0
[M-NH 4*-C4Hg] (100) - IR (KBr): 7 cmi* = 3361, 3070. 2978, 2621, 2534, 2199, 1698,
1570, 1479, 1393.

tert-Butyl 3-(tert-butoxycarbonylamino)-2-(4-fluro-phenyl)tetrahydrof uran-3-
carboxylate (rac-49)
O'Bu
BocH
o)
@)

Yield = 63%, using KOH as a bas&.= 0.12 (diethyl ether : PE= 1: 4), m.p = 89-92°C.
'H NMR (300 MHz, CDC{) & = 1.09 (s, 9H), 1.49 (s, 9H), 2.67-2.78 (m, 2H),64
4.33(m, 2H), 5.00 (bs, 1H), 5.71 (bs, 1H), 7.00 2#), 7.42 (m, 2H). 3*C NMR (75.5
MHz, CDCk) & = 27.44(+), 28.40 (+), 35.80 (-), 67.91 (-), 69.63, 80.13 (Gua),
82.62 (Gua), 84.42 (Gua), 114.99 (+), 127.98 (+), 131.01 &), 154.38(Gua), 160
(Cquad, 170.03 (Gua). - MS [ESI; CHCly/MeOH+10mmol NHOAc]. =.382.1[MH]
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(40); 343.1[MNH*-C4Hg], (100); 326.1[MH-C4Hg],(60). - IR (KBr): 7 cm* = 3377,
2980, 2863, 2199, 1710, 1606, 1495, 1447.

tert-Butyl 3-(tert-butoxycarbonylamino)-2-(4-cyano-phenyl)tetrahydrotuiran-3-

carboxylate (rac-4h)

O'Bu
BocHN

@)
CN

Syn/anti = 9:1. Yield = 55%, using KOH as a bas$®;= 0.14 (diethyl ether : PE. =
3:17), m.p.= 128-13.
Resonance signals of tlaati isomer:*H NMR (300 MHz, CDCJ) & = 1.06 (s, 9H),
1.46 (s, 9H), 2.71-2.49 (m, 2H), 4.31-4.20 (m, 26iD2 (bs, 1H), 5.65 (bs, 1H), 7.45 (d,
J = 8.78 Hz, 2H), 7.58 (d] = 8.78 Hz, 2H). Resonance signals of site isomer:*H
NMR (300 MHz, CDC4) 6 = 1.28 (s, 9H), 1.47 (s, 9H), 2.56 (m, 1HHE-), 2.77 (m,
1H, -CHH-), 4.03 (m, 1H,-O€H-), 4.23 (m, 1H, -OCH-), 4.38 (bs, 1H), 5.15 (bs,
1H), 7.45 (dJ = 8.78 Hz, 2H), 7.64 (dl = 8.78 Hz, 2H).**C NMR (75.5 MHz, CDGJ)
o = 27.40 (+), 28.40 (+), 36.08 (-), 68.07 (-), 68.80.31 (Gua), 82.95 (Gua), 83.52
(+), 111.47 (Gua), 118.78 (Gua), 126.13 (+), 131.71(+), 143.47 @), 154.20 (Gua),
170.00 (Gua)- - MS [ESI; CHCI,/MeOH+10mmol/1 NHOAc] = 389.3 [MH] (30),
406.3 [M-NH,"] (45), 350.3 [M-NH'-C,Hg] (56). - IR (KBr): v cmi* = 3357, 2982,
2910, 2877, 1698, 1613, 1524, 1425. Anal. calcd. Gz¢H,sN205 (388.14): .C 64.93, H
7.27, N 7.21, found C 64.87, H 7.54, N 7.07.

tert-Butyl 3-(tert-butoxyxycarbonylamino)-2-im-tolyltetrahydro-furan-3-
carboxylate (rac-4i)
O'Bu
o)

BocH

Yield = 55%, using KOH as a bad&;= 0.14 (diethyl ether : PE = 3:17).
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'H NMR (300 MHz, CDC}) & = 1.00 (s, 9H), 1.40 (s, 9H), 2.22 (s, 3H), 2.6482(m,
1H, -CHH-), 2.72 (m, 1H, -CH-), 4.13 (m, 1H, -OE@H-),4.24 (m, 1H, -OCH) 4.89
(bs, 1H, CH-), 5.60 (bs, 1H, NH-), 6.90-7,14 (m,)5HC NMR (75.5 MHz, CDGJ) &

= 21.12 (+), 27.41 ( 29.94 (+), 35.73 (-), 67.78 (-), 69.74 (+), 82.Wyk), 82.07
(Cquad, 85.74 (Gua), 126.21 (+), 128.61 (+), 134.38 (), 137.63 (Gua), 154.57
(Cqua), 170.07 (Gua). - MS [ESI; CHCl/MeOH+10mmol/1 NHOAc]. 378.2 [MH]
(100), 395.2 [M-NH'] (20) - IR (KBr): I cm™* = 3357, 2978, 2930, 2870, 2783, 2199,
1703, 1610, 1514, 1450.

tert-Butyl 3-(tert-butoxycarbonylamino)-2-(4-chloro-phenyl)tetrahydrofuran-3-

carboxylate (rac-4j)

O'Bu
BocHN

Cl

Yield = 55%, using KOH as a bade; = 0.13 (diethyl ether : PE= 3:17) m.p = 107-
110°C.

'H NMR (300 MHz, CDCJ) 3 = 1.12 (s, 9H), 1.47 (s, 9H), 2.60-2.65 (m, 2H),544.38
(m, 2H), 5.00 (bs, 1H), 5.60 (bs, 1H), 7.27 (m, 4HC NMR (75.5 MHz, CDG)) 5 =
27.41 (+), 29.94 (+), 35.62 (-), 67.90 (-), 69.63.6), 82.52 (Gua), 127.58 (+), 128.08
(+), 133.65 (Gua), 137.63 (Gua), 154.57 (Gua), 170.07 (Gua). - MS [ESI;
CH,Cl,/MeOH + 10mmol/1 NHOAc] = 378.2 [MH] (100), 395.2 [M-NH'] (20)

- IR (KBr): v cm' = 3375, 2981, 2934, 2877, 1730, 1603, 1504, 1A5al. calcd. For
CaoH25CINOs (397): C 60.37, H 7.09, N 3.51, found C 60.45,.8177 N 3.53.

tert-Butyl  3-(tert-butoxycarbonylamino)-2-(naphthalene-2-ly)tetrahydmofuran-3-
carboxylate (rac-4k)
O'Bu

BocHN
(@]

OQ
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Yield = 55%, using KOH as a bad&; = 0.22 (diethyl ether : PE = 1:4), m.p = 140-
143C.

'H NMR (300 MHz, CDCY) & = 1.00 (s, 9H), 1.45 (s, 9H), 2.50-2.80 (m, 2H234(m,
1H, -OCHH-), 4.33 (m, 1H, -OCH-), 5.02 (bs, 1H), 5.60 (bs, 1H), 7.45 (m, 3H),
7.80(m, 4H). °C NMR (75.5 MHz, CDGJ) 5 = 27.92 (+), 28.12 (+), 35.83 (-), 67.04 (-
), 82.65 (Gua), 84.87 (Gua), 123.44 (+), 128.08 (Ga), 133.53 (+), 137.52 (+), 150.61
(+), 154.54 (+), 155.36 (fGa), 170.09 (Gua) - IR (KBr): ' cmi' = 3360 , 2978, 2931,
2878, 2199, 1703, 1504, 1454. - HRMS cald. feiH3:NOs (413.2206) found 413.2205
+.2. Anal. calcd. For &H31NOs (413): C 69.71, H 7.56, N 3.39, found C 69.51,.H47

N 3.30.

(E)-tert-Butyl 3-(tert-butoxycarbonylamino)-2-styryltetrahydrofuran-3-car boxylate
(rac-4l)

O'Bu
BocH

Yield = 53%, using KOH as a bad&; = 0.14 (diethyl ether : PE = 3:17), m.p = 134-
136°C.

'H NMR (300 MHz, CDCY) & = 1.39 (s, 9H), 1.46 (s, 9H), 2.46 (m, 1H, 4GH 2.73-
2.82 (m, 1H, -€IH-), 4.07 (m, 1H, -OCH-), 4.21 (m, 1H, -O€H-), 4.44 (d,J = 6.31
Hz, 1H), 5.30 (bs, 1H), 6.02-6.12 (d#i= 15.92 Hz, 7.14 Hz, 1H), 6.60-6.65 (=
15.92 Hz, 1H), 7.22-7.35 (m, 5H)**C NMR (75.5 MHz, CDGJ) 5 = 27.93 (+), 28.35
(+), 35.17 (-), 67.61 (-), 69.5 (), 80.02 (Gua), 82.17 (Gua), 85.50 (+), 124.27 (+),
126.66 (+), 128.00 (+), 133.36 (+), 136.13 (+), TB4Cua), 169.92 (Gua). - MS [ESI;
CH,Cly/MeOH+10mmol/1 NHOAc]. = 390.2 [MH] (100), 278 [M-2xGHg] (35),
407.2 [M-NH,"] (15) - IR (KBr): U cmi' = 3375, 2981, 2934, 2877, 1730, 1603, 1504,
1452. Anal. calcd. For £H3iNOs (389.49): C 67.84, H 8.02, N 3.60, found C 67H3,
8.21, N 3.55.
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tert-Butyl 3-(tert-butoxycabonylamino)octahydro-2, 2’-bifuran-3-carboylate (rac-
4m)

Q'Bu
BocHN
Q
e =
O/

trans/cis. = 3:1. Yield = 56%, using KBu as a baseR= 0.26 (diethyl ether : PE =
1:4), m.p.= 77-88C. Resonance signals wéns isomer:*H NMR (300 MHz, CDC}) &

= 1.29 (s, 9H), 1.45 (s, 9H), 2.50 (m, 1HHE), 2.87-2.99 (m, 1H, -CH-), 4.13 (m,
1H, -OCHH-), 4.30 (m, 1H, -O€H-), 4.89 (bs, 1H), 5.35 (bs, 1H), 6.32 (m, 2HR6/.
(m, 1H). -'H NMR (300 MHz, GDg) & = 1.25 (s, 9H), 1.43 (s, 9H), 2.39-2.52 (m, 1H, -
CHH), 2.96-3.08 (m, 1H, -CH-), 3.81-3.91 (m, 1H, -OCH-), 4.09-4.17 (m, 1H, -
OCHH-), 4.76 (bs, 1H), 5.34 (bs, 1H), 5.94-5.98 (m)16123-6.26 (m, 1H), 6.92-6.95
(m, 1H). - Resonance signals of tisisomer:*H NMR (300 MHz, CDCJ) 6 = 1.39 (s,
9H), 1.49 (s, 9H), 2.56 (m, 1H, HH), 2.78-2.85 (m,1H,-CH-), 4.13 (m, 1H, -OCH-

), 4.30 (m, 1H, -O@H-), 4.87 (bs, 1H), 5.30 (bs, 1H), 5.97 (m, 2HR&(m, 1H) -**C
NMR (75.5 MHz, CDGCJ) & = 27.58 (+), 28.33 (+), 35.17 (-), 68.12 (-), 60 Cqua),
80.15 (Guay, 81.05 (+), 81.93 (Laay, 108.19 (+), 110.32 (+), 142.38 (+), 150.63 44"
154.93 (Guap, 169.19 (Gua). - MS[ESI;CHCIly/MeOH+10mmol/1 NHOAc] = 354.1
[MH"] (100), 371.2 [M-NH] (30). - IR (KBr): v cm® =3357, 3119, 2978, 2933,
2868, 2199, 1737, 1703, 1514, 1448. Anal. calcd.CGgH,/NOg (353.42): C 61.17, H
7.70, N 3.96, found C 60.94, H 7.69, N 3.90.

Benzyl 2-(4-bromophenyl)-3-{ert-butoxycarbonylamino)tetrahydrofuran-3-
carboxylate (rac-4n)

@]

(@] NHBoc
Br
(@]
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Yield = 20%, using KOH as a base; 25%, using Cs®H hasel; = 0.14 (diethyl ether
PE=3:17), m.p. =137-138.

'H NMR (300 MHz, CDCJ) & = 1.43 (s, 9H), 2.62 (m, 1H, -GH), 2.82 (m, 1H, -
CHH-), 4.20 (m, 1H, -OCH-), 4.37(m, 1H, -O€IH-), 4.72 (s, 2H), 4.96 (bs, 1H), 5.54
(bs, 1H,), 7.13 (m, 4H), 7.33 (m, 5H)*C NMR (75.5 MHz, CDGJ) & = 28.32 (+),
35.20 (-), 67.58(-), 67.97 (-), 70.04 (+), 80.50,4F 85.17 (Cquat), 122.29 (G,
127.69 (+), 128.46 (+), 128.50 (+), 128.54 (+), BP3U(+), 134.72 (Guap, 135.99 (Guay,
154.51 (Guap, 170.79 (Gua)- - MS [ESI;CHCIl,/MeOH+10mmol NHOACc].=.476.1,
478.1 [MHT (50), 493.2, 495.2 (M+NK) - IR (KBr): ¥ cm* = 3348, 3303, 3061,
3029, 2978, 2941, 2887, 2867, 2800, 2199, 16681,15917, 1452. Anal. calcd. For
Ca3H26BrNOs (476.19): C 57.99, H 5.50, N 2.94, found C 5719%.72, N 2.93.

tert-Butyl-3-(tert-butoxycarbonylamino)-2-(pyrene-1-yl)tetrahydrofuran-3-
carboxylate (rac-40)

O'Bu

Yield = 65%, using KOH as bas& = 0.18 (diethyl ether: PE = 3:17), m.p.= 159-
161°C.

'H NMR (300MHz, CDC}) & = 0.80 (s, 9H), 1.58 (s, 9H), 2.80-2.99 (m, 2HR%A
4.59(m, 2H), 5.72 (bs, 1H), 6.23 (bs, 1H), 7.9718(B, 9H). -**C NMR (75.5 MHz,
CDCl) 6 = 27.92 (+), 28.12 (+), 35.80 (-), 67.04 (-), BB.(), 82.65 (Gua), 84.87
(Cqua, 123.44 (+), 128.08 (fea), 147.88 (+), 154.45 (), 170.47 (Gua), 171.5
(Cquad- - MS [ESI; CHCI/MeOH+10mmol/1 NHOAc] = 488.3 [MHT] (90), 505 [M-
NH,4"] (100), 992.7 [2M-NH'] (100), - IR (KBr): v cm® = 3359, 2974, 2830, 2867,
1750, 1703, 1506, 1454. Anal. calcd. FasHz3sNOs (487.36): C 73.90, H 6.82, N 2.87,
found C 73.80, H 7.17, N 2.58.
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3-Amino-2-(4-bromo-phenyl)-tetrahydro-furan-3-carboxylic acid hydrochloride
(rac-5)

CIHH,N

Br

To a solution of compounihc-4a (2 g, 4.5 mmol), in 20 mL of methanol 10 mL of 6
(M) HCI was added. The reaction mixture was hette@flux temperature for 6 h, then
cooled to room temperature and stirred for anothdr. The reaction mixture was
concentrated by removal of methanol; remaining spaft the reaction mixture were
lyophilized yielding quantitatively a white solid the corresponding hydrochloride salt
(1.4 g). The compound was used in the next stepowitfurther purification.

'H NMR (300 MHz, MeOD)s = 2.32 (m, 1H, -CHi-), 2.92 (m, 1H, -EIH-), 4.17 (m,
1H, -OCHH-), 4.56(m, 1H, -O€H-), 5.00 (bs, 1H), 7.34 (d,= 8.23 Hz, 2H), 7.53 (d,
J = 8.23 Hz, 2H). *°C NMR (75.5 MHz, MeOD) = 36.23 (-), 68.59 (-), 69.91 (+),
87.77 (Gua), 123.89 (+), 129.76 ({oa), 132.45 (Gua), 136.24 (+), 170.39 (+). - MS
[ESI;CH.Cl,/MeOH+10mmol NHOAc].=.286.1, 288.1 [MHA-CI] (30), 303.2, 305.2
[M+NH 4] (100).

2-(4-Bromo-phenyl)-3tert-butoxycarbonylamino-tetrahydro-furan-3-carboxylic
acid (rac-6)

CH
BocHN

Br

Procedure A (Starting from Compoundac-5) : Compoundrac-5 (1 g, 3.13 mmol),

1,4-dioxan (5 mL) and 1.25 M aqueous NaOH (7 mL)enstirred and cooled to 6°C for
10 min. Then a solution of dert-butyl-dicarbonate (0.75 g, 3.45 mmol) in 1,4-dioxa
(2 mL) was added over 5 min. The cooling bath veasaved and the reaction stirred for
3.5 h. The dioxane was removedvatuo, the residue diluted with 1M aqueous KHSO
(2 mL) and extracted with EtOAc (1x4, 1x3mL). Thenthined organic layers were
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washed with water (2 mL), brine (2 mL) and drieceowWmgSQ. The solvent was

removed to give pureac-6 as a white solid (0.72 g, 60%).

Procedure B (Starting from compoundac-4n): Compoundrac-4n (500 mg, 1.05
mmol) was dissolved in ethanol (5 mL), then 150a0h&OH was added to the solution
and the mixture was refluxed for 24 h. The reactioxture was cooled and ethanol was
evaporated. The obtained yellow solid was dissolaesdater (3 mL) and extracted with
diethyl ether (2x2 mL) to remove all organic impi@s. The aqueous solution was
acidified with citric acid (10%, 2mL) and extractedth ethyl acetate (2 x 3 mL). The
combined organic layers were washed with brine (3 end dried over MgS® The
solvent was removed to give pure compouad6 (97 mg) as a white solid in 24%
yield. This compound was used for next step withforther purification.

'H NMR (300 MHz, CDCJ) & = 1.44 (s, 9H), 2.68-2.78 (m, 1H, CHH), 3.30 (rH, 1
CHH), 4.15-4.25(m, 1H, -OCHH), 4.32 (m, 1H, OCHHB)10 (bs, 1H), 5.61 (bs, 1H),
7.10-7.22 (m, 2H), 7.40-7.50 (m, 2H)*C NMR (75.5 MHz, CDGJ) & = 28.40 (+),
35.80 (-), 67.91 (-), 69.63 (+), 82.62 ), 84.42 (Gua), 121.75 (Gua), 127.91 (+),
131.02 (+), 136.72 (@), 1543 (Gua), 17003 (Gua). - MS
[ESI:CH,Cl/MeOH+10mmol NHOAc].=.442.2 [MH] (80), 459.3 [M-NH]

- IR (KBr): 7 cmi' = 3362, 2975, 2932, 2873, 2199, 1509, 1454, 1392.

Dipeptide esters 7 and 9

Compound ra& (100 mg, .26 mmol) was dissolved in € (1.5 mL) and the
hydrochloride salt of alanine methylester (36 m@g60mmol), EDC (40 mg, 0.26
mmol), HOBT (35 mg, 0.26 mmol) and DIPEA (84 mge® mmol) were added. The

reaction mixture was stirred at room temperature2fbh, quenched with water (2 mL)
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and 1M KHSQ (3 mL), diluted by adding 3 mL of diethyl ether atrdnsferred to a
separating funnel. The aqueous layer was extragidddiethyl ether (2x3 mL). Then
combined ether layers were washed with brine smu2 mL), dried over MgS£and
the solvent was removed wacuo. The crude product was purified by flash column
chromatography on silica gel using 30-40% diethiiee/ petrol ether as the eluant to
give 73.2 mg (60%) of compoundsand9 as white solids. Compound mp = 117-
118C, [0]p®> = +34.3 (c = 1.0, CHG). *H NMR (600 MHz, CDC}) 5 = 0.90 (bs, 3H),
1.49 (s, 9H), 2.50 (m, 1H, -G#H), 2.85 (m, 1H, -EIH-), 3.65 (s, 3H), 4.10 (gn, J = 6.79
Hz, 1H), 4.27-4.38 (m, 2H), 5.43(bs, 1H), 6.25 (bd), 6.45 (bs, 1H), 7.20 (d,= 8.25
Hz, 2H), 7.40 (dJ = 8.25 Hz, 2H). *C NMR (75.5 MHz, CDGJ) 5 = 17.55 (+), 28.43
(+), 36.08 (-), 48.01(+), 52.47 (+), 66.62 (-), BI.(+), 80.07 (Cquat), 121.44 (),
126.82 (+), 131.13 (+), 136.12 (&), 154.51 (Gua), 170.79 (Gua), 172.98 (Gua). - MS
[PI-LSIMS; MeOH/Glycerine].=.471.3, 473.3 [MH(60), 415.3, 417.3 [MC4Hg] (50)
-IR (KBr): ' cm* = 3356, 3348, 3303, 3061, 3029, 2978, 2941, 28867, 2800,
2199, 1668. Anal. calcd. Forg1,;BrN,Og (476.19): C 50.96, H 5.77, N 5.94, found C
50.92, H 6.05, N 5.87. CompouSdmp = 127-136C, [¢]p>°> = -34.3 (c = 1.0, CHQ).

'H NMR (600 MHz, CDC}) & = 0.92 (d,J = 6.24 Hz, 3H), 1.49 (s, 9H), 2.53 (m, 1H, -
CHH-), 2.88 (m, 1H, -€IH-), 3.72 (s, 3H), 4.24 (qn, J = 7.34 Hz, 1H), 4(84 2H),
5.44 (bs, 1H), 6.28 (bs, 1H), 6.47 (U= 5.87 Hz, 1H), 7.22 (d, J = 8.44 Hz, 2H), 7.41
(d, J = 8.44 Hz, 2H).**C NMR (75.5 MHz, CDGJ)) & = 18.26 (+), 28.38 (+), 35.91 (-),
48.18 (+), 52.46 (+), 66.69 (-), 67.78 (+), 80.Zy k), 121.65 (Gua), 127.30 (+),
131.01 (+), 135.71 (La), 154.32 (Gua), 170.61 (Gua), 172.66 (Gua). - MS [PI-
LSIMS; MeOH/Glycerine].=.471.3, 473.3 [M] (60), 415.3, 417.3 [MCHg] (50)
-IR (KBr): ' cm* =3348, 3303, 3061, 3029, 2978, 2941, 2887, 22800, 2199,
1668, 1591, 1517, 1452. Anal. calcd. FepH;/BrN,Og (476.19): C 50.96, H 5.77, N
5.94, found C 51.02, H 6.12, N 5.86.
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Dipeptide esters 8 and 10

The compounds were prepared following the same egre as given for the
preparation of7 and 9, using phenylalanine hydrochloride salt insteadat#nine
hydrochloride salt. The reaction gave 55% isolgtenduct yield. Compound®: *H
NMR (300 MHz, CDC}) & = 1.47 (s, 9H), 2.79 (m, 1H, -GH), 2.97-3.10 (m, 1H, -
CHH-), 3.60 (s, 3H), 4.02 (m, 1H), 4.15-4.31 (m, 34Y%1 (m, 1H), 5.38 (bs, 1H), 6.19
(bs, 1H), 6.57 (bs, 1H), 7.02-7.14 (m, 4H), 7.2877(m, 5H). -**C NMR (75.5 MHz,
CDCl) & = 28.43 (+), 35.45 (-), 37.61 (-), 52.38 (+), BB(K), 53.82 (+), 66.21 (-),
80.08 (Cquat), 121.46 (G, 126.82 (+), 127.28 (+), 127.40 (+), 128.62 (3}28.94
(Cquad, 129.13 (+), 131.19 (+), 135.77 @), 154.06 (Gua), 171.05 (Gua), 171.67
(Cqua)- - MS [PI-LSIMS; MeOH/Glycerine] = 546.14, 547[MIH"] (60),- IR (KBr):
cm* = 3356, 3348, 3303, 3061, 3029, 2978, 2941, 28887, 2800, 2199, 1668.
CompoundL0: *H NMR (300 MHz, CDCJ) & = 1.49 (s, 9H), 2.81 (m, 1H, -GH), 2.95
(m, 1H, -GHH-), 3.65 (s, 3H), 4.04 (m, 1H), 4.20-4.34 (m, 3443 (m, 1H), 5.40 (bs,
1H), 6.23 (bs, 1H), 6.60 (bs, 1H), 7.00-7.12 (m)4H22-7.35 (m, 5H). ¥*C NMR
(75.5 MHz, CDC}) & = 29.43 (+), 36.45 (-), 37.61 (-), 52.38 (+), 3B(¥), 53.82 (+),
66.21 (-), 80.08 (Cquat), 121.464(), 123.82 (+), 127.38 (+), 127.45 (+), 128.69 (+),
128.94 (Gua), 129.13 (+), 131.19 (+), 135.77 (@), 155.06 (Gua), 171.06 (Gua),
171.77 (Gua)-
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Dipeptide amides 11 and 12

The compounds were prepared as described abovee@bton gave an isolated yield
of 50% of the two diastereomers. Compoudrd'H NMR (300 MHz, CDC)): 5 = 1.15
(d,J = 7.12 Hz, 3H), 1.43 (s, 9H), 2.55-2.64 (m, 1HHEG), 2.69-2.81 (m, 1H, -BH-

), 4.00 (m, 1H), 4.20-4.28 (m, 2H), 4.34-4.44 (rAl)35.12(bs, 1H), 5.88 (bs, 1H), 6.24
(bd, 1H), 6.34 (t, 1H), 7.17-7.39 (m, 9H)**C NMR (75.5 MHz, CDGJ) & = 17.98 (+),
28.29 (+), 36.08 (-), 43.34 (-), 49.20 (+), 67.26 68.42 (+), 80.91 (Ga), 83.01 (Gua),
122.05 (Gua), 127.35 (+), 127.50 (+), 128.58 (+), 131.32 (435.74 (Gua), 137.99
(Cquad, 154.78 (Gua), 170.54 (Gua), 171.22 (Gua). - MS [ESI; CHCI/MeOH + 10
mmol NH,OACc].=.546.2, 548.2 [MH] (100), 490.1, 492.1 [R4C,Hg] (26).

Compound12 H NMR (300 MHz, CDCY): & = 0.93 (d,J = 6.82 Hz, 3H), 1.48 (s,
9H), 2.38-2.53 (m, 1H, -CH-), 2.69-2.81 (m, 1H, -BH-), 4.00-4.10 (m, 1H), 4.25-
4.48 (m, 4H), 5.32 (bs, 1H), 6.12 (bs, 1H), 6.2§ {H), 6.60 (d,J = 6.60 Hz, 1H),
7.16-7.40 (m, 9H). ¥*C NMR (75.5 MHz, CDGJ) 5 = 17.76 (+), 28.42 (+), 35.82 (-),
43.53 (-), 49.02(+), 66.75 (-), 67.70 (+), 80.35. 4% 81.24 (Gua), 121.60 (Gua),
127.08 (+), 127.59 (+), 128.77 (+), 131.14 (+), IB6(Cyua), 137.81 (+), 154.20 (Ga,
170.92 (Gua), 171.38 (Gua)-

Tripeptide amide 13a and 13b

Compoundll (100 mg, .26 mmol) was dissolved in 5 mL of DCM this solution 2
mL of HCI saturated diethyl ether solution was atldad the mixture was stirred for 20
min at room temperature. The solvent was evapoiateldthe resulting white solid was
dissolve in DMF(1.5 mL). DIPEA (89 mg, 0.67 mmol), Ac-Gly-OH (36gmn0.32
mmol), EDC (65 mg, 0.41 mmol), and HOBT (66 mg,10mmol) were added. The
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reaction mixture was stirred at room temperature3falays, quenched with water (2
mL) and 1M KHSQ (3 mL), diluted by adding 3 mL of diethyl ether atvdnsferred
into a separatory funnel. The aqueous layer waseed with diethyl ether (2x3 mL),
the combined ether layers were washed with brihgtiea (2 mL), dried over MgS©
and the solvent was removedvercuo. The crude product was purified by HPLC to give

41 mg of compound3a(40% vyield).

Compound 13a:

'H NMR (600 MHz, d6-DMSO)d = 0.80 (d,J = 7.47 Hz, 3H, COSY, HSQC: H-24),
1.74 (s, 3H, COSY, HSQC: H-11), 1.99 (m, 1H, COSBQC: H-4y), 2.97 (m, 1H,
COSY, HSQC: H-44), 3.50-3.7 (m, 2H, COSY, HMBC: H-14 and Hx} 3.82 (dd,
1H,J = 15.94 Hz, 5.14 Hz, COSY, HMBC: Hs9, 3.87 (m, 1H, COSY, HMBC: H-
5a1), 4.15 (m, 1H, COSY, HMBC: H-14), 4.25(m, 2H, COSY, HMBC: H-4£ and H-
5p/a), 4.98 (s, 1H, COSY, HMBC: H-2), 7.16 (m, 3H, am ), 7.27 (m, 4H, aromatic),
7.35 (d,J = 7.47 Hz, 1H, COSY, HMBC: H-13), 7.49 (m, 2H, @uatic), 7.58 (tJ =
6.36 Hz, 1H, COSY, HMBC: H-16), 8.20 (t= 5.25 Hz, COSY, HMBC: H-9), 9.00 (s,
1H, COSY, HMBC: H-6). °C NMR (151 MHz, d6-DMSOp = 16.40 (+, HSQC: C-
24), 22.10 (+, HSQC: C-11), 35.67 (-, HSQC: C-4,82 (-, HSQC: C-8 or C-17),
43.10 (-, HSQC, C-8 or C-17), 48.61(+, HSQC: C-B#).31 (-, HSQC: C-5), 69.65 (+,
HSQC: C-2), 84.83 (Gas HSQC, C-3), 121.00 (@), 126.51 (+), 126.77 (+), 127.04
(+), 128.09 (+), 128.23 (+), 128.67 (+), 130.40, (37.30 (Gua), 139.19 (+), 168.50
(Cquat, HMBC: C-12), 170.45 (ay HMBC: C-10), 171.46 (Gas HMBC: C-7), 171.70
(Cquas HMBC: C-15). - MS [PI-LSIMS; MeOH/glycerine].=.543, 547.3 [MH] (100).
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Compound 13b:
H
N
(v

HN ‘o

0/3,‘ v, H
N

O//\

7 s
'H NMR (600 MHz, d6-DMS0)5 = 0.95 (d,J = 7.06 Hz, 3H), 1.84 (s, 3H), 2.21-2.26
(m, 1H), 2.49 (s, 3H), 2.26-2.72 (m, 1H), 3.302H), 3.37-3.79 (M, 2H), 3.82-3.92 (m,
2H), 4.21-4.26 (m, 3H), 5.02 (s, 1H), 7.17-7.23 GH), 7.30-7.35 (m, 4H), 7.41-7.43
(d, J=8.07 Hz, 1H), 8.00 (f] = 6.36 Hz, 1H), 8.18 (] = 6.36 Hz, 1H).
3C NMR (151 MHz, d6-DMS0)5 = 17.67 (+), 22.26 (+), 33.73 (-), 42.00 (-), 42(6
), 48.32 (+), 66.99 (-), 69.69 (+), 84.364(&), 120.66 (Gua), 126.66 (+), 127.01 (+),
128.19 (+), 128.57 (+), 130.70 (+), 137.70,§, 139.14 (+), 167.92 (&), 169.83
(Cqua, 169.89 (Guap, 171.37 (Guay, 201.75 (Guay)- —MS [PI-LSIMS; MeOH/glycerine]

= 545.2, 547.2 [MF] (100). Anal. Calcd. For §H2oN4OsBr (544.34) C 55.05, H 5.36,
N 10.27 found C 54.49, H 5.39, N 10.38.

Peptide coupling reaction:Compoundrac-4o0 (100 mg, .21 mmol) was dissolved in 3
mL of CH,Cl,. To this solution 2 mL of HCI saturated ether solm was added and
stirred for 20 min at room temperature. The solweas evaporated byacuo and the
resulting light yellow solid was dissolve in dryn®. CH,ClI, followed by N-acetylated
L-proline (39 mg, .25 mmol) , HOAt (16.7 mg, .12 wi}p HBTU ( 95 mg, .25 mmol)
and DIPEA (133 mg, 1.25 mmol). The reaction mixtweaes stirred at room temperature
for 2 days, quenched with 1M KHS@ mL), diluted with 4 mL EtOAc and transferred
to a separating funnel. The aqueous layer was agttavith EtOAc (2x3 mL). The
combined EtOAc layers were washed with 3 mL of éraolution, dried over MgSO
and the solvent was removedviacuo. The crude product was purified by flash column
chromatography on silica gel using 40-45% EtOACHKLCI, as eluent to afford 40 mg
(75% of yield, total 80 mg of product) of each camuapd17aand17b as light yellow
solid.
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(2S, 3R)-tert-Butyl 3-((S)-1-acetylpyrrolidine-2-carboxamido)-2-(pyren-1-
yhtetrahydrofuran-3-carboxylate (17a)

R = 0.28 (EtOAC : ChCl, = 1:1), m.p.= 159-16T, [0]° = +53.9° (c = 0.2, CHG).

'H NMR (600MHz, CDC4) & = 0.45 (s, 9H), 1.87-1.93 (m, 1H), 2.00-2.05(m,),1H
2.07-2.14 (m, 1H), 2.29 (s, 3H), 2.53-2.61 (m, 2B1)7-3.13 (m, 1H), 3.46-3.55 (m,
2H), 4.25-4.29 (m, 1H), 4.52-4.55(m, 1H), 4.71-4@Q 1H), 6.11 (s, 1H), 7.98-8.36
(m, 9H), 8.67 (s, 1H). **C NMR (150.9MHz, CDGJ) & = 22.73 (+), 25.28 (-), 36.80 (-
), 38.65 (+), 48.47 (-), 59.57 (+), 68.34 (-), BL(&), 81.09 (Gua), 84.35 (Gua), 123.72
(+), 124.40 (+), 124.64 (+), 124.85 (+), 125534 125.53 (Gua), 125.75 (Gua),
127.29 (Gua), 127.34 (Gua), 127.50 (Gua), 128.77 (+), 130.52 (+), 130.99 (@),
131.32 (Gua), 131.69 (+), 168.68 (), 170.26 (Gua), 171.33 (Gua). - MS [ESI;
CH,Cl,/MeOH+10mmol/l NHOAc] = 544.4 [MH] (60), 505 [M-NH'] (100),
- IR (KBr): U cmi' = 3258, 3223, 3049, 2976, 2889, 1923, 1730, 14838, 1550,
1452, 1430. Anal. calcd. ForsizN,Os (526.25): C 72.98, H 6.51, N 5.32, found C
72.70, H 6.77, N 5.30.
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(2R, 3S)-tert-Butyl 3-((S)-1-acetylpyrrolidine-2-carboxamido)-2-(pyren-1-
yhtetrahydrofuran-3-carboxylate (17b)

R = 0.20 (EtOAc: CHCl, = 1:1), m.p.= 159-16L, [a]° = -53.9° (c = 0.2, CHG).

'H NMR (600MHz, CDC}) & = 0.45 (s, 9H), 1.87-1.93 (m, 1H), 2.00-2.05(m,),1H
2.07-2.14 (m, 1H), 2.29 (s, 3H), 2.53-2.61 (m, 2B1)7-3.13 (m, 1H), 3.46-3.55 (m,
2H), 4.25-4.29 (m, 1H), 4.52-4.55(m, 1H), 4.71-4(8Q 1H), 6.11 (s, 1H), 7.98-8.36
(m, 9H), 8.67 (s, 1H). **C NMR (150.9MHz, CDG)) & = 22.73 (+), 25.28 (-), 36.80 (-
), 38.65 (+), 48.47 (-), 59.57 (+), 68.34 (-), (&), 81.09 (Guay, 84.35 (Gua), 123.72
(+), 124.40 (+), 124.64 (+), 124.85 (+), 125.53, 4% 125.53 (Gua), 125.75 (Gua),
127.29 (Gua), 127.34 (Gua), 127.50 (Gua), 128.77 (+), 130.52 (+), 130.99 ),
131.32 (Gua), 131.69 (+), 168.68 (Ga), 170.26 (Gua), 171.33 (Gua). - MS [ESI;
CH,Cl,/MeOH+10mmol/1 NHOAc] = 544.4 [MH] (60), 505 [M-NH,] (100),
- IR (KBr): 7 cmi' = 3349, 3041, 2976, 2880, 2208, 1924, 1624, 15347. Anal.
calcd. For G;HsuN»Os (526.25): C 72.98, H 6.51, N 5.32, found C 72H06.77, N
5.30.

Benzyl 2-tert-butoxycarbonylamino)-4-(methylthio) butanoate ¢ac-2b)

'H NMR (300MHz, CDC4) & =1.45 (s, 18H), 1.99 (m, 1H,HE-), 2.11 (s, 3H), 2.15
(m, 1H, CHH), 2.58 (m, 2H), 4.45 (bs, 1H), 5.25 (bs, 1£g.NMR (75.5 MHz, CDGJ),
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8 =27.64 (+), 27.99 (+), 28.30 (-), 30.40 (-), 53(39, 65.83 (+), 72.08 (Gat ), 77.28
(Cqua), 155.33 (Gua), 171.36 (Gua). MS [ESI HO/ACN]: m/z (%) = 305.5 [MH] (100)

(4-(Benzyloxy)-3-tert-butoxycarbonylamino)-4-oxobutyl)dimethylsulfonium iodide
(rac-3b)

'H NMR (300 MHz, CDCJ) 5 = 1.45 (s, 9H), 1.47 (s, 9H), 2.29 (m, 1HHg-), 2.32
(m, 1H, -CHH), 3.30 (d, 6H), 3.70 (m, 1H, -$@-), 3.75 (M, -SCHI-), 4.15 (bs, 1H),
5.70 (bs, 1H)**C NMR (75.5MHz, CDCJ) 5 = 15.48 (+), 28.00 (+,), 28.05 (+), 29.92 (-
), 32.56 (-), 53.39 (+), 80.63 {@&), 82.12 (Gua), 169.65 (Gua), 171.00 (Gua). MS
[ESI, HO/ACN]: m/z (%) = 320.1 [M+] (100)

tert-Butyl 3-(tert-butoxycarbonyl)-2-(4-((E)-2-(methoxycarbonyl)viny)phenyl)-
tetrahydrofuran-3-yl carbamate (rac-14)
OiBu

BocHN
C

C /" ~CMe

A mixture of 0.57 mmol of compound rde (250 mg), 0.68 mmol methylacrylate (58
mg), 0.68 mmol triethyl amine, 1 mol% palladium tate and 0.03 mmol tris(o-
tolyl)phosphine in 2 mL of DMF was heated to 10QiQer argon for 14h. After the
consumption of all of the starting material the tane was cooled to room temperature,
2 mL of 1M KHSQ were added and the mixture was extracted (3x1wtt) diethyl
ether. The combined organic fraction was dried oMgSQ, and the solvent was
evaporated to give a solid crude product, which pragfied by column chromatography
(silica gel, 1:1 diethyl ether : petrol ether) affmg 180 mg (71%) of the white solid
product ract4, m.p = 146-149C.

'H NMR (300 MHz, CDCJ) & = 1.09 (s, 9H), 1.46 (s, 9H), 2.61-2.68 (m, 2HBOB(s,
3H) 4.16-4.33(m, 2H), 5.09 (bs, 1H), 5.65 (bs, 16#1 (d,J = 15.92 Hz,, 1H), 7.35 (d,
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J = 8.23 Hz, 2H), 7.50 (d] = 8.23 Hz, 2H), 7.65 (d] = 15.92 Hz, 1H). *°C NMR
(75.5 MHz, CDCI3)5 = 27.38 (+), 28.41 (+), 35.94 (-), 51.72 (+), 67(9), 69.71 (+),
80.10 (Guay, 82.50 (Guap, 84.72 (Gua), 117.73 (+), 126.72 (§ea), 127.66 (+), 131.95
(+), 140.16 (Gua), 144.47 (+), 154.3 ( &), 167.45 (Gua), 170.05 (Gua). - MS
[ESI;CH.Cl,/MeOH+10mmol NHOACc].=.448.2 [MH] (40), 465.3 [M-NH'] (35),
409.2 [M-NH;"-C4Hg] (100). - IR (KBr): cm-1 = 3362, 2975, 2932, 287399, 1509,
1454, 1392. Anal. calcd. ForaE33NO; (447.34): C 64.41, H 7.43, N 3.13, found C
64.27, H7.67, N 3.16.

Compoundrac-15.

OO

In a 25 mL Schlenk flask were placed compouad-4a (250 mg, 0.567 mmol),
phenylboronic acid (83 mg, 0.68 mmol), &®; (240 mg, 2.27 mmol), Pd(OAc)2
mg, 6umol), tetrabutyl ammonium bromide (183 mg, 0.567at)/and 2 mL of a water

/ DMF (1:1) mixture. The flask was sealed with atsen and placed into an oil bath
preheated to 10C. The reaction mixture was held at this tempeeator 20h, cooled to
room temperature, water and diethyl ether (10 mleaé¢h) were added and organic
material was removed by extraction. After furthetraction of the aqueous layer with
diethyl ether the organic phases were combinedddver MgS@and the diethyl ether
was removed in vacuo, leaving the crude productichvhvas purified by column
chromatography (silica gel, 1:4 diethyl ether: REprding 250 mg (71%) of the white
solid productl5, m.p = 80-83C.

'H NMR (300 MHz, CDCY) & = 1.12 (s, 9H), 1.50 (s, 9H), 2.57-2.85 (m, 2H).84
4.41(m, 2H), 5.09 (bs, 1H), 5.56 (bs, 1H), 7.3197(f, 9H). -**C NMR (75.5 MHz,
CDCI3) 6 = 27.40 (+), 28.44 (+), 35.95 (-), 67.49 (-), €0.@), 80.07 (Gua), 82.26
(Cquads 85.47 (Guap, 126.73 (Gua), 127.08 (+), 127.32 (+), 127.41 (+), 127.59 (+),
127.97 (+), 128.89 (+), 131.04 (+), 136.65,(&}, 140.94 (Gua), 154.3 ( Gua), 170.10
(Cqua)- - MS [ESI;CHCIl,/MeOH+10mmol NHOAc].=440.3 [MH] (65), 457.3 [M-
NH,4'] (60), 401.2 [M-NH"-C4Hg] (100). - IR (KBr): cm-1 = 3362, 2975, 2932, 2873
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2199, 1509, 1454, 1392. Anal. calcd. FesHzsNOs (439.54): C 71.05, H 7.57, N 3.19,
found C 70.82, H 7.66, N 3.15.

tert-Butyl 3-(tert-butoxycarbonyl)-2-(4-(benzylamino)phenyl)-tetrahydofuran-3-yl
carbamate (rac-16a)
C'Bu
BocHN
C

NHBn

An oven-dried Schlenk flask equipped with a Teflegptum was charged with a
magnetic stir bar, 3 mL of DMF, compounat-4a (250 mg, 0.567 mmol), Cul (5.5 mg,
0.028 mmol, 5 mol%), and4RO, ( 240 mg, 1.134 mmol). The flask was evacuated and
filled with argon (this procedure was repeated éhimes). Under a flow of argon, the
appropriate amine (91 mg, 0.851 mmol) was addedybyge. Finally, 2-isobutyryl-
cyclo hexanone (20 mg, 0.113 mmol, 20 mol%) wasdsih syringe. The mixture was
heated to 100 for 10h. Upon completion of the reaction, the tuig was allowed to
cool to room temperature, diluted with 5 mL of wathe aqueous layer was extracted
with diethyl ether (3x3 mL), the total organic ft@n was dried over MgS£and the
solvent was removed in vacuo. The crude product \wasfied by column
chromatography (silica gel, diethyl ether: PE Zf8prding 200 mg (yield, 75%) of pure
compoundac-16aas white solid. m.p.122-125°C.

'H NMR (300 MHz, CDCJ): & = 1.15 (s, 9H), 1.47 (s, 9H), 2.47-2.60 (m, 1H)22
2.84 (s, 1H), 4.10 (q] = 8.05 Hz, 1H), 4.25-4.30 (m, 1H), 4.32 (s, 2HBG(bs, 1H),
5.40 (bs, 1H), 6.55 (d = 8.50 Hz, 2H), 7.15 (d} = 8.50 Hz, 2H), 7.27-7.35 (m, 5H). -
3¢ NMR (75.5 MHz, CDCI3) = 27.53 (+), 28.40 (+), 35.59 (-), 48.09 (-), 67 ),
69.85 (+), 79.90 (Geua), 81.81 (Guary 86,56 (Guay, 112.40 (+), 126.00 (foey, 127.16
(+), 127.31 (+), 127.56 (+), 128.59 (+), 139.36,4F 147.97 (Gua), 154.74 (Gua),
170.05 (Gua)- - MS [ESI;CHCIl,/MeOH+10mmol NHOAc].=.469.3 [MH] (100),
486.3 [M-NH;"] (65). - IR (KBr): cm' = 3362, 2975, 2932, 2873, 2199, 1509, 1454,
1392. Anal. calcd. For £H3eN20s (468.58): .C 69.21, H 7.74, N 5.98, found C 69.17,
H 7.67, N 6.00.
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tert-Butyl 3-(tert-butoxycarbonylamino)-2-(4-morpholinophenyl)tetrahydrofuran-3
carboxylate (rac-16hb)
O'Bu
BocHN
6]

O
N
L_o

The compound was prepared by using the same pnecadudescribed foac-16a The
isolated yield was 35%.

'H NMR (300 MHz, CDCY): & = 1.14 (s, 9H), 1.50(s, 9H), 2.52--2.60 (m, 4&H1H),
2.70-2.80 (m, -€H-, 1H), 3.10 (m, 4H) 3.80-3.90 (m, 4H), 4.09-4.48, -OCHH-,
1H), 4.27-4.38 (m, -OBH-, 1H), 4.90 (bs, 1H), 5.50 (bs, 1H), 6.80 {d= 8.42 Hz,
2H), 7.20 (dJ = 8.42 Hz, 2H). *C NMR (75.5 MHz, CDQJ): & = 27.51 (+), 28.40 (+),
35.94 (-), 49.59 (), 66.79 (-), 67.74 (-), 67.#9,(69.80 (+), 81.95 (Ga), 82.50 (Gua),
84.72 (Gua), 117.73 (+), 126.72 (a), 127.66 (+), 131.95 (+), 140.16 ), 144.47
(+), 154.3 ( Gua), 167.45 (Gua), 170.05 (Guay. - MS [ESI;,CHCl,/MeOH+10mmol
NH4OAC].=.449.2 [MH] (100).



Section 2. &Tetrasubstituted Amino Acids 79

2.8. References and Notes:

! a) Ward, P.; Ewan, G. B.; Jordan, C. C.; Irela®d,).; Hagan, R. M.; Brown, Jl; Med. Chem.
1990 33, 1848-1851. b) Hruby, V. J.; Agnes, R. Bippolymers Pept. Sci. 1999,51, 391-410. c)
Bisang, C.; Weber, C.; Inglis, J.; Schiffer, C. #gn Gunsteren, W. F.; Jelesarov, |.; Bosshard, H.
R.; Robinson, JJ. Am. Chem. Soc. 1995 117, 7904-7915. d) Nikiforovich, S. D.; Sharma, S. D.;
Hadley, M. E.; Hruby, V. JBiopolymers 1998 46, 155-167.

a) Tourwé, D.; Verschueren, K.; Frycia, A.; DaWws; Porreca, F.; Hruby, V. Bjopolymers 1996,
38, 1-12. b) Hruby, V. J.; Li, G.; Haskell-Luevano,; Ghenderovich, M.Biopolymers Pept. ci.
1997,43, 219-266.

3 a) Hruby, V. J.Life Sci. 1992 31, 189-199. b) DeGrado, W. Rdv. Protein Chem. 1988 39, 51-
123. ¢) Hruby, V. J.; Hadley, M. EDesign and Synthesis of Organic Molecules Based on
Molecular Recognition, Van Binst, G., Ed., Springer, Heidelberg, 269-289.

a) Ooi, T.; Maruoka, K. inQuaternary Stereocenters-Challenges and Solutions for Organic
Synthesis (Eds. : Christoffers, J.; Baro, A ), Wiley-VCH, \Wibeim, 2005 265. b) Ellis, T. K.;
Martin, C. H.; Tsai, G. M.; Ueki, H.; Soloshonok, X. J. Org. Chem. 2003 68, 6208-6214. c) Xu,
P. —F.; Li, S.; Lu, T. =J.; Wu, C. —C.; Fan, B.;If&p G. J. Org. Chem. 2006 71, 4364-4373. d)
Maity, P.; Kdnig, B.Synthesis 2006 16, 2719-2724. e) For recent review, see Christoffdrs
Baro, A.Adv. Synth. Catal. 2005 347, 1473-1482.

° a) Seebach, D.; Juaristi, E.; Miller, D. D.; S, C.; Weber, THelv. Chem. Acta; 1987,70, 237-
255. b) Seebach, D.; Boes, M.; Naef, R.; SchweiérB.;. J. Am. Chem. Soc. 1983, 105, 5390-
5398 c) Seebach, D.; Burger, H. M.; Schickli, CLbigs Ann. Chem., 1991, 669-684.

6 a) Toniolo, C.; Crisma, M.; Formaggio, F.; Peggi€. Biopolymers 2001, 60, 396-419. b) The
effect of chirality in the side chain on the scrsanse of the helix is of particular interest. For
leading references, see: Tanaka, M.; Demizu, Y., Bb; Kurihara, M.; Suemune, HAngew.
Chem. Int. Ed. 2004 43, 5360-5363. ¢) Royo, S.; De Borggraeve, WR&ggion, C.; Formaggio,
F.; Crisma, M.; Jimenez, A.l.; Cativiela, C.; TolaipC. J. Am. Chem. Soc. 2005 127, 2036 —
2037. d) Mazaleyrat, J.-P.; Wright, K.; Gaucher, Poulemonde, N.; Wakselman, M.; Oancea, S.;
Peggion, C.; Formaggio, F.; Setnicka, V.; Keidegylii. A.; Toniolo, C.J. Am. Chem. Soc. 2004
126, 12874 — 12879.

! a) For helix parameters, see: Toniolo, C.; Bettede Trends Bichem. Sci. 1991, 16, 350 — 353. b)
For an application of a stable helix as artificialclease, see: Sissi, C.; Rossi, P.; Felluga, F.;
Formaggio, F.; Palumbo, M.; Tecilla, P.; Toniolo, Scrimin, P.J. Am. Chem. Soc. 2001, 123,
3169 — 3170.

Crisma, M.; Moretto, A.; Zotti, D. M.; Formaggib,; Kaptein, B.; Broxterman, B. Q.; Toniolo, C.;
Biopolymers 2005 80, 279-293 and related reference cited therein.



Section 2. &Tetrasubstituted Amino Acids 80

10

11

12

13

14

15

16

17

18

19

a) Toniolo, CCrit. Rev. Biochem. 198Q 9, 1. b) Rose, G. D.; Gierasch, L. M.; Smith, J.Adlv.
Protein Chem.1985 37, 1. c) Vass, E.; Hollosi, M.; Besson, F.; BuchetChem. Rev. 2003 103,
1917

a) Smith, J. A.; Pease, L. GRC Crit. Rev. Biochem. 1980 8, 315. b) Kuntz, I. DJ. Am. Chem.
Soc. 1972 94, 4009-.

Spatola, A. F. inBioorganic Chemistry: Peptides and Proteins (Ed.: S. M. Hecht), Oxford
University press, New York,998 pp. 367-394.

a) Richardson, J. ®dv. Protein Chem. 1981, 34, 167. b) The3-turn motif was initially recognized
in silk proteins by Geddes, Geddes, A. J.; ParKeD.; Atkins, E. D.; Beighton, EJ. Mol. Bial.
1968 32, 343-358. c) and later stereochemically defined/bpkatachalam, Venkatachalam, C. M.
Biopolymers, 1968 6, 1425-1436.

a) Nowick, J. S; Lam, K. S.; Khasanova, T. V.nietzer, W. E.; Maitra, S.; Mee, H. T.; Liu, R.

Am. Chem. Soc. 2002 124, 4972-4973. b) Nowick, J. S.; Cary, J. M.; TasiHJJ. Am. Chem. Soc.

2001, 123, 5176. ¢) Nowick, J. S.; Chung, D. M.; Maitra, Kigitra, S.; Stigers, K. D.; Sun,. .

Am. Chem. Soc. 200Q 122, 7654-7661. d) Nowick, J. $cc. Chem. Res. 1999 32, 287 — 296. €)
Nowick, J. S.; Tsai, J. H.; Bui,, Q.-C. D.; Maiti®,J. Am. Chem. Soc. 1999 121, 8409 - 8410.

a) Schmuck, C.; Geiger, . Am. Chem. Soc. 2004 126, 8898 — 8899. b) Schmuck, C.; Bickert, V.
Org. Lett. 2003 5, 4579 — 4581. c) Schmuck, C.; Heil, KhemBioChem. 2003,4, 1232-1238, d)
Schmuck, C. Heil, MOrg. Biomol. Chem. 2003 1, 633 - 636.

Frigel, M.J. Am. Chem. Soc, 1986 108, 181 - 182.

a) Nesloney, C. L.; Kelly, J. WI. Am. Chem. Soc. 1996 118, 5836-5845. b) Diaz, H.; Tsang, K.
Y.; Kelly, J. W. Tetrahedron, 1993 49, 3533 — 3545, c¢) Diaz, H.; Kelly, J. Wetrahedron Lett.
1991, 32, 5725 - 5728.

a) Syud, F. A.; Stanger, H. E.; Gellman, SJHAmM. Chem. Soc. 2001, 123, 8667-8677. b) Huck,
B. R.; Fisk, J. D.; Gellman, S. HDrg. Lett. 200Q 2, 2607- 2610. c) Fisk, J. D.; Powell, D. R.;
Gellman, S. HJ. Am. Chem. Soc. 1998 120, 4236-4237. d) Haque, T. S.; Little, J. C.; Gelhm§.
H. J. Am. Chem. Soc. 1996 118, 6975-6985, e) Haque, T. S.; Gellman, S.JlAm. Chem. Soc.
1997, 119, 2303-2304.

a) Rai, R.; Raghothama, S.; Balaram, P.Am. Chem. Soc. 2006, 128, 2675-2681 and related
references cited therein. b) Raghothama, S.; AwaSthK.; Balaram, P.J. Chem. Soc., Perkin
Trans. 2, 1998 137-141.

The use of sulfur ylides in synthesis is well Wwmg typical applications are the preparation of
epoxides and more recently cyclopropane rings.cag{; E. J.; Chaykovsky, M. Am. Chem. Soc.
1965 87, 1345-1353. b) Aggarwal, V. KSynlett, 1998 329 — 336. c) Aggarwal, V. K.; Alonso, E.;



Section 2. &Tetrasubstituted Amino Acids 81

20

21

22

23

24

25

26

27

28

29

30

31

Bae, I.; Hynd, G.; Lydon, K. M.; Palmer, M. J.; BlatM.; Porcelloni, M.; Rechardson, J.; Stenson,
P. A.; Studley, J. R.; Vesse, J. —L.; Winn. C.JLAmM. Chem. Soc. 2003 125, 10926 - 10940. d)
For recent reviews, see: Aggarwal, V. K.; Richargsh Science of Synthesis, (Padwa, A., Bellus,
D. Eds), George Thieme Verlagp04 27, 21-105. e) Li, A. —H.; Dai, L. X.; Aggarwal, V. .K
Chem. Rev., 1997, 97, 2341 — 2372. f) Aggarwal, V. K.; Alsono, E.; Faitg.; Ferrara, M.; Hynd,
G.; Porcelloni, MAngew. Chem., Int. Ed. 2001, 40, 1433 — 1436. g) Papageorgiou, C. D.; Cubillo
de Dios, M. A.; Ley, S. V.; Gaunt, M. Angew. Chem.,, Int. Ed. 2004 43, 4641 — 4644. h) Kunz,
R.; MacMillan, D. W. CJ. Am. Chem. Soc. 2005 127, 3240 — 3241.

Basic hydrolysis of the benzyl ester of compouect4a by KOH affords the product in only 24%
yield.

a) Jimenerz, A. I; Ballano, G.; Cativiela, &hgew. Chem. Int. Ed. 2005 44, 396-399. b) Jimenez,
A. |.;. Cativiela,C.; Aubry, A.; Marraud, Ml. Am. Chem. Soc. 1998 120, 9452. c) Jimenez, A. |.;
C. Cativiela, Gomez-Catalan, J.; Perez, J. J.; Auhr,Paris, M.; Marraud, MJ. Am. Chem. Soc.
200Q 122, 5811. d) Jimenez, A. |.;. Cativiela, C.; Marraii,Tetrahedron Lett. 200Q 41, 5353. €)
Jimenez, A. I.; Marraud, M.; Cativiela, Tetrahedron Lett. 2003 44, 3141

The torsion angles closely resemble the idealesbf (-66, -3¢°) and (-96, 0°).

Andersen, N. H.; Neidigh, J. W.; Harris, S. Med, G. M.; Liu, Z.; Tong, HJ. Am. Chem. Soc.
1997, 119, 8547-8561.
de Meijere, A.; Meyer, F. EAAngew. Chem, Int. Ed. Engl. 1995 33, 2379 —2411.

Leadbeater, N. E.; Marco, Ml; Org. Chem. 2003 68, 888 — 892.

Shafir, A.; Buchwald, S. L.J. Am. Chem. Soc. 2006 128, 8742 — 8743.

a) Bradshaw, C. G.; Cesykowski, K.; Turcatti, Beresford, 1.J.; Chollet, Al. Med. Chem. 1994
37, 1991-1995; b) Soleihac, J.-M.; Cornille, F.; MastL.; Lenoir, C.; Fournié-Zaluski, M.-C.;
Roques, B. PAnal. Biochem. 1996 241, 120-127

a) G. Turcatti, G.; Vogel, H.; Chollet, ABiochemistry 1995 34, 3972-3980; b) Tota, M. R;
Strader, C. DJ. Biol. Chem. 1990 265, 16891-16897; c) Cowley, D.J.; Schulze, AJ.JPept. Res.
1997, 49, 444-454

Chen, Y.; Barkey, M. DBiochemistry 1998 37, 9976-9982

a) Torrado, A.; Imperiali, BJ. Org. Chem. 1996 61, 8940-8948; b) Szymanska, A.; Wiczk, W_;
Lankiewicz, L. Amino Acids 2001, 21 265-270; c) Guzow, K.; Milewska, M.; Wroéblewski,.;D
Gieldon, A.; Wiczk, W.Tetrahedron 2004 60, 11889-11894; d) Wang, W.; Li, Hetrahedron
Lett. 2004 45, 8479-8481; e) Brun, M.-P.; Bischoff, L.; Garb&y, Angew. Chem,, Int. Ed. 2004
43, 3432-3436; f) Vazquez, M. E.; Blanca, J. B.; Imglg B. J. Am. Chem. Soc. 2005 127, 1300-
1306

Toniolo, C.; Formaggio, F.; Crisma, M.; Mayaky J. P.; Wakeselman, M.; George, C;
Deschamps, J.R.; Flippen-Anderson, J. L.; Pis@saVenanzi, M.; Palleschi, AChem.-Eur. J.



Section 2. &Tetrasubstituted Amino Acids 82

1999 5, 2254-2264; b) Corvaja, C.; Sartori, E.; Toffaleft.; Formaggio, F.; Crisma, M.; Toniolo,

C.; Mazaleyrat, J. P.; Wakselman, NChem.-Eur. J. 200Q 6, 2775-2782; c) Pispisa, B.; Mazzuca,
C.; Palleschi, A.; Stella, L.; Venanzi, M.; Waksalm M.; Mazaleyat, J. P.; Rainaldi, M.;
Formaggio, F.; Toniolo, CChem.-Eur. J. 2003 9, 4084-4093;

32 Formaggio, F.; Peggion, C.; Crisma, M.; Tonidlb; Techertanov, L.; Guilhem, J.; Mazaleyrat, J.
P.; Goubard, Y.; Gaucher, A.; Wakselman, Hi&v. Chem. Acta, 2001, 84, 481-501
B Toniolo, C. Crisma, M.; Formaggio, F.; PeggionBi®polymers (Pept. ci.) 2001, 60, 396-419

34 Carpinno, L. AJ. Am. Chem. Soc. 1993 115, 4397-4398



Section 3. Chiral dipeptidomimics 83

Synthesis of 3-Oxo0-2,3-dihydro-pyrrole Amino Acids as Chiral
Dipeptidomimics

3.1. Introduction

A peptidomimic imitates peptide structures by coled spatial disposition of
functional groups and a general analogous strucRmeviously reported peptidemimics
based on oligo-3-o0xo0-2,3-dihydro-pyrroles have besed as protease inhibitor and
ligand for hormone and protein receptdi&heir chiral sequence can adopt the bioactive
conformation of peptide ligands while exhibiting agbo pharmacokinetic propertiés.
Smith and Hirschmarirfirst prepared 2,5-linked 3-oxo-2,3-dihydro-pyeslL starting
from chiral natural amino acids (Figure 1). Seeberchl? have prepared-substituted
proline derivatives with retaining the chiralityhigh was further developed infisturn
peptide mimics2 by Gmeiner et al. Recently Chakarborty et al. introduced 5-
(aminomethyl)pyrrole-2-carboxylic acid as a corisied surrogate of Gly-Ala®. Our
group elaborated the pyrrole amino acid buildingckl and reported the synthesis of
methoxypyrrole amino acids (MOPAS), their faciléraduction into peptide structures
and intra- and intermolecular peptide binding prips’. We have also reported chiral
dipeptide mimic HN-Val-A-Ala-OEt, which has been prepared using chiral learyi
approach

Extending this, we are reporting here the synthes&allyl-2,3-dihydro-3-oxo pyrrole

amino acids by stereoselective chiral allylatiomggshe Trost ligantias chiral control

element.

Figure 1 Structures of 2,5-linked 3-ox0-2,3-dihydro-pyr®l@ and B-turn peptide

mimics 2.

" The results of this chapter have been publisiddity, P.; Kénig, B.Synthesis, 2006, 2719-2724.
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3.2. Results and discussion

First, we prepared 3-hydroxy pyrrole amino acid®BAS)7 as starting material for the
asymmetric synthesis of a chiral 3-oxo-2,3-dihygrrole amino acid, such &
Scheme 1 summarizes the synthetic steps. The hyldgmup of pyrrol3,'° was benzyl
protected, formylated ifb-position, converted into Boc-protected amino e&end
debenzylated to givé

?TTQ\WOEI————>-E?Tg\“DEI—————>-r:Z_§;T(
4%

OBn OH

\

c.d) e

" 3 BocHN_ // \ OBt — » BocHN_ // \\  OEt
59% N >99% N

H O H

6 7

C

Scheme 1. Synthesis of HOPAS. a) BnCl, KCOs, in DMF, 85 C, 16h. b) POG)
DMF, in DCE, reflux, 2.5h ¢) NkBoc, HCOOH, p-TsONa, in THFAD, rt, 72h, d)
NaBH,, THF, rt., 2h e) Pd-C/k1 MeOH, rt, 24h.

The basic hydrolysis of 2-ethyl-3-hydroxy-pyrrolerlsoxylates is known to be difficult.
In basic media the compound exists in its two taneidc forms (Figure 2)* Using this
property we intended to introduce an allyl groupcatbon C-2via Pd-catalyzed
allylation in a stereoselective manner using thieatfirost ligand>** The allylated 3-
oxo0-2,3-dihydro pyrrole amino acid&was obtained (Scheme 2), but the yield (35%)
and the enantiomeric excess (28 % ee) of the mraate unsatisfactory.

CH C
N N
H o0 H ¢

Figure 2. Tautomers of 2-ethyl-3-hydroxy-pyrrolcarboxylate
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During the alkylation reaction the thermodynamigalhfavourable loss of aromaticity
occurs, which may explain the difficulties. Intration of an electron withdrawing
group on the pyrrole nitrogen, which reduces thailability of the lone pait? may

improve the situation. Thereford;Boc protected pyrrol&0 was prepared starting from
5 (Scheme 3). The NMR spectrum of 3-hydroxyl pyrrale in CDCk reveals the
presence of the keto tautomer as the only isoméichwindicates the reduced

heteroaromatic character of the pyrrole ring.

"oac
KO'Bu, 1t, o \ o
CH.CN, L* O g o N
Pd(ll L* =
o P BoehN_ [/ /Ot H H

35% N \g PPh Php

8

Scheme 2. Synthesis of allylated 3-oxo0-2,3-dihydro-pyrrohaiao acids.

The reaction of 3-oxo-2,3-dihydro pyrrol@l with allylacetate in the presence
allylpalladium(ll)chloride as catalyst and the ehifTrost ligand gave the desired
compound in good yield. Table 1 summarizes theltesor different conditions. An ee
of 68% was observed af® with KOBu as base in C{€N. Decrease of the reaction
temperature to -3& increased the optical purity of the isolated picido 71% ee with

a chemical yield of 87%. Compount2 was fully characterized by spectroscopic
methods. The transition state model for the foramatf the quaternary centre predicts
an ‘R’ configuration if the RR] stereoisomer of the Trost ligand is uédhis is
supported by the optical rotation &2 [o]° = +143.8°, which corresponds ta]] =
+22.0° reported for the structurally related comqmbi-2,4-dibenzyl-2-(3-methyl-but-2-
enly)-1,2-dihydro-pyrrole-3-onk.
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OBn CBn
a) / \ b).c)
5 1 » OFt > BocHN_  // \\  OFEt
100% [ N 55% N
O Boc (O Boc Q
9 10
Base
O CH3CN, O /
d) H Pd(II), L*
——> BocHN_ [/ OFf —— » BacHN_ /| V" g
75% N OAc N
Boc O AN Boc \g

11 12

Scheme 3. Synthesis of Boc-protected pyrtd and its asymmetric allylic alkylation to
3-0x0-2,3-dihydro-pyrrole amino acik®. a) BogO, DMAP in DCM, 2h, room temp. b)
NH.Boc, HCOOH, p-TsONa, THFA®, room temp., 2d c) NaBHTHF, room temp.,

2h d) Pd/C, B, MeOH:CHC (8:1).

Temper

Base SolVen[tR.eaction _ature Yield ed

time [h] °C] [%] [%]
KO'Bu |CHCN| 2.0 0 83 68
KOBu |CHCN| 2.5 22 87 71
NaH | THF | 02 | ™ | 90 | 17
NaH THF 6.0 -15t0 0 95 31
"BuLi | THE | 15 | '8 | &80 9

%0ptical purity was determined by chiral HPLC andalys

Table 1. Yield and optical purity of compound 12 at di#fat reaction conditions.

To demonstrate the ability of compouh® to be incorporated into peptide chains, the
Boc protecting group of the primary amine was reetbselectively using HCI in ether.
The amine was coupled using standard peptide cauglbnditions with Boc-Phe-OH
giving tripeptide13 in 52% vyield. The allyl group of2 allows the introduction of
additional functional groups if desired. The comsuan into aldehydé&4 succeeds using
K,0sQ, and NalQ in THF and HO.® The aldehyde was converted into the
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corresponding acid5 by using NaClQ, NaH,PO, and HO, (30 vol.% in water) in
CHsCN and HO.* Compound15 resembles the structure of a partially constrained
dipeptide of glycine and f-amino acid. Acidl5 was coupled using standard peptide
coupling conditions with Boc-deprotected compoutb?l to give the tetrapeptide
structurel6'’ in 30 % yield.

o O O 7
/ c) BocHN ) a). b) S 7
BocN__/| V" g <—— " o CEUF— BocHN N/ V7 or
N /,,\( 75% Tﬁl \( 520 N ,,,,/{
Boc o ¢ 0] Boc \O
14 12 13
l d) 85% l a) b) + 15, 30%
C
c O C W
H
BOCHNME?H BOCHNMN N R
N '”"( N R Boc
Boc \C Boc C

15 16

Scheme 4. Synthesis of peptide$3 and 16. a) HCI, ether b) EDC, HOBT, DIPEA,
CHCl; rt.; c) K;0sQ,, NalQy, THF/H,O; d) NaCIQ, NaHPOy H20, in CHsCN & H,0
(4:1), rt.

3.3. Conclusion
We have used the enantioselective Pd-catalyzeticadlikylation with the Trost ligand

to convertN-Boc protected 3-hydroxy pyrrolH into 3-oxo-2,3-dihydro-pyrrole amino
acid 12 breaking the heteroaromatiesystem. With KCBu as a base at low reaction
temperatures an ee of 71% with a chemical yiel@ %% was obtained. 3-Oxo-2,3-
dihydro-pyrrole amino acid2 resembles the structure of a partially constraitipep-

tide, which may find use in the synthesis of moteeded peptide mimics.
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3.4. Experimental section

Melting points were determined on a melting poippaatus and are uncorrected.
Specific rotations were measured on a polarimesargua 10 cm cell. NMR spectra
were recorded in CDglat 300 MHz tH) or 75 MHz {°C) unless stated otherwise.
Structural assignments are based on DEPT and CQfariments where applicable.
The multiplicity of the carbon atoms is given a$ £CH; or CH, (-) = CH and (Gua)
for quaternary carbon atoms. Analytical TLC plafgiica gel 60 ks4) and silica gel 60
(70-230 or 230-400 mesh) for column chromatograp@¢) were purchased from
Merck. Visualization of spots by UV light and/omasting with phosphomolybdate or
ninhydrine, both in ethanol. DMF, GBN, THF, and BEXO were dried by standard
procedures and stored over molecular sieves oPNaneans petrol ether with a boiling
range of 70-9GC. All other solvents and chemicals were of reageatle and used with
out further purification. The Trost ligand was paegd as described in the literatdrg.

Ethyl 3-benzyloxy-4-methyl-1H-pyrrole-2-car boxylate (4):
OBn
/ \\_ OFt

N
H 0O

To a stirred solution of hydroxypyrro®(12 g, 70.9 mmol) in dry DMF, ¥COs; (9.8 g,
71 mmol) was added followed by benzylchloride (89&0.9 mmol). The suspension
was stirred for 14 h at 70°C and 4 h at 110°C. TB2A mg (6.47 mmol) of
benzylchloride was added and the solution was bdateanother 1 h at the same temp.
The reaction mixture was allowed to cool down taartd poured into 1L of water. The
agueous layer was extracted with ethyl acetate (B5& mL). Then the combined
organic layers were washed with 10% of agqueougCRa (100 mL), water (2 x 100
mL) and dried over MgS© The solvent was removed in vacuum to get the pbguct
which was solidified by addition of PE. The solicasvrecrystallized from MeOH to
afford 9.93 g (54%) of compourt m.p. 78-83°C.

"H NMR : 8 =1.35 (tJ = 7.14 Hz, 3 H), 1.91 (s, 3 H), 4.35 (5 7.14 Hz, 2 H), 5.07
(s, 2 H), 6.57 (m, 1 H), 7.27-7.50 (m, 5 H), 8.85,(1 H).**C NMR (75 MHz, CDC}):
§=8.3 (+), 14.3 (+), 59.0 (-), 75.4 (-), 110.54(§), 111.4 (Gua), 120.3 (+), 127.7 (+),
128.0 (+), 128.0 (+), 137.7 (&), 149.1 (Gua), 159.6 (Gua). MS (70 eV):miz (%)=
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259 (48) [M], 186 (14) [M-C5Hs0,], 91 (100) [GH;']. IR (KBr): v (cm?) = 3298,
2974, 2862, 1660, 1466, 1411, 1288. Anal. calcd.GeH:7NO3 (259.31): C 69.48, H
6.61, N 5.40, found C 69.26, H 6.27, N 5.34.

3-Benzyloxy-5-for myl-4-methyl-1H-pyrrole-2-car boxylic acid (5):
OBn
/ \\_ OFt

N
/ H

G G

A solution of compound} (7.43 g, 28.7 mmol) in 75 mL of 1,2-dichloroethamas
added drop wise to an ice cold solution of DMF (8,331.5 mmol) in 75 mL of 1,2-
dichloroethane containing POCGK.83 g, 31.5 mmol). After stirring at room tenfipr 1

h the mixture was heated to reflux for 2 h, thealed to room temp., 50 mL of EtOAc
and 100 mL of HO were added and the organic layer was separabtedadueous layer
was washed with EtOAc (2 x 100 mL) and the combinaghnic layer were washed
with 10% aqueous N&O; (5 x 150 mL) and dried over MgQOEvaporation of the
solvent gave 7.85 g crude product which was putibg CC on silica gel (PE : EtOAc,
70 : 30;Rr = 0.43) Yield: 7.60 g (92%) & m.p.= 81-83°C.

'H NMR: 8 =1.38 (t,J = 7.14 Hz, 3 H), 2.12 (s, 3 H), 4.38 (= 7.14 Hz, 2 H), 5.06
(s, 2 H), 7.30-7.47 (m, 5 H), 9.25 (bs, 1 H), 9(B&, 1 H)."*C NMR: 5 = 6.8 (+), 14.4
(+), 61.2 (-), 77.1 (-), 117.8 (fa), 123.1 (Gua), 127.7 (Gua), 128.3 (+), 128.5 (+),
128.5 (+), 137.0 (Gua), 148.7 (Gua), 159.6 (Gua), 179.1 (+). MS (70 eV)m/z (%)=
287 (22) [M], 91 (100) [GH;]. IR (KBr): U (cm™) = 3258, 2938, 2817, 169, 1672,
1555, 1507, 1487, 1377, 1280. Anal. calcd. FaHZNO, (287.32): C 66.89, H 5.96, N
4.88, found C 66.79, H 5.95, N 4.87.

Ethyl 3-benzyloxy-5-(tert-butoxycarbonyl amino-methyl)-4-methyl-1H-pyrrole-2-

CBn
BocHN\l_g\“OEt
N
H o)

A mixture of tert-butylcarbamate (554 mg, 4.73 mmol), 1.9 mL of TARnL of HO,
sodiump-toluene sulfinate (843 mg, 4.73 mmol), aldeh$d@d g, 4.73 mmol) and 1.18

carboxylate (6):
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mL of formic acid were stirred until it became hageaeous and stirred for 6 days at
room temp. The solid product was filtered off witction, washed successively with
water, PE and dried ovep®sto give 2.02 g of a tosylated intermediatdich was used
for the next step without further purification. Tmempound (522 mg) was added
portion wise to a suspension of NaBE2 mg, 1.92 mmol) in 5 mL of THF while the
mixture was ice cooled. Stirring was continued I6rmin with ice cooling and 2 h at
room temp. The mixture was ice cooled again, quetichith 1 mL of sat. aqueous
NH4CI, stirring was continued for 30 min, the orgatayer was separated and the
agueous layer was extracted with 15 mL of,CH The combined layers was dried over
MgSO, and evaporated. The crude product was purifiecC8yon silica gel (CHGI
acetone 95:5 to 90:1® (90:10) = 0.68) to give 232 mg (59%) of compouhah.p.
compounds: 112.5-113°C;

IH NMR: & = 1.34 (t,J = 7.14 Hz), 1.46 (s, 9 H), 1.86 (s, 3 H), 4.16 @rH), 4.32 (q,
J=7.14 Hz, 2H), 4.98 (bs, 1 H), 5.04 (s, 2 H), 77249 (m, 5 H), 9.08 (bs, 1 H).
13C NMR: § = 7.2 (+), 14.5 (+), 28.4 (+), 35.9 (), 60.1 (3.7 (-), 80.1 (Gua), 110.4
(Caua), 110.7 (Gua), 127.9 (+), 128.2 (+), 128.3 (+), 129.5((), 137.8 (Gua), 149.7
(Cqua), 156.6 (Guad, 160.4 (Gua)- IR (KBr): 7 (cmi®) = 3357, 3282, 2980, 2934, 1687,
1665, 1531, 1461, 1294, 1171, 1027. Anal. calcd.GaH»sN,0s (388.47) : C 64.93,
H7.27, N 7.21, found C 64.74, H 7.64, N 7.00.

Ethyl 5-(tert-butoxycar bonylamino-methyl)-3-hydroxy-4-methyl-1H-pyrrole-2-

CH
BocHN\l_g\“OEt
N
H 0

To a solution of compoun@ (100 mg, 257umol) in EtOAc (3 mL), 10 mg of Pd-C

carboxylate (7):

(10% Pd) was added and the mixture was transfeor@th autoclave. The mixture was
stirred for 48 h under H10 bar) at room temp. The solution was filtereebtigh celite.
The solvent was evaporated in vacuum to give comg@y76.7 mg, 257umol, quant.),
m.p. 102-103°C.

'H NMR: 8 = 1.34 (3 =7.14 Hz, 3 H), 1.46 (s, 9 H), 1.94 (s, 3 H), 4(ff 2 H), 4.31
(q,3) = 7.14 Hz, 2 H), 4.89 (bs, 1 H), 7.69 (bs, 1 H178(bs, 1 H)*C NMR: 8 = 6.5
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(+), 14.6 (+), 28.3 (+), 59.9 (), 77.2 {&@), 80.3 (Gua), 104.2 (Gua), 104.6 (Gua),
131.2 (Gua), 152.7 (Gua), 156.7 (Gua). IR (KBr) : I (cmi®) = 3354, 3281, 2972, 2929,
1675, 1536, 1482, 1293, 1247. MS (ESI,,CH/MeOH + 10 mmol/1 NHOAC): m/z
(%) = 299 (100) [M+H], 243 (13) [M+H-C4Hg]. Anal. calcd. For ©HxN»Os
(298.34): C 56.36, H 7.43, N 9.39, found C 56.17.F8, N 9.06.

Ethyl 2-allyl-5-(tert-butoxycar bonylamino-methyl)-4-methyl-3-oxo-2,3-dihydro-

$ g
BOCHNMH

¥

G

1H-pyrrole-2-car boxylate (8):

To a flask containing a solution of compouh(® g, 6.5 mmol) in 25 ml of dry Gi€N,
KO'Bu (0.73 g, 6.5 mmol) was added under dinitrogdre Tixture was stirred for 15
min at 0°C. Meanwhile, the palladium compleg-Cs;HsPdCl) (36.5 mg, 10Qumol)
and R, R)-Trost ligand (69.2 mg, 100mol) were dissolved in dry GEN and stirred
for 15 min at rt before ally acetate (2.10 mL, #rbmol) was added and stirring was
continued at room temp. for additional 5 min. Tlaatyst solution was cooled to 0°C
before syringed into the enolate solution at 0°e Tixture was stirred for 1 d. The
reaction was quenched with sat. aqueous®H10 mL) and the mixture was stirred
vigorously for 10 min. Water (20 mL) was added iesdlve the precipitates. Extraction
with ether (3 x 30 mL), drying of the organic ph@&stySQ,) and removal of the solvent
in vacuum gave the crude product which was purifigdCC on silica gel (PE : EtOACc;
1:1;R-0.32) to give 768 mg @ as a colorless oil in 35% yield.

'H NMR: 8 = 1.27 (m, 3 H), 1.46 (s, 9 H), 1.66 (s, 3 H),2(, 1 H), 2.93 (m, 1H),
4.16 (m, 1 H), 4.19 (m, 2 H), 4.24 (m, 1 H), 4.88 @ H), 5.10 (m, 1 H), 5.15 (m, 1 H),
5.67 (m, 1 H), 5.81 (m, 1 H°C NMR: § = 6.0 (+), 14.2 (+), 28.3 (+), 38.0 (-), 39.9 (-),
62.4 (-), 72.6 (Gua), 105.5 (Gua), 119.8 (-), 131.6 (+), 156.4 (&), 167.4 (Gua), 173.7
(Cquay» 196.1 (Gua). IR (NaCl): U (cri?) = 3327, 2983, 2933, 1772, 1729. MS (ES|,
CH.,Cl,/MeOH + 10 mmol/1 NHOAC): m/z (%) = 339.1 (100) [M+H, 283.0 (15)
[M+H*-C4Hg].
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1-tert-Butyl-2-ethyl 3-benzyloxy-5-for myl-4-methyl-pyrrole-1,2-dicar boxylate (9) :
OBn
/ \\_ OE

To a solution of compound (5 g, 17.42 mmol) in dry C#Ll, (100 mL) at room temp.
DMAP (2.2 g, 18.0 mmol) was added and the mixtuees wtirred for 10 min under
nitrogen. (Boc)O (3.93 g, 18.0 mmol) was added and the mixture stased for
another 30 min. The solution was washed with wédex 100 mL) and dried over
MgSQ,. The solvent was evaporated in vacuum and theecpudduct was purified by
CC on silica gel (PE: EtOAc; 2. = 0.60; 1:4, EtOAc : PE) to give 6.7 g of

(quantitative yield) as a colorless oil.

'H NMR: 8 = 1.35 (3 H, tJ = 7.14 Hz), 1.69 (s, 9 H), 2.20 (s, 3 H,), 4.35Xq 7.14
Hz, 2 H), 5.00 (s, 2 H), 7.27-7.50 (m, 5 H), 10(851 H). °C NMR: § = 8.3 (+), 14.2
(+),27.5 (+), 61.6 (-), 77.4 (-) , 86.4 {§=), 118.9 (Gua), 125.1 (Gua), 128.3 (+), 128.4
(+), 128.6 (+), 136.60 (+), 148.23 (&), 148.81 (Gua), 160.05 (Gua), 181.55 (Guay-
IR (NaCl): v (cmi') = 3444, 3145, 3005, 2977, 2933, 2875, 2200, 11294, 1603,
1500, 1462, 1432, 1389, MS (ESI, &#/MeOH + 10 mmol/1 NHOAC) : m/z (%) =
388.2 (95) [M+H], 288.1 (100) [M+H-C4Hg].— Anal. calcd. For gH2sNOg (387.44) :
C 65.10, H 6.50, N 3.62, found C 64.92, H 6.57,.523

1-tert-Butyl-2-ethyl-3-benzyloxy-5-(ter t-butoxycar bonylamino-methyl)-4-methyl -
pyrrole-1,2-dicar boxylate (10):

CBn
BocﬁN\ﬁ\‘(OEt
N
Boc (

A mixture of tert-butylcarbamate (302 mg, 2.58 mmol), 1.9 mL of TARpL of HO,
sodium p-toluene sulfinate (459.8 mg, 2.58 mmol), aldehgd@ g, 2.58 mmol) and
1.18 mL of formic acidvere stirred until a homogeneous mixture was obthinvhich
was stirred for 2 days at room temp. The solid pobdvas filtered off with suction,
washed successively with water, PE and dried oy@gt® give 2.02 g of Xert-butyl-2-
ethyl-3-benzyloxy-54ert-butoxycarbonylamino-(toluene-4-sulfinyloxy)-methy-
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methyl pyrrole-1,2-dicarboxylate, which was used foe next step without further

purification.

To a suspension of NaBH72 mg, 1.92 mmol) in 5 mL THF tert-butyl-2-ethyl-3-
benzyloxy-5-fert-butoxycarbonylamino-(toluene-4-sulfinyloxy)-methymethyl-
pyrrole-1,2-dicarboxylate (522 mg) was added partiase while the mixture was ice
cooled. Stirring was continued for 15 min with io@oling and 2 h at room temp. The
mixture was ice cooled again, quenched with 1 mkaif aqueous Ni&I, stirring was
continued for 30 min, the organic layer was separaand the aqueous layer was
extracted with 15 mL of C¥Cl,. The combined layers was dried over MgS&nhd
evaporated. The crude product was purified by CGibhica gel (EtOAc: PE; 1:4R =
0.59) to give 232 mg (55%) of compouh@d which was recrystallyzed from ether, m.p.
= 103-105°C.

'H NMR: § = 1.34 (t,J = 7.14 Hz, 3H), 1.47 (s, 9 H), 1.63 (s, 9H), 2(663 H), 4.25
(m, 4H), 5.05 (s, 2 H), 5.51 (bs, 1 H), 7.27-7.49 6 H).*C NMR: § = 7.6 (+), 14.6
(+), 15.3 (+), 27.6 (+),28.4 (+), 35.1 (-), 60.8,(60.8 (+), 77.1 (-), 85.3 (fGa), 114.1
(Cquads 115.3 (Gua), 128.1 (+), 128.1 (+), 128.4 (+), 132.1 (+), BBT+), 149.6 (Gua
151.6 (Gar), 155.6 (Gua), 160.7 (Gua). MS (ESI, CHCI/MeOH + 10 mmol/l
NH4OAc): m/z (%) = 489.3 (100) [M+H, 433.1 (10) [M+H-C4Hg], 389.2 (20)
[M+H*-2C;Hg]. IR (KBr): 7 (cmi') = 3448, 3245, 3035, 2977, 2933, 2875, 2200, 1739,
1714, 1603, 1500, 1462, 1432, 1389, 1336, 13028.128al. calcd. For gH3sN,0O;
(488.59) : C 63.92, H 7.43, N 5.73, found C 63183,.71, N 5.64.

1-tert-Butyl-2-ethyl-5-(ter t-butoxycar bonylaminomethy)-4-methyl-3-oxo-2,3-
dihydro-pyrrole-1,2-dicarboxylate (11):

Compoundl10 (2 g, 4.1 mmol) was dissolved in 2 mL of CH@hd 10 mL of MeOH.
Pd/C (200 mg, 10 % Pd) was added and the mixtusetmasferred into an autoclave.
The mixture was stirred for 2 h undes 8 bar) at room temp. The solution was filtered

through celite and the solvent was evaporated ocuwa to give the crude product,
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which was purified by CC on silica gel (PE : EtOAc; 1;R: = 0.32 (1:4 , EtOAc: PE)
to give 1.2 g (75 %) of compountll as a colorless oil. At room temperature the

compound shows slow decomposition; refrigerate.

'H NMR: 8 = 1.34 (t,3) =7.14 Hz, 3 H), 1.43 (s, 9 H), 1.53 (s, 9 H), 1(863 H), 4.31
(q,%) = 7.14 Hz, 2 H), 4.54 (m, 2 H), 4.79 (s, 1 H),&ts, 1 H). **C NMR: 5 = 6.6
(+), 14.2 (+), 28.0 (+), 28.4 (+), 36.5 (-), 629, (67.0 (+), 79.3 (Ga), 83.7 (Gua),
117.7 (Guad, 149.2 (Gua), 155.5 (Gua), 164.1 (Gua), 165.5 (Gua), 192.3 (Gua). IR
(NaCl): v (cm™) = 3453, 3412, 3101, 2973, 2943, 1763, 1724, 16683, 1489, 1367.

MS (ESI, CHCl,/MeOH + 10 mmol/1 NHOAC): mz (%) = 399 (100) [M+H], 343.1
(17) [M+H"-C4Hg]. Anal. calcd. For @HsoN,O; (398.46) : C 57.27, H 7.59, N 7.03,
found C 55.28, H 7.31, N 6.65.

1-tert-Butyl-2-ethyl-2-allyl-5-(tert-butoxycar bonylamino-methy)-4-methyl-3-oxo-
2,3-dihydro-pyrrole-1,2-dicar boxylate (12):

To a flask containing a solution of compoui (0.3 g, 0.8 mmol) in 15 mL of dry
CHsCN, KOBu (0.09 g, 0.8 mmol) was added under nitrogen. ihdure was stirred
for 15 min at -22°C. Meanwhile the palladium casalf;>-CsHsPdCl), (27.6 mg, 75
umol) and RR)-Trost ligand (52.2 mg, 7bmol) were dissolved in 5 mL dry GEBN
and stirred for 15 min at rt before allyl acetaded(mL, 3.8 mmol) was added. Stirring
was continued at rt for additional 5 min. The cghlsolution was cooled to -22°C
before syringed into the enolate solution at -22Pk resulting mixture was stirred for
2.5 h at -22°C. The reaction was quenched withasptNH,Cl (5 mL) and the mixture
was stirred vigorously for 10 min. Water (10 mL)sathen added to dissolve the formed
precipitates. Extraction with ether (3 x 15 mL)yidg of the organic phase (Mg30O
and removal of the solvent in vacuum gave the cpudduct, which was purified by CC
on silica gel (PE: EtOAc; 1:4 = 0.37) to give 275 mg (87%) 4R as colorless oil.
[a]° = +143.8° (c = 0.2, CH@)l

'H NMR: & =1.27 (m3J=7.14 Hz, 3 H), 1.43 (s, 9 H), 1.49 (s, 9H), 1($63 H), 3.05
(d, 2 H), 4.16 (g3J=7.14 Hz, 2 H), 4.36-4.54 (m, 2 H), 4.96-5.10 @rH), 5.23-5.37
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(m, 1 H), 5.50-5.60 (bs, 1 H’C NMR: & = 6.0 (+), 14.2 (+), 28.3 (+), 38.0 (-), 39.9 (-
), 62.4 (-), 72.6 (Gua), 105.5 (Gua), 119.8 (-), 131.6 (+), 156.4 (&), 167.4 (Gua),
173.7 (Gua), 196.1 (Gua). IR (NaCl): U (cmi*) = 3454, 3402, 3081, 2980, 2933, 1753,
1716, 1698, 1622, 1489, 1367, 1285, 1246, 11665,11068. MS (ESI, CkCl,/MeOH

+ 10 mmol/1 NHOAC) : miz (%) = 339.1 (100) [M+H], 283.0 (15) [M+H-C,Hg].
Anal. calcd. For GH3N»0; (438.53) : C 60.26, H 7.82, N 6.39, found C 59HT.64,

N 6.09.

2-Allyl-5-[(2-tert-butoxycar bonylamino-3-phenyl-propinoylamino)-methyl]-4-
methyl-3-oxo-2,3-dihydro-pyrrole-1,2-dicar boxylicacid-1-tert-butyl ester-2-ethyl

ester (13):
/  OFt
N N
O

BockN Boc O

Compound12 (100 mg, 0.25 mmol) was dissolved in £&Hp (4 mL) in which HCI-
saturated ether (4 mL) was added and the mixture stiared at rt overnight. The
resulting ammonium salt (90 mg, 0.24 mmol) was alied in a solution oN-Boc
phenylalanine (82.7 mg, 0.312 mmol), EDC @0 0.312 mmol), HOBT (42.1 mg,
0.312 mg), and DIPA (0.09 mL, 0.528 mmol) in 5 miLGH,Cl, and stirred for 4 h at
room temp. Then the reaction mixture was washel wdter (2 x 5 mL), 5% aqueous
KHSO, (5mL), and 2 mL of saturated aqueous NaHCUhe resulting solution was
dried over MgS@ and the solvent was evaporated to give compdG@ras a white solid
in 52% yield. j]° = -110.3° (c = 0.007, CHg)| m.p. = 58-60°C.

'H NMR: 8 = 1.25 (t,J =7.14 Hz, 3 H), 1.43 (s, 9 H), 1.53 (s, 9 H), 1(863 H), 2.85-
3.14 (m, 4H), 4.19 (q%J = 7.14 Hz, 2 H), 4.29-4.51 (m, 2H), 4.61-4.72 (iHl), 4.75-
5.10 (m, 3H), 5.16-5.27 (m, 1H), 6.90 (bs, 1H),377137 (m, 5H). *C NMR: & = 6.6
(+), 14.1 (+), 28.1 (+), 28.2 (+),35.3 (-), 38)3(38.8 (-),55.5 (+), 62.4 (-), 73.7 4&,
84.0 (Gua), 83.7 (Gua), 117.7 (Gua), 119.9 (-), 120.0 (+), 128.6 (+), 129.4 (+), 129.
(+), 136.4 (Gua),-149.2 (Gua), 164.7 (Gua), 165.5 (Gua), 170.7(Gua), 195.6 (Gua)-

IR (KBr): U (cmil) = 3424, 3365, 2978, 2933, 2872, 2362, 2199, 19253, 1702,
1620, 1498, 1454, 1367, 1280. MS (ESI, CH/MeOH + 10 mmol/1 NHOAC): m/z
(%) = 586.5 (100) [M+H], 530.5 (21) [M+H-C,Hg], 630.6 (25) [M+NH']. Anal.
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calcd. For GiH43N3Og (585.70): C 63.57, H 7.40, N 7.17, found C 63.807.21, N
7.54

1-tert-butyl-2-ethyl-5-(tert-butoxycar bonylaminomethyl)-4-methyl - 3-oxo-2-(-2-oxo-
ethyl)-2,3-dihydro-pyrrole-1,2-dicar boxylate (14):
O /O
BocHN /
*, QOFt

T]§]0c I’H/
a

Compound12 (200 mg, 0.46 mmol) was dissolved in THFH(4: 1, 12 mL). This
solution was stirred underoNind potassium osmate (VI)-dihydrate (20 mg) walkedd
The reaction turned dark brown. After 5 min Nal®@12 mg) was added in three batches
over a 10 min period. The reaction turned lightegreand stirring was continued for 5 h.
The reaction was diluted with £ (10 mL) and water (5 mL). The aqueous layer was
extracted with BEO (2 x 12 mL). The combined ether layers were wdshigh brine
(5mL), and dried over MgSQO Removal of solvent in vacuum gave a colourle$s oi
which was chromatographed on silica gel (EtOAc:IPE3; R = 0.4) to give 150 mg
(75%) of compound4, as a colourless oil. o]° = +17.7° (c = 0.007, CH@)l

H NMR: 8 = 1.27 (13 = 7.14 Hz, 3 H), 1.43 (s, 9 H), 1.47 (s, 9 H),0L(8, 3 H), 3.20-
3.42 (m, 2 H), 4.15-4.23 (4) = 7.14 Hz, 2 H), 4.45-4.51(d, 2 H), 5.40-5.55 (bkl),

9.55(s, 1 H)."*C NMR: 8 = 6.0 (+), 14.2 (+), 28.3 (+), 38.0 (-), 39.9,6R.4 (-), 72.6
(Cquad, 105.5 (Guay, 119.8 (-), 131.6 (+), 156.4 (@), 167.4 (Gua), 173.7 (Guay, 196.1
(Cqua). IR (NaCl): 7 (cmi') = 3453, 2980, 2930, 2728, 2199, 2097, 1789, 16682,
1492, 1365, 1284, 1247, 1167. MS (ESI, CH/MeOH + 10 mmol/1 NHOAc): m/z

(%) = 441.2 (100) [M+H], 385.1 (30) [M+H-C4Hg], 285.0 (30) [M+H-2C4Hg-COy].

Anal. calcd. For @H3:N2Og (440.50): C 57.26, H 7.32, N 6.36, found C 57128,.51,

N 6.65
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5-(tert-Butoxycar bonylaminomethyl)-2-car boxy methyl-4-methyl-3-ox0-2,3-
dihydro-pyrrole-1,2-di carboxylic acid-1-tert-butyl ester-2-ethyl ester (15):

0
CC,H

Tﬁloc ',g/OEt

The aldehydel4 (40 mg, 0.09 mmol) and sodium dihydrogenphosphateohydrate
(21 mg, 0.17 mmol) were dissolved in a 4:14CN - H,O solution (2.5 mL). KO, (1.5
mL) and sodium chlorite (32 mg, 0.35 mmol) wereetldnd the resulting mixture was

BocHN /

stirred for another 30 mins. Water (1 mL) was adéed the aqueous layer was
extracted with EtOAc (3 x 1 mL). The combined origdayers were washed with brine
(1 mL), dried over MgS@®and concentrated to give compouttd(35 mg, 85 % yield).
Ri=0.12 (1:1, EtOAc: P.E).q]° = +15.4° (c = 0.015, CHg)l

'H NMR: 8 = 1.27 (12 = 7.14 Hz, 3 H), 1.43 (s, 9 H), 1.47 (s, 9 H),0L(8, 3 H), 3.20-
3.42 (m, 2 H), 4.15-4.23 (4) = 7.14 Hz, 2 H), 4.45-4.51(d, 2 H), 5.40-5.55 (bs),

9.55(s, 1 H).*C NMR: 8 = 6.0 (+), 14.2 (+), 28.3 (+), 38.0 (-), 39.9 @€R.4 (-), 72.6
(Cqua), 105.5 (Gua), 119.8 (-), 131.6 (+), 156.4 (G, 167.4 (Gua), 173.7 (Gua), 196.1
(Cqua)- IR (NaCl): 7' (cm*) = 3435, 2982, 2913, 2728, 2200, 2097, 1698, 16602,
1492, 1365, 1284, 1247, 1167. MS (ESI,CH/MeOH + 10 mmol/1 NHAC): m/z (%)

= 457.3 (100) [M+H], 474.3 (75) [M+NH']. HRMS (GiH3N,Oq): calcd For
Co1H3aN20g[MH '] 457.2186, found 457.2188 + .42

Compound 16:

Compoundl2 (28 mg, 0.06 mmol) was dissolved in &, (2 mL), HCl-saturated ether
(2 mL) was added and the reaction mixture wasestiat rt overnight. The resulting
ammonium salt (24 mg, 0.06 mmol) was dissolved soltion of compound5 (30
mg, 0.065 mmol), EDC (0.01 mL, 0.065 mmol), HOBD. mg, 0.065 mmol), and
DIPA (0.03 mL, 0.15 mmol) in 2 mL of Ci€l, and stirred for 4 h at room temp. The
reaction mixture was washed with water (2x1 mL), &§tieous KHS®(1 mL), and 1

mL of saturated aqueous NaH&@he resulting solution was dried over MgSd the
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solvent was evaporated to give a colourless oittviwas chromatographed on silica gel
(EtOAc: PE 1 : 3R = 0.15) to give 12 mg (30%) of compoui as a colorless oil.

'H NMR: & =1.26 (m, 6 H), 1.45 (s, 9 H), 1.51 (s, 9H),1(549H), 1.80 (s, 3 H), 1.90
(s, 3 H), 3.05 (m, 2 H), 3.20 (m, 2 H), 4.18 (mH} 4.30 (ddJ = 5.88 Hz2) = 14.75
Hz., -CHH), 4.48 (m, 2H), 4.58 (dd,) = 5.88 Hz2J = 14.75 Hz., -CHi), 5.05-5.07 (m,
2 H), 5.23-5.26 (m, 1 H), 5.58 (bs, 1 H), 6.60 (bd{). °C NMR: § = 6.5 (+), 6.7 (+),
14.3 (+), 14.2 (+), 28.3 (+), 28.4 (+), 29.0 (+3,.8 (-), 36.7 (-), 38.2 (), 40.6 (), 62.2 (-
), 62.6 (-), 71.8 (Ga), 73.8 (Guad» 79.5 (Gua), 84.0 (Gua), 117.5 (Gua), 119.9 (-),
120.2 (Gua), 129.5 (+), 129.7 (+), 148.9 (&), 149.3 (Gua), 155.5 (Gua), 164.7
(Cquad> 165.3 (Gua), 165.4 (Gua), 166.0 (Gua), 166.4 (Gua), 195.0 (Gua), 195.5
(Cqua). MS (ESI, CHCI/MeOH + 10 mmol/1 NHOAc): mz (%) = 777.6 (100)
[M+H™], 794 (20) [M+NHj].
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Synthesis of 1, 4-Dipiperazino-Benzene Scaffolds as a-Helix Mimetics

4.1. Introduction

Thea-helix is one of the most common structural matifprotein secondary structures.
Over 40% of all residues in proteins exist incahelical geometry.a-Helices are of
particular importance for protein-protein, prot@A, and protein-RNA interactiorfs.
However, to study such interactions with peptidedifficult, because they are flexible
and proteolytically unstable. Therefore mimickirgaffolds’ have been developed that
project side-chain functionality with similar distge and angular relationships to those
found in a-helices. The critical interactions are found aloagface’ of the helix
involving side chains from thiei+3 ori+4, i+7, andi+11 residues. These side chains
take defined distances and angular relationships-helices® Molecules that can
predictably and selectively reproduce these prigestare valuable tools in molecular
biology and potential leads in drug discovéddvantages, if compared to peptides, are
an improved stability, lower molecular weight, andsome case a better bioavailability.
Kahne et af. reported a pentasaccharide scaffold asedrelix mimic presenting
multiple charged groups that selectively bind theangrove of DNA and not RNA3-
Peptides have been used by Gellman étasld Schepartz et &lto mimic ana-helix.
Recently, Hamilton and co-workéreave developed mimetics of the hydrophobic face
of ana-helix using a terphenyl scaffold. The tostho-substituted terphenyl can mimic
thei, i+4, andi+7 residues of the-helix by adopting a staggered conformation that
closely reproduces the angular orientation of thegberal functionalities on the helical
surface. Synthetic foldamers mimicking extendedhelices are accessible using
benzoylurea oligomer¥. Rebek et al. reported the synthesis of small fiiesaof low
molecular weighti-helix mimetics having a pyridazine ring in the tahposition**

We now describe the synthesis of a new class ddreitily chirala-helix mimetics
consisting of a 1,4-disubstituted central benzéng and two substituted piperazifies
bearing hydrophobic side chains, with defined aunfation. Inspired by Hamilton’s
terphenyl scaffolds, we sought for an improved Isgtit accessibility, good water
solubility and inherent chirality, while keepingrdgmic and relative orientation of the
key side chain functionalities. Figure 1 shows s#reicture of the calculat&most

stable conformer of a 1,4-di-piperazino benzeneitsnelation to ther-helix structure.

" Manuscript in preparation
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Figure 1. Residues in an-helix and 1,4-di-piperazino benzene

4.2. Results and discussion

We follow a previously reported rodfeto synthesize enantiomerically pure mono
substituted piperazines (Scheme 1) starting froimalcamino acids. The amino estdrs
were treated with CICKCOCI and NaHC®in a mixture of water and benzene, which
gave the product® in high purity and good yields. The crude produstye reacted
with benzylamine in methanol giving the key intetiate diketopiperazine3 in good
yield through a 1,5-cyclo condensation reactiofihe diketopiperazinedwere reduced
by LiAIH, to give mono-substituted piperazinésbearing a Bn protecting group on
nitrogen atom 4. A series of deprotection and regatamn steps leads to piperazirgs

which are Bn protected at nitrogen atom 1.
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Cl
Cl
Cl Os_OMe
NH,Bn
HZN\)J\ j/ ; f
OMe —>
C6H6/H20 O R Et3N MeOH
rt, 3h H reflux, 20h
! i s
o
a) R =Me 2¢ (80%) 3b (70%)
b) R=iBu 3¢ (65%)
¢) R=Bn

1) (Boc),0,
nBuOH, 3h 0°C B

L1A1H4 Pd- C/H2 20h rt
THF [ ] MeOH [ j [ ]

reflux for 3h Nl ‘R ii) BnBr, K,CO;
overnight rt CH;CN, 4h, rt
4a (86%) 5a (99%) 6a (89%)
4b (72%) 5b (95%) 6b (80%)
4c (70%)
i) HCl/EtZO j
) ion exchange [
column
7a (99%)
7b (99%)

Scheme 1 Synthesis of protected chiral piperazidasc and7a-b

The synthesis of 1,4-dipiperazino benzene staos f2-bromo-5-iodotoluene8) and
(9-1-benzyl-3-alkylpiperazinedé-c). The preferred substitution of the iodo-substtue
is expected in transition metal catalyzed N-arglatreactions. Several ligands have
been introduced to promote copper-catalyeatrylation of aliphatic secondary amines,
most notably N,N-diethylsalicylamid&,amino acids/ and amino alcohof¥ Wan and
co-workers reported copper powdac-BINOL or (copper+Culyac-BINOL as a
catalytic system; but the N-arylation requires ated temperatures of 90-125%C.
Recently Buchwald and co-workers developed a higigiective room temperature
copper-catalyzed N-aryl coupling reaction using @abl a cyclics-diketone as the
catalytic system and @80; as basé® Jiang and co-workers reported room temperature
copper catalyzed &-N coupling using CuBn'ac-BINOL as catalyst’ The number of
reported examples of room temperature couplingtiea of aryl-iodides and ortho-

substituted cyclic secondary amines is small.
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Br

Br
L*, CuBr- Me,S

n
() -
N._R

N~ “R CsCG;, solvent
| H rt, 1d [ j’

B

a) R=Me n

8 4 b) R =iBu 9
c) R=Bn

A B c
Ligand Base Solvent R Yield (%)
A K3sPOy DMF CHs 10
A K3POy DMSO Ch 7
A CsCO; DMF CH; 16
B CsCOs DMSO CH 0
C (20%) KPO, DMF CH; 30
C (20%) CsCO; DMF CHs 40
C (30%) CsCOs DMF CH; 60
C (30%) CsCOs DMF iBu 48
C (30%) CsCOs DMF Bn 54

Table 1. Optimization of the catalytic condition for thepger-catalyzed £,-N bond
formation of 2-bromo-5-iodotoluene3)( and §)-1-benzyl-3-alkylpiperazinedé-c) to
give 1,4-dipiperazino benzen@s

We used the inexpensive and readily available gatasystem consisting of CuBr,
racemic BINOL (1,1 -binapthyl-2,2"-diol) and £X0; to achieve the formation of C
ary-N (ortho-substituted piperazine) bonds at room temperaifiire.reaction conditions
were optimized (Table 1) withS[-1-benzyl-3-methylpiperazined) and 2-bromo-5-

iodotoluene §). 2-Isobutyrylcyclohexanoné,-proline, and racemic BINOL as ligands
were reacted in DMF or DMSO with 20 mol% CuBr ang@D; as the base. Racemic



Section 4o0-Helix Mimetics 105

BINOL (30 mol%) gave the highest yields and 90%tlo¢ racemic BINOL was
recovered after the reaction; yields decease witheasing steric bulk of the alkyl side
chain in the piperazine ring. The X-ray diffractianalysis of compoungéb (Figure 2)
reveals a chair conformation of the piperazine ifimghe solid state which thieBu

substituent in an axial position.

T o (T
o oy
R

9b

e -

Figure 2. Structure of compoun@b in the solid state determined by Réntgen analysis

The second &,-N bond formation was accomplished by a palladiatalyzed reaction
(Table 2). Palladium-catalyzed amination of arylides has been shown to be a general
method for the formation of aromatic carbon-nitregeonds™> More recently,
Buchwald and co-worke?% reported substituted and unsubstituted biaryl mono
phosphine ligandslY), which are very effective in &N bond formation processes.
We have tested the three ligarldsE andF for the formation of the second. (N
bond in compound®. In all cases, R{dbal.CHCl; / L* (D/E/F) was used as the
catalyst, Na@Bu as the base, and toluene as the solvent. Agaiemic-BINAP F)
gave the highest yield (up to 75%) at 125-128°QGHi reaction in our hands (Table 2).
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Bn
N R
Br [ ]’
Bn
+
N LR, N NaOBuU, toluene
[ j’ H 120-12%C, 8h

a) R,=R,=CHs

T i
b) R =R,='Bu

¢) R =iBu, R,=Bn 10

e S O
Pri iPr 0
O PPh PPh

o=z
S

PPh

O PPh

iPr Xanthophas BINAP
D E F
Ligand Ri1 R2 Yield (%)
D CHs CHs 0
E CH; CHs S
F CHs CH; 75
F iBu iBu 70
F iBu Bn 72

Table 2. Optimization of the catalytic conditions for thalladium-catalyzed £,-N
bond formation of compound3a-c and (S)-1-benzyl-2-alkylpiperazine7-b) giving
compoundd0

The dibenzyl protected compounti@a-c were deprotected by Pd-G/kScheme 2) to
afford compound4la-c which show good water solubility.
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n H
N

e
"

ZWm
Py
5

Pd-C/H,
_—>
15-20 atm H,

rt, MeOH

N
1 [N
a) RR=R,=CH, N
Bn b) R]_:RZ:iBU H
10 ¢) R =iBu,R=Bn 4

Z
%
X

Scheme 2. 1,4-Dipiperazino-benzendd

i+3
i+3

Figure 3. a) Schematic representation of an idealizedrddalix withi, i + 3, andi + 7
substituents; b) structure of compoutic as HBr-salt in the solid state, determined by
X-ray analysis; for clarity all H-atoms and Br-atewere omitted; c) Superposition of
the structure of compountila with the structure of Hamilton’s methyl substitlite

terphenyl compoundf both structures were determined by Réntgen stre@nalysis

The distance between the substituents [+3 = 5.55 Ai+3toi+7=6.22 Ai toi+7=
8.89 A] in key position were calculated from thea§ diffraction structure (Figure 3b).
The values are comparable with these found in aealirkd alanine-helix [i toi+3 =
56 A, i+3toi+7 = 6.3 A, i to i+7= 10.6 A]. A comparison of the structure of
compoundlla with the reported structure of Hamilton’s methybstitued terphenyl

compound®shows a striking similarity of arrangement of thethyl substituents.
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4.3. Concentration dependence of the circular dichroism signal and NMR
resonances

A circular dichroism (CD) spectraf compoundllb was measured at 21° C between
200 and 300 nm in water (see supporting info fopegdnental details). The CD
spectrum (Figure 4) shows a signal in the range48-255 nm arising from the
aromatic chromophore in its chiral environment. Tritensity of the CD signal depends
on the concentration ofilb: With increasing concentration the signal intgnsit
decreases, which is interpreted as an increasiggegation of the hydrophobic helix

parts in the polar solvent.

-30
-60 -
-90 -

-120

[0] x 10° (deg cm® dmol™)

-150

220 240 260 280 300
wavelength [nm]

Figure 4. Concentration dependent CD spectrum of compdilihd

Resonances of th#l-NMR spectrum of compountilb show also a dependence on the
sample concentration. Figure 5 gives the resonsigeals of the methyl protons of the
isobutyl groups. The splitting pattern clearly ches with concentration dflb. This

observation confirms the suggested aggregationdatiipiperazino benzene in agueous

solution at concentrations higher than approxuiol/L.
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0.014 mmol/mL b

H
N
N

0.023 mmol/mL J\ J\\__ A

¥ p
H
11b

0.047 mmol/mL M
/f\b

0.095 mmol/mL M - j\&ﬂk

. O L L S O, . L PO, AL T T IO s, F O ST I

T T
108 104 oo 094 a9z [2.13 &4 080 076 a7z

Figure 5. Concentration dependence of the NMR-resonancealsigof the isobutyl

methyl groups of compouriDb.

4.4. Conclusion

1,4-Dipiperazino benzenes have been prepared &wvaclkass of inherently chirai-
helix structural mimetics. Protected piperazineshaskey synthetic intermediates were
synthezised from chiral amino acids. Subsequem@e@nd palladium-catalyzed,

N coupling reactions lead to the target productgaad yields. Racemic BINAP proved
to be the best ligand for both reactions. The Xgtmycture analysis of the 1,4-dipipera-
zino benzenes reveals a suitable spatial arrangeohe¢he key substituents to act as a
structural mimetic fon-helical structures. The compounds start to agdeeigaaqueous
solution at concentrations exceeding approxud®l/L, as indicated by CD and NMR
measurements. If compared to previously repoctdtelix mimetics, 1,4-dipiperazino
benzenes possess chiral centers, which determeneverall chirality of the compound.
The CD signal of the central benzene chromophorwshthis induction. 1,4-
Dipiperazino benzenes allow now the investigatiérihe effect of the helix mimetic

chirality on its protein binding ability. Studies this direction are in progress.
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4.5, Experimental section

General: Melting points were determined on a melting poipparatus and are
uncorrected. Specific rotations were measured qolarimeter using a 10 cm cell.
NMR spectra were recorded in CRGIt 300 MHz tH) or 75 MHz {3C) unless stated
otherwise. Structural assignments are based on DHITCOSY experiments where
applicable. The multiplicity of the carbon atome @iven as (+) = CH, CHor (-) =
CH; and (Gua) for quaternary carbon atoms. Analytical TLC péasilica gel 60 fs4)
and silica gel 60 (70-230 or 230-400 mesh) for mwluchromatography (CC) were
purchased from ACROS. Spots were visualized by Whtland/or staining with
phosphomolybdate or ninhydrin, both in ethanol. DM#Huene, and MeOH were dried
by standard procedures and stored over molecidaesior Na. PE means petrol ether
with a boiling range of 70-90°C. All other solveatsd chemicals were of reagent grade

and used without further purification.

(S)-Methyl 2-(2-chlor oacetamido)propanoate (2a):
07N
H

To a suspension of L-alanine (26.7 g, 0.30 molCkyOH (200 mL) cooled in an ice-
salt bath, SOGI(87.5 mL, 1.2 mol) was added drop-wise while stgr After the
addition the resulting mixture was stirred for afdiéional 6h at rt. The clear solution
was concentrated to dryness, and without any furfhaification, the solid was
dissolved in water (120 mL) and cooled in ice-balth. To the solution, NaHG®60 g,
0.71 mol) was added in one portion, and then theisa of chloroacetyl chloride (23.8
mL, 0.3 mol) in benzene (100 mL) was added dropwAdter the addition, the reaction
mixture was stirred for an additional 3h at rt. Tdgueous layer was extracted twice
with benzene (100 mL), and the combined organisebavere dried over anhydrous
MgSO.. Subsequent filtration and removal of organic sohin vacuo gave a crude
product (47.95 g, 89%), which was purified by coluchromatography on silica gel
(3:1, PE: EtOAC) to give 43.0g (81%) of productaslorless oil.



Section 4o0-Helix Mimetics 111

'HNMR (CDCk): 8 = 1.45 (d, J = 7.13 Hz, 3H), 3.77 (s, 3H), 4.082), 4.60 (m, 1H),
7.12 (b s, 1H).

(S)-Methyl 2-(2-chlor oacetamido)-4-methylpentanoate (2b):
C];\OTOMe
NT
LS
The compound was prepared by the same procedurzilmkes above. Yield: 78%,
colorless oil.

'HNMR (CDCk): 3 = 0.95 (d, J = 7.13 Hz, 6H), 1.57-1.78 (m, 3HY7(s, 3H), 4.06 (s,
2H), 4.60 (m, 1H), 7.01 (bs, 1H).

(S)-Methyl 2-(2-chlor oacetamido)-3-phenylpropanoate (2c):

CI;\Oj/OMe

o) ” @
The compound was prepared by the same procedurzilmkes above. Yield: 80%,
colorless oil.
'HNMR (CDCh): & = 3.13-3.18 (dd, J = 3.89 Hz, J = 3.89Hz, 2H)73% 3H), 4.01 (s,
2H), 4.83-4.91 (m, 1H), 6.94-7.02 (bs, 1H), 7.0847(m, 5H).

3CNMR (CDCh): § = 37.8 (-), 42.4 (-), 52.5 (+), 53.4 (+), 127.9,(328.7 (+), 129.24
(+), 135.0 (+), 135.4 (+), 165.6 &), 171.3 (Gua)-

(S)-1-Benzyl-3-methylpiperazine-2, 5-dione (3a):

Bn
ir\fo
o7 NT
H

A solution of benzylamine (24.1 mL, 0.22 mol) in GBH (180 mL) was added
dropwise over 1.5 h to a solution of compowad(32.8 g, 0.183 mol) and TEA (73.2
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mL, 0.55 mol) in CHOH (180 mL) and refluxed for 20h, the pale yellosusion was
cooled to rt and concentrated, and the residuediss®lved in 150 mL CCl,. The
organic phase was washed with 100 mL of 5% aqueitus acid, 100 mL of saturated
agueous NaHC§¢) and 100 mL of brine, and dried over MgSQubsequent filtration
and removal of organic solvernh vacuo gave a pale yellow solid, which was
recrystallized from toluene to give 31.1 g (78%)compound3a as a white solid. Mp
138-140°C; ¢]p = -8.85° (¢ = 2, CHG);

'HNMR (CDCL): 6 = 1.53 (d, J = 7.04 Hz, 3H), 3.83 (s, 2H), 4.16 {id), 4.60 (s, 2H),
7.23-7.39 (m, 5H).

(S)-1-Benzyl-3-isobutylpiper azine-2, 5-dione (3b):

Bn
LY
NT
LN
The compound was prepared by the same procedurglmkesabove. Yield: 70%, white
crystalline solid.
'HNMR (CDCL): = 0.96 (d, J = 6.31 Hz, 3H), 0.98 (d, J = 6.31 B##), 1.57-1.86 (m,
3H), 3.83 (m, 2H), 4.16 (m, 1H), 4.63 (d, J = 1482 1H), 4.64 (d, J = 14.82Hz, 1H),

7.20-7.39 (m, 5H).
(S)-1, 3-Dibenzylpiperazine-2, 5-dione (3c):

Bn

LT

/7

O~ N

The compound was prepared by the same procedwelmsabove. Yield: 65%, white
crystalline solid.

'HNMR (CDCL): § = 2.89 (d, J = 17.59 Hz, 1H), 3.12 (d, J = 4.52 H#), 3.15 (d, J =
452 Hz, 1H), 3.23 (d, J = 6.18 Hz, 1H), 3.25 (¢,6.18 Hz, 1H), 3.48 (d, J = 17.59 Hz,
1H), 4.40 (m, 1H), 4.60 (s, 2H), 7.13-7.39 (m, 10H)
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3CNMR (CDCk): & = 40.9 (-), 48.4 (-), 49.7 (-), 56.5 (+), 127.5,(228.1 (+), 128.7
(+), 128.9 (+), 130.1 (+), 134.8 (&), 134.9 (Gua), 165.3 (Gua), 166.3 (Gua)-
MS [CI-MS; NHg] = 312.2 [M-NH:"] (100), 295.1 [M-H] (20).

(S)-1-Benzyl-3-methylpiperazine (4a):

Bn

)
NT
H

A solution of diketopiperazin&a (11.5 mmol) in THF (25 mL) was added dropwise to
the refluxing mixture of LiAIH (52 mmol) in THF (50 mL). The mixture was refluxed
for 3h, and then stirred overnight at rt. The migtwas quenched with saturated MgSO
solution, and the aluminate salts were filterede Blalts were extracted several times
with ether. The combined organic layers were comated to afford the crude
piperazine as oil. Yield: 86%.

'HNMR (CDCl): § = 1.00 (d, J = 6.20 Hz, 3H), 1.66 (m, 1H), 1.9882(m, 1H), 2.74-
2.94 (m, 5H), 3.48 (s, 2H), 7.24-7.33 (m, 5H).

(S)-1-Benzyl-3-isobutylpiperazine (4b):

E] Iy

The compound was prepared by the same procedureiltels above. Yield: 72%,
colorless oil, becomes solid on standing.

'HNMR (CDCL): 6 = 0.86 (d, J = 4.94 Hz, 3H), 0.88 (d, J = 4.94 B##), 1.05-1.28 (m,
2H), 1.57-1.73 (m, 2H), 1.95-1.97 (dt, J = 4.12 Bz 10.70 Hz, 1H), 2.70-2.98 (m,
5H), 3.50 (q, J = 7.96 Hz, 2H), 7.21-7.33 (m, 5H).

¥CNMR (CDCE): & = 22.4 (+), 23.3 (+), 24.3 (+), 43.8 (-), 45.9, 62.8 (+), 54.0 (-),
60.6 (-), 63.4 (-), 127.0 (+), 128.2 (+), 129.0,(¥29.3 (+), 138.1 (&a). MS [CI-MS;
NH;] = 233.2 [M-H] (100).
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(S)-1, 3-Dibenzylpiperazine (4c):

[Zi»@

The compound was prepared by the same procedureilsksls above. Yield: 70%,
colorless oil, become solid upon standing.

'HNMR (CDCL): § = 2.89 (d, J = 17.59 Hz, 1H), 3.12 (d, J = 4.52 H#), 3.15 (d, J =
4,52 Hz, 1H), 3.23 (d, J = 6.18 Hz, 1H), 3.25 (¢,6.18 Hz, 1H), 3.48 (d, J = 17.59 Hz,
1H), 4.40 (m, 1H), 4.60 (s, 2H), 7.13-7.39 (m, 10H)

¥CNMR (CDCk): 6 = 40.9 (-), 48.4 (-), 49.7 (-), 56.5 (+), 127.5,(328.1 (+), 128.7
(+), 128.9 (+), 130.1 (+), 134.8 ), 134.9 (Guap, 165.3 (Gua), 166.3 (Guay-

MS [CI-MS; NHg] = 312.2 [M-NH;"] (100), 295.1 [M-H] (20).

(S)-tert-Butyl 4-benzyl-3-methylpiperazine-1-caboxylate (6a):

Boc

[Nj
N~
Bn

A mixture of compoundia (9.51 g, 0.05 mol), 10% palladium on carbon (1)2and
CH3COOH (0.5 mL) in CHOH (100 mL) was stirred under 5 atm of &t rt for 24h.
The catalyst was removed by filtration and washé&tl @H;OH. The combined filtrate
was concentrated to affoBa as colorless solid, with 99% of yield.

Without any further purification the solifla (49.9 mmol) was dissolved in 44 g 1-
butanol (0.05 wt. % kD content), cooled to 0°C. To this solution (B&)50 mmol) in
10 mL of 1-butanol was added dropwise. The reaatidxture was stirred for 2h at O-
5°C and 12h at rt. 1-Butanol was removedvaguo to afford crude oil which was dried
in high vacuum overnight. The crude product wasalied in 15 mL dry CECN.
Benzyl bromide (45 mmol) and,KO; (10g) were added, and the reaction mixture was
stirred at room temperature for 4h. After consuomtof all starting material, the
reaction mixture was quenched by 50 mL of wated the product was extracted with
ethyl acetate (3x 30 mL). The organic phase wasddrmver NaS@and the solvent was

removed invacuo. The product was purified by column chromatograpdiyting with
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petrol ether and ethyl acetate (4:1) to afféadascolorless oil. Overall two steps yield
was 89%.

'HNMR (CDCk): 8 = 1.13 (d, J = 6.31 Hz, 3H), 1.45 (s, 9H), 2.07 (H), 2.44(m,
1H), 2.61-2.67 (m, 1H), 2.78-2.95 (m, 1H), 3.0243(&, 2H), 3.16-3.80 (m, 2H), 7.23-
7.36 (m, 5H).

(S)-1-Benzyl-2methylpiperazine (7a)
H
()
N
Bn

The compoundba (1g) was dissolved in 20 mL of GBI, and HCI saturated ether (10
mL) and reaction mixture was stirred until all ttarting material consumed (checked
by TLC). After completion of the reaction, solvemas removed ivacuo to afford the

product as HCI-salt. Then the product was passedigh strongly basic ion-exchange

column to give pure product as light yellow oil qtitatively.
General Procedurefor Cu (I) mediated C-N Coupling:

An oven dried schlenk flask was charged with CiBsS (41 mg, 0.2 mmol) and then
it was preheated at 50-60°C under high vacuumhi®rémoval of complexed M®. It
was backfilled with nitrogen, then 1,1’-binaphtt®R2’-diol (57 mg, 0.2 mmol), GEOs
(424 mg, 2 mmol), and amine (1.5 mmol) were addethé flask. Aryl halide (1 mmol)
liquid and DMF (1 mL) were added to the flask undérogen atmosphere. The mixture
was allowed to stir under nitrogen atmosphere atttior 24h. After completion of the
reaction, the mixture was diluted with diethyl etla@d the solution filtered to remove
insoluable inorganic salts. Removal of the solvanhtotary evaporator, followed by
column chromatography on silica gel, using petnoieiher/diethylether (60:1 to 4:1) as

eluent was afforded the desired product.
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(S)-4-Benzyl-1-(4-bromo-3-methylphenyl)-2-methylpiper azine (9a):

Br

Y

'HNMR (CDCH) &: 1.08 (d, J = 6.60 Hz, 3H), 2.33 (s, 3H), 2.3172(@d, J = 3.81, J =
3.96 Hz, 1H), 2.45-2.48 (dd, J = 3.81, J = 3.96 H4), 2.60-2.63 (dd, J = 1.75, J = 1.75
Hz, 1H), 2.81-2.83 (m, 1H), 3.10-3.21 (m, 2H), 3(d8J = 13.20 Hz, 1H), 3.59 (d, J =
13.20 Hz, 1H), 3.75-3.86 (m, 1H), 6.60-6.62 (dd;, 323, J = 3.23 Hz, 1H), 6.77 (d, J =
3.23 Hz, 1H), 7.24-7.42 (m, 6H).

3CNMR (CDCE) 8: 13.2 (+), 23.3 (+), 44.6 (-), 51.2 (+), 53.4 (58.6 (-), 62.8 (),
114.1 (+), 116.0 (+), 119.3 (+), 127.0 (+), 12843, (128.8 (+), 132.5 (+), 138.1 (+),
138.5 (+), 149.6 (Gia)- - MS [CI-MS; (NHs)] = 359.1, 361.1 [M-H] (100), 281.3 [M-
Br'] (15).

(S)-4-Benzyl-1-(4-bromo-3-methylphenyl)-2-isobutylpiper azine (9b):

Br

CrY

'HNMR (CDCh) &: 0.81 (d, J = 6.58 Hz, 3H), 0.83 (d, J = 6.58 Bid), 1.04-1.08 (m,
1H), 1.31-1.37 (m, 1H), 1.90-1.94 (m, 1H), 2.242(&, 2H), 2.33 (s, 3H), 2.75-2.78
(dt, J = 11.18, J = 2.19 Hz, 1H), 2.87-2.88 (dg, 11.18, J = 2.19 Hz, 1H), 3.12-3.14
(dt, J = 11.61, J = 3.28 Hz, 1H), 3.22-3.24 (&, 3.28, J = 11.61 Hz, 1H), 3.41 (d, J =
13.37 Hz, 1H), 3.63 (d, J = 13.37 Hz, 1H), 3.7043(, 1H), 6.56 (dd, J = 2.85, J =
2.63 Hz, 1H), 6.70 (d, J = 2.65 Hz, 1H), 7.24-7(817 6H).
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3CNMR (CDCE) &: 21.5 (+), 23.6 (+), 23.8 (+), 25.1 (+), 35.2 @4B.4 (-), 53.3 (+),
53.8 (-), 54.8 (-), 62.8 (-), 112.9 (+), 114.8 (¥),7.9 (+), 127.0 (+), 128.2 (+), 128.8
(+), 132.5 (+), 138.0 (+), 138.6 (+), 149.24(§). - MS [CI-MS; (NH;)] = 401.1, 403.1
[M-H] (100), 323.2 [M-Bf] (15).

(S)-2, 4-Dibenzyl-1-(4-bromo-3-methylphenyl) piperazine (9c):

Br

'HNMR (CDCh) &: 2.13 (dd, J = 11.26, J = 3.07 Hz, 1H), 2.30 Jdt, 11.26, J = 3.58
Hz, 1H), 2.39 (s, 3H), 2.50 (dd, J = 12.80, J DHzZ, 1H), 2.87-2.88 (dg, J = 11.18, J
= 2.19 Hz, 1H), 3.12-3.14 (dt, J = 11.61, J = 328 1H), 3.22-3.24 (td, J = 3.28, J =
11.61 Hz, 1H), 3.41 (d, J = 13.37 Hz, 1H), 3.63Jd 13.37 Hz, 1H), 3.70-3.74 (m,
1H), 6.56 (dd, J = 2.85, J = 2.63 Hz, 1H), 6.700(&,2.65 Hz, 1H), 7.24-7.37 (m, 6H).
YCNMR (CDCE) &: 21.5 (+), 23.6 (+), 23.8 (+), 25.1 (+), 35.2 @4B.4 (-), 53.3 (+),
53.8 (-), 54.8 (-), 62.8 (-), 112.9 (+), 114.8 (),7.9 (+), 127.0 (+), 128.2 (+), 128.8
(+), 132.5 (+), 138.0 (+), 138.6 (+), 149.2,(§). - MS [CI-MS; (NH)] = 401.1, 403.1
[M-H™] (100), 323.2 [M-BF] (15).

General Procedurefor Pd (0) mediated C-N Coupling:

An ovendried Schlenk flask was charged with thd mgide (0.5 mmol), amine (0.6
mmol), NaO'Bu (67 mg, 0.7 mmol), Btlbay.CHCk (2.3 mg, 0.0025 mmol, 1 mol %
of Pd), BINAP (4.7 mg, 0.0075 mmol) and purged watigon. Toluene (1 mL) was
added, and the reaction mixture was heated at 230clunder argon for 8h until the
reaction had proceeded to completion as judged ®yoGTLC analysis. The reaction
mixture was taken up in ethyl acetate (20 mL)eféd, and concentrated vacuo. The
crude product was then purified by flash chromadpby on silica gel.
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(S)-1-Benzyl-4-(4-((S)-4-benzyl-2-methylpiper azine-1-yl)-2-methylphenyl)-2-

methylpiperazine (10a)
Bn
(Y
N

(J

'HNMR (CDCH) &: 1.05 (d, J = 6.46 Hz, 3H), 1.24 (d, J = 5.72 BH), 2.30 (s, 3H),
2.34-2.40 (m, 1H), 2.45-2.51 (m, 2H), 2.57-2.61 (), 2.63-2.76 (m, 3H), 2.78-2.84
(m, 2H), 2.87-2.91 (m, 1H), 2.95-2.98 (m, 1H), 33.14 (m, 2H), 3.29 (d, J = 13.05
Hz, 1H), 3.51 (d, J = 13.05 Hz, 1H), 3.61 (d, J3:05 Hz, 1H), 3.63-3.67 (m, 1H), 4.11
(d, J = 13.05 Hz, 1H), 6.77-6.79 (dd, J = 8.51 Hz, 2.64 Hz, 1H), 6.83 (d, J = 2.64
Hz, 1H), 6.97 (d, J = 8.51 Hz, 1H), 7.26-7.41 (9L

¥CNMR (CDCE) &: 14.1 (+), 18.0 (+), 47.2 (-), 51.5 (-), 52.0 (52.4 (-), 53.7 (-), 55.7
(+), 58.2 (-), 59.3 (-), 59.6 (-), 62.9 (-), 1169, 119.6 (+), 121.5 (+), 126.8 (+), 126.9
(+), 128.2 (+), 128.9 (+), 129.1 (+), 133.4 (+) 818 (Cua), 139.0 (Gua), 145.0 (Gua),
146.2 (Gua)- - MS [CI-MS; (NHy)] = 469.2 [M-HT (100).

(S)-1-Benzyl-4-(4-((S)-4-benzyl-2-isobutylpiper azine-1-yl)-2-methylphenyl)-2-
isobutylpiperazine (10b)

B
N
N

>

Y
i

N
N
Bn
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'HNMR (CDCL) 8: 0.80-0.84 (dd, J = 6.74, J = 13.59 Hz, 6H), 086 (dd, J = 6.724,
J = 21.04 Hz, 6H), 1.07-1.13 (m, 1H), 1.33-1.40 @), 1.57-1.67 (m, 2H), 1.81-1.87
(m, 1H), 2.26 (s, 3H), 2.32-2.41 (m, 3H), 2.58-2(6% 2H), 2.67-2.74 (m, 1H), 2.75-
2.86 (m, 4H), 3.03 (d, J = 9.10 Hz, 1H), 3.10-3117 1H), 3.18-3.22 (m, 1H), 3.28 (d, J
= 12.55 Hz, 1H), 3.42 (d, J = 12.55 Hz, 1H), 3.6873(m, 3H), 4.07 (d, J = 13.01 Hz,
1H), 6.65-6.69 (dd, J = 8.60 Hz, J = 2.68 Hz, 164J2 (d, J = 2.68 Hz, 1H), 6.94 (d, J =
8.60 Hz, 1H), 7.23-7.40 (m, 10H).

3CNMR (CDCE) 8: 18.1 (+), 21.5 (+), 22.2 (+), 23.8 (+), 23.9 (2.1 (+), 25.9 (+),
35.3 (-), 38.3 (-), 44.8 (-), 51.0 (-), 51.9 (-B.6 (+), 54.1 (-), 55.4 (-), 57.2 (+), 58.0 (-),
58.9 (-), 114.4 (+), 119.2 (+), 119.8 (+), 126.7, (#26.9 (+), 128.1 (+), 128.2 (+), 128.8
(+), 129.0 (+), 133.4 (+), 133.5 &), 138.6 (+), 139.4 (Ga), 143.9 (Gua), 145.9
(Cqua)- — HRMS (EI-MS) calculated forHs,N4 [M*]: 552.4192; found 552.4182.

(9)-1, 2-Dibenzyl-4-(4-((S)-4-benzyl-2-isobutylpiper azine-1-yl)-2-methylphenyl)

O
)

piperazine (10c)

B
N
N

>

N
g
B
'HNMR (CDCl) 8: 0.92-0.96 (dd, J = 22.14, J = 6.14 Hz, 6H), 11119 (m, 1H), 1.52-
1.73 (m, 3H), 2.17-2.19 (dd, J = 11.18, J = 2.85 H4), 2.31 (m, 4H), 2.38-2.43 (m,
1H), 2.63-2.67 (m, 2H), 2.71-2.73 (dt, J = 11.18; 1.32 Hz, 1H), 2.81-2.89 (d, J =
11.18 Hz, 1H), 2.96 (d, J = 8.55 Hz, 1H), 3.19(t 11.83 Hz, 1H), 3.19-3.32 (m, 3H),
3.40 (d, J = 14.03 Hz, 1H), 3.59 (d, J = 14.03 H4), 3.78-3.81 (dd, J = 10.74, J = 2.41
Hz, 1H), 4.09 (d, J = 11.83 Hz, 1H), 6.77-6.80 (d#id;, 2.63, J = 8.55 Hz, 1H), 6.82 (d, J
= 2.41 Hz, 1H), 6.95-6.97 (m, 2H), 7.03 (d, J =58HE, 1H), 7.10-7.25 (m, 3H), 7.25-
7.42 (m, 10H).

3CNMR (CDCE) &: 18.2 (+), 22.2 (+), 23.9 (+), 25.8 (+), 32.3 (3B.5 (-), 43.9 (),
51.2 (-), 51.9 (+), 53.5 (-), 53.8 (), 57.26 (58.0 (-), 58.8 (-), 63.0 (-), 113.3 (+), 114.1
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(+), 117.1 (+), 118.8 (+), 120.1 (+), 125.7 (+)BIR (+), 127.1 (+), 128.2 (+), 129.0 (+),
129.3 (+), 129.4 (+), 133.8 (+), 138.5¢(%), 139.5 (Gua), 140.3 (Gua), 144.0 (Gua),
145.6 (Gua)- - MS [CI-MS; (NH;)] = 587.2 [M-HT (100).

General procedurefor benzyl deprotection reaction:

A mixture of dibenzyl protected compound (0.05 mm&0D% palladium on carbon (20
mol% ) and CHCOOH (2 drops) in CEDOH (3 mL) was stirred under 15 atm of &t rt
for 24 h. After completion of the reaction the $mlo was passed over celite to remove
the catalyst and washed several times with;@H The combined filtrate was

concentrated to give a hygroscopic solid in quatitié yield

(S)-2-isobutyl-1-(4-((S)-3-isobutylpiperazine-1-yl)-3-methylphenyl) piperazine

(11b)
H
N

S

>

YT

'HNMR (D,0) §: 0.66-0.68 (dd, J = 2.74, J = 6.31 Hz, 6H), 0.834Qdd, J = 2.19, J =
6.31 Hz, 6H),1.02-1.14 (m, 1H)1.27-1.62 (m, 5H), 2.19 (s, 3H), 2.23-2.71 (m, 1H),
2.28-2.94 (m, 1H)3.10-3.49 (m, 10H)3.68 (m, 1H), 6.85-7.00 (M, 3H).

Circular dichroism measurements.

Measurements were performed on a Jasco J-710 epetar. The length of the
cylindrical cuvettes was 1 cm. The resolution was im, the band width 1.0 nm, the
sensitivity 20 mdeg, the response 0.25 s, andgbeds20 nm/min. The background was
subtracted to each spectrum. The absorption valges measured as molar ellipticity

per residue (deg chamol™).



Section 4o0-Helix Mimetics 121

4.6. References and Notes;

! a) Kabsch, W.; Sander, Biopolymers 1983, 22, 2577-2637; b) Ruan, F.Q.; Chen, Y. Q.; Hopkins,
P. B.J. Am. Chem. Soc. 1990, 112, 9403-9404

2 a) Cochran, A. GChem. Biol. 2000, 7, 85-94; b) Cochran, A. GCurr. Opin. Chem. Biol. 2001, 5,
654-659

3 (a) Hagihara, M.; Anthony, N. J.; Stout, T. Jlady, J.; Schreiber, S. 0. Am. Chem. Soc. 1992,
114, 6568-6570. (b) Gennari, G.; Salom, B.; Potenza,Wdlliams, A. Angew. Chem., Int. Ed.
Engl. 1994, 33, 2067-2069. (c) Gude, M.; Piarulli, U.; Potenza, Balom, B.; Gennari, C.
Tetrahedron Lett. 1996, 37, 8589-8592. (d) Cho, C. Y.; Moran, E. J.; CheByR.; Stephans, J. C.;
Fodor, S. P. A.,; Adams, C. L.; Sundaram, A.; Jacdb3dV.; Schultz, P. GScience 1993, 261,
1303-1305. (e) Hamuro, Y.; Geib, S. J.; HamiltonDAJ. Am. Chem. Soc. 1996, 118, 7529-7541.
(f) Nowick, J. S.; Mahrus, S.; Smith, E. M.; Zillet. W.J. Am. Chem. Soc. 1996, 118, 1066-1072.
(g) Lokey, R. S.; Iverson, B. INature, 1995, 375, 303-305. (h) Murray, T. J.; Zimmerman, S.JC.
Am. Chem. Soc. 1992, 114, 4010-4011. (i) Antuch, W.; Menon, S.; Chen, Q.141, Y.; Sakamuri,
S.; Beck, B.; Schauer-Vukasinovic, V.; Agarwal, Bess, S.pDo "mling, A. Bioorg. Med. Chem.
Lett. 2006, 16, 1740-1743. For reviewsncerning R-helix mimetics, see: (j) Yin, H.; Hdtom, A.
D. Angew. Chem,, Int. Ed. 2005, 44, 4130-4163. (k) Fletcher, S.; Hamilton, A. D. R. Soc.
Interface 2006, 3, 215-233. (I) Davis, J. M.; Tsou, L. K.; HamiltoA, D. Chem. Soc. Rev. 2007,
36, 326-334. See also: (m) Cummings, M; Schubert, C.; Parks, D. J.; Calvo, R. R.; Lafe L.
V.; Lattanze, J.Milkiewicz, K. L.; Tianbao, L.Chem. Biol. Drug Des. 2006, 67, 201-205. (n) Ahn,
J.-M.; Han, S.-YTetrahedron Lett. 2007, 48, 3543-3547.

4 a) Fairlie, D. P.; West, M. L.; Wong, A. ICurr. Med. Chem. 1998, 5, 29-62; b) Jain, R.; Ernst, J.
T.; Kutzuki, O.; Park, H. S.; Hamilton, A. DMol. Diversity 2004, 8, 89-100; c¢) Zutshi, R;
Brickner, M.; Chmielewski, JCurr. Opin. Chem. Biol. 1998, 2, 62-66; d) Berg, TAngew. Chem.,
Int. Ed. 2003, 42, 2462-2481.

° Walensky, L. D.; Kung, A. L.; Escher, I.; Malid, J.; Barbuto, S.; Wright, R. D.; Wagner, G.;
Verdine, G. L.; Korsmeyer, S. Science 2004, 305, 1466-1470.

6 Xuereb, H.; Maletic, M.; Glidersleeve, J.; P&lg 1.; Kahne, DJ.Am. Chem. Soc. 2000, 122, 1883-

! Raguse, T. L.; Kai, J. R.; Gellman, S.JHAm. Chem. Soc. 2003, 125, 5592-5593.

8 Kritzer, J. A.; Lear, J. D.; Hodsdon, M. E.; Sphez, A.J. Am. Chem. Soc. 2004, 126, 9468-9469.

9 (a) Orner, B. P.; Ernst, J. T.; Hamilton, A.DAmM. Chem. Soc. 2001, 123, 5382-5383. (b) Yin, H.;
Lee, G.; Sedey, K. A.; Kutzki, ORark, H. S.; Orner, B. P.; Ernst, J. T.; Wang, H.S&bti, S. M.;
Hamilton, A. D. J. Am. Chem. Soc. 2005, 127, 10191-10196. (c) Yin, H.; Lee, G.; Park, H. S;;
Payne, G. A.; Rodriguez, J. M.; Sebti, S. M.; Haom] A. D. Angew. Chem., Int. Ed. 2005, 44,
2704-2707. (d) Ernst, J. T.; Becerill, J.; Park,34. Yin, H.; Hamilton, A. DAngew. Chem., Int.
Ed. 2003, 42, 535-539. (e) Yin, H.; Hamilton, A. DBioorg. Med. Chem. Lett. 2004, 14, 1375-
1379. (f) Davis, J. M.; Truong, A.; Hamilton, A. Drg. Lett. 2005, 7, 5405-5408. (g) Kim, I. C;
Hamilton, A. D.Org. Lett. 2006, 8, 1751-1754.

10 Rodriguez, J. M.; Hamilton, A. DAngew. Chem,, Int. Ed. 2007, 46, 8614-8617.



Section 4o0-Helix Mimetics 122

' Volonterio, A.; Molsan, L.; Rebek, Jr. Qrg. Lett. 2007, 9, 3733-3736. (b) Biros, S. M.; Molsan,
L.; Mann, E.; Carella, A.; Zhai, D.; Reed, J. Celiek, Jr. JBio. Med. Chem. Lett. 2007, 17, 4641-
4645.

Piperazine is a typical substructure of drugsin@one antibiotics: a) Miyamota, T.; Matsumoto,
J.; Chiba, K.; Egawa, H.; Shibamori, K.; Minamid®; Nishimura, Y.; Okada, H.; Kataoka, M.;
Fujita, M.; Hirose, T.; Nakano, J. Med. Chem. 1990, 33, 1645-1656. HIV-protease inhibitor: b)
Serradji, N.; Bensaid, O.; Martin, M.; Kan, E.; Bogt, N.D.; Redeuilh, C.; Huet, J.; Heymans, F.;
Lamouri, A.; Clayette, P.; Dong, C.Z.; Dormont, @odfroid, J.JJ. Med. Chem. 2000, 43, 2149-
2154. 5HT-anxiolytics: ¢) Parihar, H.S.; Suryanamsan, A.; Ma, C.; Joshi, P.; Venkataraman, P.;
Schulte, M.K.; Kirschbaum, K.SBioorg. Med. Chem. Lett. 2001, 11, 2133-2136. Anti-
hypertensives: d) Giardinh, D.; Gulini, U.; MasB,; Piloni, M.G.; Pompei, P.; Rafaiani, G.;
Melchiorre, C.J. Med. Chem. 1993, 36, 690-698.5-Opioid receptor agonists: e) Lopez, J.A,;
Okayama, T.; Hosohata, K.; Davis, P.; Porreca,Yamamura, H.l.; Hruby, V.J. Med. Chem.
1999, 42, 5359-5368.

Spartan "06, Wavefunction Inc. AM1 semi-empirigabmetry optimization.

14 Liu, B.; Xu, G.-Y.; Yang, C. —H.; Wu, X. —H.; Xj¢&/. =Y. Syn. Comn. 2004, 34, 4111-4118
15

12

13

Daugan, A.C.-M. (ICOS Corp.). Tetracyclic derjyzocess of preparation and use. EP 0740668.

6 Kwong, F. Y.; Buchwald, S. lOrg. Lett. 2003, 5, 793-796.

" (a) Ma, D.; Cai, Q.; Zhang, HOrg. Lett. 2003, 5, 2453-2455. (b) Cai, Q.; Zhu, W.; Zhang, H.;
Zhang, Y.; Ma, DSynthesis 2005, 496-499. (¢) Zhang, H.; Cai, Q.; Ma, ID.Org. Chem. 2005, 70,
5164-5173.

18 (a) Lu, Z.; Twieg, R. J.; Huang, S. Detrahedron Lett. 2003, 44, 6289-6292. (b) Lu, Z.; Twieg, R.
J. Tetrahedron 2005, 61, 903-918.

19 Zhu, D.; Wang, R.; Mao, J.; Xu, L.; Wu, F.; Wa&h,J. Mol. Cata. A: Chem. 2006, 256, 256.

20 Shafir, A.; Buchwald, S1. Am. Chem. Soc. 2006, 128, 8742-8743.

2L Jiang, D.; Fu, H.; Jiang, Y.; Zhao, ¥.Org. Chem. 2007, 72, 672-674.

22 Marinetti, A.; Hubert, P.; Genet, J. 4ur. J. Org. Chem. 2000, 1815-1820

# (a) Kosugi, M.; Kameyama, M.; Migita, Them. Lett. 1983, 927-928. (b) Guram, A. S.; Rennels,

R. A.; Buchwald, S. LAngew. Chem,, Int. Ed. Engl. 1995, 34, 1348-1350. (c) An example of an

intramolecular carbon-nitrogen bond forming procedsch proceeds at room temperature has

been reported: Wolfe, J. P.; Rennels, R. A.; Budtw@. L. Tetrahedron 1996, 52, 7525-7546. (d)

Wolfe, J. P.; Wagaw. S.; Buchwald, S.J_.Am. Chem. Soc. 1996, 118, 7215-7216. (¢) Wagaw, S.;

Buchwald, S. LJ. Org. Chem. 1996, 61, 7240-7241. (f) Louie, J.; Hartwig, J. Fetrahedron Lett.

1995, 36, 3609-3612. (g) Driver, M. S.; Hartwig, J. > Am. Chem. Soc. 1996, 118, 7217-7218. (h)

Wolfe, J. P.; Buchwald, S. ). Org. Chem. 1996, 61, 1133-1135. (i) Wolfe, J. P.; Buchwald, S. L.

J. Org. Chem. 1997, 62, 1264-1267. (j) Louie, J.; Driver, M. S.; Hamah,C.; Hartwig, J. FJ.

Org. Chem. 1997, 62, 1268-1273. (k) Marcoux, J.-F.; Wagaw, S.; Bucliy&. L.J. Org. Chem.

1997, 62, 1568-1569. () For review see: Wolfe, J. P.; Wags.; Marcoux, J. —F.; Buchwald, S. L.

Acc. Chem. Res. 1998, 31, 805-818.



Section 4o0-Helix Mimetics 123

2 (a) Old, D. W.; Wolfe, J. P.; Buchwald, S.1.Am. Chem. Soc. 1998, 120, 9722-9723. (b) Wolfe,
J. P.; Tomori, H.; Sadighi, J. P.; Yin, J. Buchwea®d L.J. Org. Chem. 2000, 65, 1158-1174. (c)
Charles, M. D.; Schultz, P.; Buchwald, S.Qrg. Lett. 2005, 7, 3965-3968. (d) Anderson, K. W.;
Tundel, R. E. lkawa, T.; Altman, R. A.; Buchwald, IS Angew, Chem. Int. Ed. 2006, 45, 6523-

6527.



Section 5. Appendix 125
5.1. X-ray diffraction structure
S / \ -~ ' N
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Crystal Data:
Empirical formula; G3H26BrNOs
Formula weight; 476.35
Crystal size; 0.48 x 0.19x 0.11 mm
Crystal description; prism
Crystal colour; colourless
Crystal system; Monoclinic
Space group; Cc
Unit cell dimensions a=15.5362(9) A a = 90°
b =13.2882) A B =102.158 (7)°
c=22.4(13) A y = 90°,
Volume 4463.0(6) A
Z, Calculated density 8, 1.418 Mgim
Absorption coefficient 1.875 mim
F(000) 1968
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Crystal Data

Empirical formula GoH27BrN2Og

Formula weight 471.34

Crystal size 0.270 x 0.140 x 0.240 mm

Crystal description needle

Crystal colour colourless

Crystal system Monoclinic

Space group P21

Unit cell dimensions a=10.7776(A4) o = 90°

b=6.1(23) A B =91.201(13)°
c = 16.(BPA y = 90°

Volume 1058.4(3) A

Z, Calculated density 2, 1.456 Mgim

Absorption coefficient 2.937 min

F (000) 488
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Crystal Data

Empirical formula
Formula weight
Crystal size
Crystal description
Crystal colour
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

GoH27BrN20s
471.34

0.340 x 0.085 x 0.024 mm

thin plate
colourless
Monoclinic
P21
a=10.7567(4) A
b = 6.188A
c =16.4165) A
1057.84(8) A
2, 1.477 Mgim
1.981 mm
486

o =90°
B =102.512(3)°
y =90°
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Crystal Data

Empirical formula
Formula weight
Crystal size
Crystal description
Crystal colour
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

GeH32BrN3Os
546.45

0.420 x 0.250 x 0.010 mm

flat needle
colourless
Orthorhombic
P212121
a =5.97218(&4)
b=10.873) A
c =38.2851) A
2516.32(12) A
4, 1.442 Mgim
2.575 mm
1136

o =90°
B =90°
y =90°
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Crystal Data

Empirical formula
Formula weight
Crystal size
Crystal description
Crystal colour
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

GsH20BrN4Os
545.42
0.480 x 0.040 x 0.010 mm
needle
colourless
Orthorhombic
P212121
a = 5.71880(40) o = 90°
b =15.9%2) A B =90°
c=27.646 A y = 90°
2522.47(7)A
4,1.436 Mgim
2.581 mm
1128
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Crystal Data
Empirical formula GoH33NOs
Formula weight 487.57
Crystal size 0.410 x 0.060 x 0.020 mm
Crystal description flat needle
Crystal colour colourless
Crystal system Monaoclinic
Space group P 21/c
Unit cell dimensions a = 5.88530(40) o = 90°
b =20.873) A B = 91.4300(10)°
c=20.673 A y = 90°
Volume 2550.93(7) A3
Z, Calculated density 4,1.270 Mgim
Absorption coefficient 0.692 mm
F(000) 1040
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g B0

. g By

Lol By,
:@_? ,
Crystal Data

Empirical formula
Formula weight
Crystal size
Crystal description
Crystal colour
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

GoH29BrN2
401.37

Br
[Nj/

N

Bn

N —

0.310 x 0.160 x 0.080 mm

flat rod
colourless
Monoclinic
P21

a=9.3190(3) A

b = 5.54ByA
c=19.699) A
1011.05(5) A~3
2,1.318 Mg/m
2.798 mm
420

a = 90°
B =96.756(2)°
vy = 90°
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abs.
AcOH
AcO
AcnC
AcsC
Ac4C
AcsC
AcgC
Ac7C
AcgC
AcgqC
Ar
atm
Bn
Boc
Bz
iBu
BulLi

cat.
Cbz
CD

CsArg
CsAsp
csLeu
csMet
csPhe
csPhe
DCC
DCM
DIPEA
DMAP
DMF
DMSO
dr

ee
EDC
El

€q

ESI
EtOH
EtOAcC
FAB
Gly

5.2. Abbreviations

Absolute

Acetic acid

Acetic anhydride
1-aminocycloalkanecarboxylic acid
1-aminocyclopropanecarboxylic acid
1-aminocyclobutanecarboxylic acid
1-aminocyclopentanecarboxylic acid
1-aminocyclohexanecarboxylic acid
1-aminocycloheptanecarboxylic acid
1-aminocyclooctanecarboxylic acid
1-aminocyclononanecarboxylic acid
Aromatic

Atmosphere

Benzyl

tert-Butoxycarbonyl

Benzyl

Isobutyle

Butyl lithium

Concentration

Catalyst

Carbobenzyloxy
Circulardichroismus

Day

1-amino-2-(2-guanidinoethyl)cyclopropane-1,2atboxylic acid

1-aminocyclopropane-1,2-dicarboxylic acid
1-amino-2-isopropylcyclopropanecarboxylicdaci
1-amino-2-methylthiomethylcyclopropanecarbaxgcid
1-amino-2-phenylcyclopropanecarboxylic acid
1-amino-2-phenylcyclohexanecarboxylic acid

Dicyclohexylcarbodiimide
Dichloromethane
(N,N)-Diisopropyleethylamine
Dimethylaminopyridine
N,N-Dimethylformamide
Dimethylsulfoxide
Diatereomeric ratio
Enantomeric excess

N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide

Electron impact (MS)
Equivalent
Electrosprayionisation
Ethanol

Ethylacetate

Fast Atom Bombardement
Glycine

Hour(s)
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HATU

HOAt
HOBt
HOPAS

HPLC
HRMS
lle

IR

J

Leu
LAH
LDA
M

Me
min.
MS
MeOH
NMR
NOE
PE
PG
Ph
Phe
Pro
quant.
ROESY
rt
TBAF
TFA
uv

2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetrathyluronium
hexafluro phosphate
1-Hydroxy-7-azabenzotriazole
1-Hydroxybenzotriazole
Hydroxypyrrole amino acid (5-Aminomethyl-3-tnexy-4-
methyl-1H-pyrrole-2-carboxylic acid)
High pressure liquid chromatography
High resolution mass spectrum
Isoleucine (L-Isileucine)

Infrared (spectrum)

Coupling constant

Leucine (L-Leucine)

Lithium aluminium hydride

Lithium diisopropyle amine
Moleculeion

Methyl

Minute(s)

Mass spectrum

Methanol

Nuclear magnetic resonance

Nuclear overhauser effect

Petrole ethers 40/60

Protecting group

Phenyl

Phenylalanine (L-Phenylalanine)
Proline (L-Proline)

Quantitative

Rotating frame nuclear overhauser enhancattrgigcopy
Room temperature
Tetrabutyl ammonium fluoride
Trifluroacetic acid
Ultraviolate
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5.3. Curriculum Vitae

Prantik Maity
1% January 1981
Education and Qualification
2004-2007 Ph.D. work in Organic Chemistry in the researchugrof

Prof. Dr. B. Konig, University of Regensburg, Genya

2002-2004 M.Sc. in Chemistry
Department of Chemistry, Indian Institute of Teclogy
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