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Abstract

Carbohydrate-templated amino acids (CTAAs) have found their wide application in the

synthesis ol peptidomimetics and glycomimetics. Herein, we desc¡ibe the design,

synthesis and conformational properties of three new types ol CTAAs: spilocyclic

glucose-templated 3 (,$-hydroxy-l-proline analogues (Glc(i.T)-Hyp), glucose-templated

D- and l-lysine analogues (GlcTk, GIcTK) and glucose-ten.rplated l.-proline lysine

hybrids (GlcTProLysHs). ln orde¡ to explore the use of these building blocks in peptide

chemistry all tluee CTAAs were incorporated into peptides or peptide mimics and the

thermodynamic, kinetic and p-tum-inducing properties were studied. These studies have

¡esulted in the following observations and conclusions:

l. The studies of peptide mimics Ac-Glc(lÐ-Hyp-OMe, Ac'Glc(3S)-Hyp-NHMe and

tetrapeptides Ac-Leu-D-Phe-Glc(3,9)-Hyp-Val-NMe2 demonstrate that (5'R)-Glc(3S)-Hyp

increases the prolyl amide cjs rotamer population with acceleraled cisltrans isomerization

kinetics in water and induces a type VIa p-tum in the tetrapeptide when compared to

unmodified reference peptides Ac-Pro-OMe, Ac-Pro-NHMe, Ac-(3.!-Hyp-OMe and Ac-

-(3.T)-Hyp-NHMe. Whe¡eas the diastereomer (5',!-GlcTPro prelers the prolyl amide

trans rotamer with a retarded cisllrans isomerization rate in water. ROESY and

temperature coefficient experiments indicate that replacement of Pro with

(5'Ð-Glc(3Ð-Hyp doesn't disturb the original conformation of the tetrapeptide'



2. Antibacterral in vitro tests of the dipeptides H2N-GlcTk-TyL-OBn and

H2N-GIcTk-Tyr-NHBn show that substitution ol D-lysine by

carbohydrate-templated-D-lysine analog GlcTk results in decreased antibacterial activity

against Gram-positive and Gram-negative organisms. In addition, we discovered that the

nature of the C-terminal substituent and the presence of hydrophobic moieties are crucial

for antibacterial activity.

3. The confornrational analysis ol peptide mimics Ac-GlcTProLysHs-OMe fl'JHMe)

demonstrate that unnatural, high lysyl cis amide rotamer populations can be achieved.

This enables peptide chemists now to explore the biological implications of the lysyl c¡s

amide population in Iysine-rich antimicrobial peptides and other peptides.
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Chapter I

Introduction

l.L Background: peptidomimetics in drug design

Peptides are essential to virtually eve.y biochemical process such as metabolism,

immune defense and reproduction. They are involved in receptor recognition and signal

transduction as hormones, neurotransmitters and neuromodurato¡s in plants and anìmals.

Besides this, peptides are also related with various diseases such as the plaques associated

with Alzheimer's disease. I

Thìs broad spectrum of activity has prompted great interest in the area of organic,

medicinal and peptide chernistry. However, the poor pharmacological properties or most

peptides limit thei¡ use as drugs through the lollowing aspects:2 (a) their row metabolic

stability towards proteolysis in the gastrointestinar tract and in serum; (b) their poor

absorption aÍìer oral ingestion, in particular due to their relatively high molecular mass or

the lack ol specific transport systems or both; (c) their rapid excretion through liver and

kidneys; and (d) their undesired effects caused by interaction of the conformationally

flexible peptides with various receptors.

l.l.l. Peptidomimetics

As what Gante described,r "a peptidomimetic is defined as a substance having it
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secondajy slructure as \¡r'ell as other structural features anaìogous to that of the original

peptide, which aÌlows it to displace the original peptide from receplors or enzymes. As a

result the effects ofthe original peptide are inlibited (anlagonisr, lntribitor) or duplicated

(agonist)."

The aim of peplide modification is lo determine the structure-activity relationships

(SAR) ofendogenous peptides and to produce anaìogues that can overcome the problems

described above, while retaining selected actìvity (i.e. specific receptor agonists).

Conversely, Ìeceptor antagonists and enzyme inhibitors are aìso desirable targets

attainable through peptide modificalion.2'a

During the lasl 25 years, a plethora of concepts of peptidomimelics have been

developed.2'3's These include:

. Partially modified retro-inverso peplides (PMRÌ)

o Modification of the peptide backbone

. Modification of the amino acid side chain

. Inductìon and stabilization of secondary structures (p turns, 7 tums, a helices)

. Development of conformationalÌy constrained amino acids

Among them modifications of the amino acid side chain resulting in a reduction oI the

conformational flexibility has gained considerable attention. Herejn. the progress in thìs

area with emphasjs on proline- and Jysine-min.retics is sumnrarized.

1.2. Prol jne analogues
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Proline (Pro) is the on)y cyclic amino acid of the twenty DNA-encoded amlno acids,

which is characterized by ìimired rolarion of the p dihedral angle (C,-N-C"-C,, - -75 .) as

its side chain is fused to lhe peptide backbone. consequenlly, there is a reduction in rhe

energy difference between the prolyl amide trons- and cls-isomers (Figure l.l) making

them nearly ìsoenergetic, which leads to a higher cu N-terminal amide content relative lo

r)
¡ ^" N)c:
: -C' q Y_U

II HN\JoJ
trans

a)
oY* tÞo

¿" t¡l-f
\,/ f

"11

cr.s

Figure 1.I Translcis isomerization in 1y'-terminal proìyl amide

the other amino acids. The pro)yl cisltrans isomerization is found to be the

rate-determinìng slep in the folding pathways of many peptides and proteins.6'r0

Moreover, proline induces p-tums and extended helical slructu¡es (polyproline heììx) in

peptìdes that are crucial in proleiniprotein and protein/peptide interaclions.ll'12 Besides

the occurrence of proline in /-turrs, proline-rich sequences also exist in anrimicrobjal

peptides.ll In nalure, proline undergoes post-lranslationat modifications such as

hydroxylation to 4 (À)-hydroxyproline (4-Hyp) and 3 (,S)-hydrox yproline (3-Hyp), which

are criticaì lo the stability of the trìple heJix in collagens and contribules to the stability of

the poly-Hyp helix in plant-derived Hyp-rich glycopeptides.ra ln addirion, hydroxylared

ploline residr"res were also found in viÌotoxin cycìic heptapeplideslJ and other
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peplides.ló'l?

ove¡ the years a p)ethora of prorine analogues have been deveìoped lo study the

slmctural and bioìogical properties ofproJine sunogares in peprides. These anaÌogues are

approximately classified into tv/o categories: introduction of alkyJ or aryl groups into c"_,

cP-,c/- or Cá- positions of rhe proline ring; and replacement of one carbon ofpyrrolidìne

ring with nitrogen, suìfur, oxygen or silicon which a¡e refered to the azaproline,

pseudoproline and silaproline, respectively. ln addition, as a special case of the first

calegory the rigid bìcyclic proline anaìogues are also covered in thìs part.

1.2.1, Proline analogues with alkylaf ion or arylation at Co_, CP_, C/_ or Cáposition

1.2.1.1. C"-proÌine an alogu es

c"-proline anaiogries are compounds in which the û. proton is repìaced by an alkyJ

group such as methyl g.oup'8 or by an aryl group like a phenyl group,e. Thes"

û-tetrasubstiluted proline derivatives show some interesting properties. For example,

studies of model peprjdes have demonstrated the Ac-Z-c¿Mepro_NHMe I (Figure 1.2)

l::
;::

;t:
t".

t'.
,::
;;

on fa'
HrC/- NHo

l'r-{.\-J CH:

I

O CHr

tn..)-Ñ"n
l'r-{.
\ -J CH:

2

Figure 1.2 Peptide rrimics I and 2 containing û.-telrasubst jtuted pr.olines
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derivative had a preference for

crystallographic analysis indicares

slale.22

5

/-turn conformation in solution.'0,' Wh"."u,

existence of an a-helical structure in its solirì

Recently, Flores-ortega et al have investigated the intrinsic conformational preferences

of Ac-z-crMeP¡o-NHMe I and Ac-r-q.phpro-NHMe 2 using a Density Functional rheory

(DFT) based computalional method.23 rn comparison with Ac-¿-pro-NHMe, both

compounds 7 and 2 (Figure r.2) destabilize rhe crs cor.rfiguration of the amide bond

involving the pyn'olidìne nirrogen resu)ting in an enhanced trans t oramer populalion.

ln proteins, polyproline I (PPl) and Ir (pp ) conformations are importanr for many

protein-protein interactions. PPI is a ra¡e, compacl, right-handed heìix in which the prolyl

cls isomer conformation is required. whereas rhe common, extended, lefi-handed ppll

helix structures adopl the Prolyl amide trons geomerry. ìnlerestingìy, DFT caìculation

demonstrated thar co tetrasubstitulion seemed to stabilize the semi-extended polyproÌine

ll conformation in water, which was not obse¡ved in the proteinogenic amino acids. ln

addition, the conformarion of polyproline is also affected by the partìcular nature of rhe

substituent incorporated at cû. For example, the a-helical conformation wilh /rans amide

bonds have been found to be accessìble for c¿Mep¡o derivative bul nol for the

aPhPro-conlaining pepli de.

1.2.7.2 Cq-proline an a ìogu es

Cp-proline anaìogres a'e ofre. calìed proline-anrino acid clrirrer.as which combine

a

the
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amjno acid side-chain functionaìity with proline conformatjonal rigidity. These analogues

provide a \¡r'ay lo explore the geometrìc relationship of the sìde-chain group to peptide

backbone. Therefore, repìacement of the natural amjno acids ìn peptides by

proline-amino acid chimeras has led to betler understanding of the bioactive

conformations of choJecystokinin,2a angiotensin II,2s bradykinin,26 and opioid peptides.2?

Furthermore, C/-proline analogues have been used jn the development of enzyme

iniibitors,2s as well as peptidomimelics exhibiting improved bioactivity and greater

metabolic stability.25-28

Lubell ¿¡ a/ have developed an effective way in which the 4 -hydroxyprol ine was

legioselectively enolized and alkylated to prepare rhe B,p-dimethyìproÌines 6a,6b

(Scheme 1.1) and 8 (Scheme 77.2e The precursor 4 is prepared from amino ketone 3,

which is made from the commercially availabÌe (2S,4R)ìydroxyprolìne,2e via

regioselective enolization and alkylation using polassìum bis(trimethylsilyÌ) amide base

and iodomethane.3,3-Dimelhyl-4-hydroxy-N-(PhFl)proline 5 is obtained from reducrion

of cornpound 4 with sodium borohydride or lithium aluminium hydride, albeit with low

diastereoselectiviry. Redrìction with NaBH¿ in MeoH at 0 "C plovìdes a 3:2 mixrure of

4R:4S diastereomers 5 in a quanrilative yieìd. On the orher hand, LiAÌHa in THF gives a

I :2 mixture of (4R)-5a:(4.!-5b. 5a and 5b ar.e readiJy separared by flash chromatogr.aphy.

Finalìy, hydroxyproline-vaJine chj¡neras, (4rR)- and (4,9)-3,3 -dimethy)-4-hydroxy-N

-(BOC)prolines 6a and 6b, are ploduced, respectively, in excellent yìeid by catalytic

hydrogenolysis of (aR)- and (4,5)- 3.3 -dimelhyl-4-hydroxy-N-(phFì)proline benzyl esrers
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5a and 5b.

Scheme 1.1 Synthesis of hydroxyproline-valine chime¡as 6

NaBHa, H
HO

o
\'-/\o(,v

$nr' 'oen

3

KN(S¡¡/e3)2, CH3l,

THF: DMPU O,i'.ì..",,I ñr. ulv -u "rf I ..CH¡
-7Ruc / \ o( ,.<N\,

5a (4R)

H.C
Ho., " I...cH3/\o( -v.

$nr, 
-oen

5b (4S)

PhFI

4

HrC
HO\ - 

l...cH3/\o( ,.L<.
Hn. 'oH

4R.45= 1 .2

Synlhesis of p,p-dimethyl-N-(BOC)prolines 8 (Scheme 1.2) is prepared from aìcohol 5

through a th-ree-step procedure: lnitiaìly, alcohol 5 is converted into xanlhate 7 by

6a (4R)

H"C
Ho., " l...cH3/\o(,<

b'o. oH

6b (4s)

Scheme 1.2 Synthesis ol p,p-dimethyì-,V-(BOC)proline 8

¡o-H'1 ..cH, NaH, cS2 i. H¡c 1)Bu3snH AIRN HtÇ 
"ñ ^ cH'l vtes^o-'t\..'cH, 'rYtËne' A " ;/ \ (r -- ----:-:-ii2-! l_1 ( \_11"\rXorn ( k" 2) H2 Pd(oH)1c tN^on

Þnrl |nr, 
'oBn (Boc)2o, THF Boc

578

l\4eOH:THF

4R:45=3.2
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acylation of the sodjum alkoxide \l,ith carbon disulfide in THF and subsequenl alkylation

v/ith iodomethane. Secondly, the xanlhate 7 is reduced with tr.ibutylstannane and AIBN

as radical initiator in refluxing xylene belore subjected to catalytìc hydrogenolysis in the

presence of di-t¿r1-butyì dicarbonate to provide proìine-valine chimera 8.

In order to investigate the influence of these proline anaJogues on proline amide

cis/trans isomerization, the same group has prepared a series of

N-(acelyl)proìine-N'-methylamide derivarjves 9-14 (Figure 1.3).r0 Compared with model

o( -ry.N NHMe

A"
H:C

q

"{.."",/\ o(,<
I t*"*"

H3cAo

12

10

HlC
Ho.,. 

- 
\....uñ3

o( ..v.
I tru¡v"
t

HrC---\-o

13

Ho\__
/\o( -.v.
I truHv"

^-HsC

HO,

Hrc^o
14

N HMe

Figure 1.3 N-(acetyì)proline-/V'-methylamides 9-l 4

peplide mimjc 9,4-hydroxyl group and 3 (or p)-alkyl subslirures have littìe effecl on rhe

equilibrium constant of isomerization and C/-endo confomtalion (Figure 1.4),in which

the y-carbon is or-rt of plane defined by CP-C,-N-C6 and located al rhe same side of the

plane as C-lerminal ester or amicle, of the pyrr.oìidine ring in l0-14.
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tì

o
ï\.- ,R, þo'ut" ttnH,'")

\lî-1"ôi-N.R2 Fo
H¡C R1, R2 = H or CH3

Figure 1.4 C/-endo conformation of the pyrrolidine ring

However, a decreasìng order of c¡s-¡o-lrans amide isornerizalion in waler, 9 = l1 > 10

> l4 > 13 > 12, is obsewed. The steric effecl caused by methyJ subslituents at Cl, which

may place the C-terminal carbonyl oxygen in position to repel the developing lone pair of

the pyramidalized nitrogen by Coutomb interaclions resuìting in a high energy barrier for

isomerization.lr This may be responsible for the relatjve lolv rate constants of anlides

12-14. Whereas the hydrogen bond between (4,5)-hydroxyl group and C-lerminal

carbonyÌ oxygen may reduce the effects of Coulomb repuìsion. As a resuh, an increased

rate conslant of amìde l4 (or 1l) is observed reìa1ive to amide l3 (or 10).

1.2.7.3. C/- proline analogues

Proline analogues functionalized with an applopriate phamracophore at the 7-position

have fonnd wide appìications in medicinal chenristry and feature therapeulic agents such

as inlibitors of angiotensin-converting enzyme (ACE)32 and potential inhibitors of

proline dehydrogenase.ll

From a sy:rthelic point of view, C/.subsliluled proline analogues are also of great

interest because of theil accessibility from nalural)y abu¡dant trars-4-hydroxyproline 15.
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Goodman et al have developed a versatile approach to the preparation of "y-alkylprolines

from exocyclic olefin inlermediates (Scheme 1.3).34 The synthesis of the target

compounds 20a-e and 22b-e begins wjth the preparation of the desired pynolidinone

inlermediale l6 starting lrom trans-4-hydroxyproline 15 through a few rouline steps.

Reaction of pynolidinone l6 with various triphenylphosphoranes provides the desired

olefins l7a-f in good yìeld. To obtain ¡r¿r?s-substituted 4-alkylprolinols, silyl ether

deprotection of compounds 17a-f was filst carried oul to unmask the hydroxyl direcling

groups. Trealmenl of the resuìling olefins 18 with the Crabtree catalyst, under H2

atmosphere, gave excellent selectivilies (dr > 40:t) for the 1¡ars-substituted prolinols

l9a-f This result indicated that reduction ì¡/ith the Crabtree catalvst was an effective

Scheme 1.3 Synthesìs of y-a)kylproìine s 20 and 22

HO,,
o( ,v.N .oH

H

'15

\--r vlide,THF L1 L_ +/ \
'N' 'oTBS 64 85% (.,,}-\
Boc N OTBS

l-iôc

'l7a: R = H
17b: R = CHzCH¡
17c: R = Ph
17d: R = CoH¡(4-OEl)
17e: R = COzCH¡
17f R = (Boc)lndole

17

R

( Ir(CO^DJP_yPCy3PF6, i NaCtOz. NaCtO, i
È1 H2, DCr\¡/\/\-flotglo* 78's4% t*)o" uouuo" t*j*o"

'18áJ 19aJ 2oã-e

R

(_
tNÃarrra

Boc

21a-f

1) TBAF, THF
R

( .v.N 'OH

Boc

22b-e

2) NaClO2, NaClO,
TEMPO. pH = 6.7

75- 85%
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method to control the C-4 stereochemistry. Finally, the oxidation of l9a-e with TEMPO,

5% sodjum hypochÌorite solution, and sodium chlorile afforded the desired proline

analogues 20a-e. ln the sterically directed synthesis of the c¡s-substituted pyrrolidìnes,

Raney-nickel, as the hydrogenation catalyst, showed an increased selectivity (13: I < dr <

22:l) over Pd/C (dr = 3: I ) for the reduction oî 21a-î. Desilylation and oxidation of 21b-e

afforded cis-substituted proJine anaìogues 72b-e. Unfortunalely, the oxidatjon of

indolylprolinols 791, 27a and 271 using various condrtìons failed to give the desired

product 20f, 22a and 22t. Thìs strategy provides to control the stereochemistry at

theC/-position, but lails to introduce more hindered groups into this positìon.

Recenlly, Rissanen et al have repofled a synthesis ofy-tert-butyÌ proline analogues 28

and 29 (Scheme 1.4;.rs It has been shown thal the bulky t¿rl-bu1yl group is commonly

Scheme 1.4 Synthesis of N-Boc-prolected y-1¿rl-bulylprolines

o(\4'N' 'olt
H

15

HO,'ff o cBr4 PPh3 
Br)-ì 

^ 
lBucusPhli f Bu"

=- 
(*,L<"n, 

",,ff 
(^ Þî^ ^ THFsc (!tBoc -5-" 'ot-a' ":;;: " -5-. 'or-au

23 24 57ôk de 25

l-Bu-

a)-,N 'nu
Boc "" t) TE¡¡po antg
. 26 '¡/ecN/H;o

I'Bu._'¡--1 2) Recryst.
( ) .. ¡,lrBE/Hex

N 'oH
uoc

27

I Bu.
a-lo| )J<N .ou

BOC
28

I'Bu.
a-a o(,)<
N 'o¡
óoc
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used to lock ring conformations due to its tendency to orient equatorially for spatial and

entropic reasons. For proline, this approach has previously been applied to Cþ- and C6-

positions,36'17 in which tert-butyl subsliruents sterically ìnterfere with the peptide

backbone. Whereas int¡oduction of this bulky group al C/ is expected not to interfere wilh

the peptide backbone ard solely lock the ring conformation.

The synthesis begins with the preparation of ester 23 from trans- -hydroxyproline

using routine chemistry. The hydroxyprolinate 23 is then submined to a Mitsunobutype

bromination to afford the bromo prolinale 24. The b¡omo-substiturent is substituted with

a lert-bùlyl group in a Corey-llouse reaction using ¡¿rl-bulylthiophenolcuprate as the

nucleophile to give an inseparabJe mixture of 7-lerl-butyìprolinates 25. For the sake of

separalion, compound 25 is reduced to the separable diastereomers 26 and 2?. Finally,

TEMPO-catalyzed oxidation of 26 or 27 followed by recrystaìlization provided |he trans

isomer 28 and c¡s isomer 29 with high enantiopulity.

The spectral simulalion and DFT modelìng indicates thal both c¡s- and

transl-tert-b\tlyl groups in the model peptides N-Ac-trans-ylguPro-N,-OMe 30 and

-Ac-cu--1-/BuPro-N'-OMe 3l (FìgLrre L5) strongly favor a pseudoequato¡ial orientation.

thereby causing opposile pr.rckering effects for the pyrrolidine rìng: Ci-endo for

trans-y-tert -bvlyl-Z-proline and C/-exo lor cis -4-tert-bulyl-D-proline.
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Figure 1.5 DFT B3LYP 6-3lG+ geometry optimized conformation in model peptides 30

and 31 ,ls

1.2.1.4. Cá-proline analogues

One representalive example for this class of compounds is the ô-l¿rl-bulylproline

analogue,3s whìch dramatically enlances the cis popuÌation and induces a type Vì p-turn

conformalion. The type VI p-tum ìs a lelatively rare secondary structure thal features an

amide cls isomer N{erminal 1o a prolìne residue sìtuâted at i + 2 positjon of the peptide

bend.le'00 This conformation plays ìmportant roles in protein folding. They have been

shown 10 be recognìtion sites for peptidyl prolyl isomerases (PPIases) whjch can

accelerale protein folding by catalyzing the conversion of the cis isome¡ to i1s more

thermodynanricaìly stable frans isomer.4l'42 Type Vl p-tums have also been implicated in

other imporlanl recognition events of bioactive proteins. For example, a type Vì p-tum

conformation has been proposed for th¡ombìn cataÌyzed cleavage of the V3 loop of HÌV

gpl20, a prerequisite to viral infeclion.ar ln addition, in the X-ray stluctr.rre of the

ribonl¡clease S plotein. a type Vla p-turn is located at the central position of a hairpin

confol nratio¡r.aO Type Vl p-turns are ciassified into two sub-types based on the dihedral

I:',
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angle values oflheir cenlral i+ Ìandi+2residues(Tabìe I l).a0 ln the type Vla Blum,

the proline çz -dihedraì angle is equal 1o 0 o, and a IO-membered intramolecular hydrogen

Table 1.1 Main chain torsion values for ideal type VÌ ptums

lø" r g a -'...tl+2

,:is/1úl'
Hr.i @nzftv'rt

\- ar I -
^,/" HNX 1 !Þ¡+J

NH ¡J"
\ ")"

Conformalion Ónt Vi*t a Ônz V/ i+2

BVla tum
p VIb turn

-60 120 0 -90 0

120 t20 0 60 1s0

bond exists between the carbonyl oxygen ofthe i residue and the amide hydrogen of the i

+ 3 residue. This intramoleculal hydrogen bond is not present in the type Vlb p -tum in

which the proline çø-dihedraì angle value is equaÌ to 150 '.

Because of the bioÌogical imporlance of proÌyl amide cis conformeroo stabìlizatìon of

this geometry is of great interest in medicinal chemìslry and biology. Lubell and

co-workers have reported the synthesis of ô-lert-butylprolines (Scheme I 5¡.38 Their

synlhesis begins with the inlermediate 34, which is prepared from glutamale 32 by a

two-slep procedure: lnitially, treatmenl of 32 with lithium bis(trimethyìsilyl)amide and

pivaloyl chloride provides p-ketoester 33; Secondly, the hydrolysis and decarboxylalion

of 33 under basic condition give the acid 34. Fol the preparalion of



l5

i

(2s,5 R)-5-tert-butylproline 37, eslerifìcation of acid 34 is accomplished with slandard 
:

i

conditions to give methyl este¡ 35. A one-pot reductjve amination/nitrogen protection 
I

i

process is applied to prepare the desired proÌine analogues 36: cleavage ofphF with i

Schem e 1.5 Synthesis of (2S,5R)-5-rerr-burylproline 37 and (2S,5,S)-5-rerr-

butylproline 39

,.. O
ll H2, pd/C KOSiMer,

'-u"ì*"o't" *P r-a'{'u!cozn," Etzo - '-"$"o"-f - -''- / tYo iio. quant N '
,:, ñHenr Boc

,:. 35 36 37
..

- t:l

cF3co2H r-er{-!co,H r)lveaNBH(oAc)3 ,- 9f z
34 , 'N - :' - --j----- ---'; f-Bu"'\^,7Lco2H

quant. 1i-OrCCr, 2) (Boc)2, K2CO3 Ëo.'1; aB 83% 3s
aa.

....

::

: 
hydrogenation, cycìization with intramolecular reductive amination and Boc-protection

..; of nitrogen. Finally, the hydrolysis of nethyì ester 36 v/ilh potassium trimethylsiìanolate

,,.; f'rnishes (2S,5R)-5-rerr-butylproline 3i. But for the synrhesis of
...'.

(2S,5,1)-5-lert-butylproline 39, a different procedu;e is used. Treatment of acid 34 with

",'::a,, trifluoroacetic acid p.ovided the imino acid 3g, which is r.educed with

1
.;
:::

.JÈ

_co"Me L¡N(SiMe3)2 I 
o

í ' r-Bucoct 1-8,,.r'rcozMe !¡""f ¡er\ cH3l, K2co3

YcorH ?b%- (rcorr 1= !co,u 
--;i-_

ñHenr [-l1r-) ,l,ron, 7a% NHphF
32 

r'='&l 33 34
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tetramethyìammonium triacetoxyborohydride to give the desired ¡rans diastereomer 39.

Table 1.2 Amide isomer equiÌibrium of prolyl N-aceyl N'-methyl amides in D2O

R1

R,h.
H,c '- Ñ-,/"Y \^o l-u

N HMe

trans

R1

R".h.
o.'-Ñ-,/
Y\NcH¡ ñHvu

cis

:j:

':

Compd Rr Rz cis

(+3%)
AGI AG

(kcalimol) (kcal/mol)

9HH
40 ¡Bu H

41 H ¡-Bu

27

49

66

20.4

r6.s
20.2

057
0.03

-0.3 8

As shown ìn Table 1.2, ô-tert-butylproline analogues 40 and 41 increase the cis

populalion relatjve 10 9 (21%) in water.ai The augmented cis population is also reflected

in the thermodynamic paranteters: a smaller AG vaÌue der.nonstrates a smaììer energy

belween two rotamers ìn (5R)-'BuPro derivalives. Alternatively, a negalive value of AG

indicates a predominant population of cis-¡otame¡. The lower barrier for isomerization of

compound 40 may be due in part to the steric effecl on the q dihedral angle, because the

C-terminal NH group al y= Qo may slabilize the pyramidalized amide transition states by

interacting with either the nitrogen lone pair or the carbonyl oxygen. ln diastereomer 41,

the dihedial angle V/ = 125" results in the absence of this stabilizing effect in the

lransition state.

Iucorpolalion of (5.R)-'BrìPro into dipeptides Ac-Xaa-5-'BuPlo-NHMe or tetrapeplides
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Ac-Xaa-Yaa-5-/BuPro-Zaa-NHMe (or OMe) was carrìed oul by the sa." g.oup..u. NMR

studies jndicated a high cis popuÌation (65-95%) in waler. The circular dichroism (cD)

spectrum (190 + 5 nm (negative, strong),230 + l0 nm (negative, weak),205 + 6 rìm

þositive, strong)) demonstrated the existence of type Vìa p-tum conformalion in

dipeptides. In tetrapeptides Ac-Ala-Phe-5-'BuPro-Zaa-OMe (Zaa = Ala, Lys) the arnide

prolon at ¡ + 3 residue is involved in hydrogen bonding in DMSO. As an effective

Vla-p-lum inducer, 5 -¡ert-butylprolìne promìses to find use in slruclure activity

relationships (SAR) of Vla-B-tum mimerjcs.

The compound 5,5 -dlmelhylproline (dnP)aó is anolher proline analogue used ro

stabilize the cls conformer through the slerjc inleraction. Tyr-pro-Asn (ypN) and

Asn-Pro-Tyr fi\PY) are the fragmenls of bovjne pancreatic rjbonuclease (RNase A), in

which the X-Pro peptlde bond jn the cis conformalion. Replacement of pro wjlh dmp

results in the tripeptides Ac-Tyr-dmP-Asn (YdmPN) and Ac-Asn-dmp-Tyr (Ndmpy).a7

YdmPN is found 1o exist solety in the cls conformalion. whe¡eas Ndmpy is found to

have 90% cis conformer. Bolh YdmPN and cis-NdmPY adopt a type VI reverse rurn.

1.2.1.5. Fused bicyclic proline analogues

Bicyclic proline anaìoguesas have been studied as angiotensin,oe bradykinin,ae

thyroliberìn, s0 and glulamic acid5r analogues and have se'ved as building blocks for the

synthesis of peptidominretics.as s2 Besides these applications, conformationaily
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constrained proÌine analogs and ils derivatives have gained considerable importance in

asymmetric synlhesìs. 53'50

The fused arylprolines are chaìlenging synlhetic targets that have potential to serve

phenyÌalanine-proline and pheny)glycine-proline chimeras in strùcture-activìty studies of

biologically relevant compounds. For example, jndoline-2-carboxylale has been used to

develop ACE inìibitors related to the drugs captopriJs5'56 and enaìapriÌ.57 Kuwano ¿1 a/58

have deveìoped a straightlorward synthetic method (Scheme 1.6), in which the calalytic

asymmetric hydrogenalion of indoles 42 is accomplished by use of the

[Rh(nbd)]SbF6-PhTRAP-base catalyst, providing a varjety of opticalty active indolines

43 with up Io 95o/o ee in high yieìd (83-98%).

Scheme 1.6 Asymmetric synthesis of indoJe-prolines

lRh(nbd)2lSbF6 (1 0 mol%)
PhTRAP (1.05 mol%)
CS2CO3 (10 mol%)

r-PrOH, H2 (5.0 MPa)

42 R2 
6ooc

Rj = CO2Me, Ph, Bu,¡Bu
R2 = Ac, Boc
R¡ = H, p-Me, p-CF3, m-OMe

Recently, Jeannnotte et ol se l''ave reporled the synthesis of other arylproline analogs

termed pyrrole-prolines. The method involves the aldol condensation of ketone 44 with

N-(Boc)-a-amino aldehydes 45, folìowed by acid-induced cyclìzation of the

R.õ,
lÈ -l -H1.v--N

4s Rz



fhydroxyketone intermediale 46 to yield

may be amenable to diversity orienled

synthesis

)9

the pynole 47 (Scheme 1.7). This approach

synthesis. ln particular, N-alkylation allows

Scheme 1.7 Synthesis ofprotected pyrrole-proline 47

ov_
( r'\ co'en

PhF

M
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CH2Cl2

n-8uLi
.7BOC, THF

LroL I q
/-\ l- R Å\^,,\co.snl Y 'H

Ënr ) NHBoc
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R

, BocHN-(
H q. )-oH\\ ,/

r-T^, H/\\ 
''^c 

o'Bn
PhF

46

R
i

BocNt\

\ *'^co'Bn
PhF

47

R = H,
R = CH¡,
R =CH2Ph,
R = CH{CH3)2,
R=CH

300/o

29%
6%

't90

of a valiety of fi"rsed arylproline analogues fi.om a common intermediate. The

directionality of the pyrroìe could prevent racemization and oxidation of lhe neighboring

pyrroìidine ring.

1.2.2. Replacemenl of one carbon of the pyrrolidine ringwith otherelements

1.2.2.1 . Pseudoproline (YPro)

Pseudoplolines ale a class of compor-rnds in which a carbon atom of the pyrro)idine

ling is repÌaced by a sulful or ox)igen atonr. Pser:doproljnes al.e readily accessible by

cycJization of Ser', Thr, or Cys wìrh aldehydes or.kerones (Figur.e 1.6).60
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Variation of the C-2 subslituents within the heterocyclic system results in different

physicochemical and conformationaì propefies. NMR studies of a se¡ies of

pseudo-proline (ryPro)-containing peptides teveal a pronounced effect ofthe C-2

o ,,
cooH _ _A_ ñ,. . cooH
| '. r ^7 N"{¿

H"N+ H : R,-i \' I H' o,,)xânCHRXH "2 
1

Xaa VPro

Xaa=Ser.X=O,R=H;
xaa = lhf: X= o, R= cH:
Xaa=Cys.X=S, R=H

Figure 1,6 YPro are obtained by condensation reaclion of aldehyde or kelone wjth Xaa -
Ser, Thr and Cys.

subsliluents upon the cis 10 lrans ratio of the adjacent amide bond in solution (Table

13).6t C-2 unsubstìtuted systems show a preference similar to that of the proìine residue

îor lhe trons form, whereas 2, 2-dinethylated delivatives exhibit a slrong preference for

the cis amide conformatìon. Fo¡ 2-monosubsliluted \UPro, Ihe cisftrans distribution

depends on the C-2 chirality. For the 2-(,5)-diastereoisomer, both forms are rather equally

populated in solution, whereas the 2-(rR)-epimer adopts preferentially the ¿rars form. The

results suggest that, by tailoring the degree of substitution, pseudo-prolines may serve as

a temporary proline minetic ol as a hinge in peptide backbones.
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Table 1.3 Cis Lo trans ratio of peptides Ac-Ara-Xaa[vR'' R,pro]-NHMe 
and succinyl

-Val-Xaa [YR'' 
R'pro]-Phe- NH-pNA in DMSO

YPro

I

2

3

4

5

6

7

8

9

l0

Rz

Me

Me

tvle

H

R

H

Me

H

H

H

H

H

H

H

H

Xaa

Ser

Thr

cys

Ser

Pro

Ser

Ser

Ser

Ser

Ser

Rr

Me

Me

Me

H

HH
biphenyl H

HH
Me Me

H PMP

PMP H

X cis (%)

o -100
o -100
s -100
o -33

CHz -18
o -63
o -15
o >95

o -10
o -50

1.2.2.2. Silaproline (Sip)

silaproline (sip) is a proline analog in which the /-methylene carbon is substituted by

the dimethylsilyl group. Replacement of Sip for pro in peptides shourd increase

Iipophilicity because the octanol-water partition coefficient of sip was experimentally

determined to be l4 times greater than that of pro.62 Increased lipophilicity may therefore

facilitate membrane permeability. Reduced sensitivity to enzymatic degradation may also

arise from substitution of sip for pro in peptides. Moreover, the similarity of the Sip and

Pro rings should result in simira' conformational properties for analogous sip- and

Pro-containing peptides. The synthesis begins with the Schöllkopls bis-lactim ether 4g

(scheme 1.8).61 T.eatment of ether 48 with butyl lithium and (iodomethyl)dimethylsilane

provides the diastereomer 49. The hydrolysis of bis-lactim ether 49 under acidic

condìtion gives the iodide 50 which is treated with DIEA and Boc2o to afford
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Boc-prolected cyclized product 51. Fìnally, saponification of Boc-Sip-OMe with sianda¡d

condition leads 10 the silaproline 52.

]nmodeìdi-andtripeptides,silaprolineexhibitssimi]arconformationalpropertiesas

Scheme 1.8 Synthesis of Silaproline from Schöllkopls bis-lactim ether

t.. rur-ocH. '),jy!- \tyotn. 
t"oäi?,o n:' 

T.ñ {1,t"
l- .l 2) (l-cHz)z srMez n.coA-*2'.1 - 

or"nt t--.si1
H3CO- 'N' 

57yo

4a 86%de 49 
l--s'í 

50

prEA *T{:'t" KoH, rveoH ,*¡ tl'"
(Boc)2 aS,i quant. \.,1
quanl /' \ ./- \

s',t 52

proline.62 Moreover, the presence of the dimethylsiìyl group confers on silaproline a high

lipophilìcìty and improved resistance lo bioclegradation For example, an analogue ofthe

c¡erminal segment NT(8-13) of neulotensin require injection wìth a cocktail of protease

inlibirors ro be acrive, whereas [sip 10]NT(8- 13), in which Prol0 is replaced by Sipl0, is

aclive without the addition of any ptotease inhibitors'

Recenlly, Giralt et ofo huu- incorporated Sip into a P¡o-rich cell-penetrating peptide,

[CF-VRLPPSip(VRLPPPÞ],inwhichsipisusedtorepÌacePro-6,whichislocaledin

thehydrophobicfaceoftheanphipathicPPl]helix'Thispeptidomimeticcausesa

20-fold increase in cellulat.uptake of the peptide without perturbing secondary structure.
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7.2.2.3. Azaproline (azPro)

Azaproline (azPro) conlains a nitrogen atom in pìace of rhe Co of proline.65 The azPro

ca¡ be used to stabjlize the ,N-terminal amide cls conforner because of the lone pair/lone

pair repulsion between the cr-nitrogen and N-te¡minal carbonyÌ oxygen in lrars

')-1
aTa/q--*x*

,,"

os--l
/

,/-Ne----: \-Ñ---;
il

oR>
cistrans

Figure 1 .7 Prefen ed ci.r geometry of azPro N-terminal amide

conlormer (Figure I .7).

Recently, Che et al have investigaled the influence of azPro on the peplide

conformation using DFT caiculation methods.66 Compared with N-Ac-Pro-NLNHMe,

,V-Ac-azPro-N'-NHMe favors a cis amide by 3.15 kcal/mol (MP2/6-31+G+*). As

compared 1o most types of type VI f-tum nrimetics such as ô-'BuPro and õ,ô-dimethylPro,

azPro strongly stabilizes the cis-amide conformation. In addition, azPro is a fairly

conservatjve repìacement of Plo and ìndr"rces only small changes 1o the overaÌl

steric/geometric structure of Pro, thereby avoiding introduction of s1e¡ic bulk that could

compronrise receptor interactions.
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1.3. Constrained lysine an alogues

The synthesis of conformationally conslrained amino acids is of considerable current

inlerest.3,5,ó6 In addition to their use as ligands for a wide variety of biological receptors,

incorporalìon of these structural elements inlo peptide chains can be used to generate

novel structures of-relevance to biological chemistry and materials science.6T Lysine, a

positively charged basic amlno acid, occurs fi'equently in many cationic anlimicrobial

peptides (AMPs). Although the mode of aclion of AMPs is no1 fuìly understood, most

AMps appear to manifesl their biological action by enlrancing the permeabiÌity of lipid

membranes of bacterial ceÌls. This typicalìy involves inilial electrostatic interactions

betweenthepositivelychargedbasicsidechainsofaminoacidssuchaslysine,arginine

and ornithine to the negatively charged lipid membrane of pathogens' followed by

adoption ofan amphipathjc o-helical or p-sheet slruclure.ó8'6e However, in vivo elficacy

studiesofseveralcationicpeplideanlibiotjcshavebeendisappointingmostlikelydueto

the facl that many AMPs exhibit poor bioavailabilìty, susceplibility to proteolytic

cleavage and low in vivo anlimicrobial activity.?0 As mentioned early, constrained lysine

analogues could be used 1o increase the stability and specificity of AMPs A summary of

previously synthesized constrained lysine analogues, in which the side chain is partially

(53-55, 58-60) or complerel¡'(56,57) restricted, is given in Table l 4'
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Table 1.4 Constrained lysine analogues

H
zHNv,^t,\\ttt¡^corH

Fmoc

Morray el al71

/1 .t'¡H"

\ *"'

\/
,/ \...NH,
!/-co,H

57

Slalke¡ el a/ 7a

NHz
)
:

ôtt+corn
54

Batkallah et at12

?.\

BocHN' ' {rtut-o.
"co2H

58

Ganorkar el a/ 75

¡¡s"¡¡/ -CO2H

,r-\.¡:u.\ 9Àco"n

\/
/ \..H
\ SÀruH.

Stalker el a/ 7a

55

Murray el a/ 73

NH"

)'
Ir)n*1aorn

59

Ga¡orkar el al75

...'---, 
N HZ

o4¡^corMe
H

Goswami el a/ 76

1.4. Glycosamino acids in drug design

As highly functionalized building blocks, gJycosamino acids (GAAs) have attracted

attention in the field of peptidomimetics, glycomimetics, biopolymers and combinarorial

chemistry in the last l5 years.?i GAAS are ìnolecrìles that combine the structural features

of simpÌe amino acids (amino and carboxylic acid funclions) wìth those of simple

carbohydrates (cyclic polyols, which may contain additional acetamido or amino

funclions).

1.4.1. The concept of GAAs in drug design

Among the major classes of biomoìecules, carbohydfales can be infinitely de¡ivatized

due to their. chiral dìversity and high density of functional groups amenable to

delivatization. The ntoleculal diversity of calbohydÌales offers a valuable tool for drug
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discovery in the areas of biologicaÌly imporlant peptidomimetics, o!igosaccharides,

glycoconjugates and molecuìar scaffolds by investigating their structural and functional

impact. For instance, the engineering o1 an amino acid moiety into the sugar template

enables the GAA 1o be incorporated into short bioactive peptide sequences providing

novel peplidomimelics. Additional hydroxyÌ derivatization of the polyol could increase

the lipophilicily of the GAAs and render them ìikely to permeate cell memberanes ln

addition, monosaccarides also provide a rigid molecuìar scaffold that can be nsed to

reduce the conformationaì flexibility of peptides. on the other hand, GAAs can be

derivatized and oligonerized into compor.rnd libraries through well estabìished automaled

peptìde protocoìs. This approach is particr"rlally attractive for the preparation of

glycomimetic libraries, since oligosaccharide Ìibrary synthesis has not yel reached the

same level of aulomation as peptide synthesis. Finaìly, the rich slereochemistry and the

high degree of functionalization of GAAs can be used to display pharmacophoric groups

in well defined spatial orientations.

1.4.2. Natural occurrence of GAAs

GAAs can be wìdely found in nature. The most pÌominenl and abunda¡lt example is

sialic acid, which is found in all living organisms, with the exception of certain bacteria.

Many inter- and intl'acellular molecular recognition events depend on sialic acid residues'

ln the coulse of an infection, bacter'ìa and viruses recognize sialic acid-containing

Stïuctules on the cell surface as adhesion leceptolS. This fanlily of ualttral GAAs consists
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of lr'- and O-subslituted de¡ivalives (O-methyl, -sulfate, -acetyl, -phosphate, N-glycoìyJ.

or free amine) of neuraminic acid 6l (Figure 1.8). Glycosaminuronic acids, 62-65, are

usually found in lorm of derivatives, such as 2-acetamido-2-deoxy- glucuronic acid, found

in bacterial cell wallsis a¡d 2-aceramido-2-deoxygalacruronic acid as one component of

bacterial vi anligen of Escherchia coli.le Tl'te GAA-based peptidyl nucleoside antibioric

polyoxin (6ó) mimics UDP-N-acetylgìucosamine, a substrate of chjtin synthase, whìch

catalyzes the final step in the biosynlhesis of chitin, an essential component of firngal cell

walls.80 Two dìfferenr 3-amino-3-deoxy ulonìc acids, derivatives of 3-amino-3-deoxy-D-

"'c 
o" H

*i$ft-o"
Rl

Rr R2 R3 R4 Rs

no, n! on cooH

i):49âoH
HO

61

Glycosaminuronic acids

Glycosaminùronic acid 62 NH2 H OH OH H

Galaclosamìnuronic acid 63 NHz H OH H OH

mannosam¡nu ron ic acid 64 H NH2 OH OH H

4-amino-4-deoxy-glucuronic acid 65 OH H OH NHz H

o
^ H"c .l[

? 1' ï """i f 
'Ìi 

Hor HN_lo Hrì Hu,r.r^o-f\'Hr'r--.] --ru^o k!:1. irH "þ-Nì>
oH oH k(JìJ or, Á"ìl 

-'cooH-loH oH o
66 68 69

OHr COOH
r..-\ -^

uo\.^'ruH
NHAc

70

HOOC H)- s----.- n -"oHuN -^^i iJo""F,ru\|1c¡oH on=--- \-'È\-7
eToamrnutorc I ;\ -/acrci o<tt "r1..-o

'ruuz ll t

67Y
Figure 1.8 NatulaJly o""u,ting GaA,



28

gulopyranuronic acid and 3 -amino-3,4-dideoxy-D-xylohexopyranuronic acid' were found

in ezomycine A (6?).8r'E2 The o,cr-disubstituted hydantoin derivalive 68' which represents

a spirocyclic structure, exhibils polent ard seleclive antiherbal actìvi1y with no toxicity to

microorganisms and animals.s2 Replacement of endocycìic oxygen atom in the pyranose

with a nitrogen alom leads lo azasugar-based GAAs found in hydr-oxyrated proline 6g8a

and Siastatin B 70.s5 Hydroxylated prolines have been shown lo significantly influence

secondary slructures ìn peptides 
sa

1.4.3. Classilication of GAAs

ln the last l5 years many types ol GAAs have been developed SchweizerT? classified

6 types GAAs according to the posilion of the amino acid moiety on the cyclic polyol'

Herein we will locLrs on A0 and Ar GAAs which are relalively well studied (Figure 1 9)'

AoGAAshaveaìsobeentermedsttgaraminoacids(SAAs)'whicharecompoundswith

two immediate linkages of the amino and carboxy functionalities to the carbohydrate

frame. Kessler's group and Fleet's gloups have developed various synthetic routes to

prepare A¡-type GAAs (SAAs) 86'8t Vy'ht'eas Ar GAAs are formed by linking the amino

acid moiety adjacent to the endocyclic oxygen such as the anomeric position Several

approaches to this class of compounds have been developed by Dondoni and

co-workers.s8
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Figure 1.9 A¡-41 types of GAAs. n = 0, l, 2,...;

NHCO, NR; u = 0, 1,2, ...;, = 0,1,2...; w = 0,1,2.

OH
HrDç-l Xr

'ì-f;-;"- -cooH

Ao

( sugar am¡no acids (SAAs))

, -NHZa.-\ ,-x t[/v

\ tn z

A1

X = O, S, P...;Y = CH, CH2, S, O,

..; Z: NHAc, OH, H.

In the following seclion, some of the currenl approaches to the synthesis of

pyranose-lempìated A1 GAAs (X = O, n = l,Y: CH, CH2, Z = NHAc, OH, H) is

summarized. In addition, incorporalion of Ao- or A¡ìype GAAs into peplidic structures

and their potentiaÌ use in medicinaÌ chemistly are discussed.

1.4.4. Synthesis of pyran ose-templated A¡ GAAs

ln this class of compounds the entìre a-amino acid group (CH)"0\Hr)COrH (v = l) ìs

con¡ected eilher directly or through an alÌ carbon lether to the anomeric carbon of the

pyranose. The tether can be a saturated ol an unsaturated carbon chain or part of an

aromalìc ring.

1.4.4.1. Pyranose-based C-glycosyl glycine

These compounds exhibit a single calbon-carbon bond holdìng the glycinyl group to

the anomeric carbon atom of the pyranoid ring, Dondoni et a/ provided an elegant

approach to overcome the problem of controlling the stereochemistry at the anomeric

center of the sugal noiely.Ee The key step cousists of the constructìon of the glycinyl
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moiety via addition of a suitable c-nucleophiìe (2 -lithiothiazole 71 or 2-lithiofu¡an72) Io

the nitrone group linked in a stereochemicaÌìy well-defìned manne¡ to anomeric carbon of

the sugar moiety. Specifically, the nitrone group serves as the precursor of the amino

group and the thiazole or furan ring as the precursor of carboxylale function (Figure I .l 0).

The above procedure is employed to prepare the epimers'77 and 78 stafing from the

72

Figure 1'1 Nitrone approach to C-glycosyl glycine

galacloside nitrone ?4 (Scheme L9). However. the addition of 2-lithiothiazole 77 lo'74

affords mixtures of N-benzylhydroxylamìne 75 and 76 in a 3 to I ¡atio. The assignment

of the structure of these compounds is based on a CD study of the corresponding N-Boc

amines. According to earlier observations on similar compounds, the A- and S-isomers

are characterized by the positive and negaljve Cotlon effect, respectively. The lack of

steÌeo-control as obselved in the addition of 2-lithiothiazole 7l to ?4 may be a limitation

on the use of this nitrone-based approach to C-glycosyl glycine.
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Scheme 1.9 Synthesis of epimers 77 and78 through Dondoni's nitrone approach

OBn

| ,oBn BnNHoH

anoggvcHo . -.-''-----------------* BnotOBn 80o/o

73

1. TiCl3 OBn

OBn OBn
I (ou: 2_Lirh (7i) llôan ru1en¡on

'Oen 6 'Oen \-/

79 R1 =OAc,R2=H
80 Rl =H, R2=OAc

82 R1 = OAc, R2 = H (73%)

83 Rl = H, R2 = OAc (88%)

75 and 76

(75(S) : 76(R) = s:l)

co2H

NHz

Alan¡ne

84 Rl = OAc, R2 = H (92%)

85 R] = H, R2 = OAc (100o/o)

2. Boc2Q

3. CHO release
4. NaClO2

I (o8n NHBoc | .oBn *""o.
- -S--A i + [-\-o IBno-\4Åco.¡ Bno\;S_-\^^-

OBn. -'. ben- _ j_-
Glycine Glycine

1.4.4.2. C-glycosyl alanin e

Axon and Beckwith have reported an eflicienl route to synthesize a C-glycosyl alanine,

in which sugar unit js connected to methyl grottp of alanine (Scheme I .10).e0 The

L-alanine precursor is converted inlo a chiral methyleneoxazolidinone, such as the

.R-enantiomer 81. The Bu3SnHÂ.JaCNBH3-promoled radical addition of the peracetyìa1ed

iodosugars 19 (D-galacto) and 80 (D-g1aco) to 81 affords the corresponding alinked

Scheme 1.10 Synthesis of,R-configured C-glycosyì alanine

'¡ OAc

*,{LoAcO-S
AcO i

C-glycosides 82 and 83 as single diastereonrers, respectively. Subsequenl hydrogenolysis
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of these compounds proceeds almost quantitatively to afford lhe a-D-gaìactosyl

D-alanine 84 and the a-D-glucosyl isomer 85. Evidently, in both cases the addition of 81

occurs exclusively on the a-face of the glycosyì radical. ln a simjlar fashion, the

hydrogen-atom transfer 1o the intermediate oxazolidinoyl radical occurs with high

stereoselectivily in an anli manner to the f¿rt-butyl group. Hence, the original

configuration of the Z-alanine appears to have been inverted in the resulting C-glycosyl

amino acids.

7.4,4,3, Preparation of C-glycosyl serines and asparagines from the chiral amino

aldehyde 87

The C-glycosyl serines ca¡ be consjdered formally derived from O-gìycosyl serines

(Figure l.l l, lefl) by replacement ofthe anonreric O-glycosidic Iinkage with a carbon

NH"
-o j '

\ ^,'--\ co2H

Serine

¡^oNHz
--LJ :(\ll^¡ )-N- -v -co"H
t/ui- ' - .--- .-

ASparagrne

Figure 1.11 Natural glycosyÌ serines (lefi) and asparagines (right)

-carbon bond. Similarily, C-glycosyl asparagines are lhe analogues of N-glycosyl

asparagines (Figure l.ll. r'ight) wherein the anomerìc ar¡idic bond has been substituted

by a carbon-calbon bond.

The synthesis of these C-glycosyl amjno acids starled with readily accessibìe
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ÀABoc-À, O-isopropylidine-D-serinal 87.e1 For example, D-galactosylmethyl

phosphonium sall 86 is coupled \¡/ith the amino aldehyde 87 through a rVittig-type

reaction to affo¡d the olefin 88 as a mixture of Z- and E-isomer (7:l ratio) in 62% isolated

yield (Scheme I .l I ).e2 This mixture is reduced with diimide, and the resulting

C-galactoside 89 is tra¡sformed into C-galactosyl N-Boc L-se¡ine 90 using Jones reagent.

The hydrolysis-oxidation of the oxazolidine ring to carboxyìic acid is accomplished in a

single step.

Scheme 1.1 I Synthesis of C-p-D-galactosyl serine.

' Bocl-N
Bng .oen I )cHol.-f-o * - "-" 87 -

BnO\1\-CHzPPhsl BuLr
OBn

86

Bn9 -osn \-I I ^ BocN-\\{/U : .^
Bno-#'zu

OBn

89

BnQ -oen \-
[_Lo BocN- \

B n O \--l\---=F--j--,_/. o
OBn t

H

88

TSNHNH2, AcONa

84%

BnQ -osn
l--Lo NHBoc

Bno\¿,È\/=--'^\ ^ ^ ,,
ber'. "uz1

90 Serine

On the basis of this wo¡k, Dondoni and coworkers have developed a versatile approach

that allowed an entry to the d- and B-anomers of various C-glycosyl asparagines.e3 The

coupling of configurationally stable anomeric sugar acelylenes with the chi¡al amino

aldehyde 87 constilutes tl.re key carbon-ca¡bon bond-forming reaction for the construction

of the five carbon atom Jinkage to the anonelic center of the seìected sr.rgar. This nlethod
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is illustraled in Schemes 1.12 a¡d 1.13 with the synthesis of the C-analogues of ø-D- and

pD-linled GalNAc Z-asparagines. ldentìcal reaction condilions are used in both cases.

Initially, the sugar acelylene (91 or 94) is metalated with LHMDS and lhen reacts \¡/ith

the amino aldehyde 8?. The resulting propargylic alcohol (92, 52%o, or 94,75%) is

reduced by the diimide and deoxygenated using Barton-McCombie conditions, and the

oxazolidine ring is oxidatively cleaved with Jones reagent to the glycinyl moiety to give

the targel o,-amino acid (93 or 96).

Scheme l.l2 Synthesis of a-D-GalNAc l-asparagine

9B!oen
L\-o

BnoV$
o"n*l|,

, Boc
l-NI )-cHooJ at
LHN4DS

520/0

l Diimide
2 deoxygenatron
3. Jones ox¡datiol

38%

9Btoen
L_\-o

Bno\,'$
AcHN L---^-*- CO2H

I
. NHBoc93L-.Y-

Asparagine

Scheme 1.13 Synthesis of l-D-GalNAc Z-asparagine

9Bloent\ ^sneì{j.z
NHAc

94

, Boc
t-N-T ) cHooJ 85

,"t^

1. Diimide
?Bloen oH 2. deoxygenation

[-Lq --,-Yto 3. Jones oxidatio!
BnOWT eocÑ-f 6s%NHAC I

95

9B!oen

?Bloen

Asparag¡ne



:

35

Based on the above method, other ethylene isosteres of C-glycosyl asparagines have

been prepared and their structures are shown in Table 1.5

Table 1.5 Ethylene isosteres of C-glycosyl asparagines

9Bfoen

s,egs,^---yco,HoBn ,l"ro"
97

103
-OBn

sno-Jo
BnOh

ecnÑ L_----_- corH
I104 NHBoc

,"g;¡{l-.,---,--rco,"
otnnn ,l"ro"

OBn

Bno- 9BnB"$fr*JR.-1co,H
101 NHBoc

Bno- gBn
sn6---¡--Ll O
enoï

,,;-T;:'.:

BnO
BnO

'100

ano- fHAc
Bngñ\!IR,.-.-^--r co,H

105 ,1,"*o.

gn6.- NHAc

Bno-JloBnof-l
\,.- corH'to6 I

NHBoc

In addition, other types of C-glycosyl asparagine isostere are represented by 109 and

I l0 shown in Scheme I . I 4.ea These compounds feature only the substitution of the NH of

the amide group by a CHz. The key step for-the assembly of the carbohydrate and amino

acid moieties involves a Horner-Emntons-Wadsworth oiefination and Michael addition

between the pÌotected N-acetylglucosanline 107 and the aspartic acid-derived

Êketophosphonate 108. The coupling producl is obtained in satisfactory yield (53%)

under suitable conditions (CsOH in MeOH. room temperatlìIe). Nonetheless, the reaction

a:a:

:a

:ì:
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Scheme 14. Synthesis ofC-glycosyl asparagine isosteres 109 and 110

Ph
-ôè\ - O
Ho\-.1\-

ACHÑ "OH

I o NHBoc
i I ìr

(E rO )2 P.._--\---^- çgr 1_ 
g,

108 -
CsOH

53% NHBoc
\_______Y-_______

Asoaragìne
109 Rl = AcNH. Rz = H

1',l0 Rl = H. R2 = AcNH

affords a I :l mixture of C-gìycoside isomers thal afler separation by chromatography is

characterized as the GlcNAc derivative 109 and the ManNAc isomer 110.

L4.4.4. C-glycosyl tyrosin e

The synthesis of a unique C-glycosyl tyrosine, featuring a methylene group instead of

phenolic oxygen of tyrosine (Figure 1 .12), is reported by Gallagher and co-workerses The

method relies on two couplirrg reactions wilh organozinc reagents (Scheme I . I 5),

l^ NHz,-l"|o{'!^"o,n
L

ç TYrôsine

Figure 1.12 Natural O-linked glycosyl tyrosine

wherein the C-glycosidic ìinkage is formed by the boron trifluoride elherate-plomoted

addition reaction of rhe 4-iodobenzyl bronide derived zinc reagenl 112 with the D-glucal

lll. The introducrion of rhe gìycinyl moiety on compound 115 is can'ied out using the

107

R2
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iodoalanine-derived zinc reagenl 1 l4 and Pd(0)-medialed catalysis

Scheme 1.15 Synthesis of a-D-mannopyranose Z-tyrosine

AcO-1

#Ð
1'11

r--{ )-cH,znBr\/
- 112

BFïEtrO

75%
q:ß = 3:1

NHBoc
lZn------6grg¡

1',14 -
Pdct2

82%

1. OsOa, NMO
2. AczO, Py .

AcO OAc
AcO-

AcO
O Tyrosine

NH Boc

CO2Bn CO2Bn

1't5

The osmium-mediated cis-dihydroxylation of the glycaÌ 115 affords the final sugar amino

acid ll6 in 23% overall yieìd from 111.

l 4.4.5. C-glycosyl tryptoPhan

The stereoseleclive synlhesis of a nalurally occurring c-glycosyl tryplophan 117

(Figure 1.13) and incorporalion into a peptide has been desc¡ibed by Manabe and lto.eó

Taking advantage of parallel studies on C-glycosylalion of N-protected indoles via

metalalion at lhe c-2 positìon and coupling with I ,2-anhydr o-D-mannose I18, a

convergent synthetic approach was developed slarting flom the indole del ivalive 1 l 9

NHBoc
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1',|-7

Figure 1'13 Naturally occunìng C-glycosyl tryptophan 117

(Scheme 1.1ó). The latter reagent served as a precursor of the tryplophan moiety that is

readily prepared from commercially available ¿-tryptophanol. The coupling reaclion of

Scheme l.l6 Synthesis ofC-glycosyl tryptophan 11?

,CH2OSiMe2f-Bu

119 BnOOBna_
B"o-î-Lo.fBnO\-/

't 18

eight steps

BF3.Et2O

63% (c:P = 19 1 ¡

OH

117

120

t-l I

- ,z---OSil\/e2l

rY1'\Z'-N 
119

118 and 119 affords rhe a-linked c-glycoside 120 in satisfactory chemical yield (63%).

The subsequenl transformalion of 120 to D-mannopyranosyl-l-tryptophan l1? was

achieved using standard synthetic methodology involving lwo functional gloup

conversions (oxidation of alcohol function to a carboxylic acid and reduction of the azido

OH //
oH ttrl

H

Bn //

N
so2Ph
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group to an amino group) and deblocking.

1.4.4.ó. Other pyranoid-bâsed GAAr (Table 1 6)

A lisl ofother pyranose-based GAA¡ structure is provided in Table 1'6'

Table 1.6 Other pyranoid-based GAAr

108!
Bno--È1

lcortr
HzN

(R) and lS)
Wernicke et a/ s7

124 NHBoc

(R) and ls)
Gurjar ei ai 1oo

OBn
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OBn
I ¡¡Hz

\É14"o,.,
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(R) and lS)
Frappa el a/ 98
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OBn
| .OBn NHzr.=\-o 

I

\,-^r\--l-- cozH
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(R) and (S)

Brakta el ai 99

NHz

CO2H

^f to't"
NHR
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Liberknecht el a/ 101

,,OBî
Bno-\\=Q
BnO\r\/-\-ulJ2rvrc

I

NHR
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Vidal el a/ 103

126

Colombo el a/ 102

Dondoni el a/ 1oa

cont¡nued on nexl Page

127

Mdal ei a/ 103

OBn
OBn

OBn
OBn

o
CO2lBu

\..M"
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Table 1.6 (continued)

OBn
.OBn

a

BnO

OBn
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BnO
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NHBoc
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1.4.5. Bicyclic glycosyl amino acids (BGAAS)

With their rigid and well-defìned conformations, BGAAs have been used as reverse

tum mimics, and spiro BGAAs have been used in particular to constrain peptides. A

series of GBAAs are shown in Table I .7.

Table 1.7 Glycosyl bicyclic amino acids

Hoz9 on
Ro\-1oì1---NH,

\-2-í
RO. H

144

cipolta et a1.111

HOrC-,,O...-- r.lt,\\J
HOs\ó

147

Van Well el all13

H

HrN-\7O.",CO2H

o 'oH

145
Van Well el al1r 2

Ho,c -\.,o.\-z- NH.' ..\ I '\\J
b 'oH

148

Van Well et a1113

Horcì¿o;^r.'n,

cì OH
146

Van Well el a|112

H
H2N Y/-Y.o-ì...co2Httt\o4):âon

'' oR
't 49

(R) and (S): Grolenbreg el a111a

H .OR
HzN. P-j--\Y I )'co,u\---i-o

H

H¡N- _.-.-l- o- .,cozH-T T I H,N(nA/o*
"oR
150

(R) and (s); Risseeuw et al11s

RO

151

(R) and (S); Peri el aì116

't52

Peri et a1116

1.4.6. Carbohydra te-based peptidom im etics.

1.4.6.I. Ao GAAs-bâsed peptidomimetics

1.4.6.1.l. Types of turn strùcture

Protein secondary structules are believed to be important structural domains involved

in molecular recognjlion processes and protein folding. ln thìs respecl, tight tums are

being srudied in detail. Depending on the number of lesjdues folming the tuln. the light
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tums are classified as åtums, /-tums, p.tums, a-lums and z-tums.ll7 Among these tight

tums, p and 4urns have been studied in detail and precisely classified because of their

higher occunence in protein and peptides.

1.4.6.1.1.1. pturn and classilìcation

A þlum is a region of the protein involving four consecutive resìdues where the

polypeptide chain folds back on itself by nearly 180 degrees.lrs The lum region may or

may not be stabilized by an intra-turn hydrogen bond between the backbone co (i) and

the backbone NH(t+3) Although lhere are many definitions for classification of ptums.

the Richardson cÌassification is the system mosl widely used al present.l'g H" has

suggested there are onìy 7 distincl types (1, I', Il, t1', Vla, VIb and V)ll) based on /' çø

Table 1.8 Main chain lorsion values for othel ideal types of p-lums

Vtt Q
Rt-J \.lLNH
ó..,iY'I ?þ a,+2'n,ü ô,-zftw"z

\-.\
^, /" HNK,a. ! Þr+J

-.NH o< "
\ \."'

'J

Conformation
I

I'
Iì
II'

V]]I
ìV

V/ i+t þ;*z Y./ i+2

-30 -90 0

30900
120 80 0

-120 -80 0

30 -r:, ,10

þ'r,
-60

60

-60

60

-60



ranges (Table 1 .8), along wilh

been introduced earlier (Table

^ r20
ð.

43

miscellaneous category IV. Since type Vl Pturns have

l), other types of Btums are here summa¡ized in Table

a

l

1r4.6.1.1.2. 7. turn and classilication

A 7-turn involves th¡ee amino acid residues and lhe ìntra-turn hydrogen bond between

rhebackboneCo(i)andthebackboneNH(i+2).Twotypesof/-tum,classicalandreverse

(Table 1.9), have been defined based on þ' y angles'

Table 1.9 Main chain lorsion values for the types of 7-tums

C,r Rt'1
t 1 Vta InN\(zo

/ '\
n'¡.,4¡.--- *\.n'''tlNH d-...¡
'!l f

Conformation þ*, q/ i+t

Cìassic 7 5 -64

Reverse -79 69

l.4.6.l.2.Turn mimetics

Since proteins tend to exefl their biological activìty through only small regions of their

foldedsurfaces,theirfunctionscouldinprincipìebereproducedinmuchsmal]erdesigner

molecules that retain these clrcial surfaces. There are many oplions for modifications'

such as intloduclion of constlairlts, cyclization. ancl/ol leplacement of the peplidic
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backbone or pañ of it to stabiÌize the bioactive conformation and fine tune

pharmacokinetics. Some of these modifications can be achieved via incorporation of

carbohydrate moietjes into the side chain of amino acids that results in the fo¡mation of

sugar amino acids (SAAs).

SAAs can adopl robust secondary tum or helical structules and thus have the potential

to mimic helices or sheets. They can be used as substilutes for single amino acids or as

Dipeptide isosters
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- NHz

154 155
HO HO
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f* f*
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1-AA p-AA

HOzÇ Hq
HuoeùþruH, Hro$þco,H

NHZ NHZ
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HO Ho- J'_oH
HrN,. -\ .'oH'( ì- Ho--( o
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tturn rlurn

L¡neat

dipeptide isosters

H

H(

t56

HO

Ho,-\.,oHtt
(^Éro

Hl

flex¡ble tturn

Med

Figure 1.14 Exlended SAA constnrction ki1
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dipeptide isosters. If used as replacement of hydrophobic residues' the sugar can also be

functionalized with hydrophobic side chains (e.g., they may be benzylated), however, if

hydrophilic residues are replaced' or if solubility should be improved' the sugar hydroxyl

groups can be unprotected or functionalized with hydrophilic residues'

Kessler's group has explored the conformational influence of SAAs 152-159 on lhe

peplide backbone conformations.12ì,122 The results show sAA can be used to produce the

secondary structure of synthetic peptides as effective tum-inducers (Figure 1.14),12ì

SAAsl54-l58induceftumsindependentofthesubstitutionpattemofthesugarring

while SAA 159 mimics a /-tum.

1.4.6.1.3. Bioactive peptides containing As GAAs

1.4.6.1.3.1. Somatostâtin Analogues

Somalostatin is a 14-residue cyclic peptide hormone formed in the hypothalamus ll

plays an important role in a large number ofphysioìogical aclions' For instance it inhibits

the release of growth hormone (GH),'t,,'to and plays a role in the inhibition of insulin

secreîion.l2s'r26 lnterestingly, of all bioactive peptides' il was a somalostatin anaìogue that

firstincorporatedaSAA.TheSAAusedisglrrcosyluronicacidmethylanrine(GUM)

lS5.r2? Srarting fi.orr the cyclic soj'atoslatir.r analog cyclo(-Phe-Pro-Phe-D-Trp-Lys-Thr-)

160,r2s the SAA 155 is used as a dipeptide isostere 10 leplace the amino acids

phenylalanine and proline, forming cyclo[SAA 155-Phe-D-Trp-Lys-Thr-] 161 (Figure
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1.1 5), ìn which SAA 155 induces a p-tum'2r

Biological tests sho\¡r' that 161 has an inhibition constant (1C56) of 015 pM in

displacing the receptor-bound radioligand ['"]]Try" somatostatin-14 in AtT20 cell

membranes obtained from mice hypophysis' In facl, compound 161 is only 75 times less

aclivelhanl60.Thisispaaicularlyremarkable,sincel6ldoesnotcontainthelipophilic

residues on both sides of the aclive tetrapeptide sequence that are considered 1o be

imponanr for high somatoslatjn aclivity l28 r29

Morerecenlly,ithasbeendemonstraledthatthefuranoìd.basedSAA162-containing

cyclicsomalostatinanaloguesl63andl64exhibitstrongantiproliferativeandapoptotic

activity against mullidrug-resistant hepatoma carcinoma (Figure l '16)'lr0 This is of

160 161

Figure 1.15 Somalostatin analogs 160 and 161'

special interest, since resistance to chemolherapy has beconre a major problem in cancer

thelapy. The biological tests indicate an aron'ìatic residue in tlre Thrì0 positìon is required

NHz

Ho,, -\...oH

LN

of.
// \ ./-



41

for high antiproliferative and apoptotic aclivity. The IC5¡ values are 75 and 47 pM lor

compound 163 and 31 and 25 ¡M for compound 164 for drug sensitive and

multidrug-resistant hepaloma cancer celÌ lines, respectively. This makes them promìsing

lead compounds for potential chemotherapeutic drugs against multidrug-resistanl

hepatoma carcinoma. Preliminary results have shown thal activily can be enhanced by

replacement of the D-Trp with z-benzothienylalanine (Bta) resulting in compound 165 or

'( I Z\-OH

- 

I rIult..---r\.-ll
o1

r)JH n .NHëf.t -(v
ì /:\
\ \/

NHz

164

o

o
NH n .NH

o.4-¡N1{-fl,rH\o
NHz

163

#rll.* O
\ oì- - CH--

NH H .NH "_=\

"â'ÍY' Ui\o
r)JH ¡ ,NH

?:'r' f -1;\o
NHz
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Figure 1.16 Somatoslalin analogs 163-166 containing furanoid-based SAA 162'

D-Bta compound 166. These compottnds are more active than TT232
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(cyclol2,6)-D-Phe-Cys-Tyr-D-Trp -Lys-Cys-Thr-NHz);r3r the only other compound

known thal shows apoptotic and antiproliferative activity against multidrug-resistant

carcinoma cell lines. Thus, by introducing SAA f62 into the peptide backbone'

pharmacokinetic properlies can easily be improved' and enzymatic stability of the

compounds will most likely be enhanced'

1.4.6.1'3.2. Gramicidine S (GS)

G¡amicidin S (GS, Figure 1 17) is an amphiphilic cyclic decapeptide having the

C2-symmetrical sequence cyclo(Pro-Val-Om-Leu-DPhe)2 thal acts as an antibiotic by

targeling rhe membrane lipid bilayer'132'l'3 Upon u""utulation into the lipid bilayer' GS

induces lysis, with bacterial cell death as the ultimate result The ability of GS to interact

wilh lhe bacteria] membrane is attributed to its amphiphilic nature, with the two basic

Om residues occupying one side of the cyclic peplide and the aliphatic Leu and Val

residues located at the opposite side'

Peplide anlibiotics such as GS that target the lipid bilayer as a whole' and not a specific

subcellular target, are of great inlerest in the search for new antibiotics.)34 ln general,

bacterial strains can readily become resistant against compounds thal interfere with a

specific metabolic process, or block a specific enzyme or receptor' by genetìcally altering

the targel such that it defìes recognition 'ls Gaining resìstance against GS would require a

strategy that specifically destroys it or blocks its accumulation in the lipid bilayer'

Arguably, such alterations are less easily atlained through genelic mutations However'
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GS appears rather indiscriminate loward the nature of lhe lipid biÌayer and kills

mammalian cells with equal effìciency. For instance, GS dispÌays potent hemol)'1ic

activity, and it is for this reason that the use of GS in human medicine is restricted to

t 32.t36
toplcal appllcallons.

In order to understa¡d the mode of action with which GS disrupls lipid bilayers,

Grolenbreg and co-workers have synthesized GS-based analogues 167a-d (Figure 1.17)

in which one of the two type II' p-turns was replaced with SAAs.rrT NMR studies

demonstrated that I 6?a-d had a distorted p-hairptn structure in which one of two

HzN

167a: R = H
167b: R = benzyl
167c: R = biphenyl
167d: R = naphthyl

Figure l'17 GS and GS-based analogues 167a-d

hydroxyl functionalities of the SAA moiety is involved in an inlra-residue hydrogen bond,

as compared ro GS. Examination of the biological aclivity revealed aromalic

SAA-conraining GS analogues l6?b-d exhibit simìlar anlimicrobial activity as GS. with a

concomitant inclease in hemolytic activily. Wheleas 167a shows a dramatically reduced

GS



50

antibacteïial activily. This finding suggests that hydroxyl derivalization of the polyol

provides a tool to improve the bioactivity of peptides.

1.4.6.2. 

^ 
GAAs-based peptidomimetics

As mentioned earÌier, the sensitivity of the glycosidic linkage towards both enzymatic

a¡d chemical degradation is problemalic. The¡efore, it is of great interest 10 exchange the

less slable O-glycosidic tinì<age belween amino acjd and the carbohydrate to a more

stable C-lin-ked analogue.

1.4.6.2.1. Mouse hemoglobin (Hb) segment (67-76)

Previous studies have demonstraled thal glycoconjugation of mouse Hb

VITAFNEGLK can convert the non-immunogenic peptide into strong glycan specifìc

immunogens.r3s In order 1o develop metabolically stable T-cell glycopeptide antigen

168

Figure 1.18 A decapeptide 168 containing C-glycosyl serine
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Meldal ¿l a1 l19 introduced an unprolecled C-f D-gluco-pyranosyl serine inlo lhe mouse

Hb (67 -16) 1o provide c-glycosyl decapeptide 1ó8 by the solid phase peptide synthesis

(Figure 1.18). However, no informalion on the bioÌogical activity was reported'

1.4.6.2.2.Type II collagen peptide epitope (259-213) from rat

In rheumaloid arrhritis (RA), which is regarded as an aulojmmune disease, nalive

collagen is attacked and degraded by the immune syslem, eventuaÌly resulting in bone

erosion in peripheral joints.rao ln collagen-induced afhritis (ClA), which is a widely used

model for fuA, immunizarion of mjce with type Il coìlagen (clì) from rat leads to

symptoms similar to RA (e.g., er).lhema and swelling of peripheraì joìnts;.r4ì'ro2 The cll

(259-273)l6ghasagalactosylatedhydroxylysineinposition264(Figurel.19).Previous

studies have shown thal the fine stlucture ofposition 264 is importanl for the recognilion

by the T ceìl receplor.ra3

OHOHt"{-o
Hoh-x-l-run"

oH)
H-cry25e-rìe-Ara-crv ene--.-.--- * þ cty-ctu-Gtn-Gty-Pro-Lys-Gly-Glu-Thr2?3-oH

|lo
169 X = O
170 X = CHz

Figure 1.19 Strltcture ofglycopeptides 169 and 170

Recently, Gnsrafsson et al tae hare synthesrzed a C-glycosyl hydroxylysine 140 (Table
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1.6), which is incorporated into position 264 of peptide 169 to replace the labiìe

o-glycosidiclinkagelhroughthesolidphasepeptidesynlhesis.TheresultedC-glycosyl

peptide 170 is evalualed by a preliminary immunological study and found 1o retain lhe

ability of the conesponding, nalive O-ìinked glycopeptide 169 to stimulate T cell

hybridomasobtainedfrommicehavingClA'TheaboveresultsindicateC-glycosyl

amino acid can be used to improve the metabolic stability of native O-Elycopeplides

without affecting their bioactivily.

7.4.6.2.3. SB-219383: a polent, selective inhibitor of bacterial tyrosyl tRNA

synth etases

Aminoacyl IRNA synthetases perform a crucial role in protein biosynthesis' calalyzing

the attachment of an amino acid onlo its cognate /RNA.l44 The development of inhibitors

ofbacterial /RNA synthelase (YRS) may give rise 1o new antibacterial drugs. The natural

producl, SB-219383, shows strong, selective inhibitory properties to this enzyme'ras

However,ithasonlyweakantibacterialactivity,probablyatt¡ibutabletotheirhigh

polarity preventing penetration into the bacterial cell'

Brorvn¿fa/havefoundlhatthebicyclicScaffoldiSnotessenliaìfeatureforenzyme

inhibition.ra6 For instance, compound 1?l also show equal potency to SB-219383 (Table

I .l 0). The sanle grollp uses rhe pyranose template to mimic the

hydroxylamine-conlaining ring.roT As seen in Table 1 10' the l-a'abinose-derived

analogues 1?2b is a potent inlribilor ofbactelial YRS with an IC5s value of 100 nM The
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epimer 172à is less potent, with a¡ ICso value of2ó0 nM ln contrasl' no inhibition is

Table 1.10 Inhibition of S aur¿zs YRS

Compound stereochemistry al Cl sugar rinq lC¡o (nM)

urvrH¡kll'co,H, \OH
u/ì-N-\-l\OH Snv ç_j*\OHòr

sB-219383

HTvfHN-T'CO,H, \OH
u^- N-\_l-\ OH Snu \/-r\-L oH

2.O

171

HTu,HN-n-c02H, \OHoJi-\-oH
\-^-LoH

172

HTvrHt l-,."CO2H' \HO-
T9ÑI\

173

1.2

172a. R a-L-Arabinose 260
172b: S a-L-Arabinose 1oo

173a: R ÊD-Arabinose Nl'
173b: S ÊD-Arabinose Nt

+ Nl = no inhibilion al 3/[,4

observed for eitber of cliaslereoisomer 1?3a or 173b derived from D-arabinose By

comparison to l7l, the diastereomer l72b is inferred to have the "'9'configuration at Cl''

Compoundl?2bwasalsotestedagainstmammalianYRSandshowednoinhibitionupto

3 pM indicating thal the bacterioselectivity seen in the hydroxylamine series has been

relained.

The above resuhs demonstrate lhat sublle changes in the sle¡eochemistry of the

carbohydrate moiety rnfluence the bioaclivity of the glycopeptide As a resuìt' it appears

thal the rich ster.eochenr istry pr.ovided by the calbohydlate scaffold provides a pronrising

tooÌ for drug dr scovelY.
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Chapter 2

Research Motivation

The use of peptides as drugs is limited by ùeir low metabolic stabilily towards

proteolysis (degradation ofproteins) in the gastrointestinal tracl and in serum. In addition,

peptide-based drugs are usually simiJar ro the receptor-bound segment ofany biologicalJy

aclive peptides and proleins. However, once being truncated f¡om the native

peptide/protein, ir will lose its originaì conformalion. Due to their intrinsic flexibiliry,

short linear peptides usuaÌly cause undesired elfects by inleracting with various receplors.

ln order 1o solve these probìems, newer concepts are emerging where the fundamenlal

building blocks used by Nature, like amino acids and sugars, are amalgamated to produce

nature-ìike, and ye1 unnatural, de novo structural entities with multifunclional groups

anchored on a singìe ensembìe. One such hybrid design is represented by a class of

compounds called C-glycosyl amino acjds (C-GAAs), which a¡e defined by an a-amino

acid group ICH(NH2)COrH] either drrecrly atlached or carbon-linked to the anomeric

carbon of a carbohydrate scaffold. This approach nol only increases the enzyme slability

but reduces the flexibility of peptidomimetics by the inrroduclion ofrelative rigidity of5-

or 6-membered rings.

The aim of this work is to develop new C-GAA building blocks suilable fo¡ the

synthesis of novel peptidomimetics or glycomimetics. To reach these demands the
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C-GAAs should meet lhe following requirements:

L The synthetic routes should be cheap, fast and high yie)dìng.

2. Being sujtable for peplide synthesis (solution phase or soìid phase peptide

synthesis).

3. Reduction in conlormalional flexibiìity of the resulting peptidomimetics.

4. lnduction ofsecondary structures such as p and y-turns.

5. lnduction ofchiral diversity and enlanced enzymatic stability.

The basic structural properries of novel c-GAAs as well as the induced secondary

strucfures were to be investigated by synthesis and strucrural analysis of several model

peptides conlaining these building blocks. The ultimale goal of this project was ro

provide new insight into the structure and activity rerarionships (SAR) of nover

conformationaìly constrained glycoconjugates that wili find future use in the design of

novel peptidomimetics with improved pharmacodynamics and pharmacokinetics.
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Chapter 3

Synthesis of Spirocyclic Glucose-Proline Hybrids (GlcproHs)

Abstract: A short synthetic route to polyhydroxrlated spírocyclic glucose-based L-proline trybrids

(GLcProHs) is described /rom easily prepored 2,3,4,6 terra-o-benzyl-D-glucono-lactone. The synlhesis

involves C-glycosylation of an exocyclic glucose-based epoxide with allyltributylsnnnane that aÍords

lunctionalized C'ketosides containing an a-lrydrory ester moiety. Oxídation of the alcohol function, followed

by slereoselective reductive omination provides an omine that undergoes iodine-induced añinocyclízotion to

provide spírocyclic glucose proline hybrids bearing an iodomethylene sidechain The iodo function of the

síde-chain can be converted inro olherfunclional groups sttch as esrer and hydrcxyl grottps, thereby allowing

additional nodifcations to ùe pytrolidine ñng.

3.1. Introduction

Proline plays an importanl role in the formation ofsecondary structures in peptides and

proteins because it induces a revelsal in backbone conformation resulting in the

formation of reverse lurns and disruption of helices and sheets in proteins. Besides the

occurrence of proline in p-turns, proline-rich sequences also exist as extended helicesl

(polyproline-l and poìyprolinell) and anlimic¡obial peptides2. Hydroxylated proline

residues occur in nalure in the form of collagenous peplides, virotoxin cyclic

heptapeptides3 and olher peptidesa's and the role of hydroxylared proline residues on the

conformationaÌ stability of the collagen triple helix have been exlensively investigated6.

over the years a pìethor-a of proline analogs such as cÊ-, cy- and cô-substitured

prolinesT'r0, azaprolinesrì. pseudoprolinesr2, silap'olinel3. proline-amino acid chimerala
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and fused bicyclic prolinel5-17 analogues have been developed to study the structural and

biological properties ofproline surrogales in peptidesrs (Figure 3.1).

R
I

,,,.\-R
.N-{H 'COO H

hydroxyproline

R= H. OH

., 
X:

N--{
H' tooH

pser¡oproliôe
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Figure 3,1 Previously synlhesized proline analogues that have been proposed 1o mimic
the propeñies ofproline when incorporated into peptides.

To exlend the molecular repertoire ofbicyclic proline analogues, we became inle¡ested

in the design and synthesis of spirocyclic sugar-proline hybridsre (SProHs, Figure 3.2).

Spirocyclic sugar-proìine analogues combine the molecular features of carbohydrates

(furan- or pyran-based poiyol) \¡/jth the unique features ofproìine. The resulting hybrid is

a poìyfunctional building block, whjch may find use as glycomimetic. prolinemimetic,

peplidominrelicre'and scaffold for combinatorial synthesis. In parlicular, the proline
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^ cooRÈ\ /(J
PO>r.--+\--(

L.¡r-ui'
Figure 3.2 Design of sugar-proline hybrids (SproHs). The bicyclic and polyfunctional
nature ofsProHs may induce novel secondary structures when incorporated into peptides.
ln addition, deco¡ation of the polyhydroxylated scaffold may be used to tailor the
physical, chemical and biological properties ofproline.

mimetic properties of spirocyclic SproHs have attracted our interest, because

polyhydroxylated amino acids may induce novel secondary structures in small peptides.

For inslance, incorporation of unprolected sugar amino acids into small peptides such as

gramicidin s20 and opioid peprides2l prohibited the formation of the targeted secondary

structural motif. Instead, unusual tum structures stabilized by intramolecular hydrogen

bonds between sugar hydroxyì groups and the peptidic amide backbone were observed.22

Similar effects may also be observed with spirocycìic SproHs. ìn addition, derivatizatìon

or decorarion of the polyol scaffoìd may be used as a tool ro tailo¡ lhe chemicaì, physical,

biological and confo¡mational properiies of the proline analogue in peptides. To explore

the proline mimetic properties of spirocyclic sproHs we describe here the synthesis of a

spirocyclic glucose-based proìine hybrids (GlcproHs). To the best of our knowledge

glucose-based spirocyclic proline analogues have previously not been reported.2l

3.2. Resuìts and discussion

The synthesis staÌted with lhe:eadiiy available D-gl,co-based lacrone l2a (Scheme 3.1)
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which reacts with rhe enolale of methyl bromoacelate generated from lithium

bís-(trimethylsilyl)amide (LiN(SiMe3)2) in retrahydrofuran (THF) ar -78.C, ro produce

the exocyclic epoxide 2 in 80% yield as a single srereoisome¡.25 Trimelhylsilyl

trifluoromethanesulfonate (TMSOTI)-promoted C-glycosylation of epoxide 2 with

allyllributylsta¡¡a¡e in dichloromethane followed by hydrolysis of the TMS-ether wirh

trifluoroacetic acid (TFA)-containing wet THF produced a mixture containing alcohoÌs 3

and 4 (ratio 3:4 = 9:l) in a combined yieìd of 89%. Regioselecrive opening of epoxide 2

Scheme 3.1 Synthesis of the a-allylic intermediare 3

oBn BrcH2co2Me 
a)Bn

( LHrvrDS, rHF (- -
Bno$-Q -7BoC Bno$-q .o1'Bno\,Lo - sr%- 

-Uroff,,,"o,r"
BnO
12

/OBn /-_þ-lace

uå?\$o"'"
BnO \

- r-lace

TMSOTf , CH,CI,
0 0c- rr - ' tË?;

1) allyltributylstannane (o"n
tnol-\-o.

co2r\/e 
+ - Bño\-"1-\,-'\z

HoÀcor¡¡"
(e%)

BnO

(80%)2) TFA, H2O/THF, rt

3

OBn

QH

ploceeded via formatjon of oxonium ion (intermediate A) that subsequently undergoes
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d-seleclive C-glycosylation favored by stereoelectronic factors as observed for sirnilar

c-glycosylation reactions.26 rt is noteworthy thal srow addition of epoxide 2 to

allyltributylstannane is crucial for oprimaì yield of target compound 3. The configuration

al the anomeric position in compound 4 was deduced on the basis of

observed/unobserved nOe2? contacts (Figure 3.3).

C02Me

4g
Figure 3.3 Assignment of stereochemistry at anomeric carbon in compounds 4 and 5
through I D nOe experiments (recorded in CDCI3).

compound 3 served as slaÌting material for the installalion of the amino function ar

c-2 (scheme 3.2). Initially, \¡/e atlempted to converr the hydroxyr group at c-2 into an

amino funclion. However, nucleophilic substitution of c-2 aclivated sulphonare ester

(triflate) with a variety of nucreophires incruding benzylamine, p-methoxybenzyramine,

lithium and sodium azide at low and eìevated temperarures resulted only in trace amounts

of the desired amine. ln these cases, unreacted starting marerial was recovered (>g0%).

To avoid fhese complications we decided to expÌore a recrucrive aminalion approach.

Alcohol 3 was oxidized to kerone 5 ar -7g'c rsing a mixrure containing trifluoroacetic

anhydride, triethyJamine and dimethylsuJfoxide in dichloron.ìethane to produce ketone 5

1.1o/o

v 1%)
!7 9o/"
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scheme 3.2 Preparation ofspirocycìic glucose-based proline analogues using a reductive
amlnalron roule

OMSO, TFAA
TÉA CH"CI" ..OBI'
ta.è ' ano-s\-e 9

3 -_ BnO\,/1\r\-/\
s7o/o Bno (

sil
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o 
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B"O( CO2N¡e 99%

tl
6

OBn( co.t'¡p
BnO-\-\__o. 2,/ _..+ BnoäìCñBn

4.\16'
R

OBn

enot(-q NHB.
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zì

li\ t2, cqzct2tEt2o
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loluene, rt -

(iii) K2co3,
MeOH, ¡-t.

I Rr = 6¡r6t Rz = H (43%)

9Rl=H;R?=CH2OH(46%)
I eolon¡r, Hr,

quant. I Hct, MeoH
lrl
I

OH

"n-S-O /cO2¡,4e
HôÞN.-z\

HcÇNH

a( "a,

'11 R1 = CH2OH; R2 = H
'12 R1 = H;R2 = CH2OH

10R=OH(6.5%)

in 95% isolated yield.28 In order to confirr¡ the configuralion of the product, we

performed nOe experiments (Figure 3.3). For instance, subjection of one of the allylic

prolons to a one-dimensional GOESY experiment showed interproton effecls to H-3

(7 .9% nOe27) and H-5 (7.1%). This is consjstent with the strucrure 5 bearing an aìlylic

group at the axíal posilion. subsequentìy, the ketone 5 was converted into the amino ester

7 in a lwo-step plocedure. At first, compound 5 was exposed to titanium

tetrachloride-promoted imination using benzylamine in ether to afford the imine 6 in 960/o

af,er chromatographic pr-rrification.te Th. imine 6 was stereoselectively reduced to amino
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ester 7 in quantirarive yield using sodium cyanoborohydride in acidified melhanol ar 0 "C

The high diastereoselectivity can be expÌained using the Felkin model (Figure 3.4),30 in

(L)
o

Figure 3'4 A rationar expranation fo¡ stereoserecrive reduclive aminalion using
Feikin model

which the nucleophiJe approaches the immmonium ion from the ress hinde¡ed side (,Re

face) resulling in the formation of c-2(.! configured producl 7, which was conf,rrmed by

noe experimenls (Figure 3.5). wirh amino ester 7 in hard we instaled the pynoridine

ring by iodocyclization in dichloromethane to produce an inseparabre isomeric mixture

containing various iodo-compounds. To separale the compounds from each other we

converted the mixture into the alcohols g, g and l0 via a two-step process. At firs', the

mixtu¡e was exposed to sirver acerate in roruene3rto produce an inseparable mixture of

esters 13, 14 and 15 (Scheme 3.3) thar, by trea'n,'enl with potassium carbonale in

methanol, afforded rhe arcohors g, 9 and 10 ¡n 44%o, 45%o and 6% isorated yield,

respectiveÌy' subsequentry, exposure of compounds g and 9 to catarylíc hydrogenolysis

condilion using Pearìnran's cataryst provided the unprotected proìine anarogues l1 and 12

in quantitative yieJd, r.especlively.

.'3] *ren (--(s)
/ YA--
( H^(\ cozrae

(L)

7
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To assign the stereochemisrry ar C-2'the arcohors g, 9 and 10 were converted into the

acetates 13, 14 and l5 using acetic anlrydride and pyridine (scheme 3). we seJected the

Scheme 3.3 Acylation of compounds g_ l0
OBn

Ac2O,

o, pv,illlu:d - BBl; O 22CO2Me

snìlã.'ñBn

Ri 'Rz

13 R1 = CH2OAC; R2 = H

'14 R1 = ¡, R2= CH2OAc

BnO
BnO

quan t

Ac2O,
pyr¡dine, rt

10
qua nt.

pipecoìic acid analogue 15 to assign the stereochemj slry at C_2, (Figure 3.5). The

spirocyclic compound ls consists ofboth a pyranose and a piperidine ring. The large

Figure 3'5 Assignment of stereochemist ry al c-2' position in compound l5 through rD
noe experiment (recorded in c6D). some of lhe subsliruents in lhe grucose ,ii-g ur.
omitted for clarity

coupling constants for Jz:, Jt.q and Jq.5 (> 9.0 Hz) in conjunction wilh interprolon nOe
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effecls belween H-3 and H-5, estabrishes the 4cr chair conformalion of the sugar rìng.

The chair conformation of rhe piperidine ring is deduced from the observed vicinar

diaxiaÌ and rong-range coupring constants. For instance, the axiar position of prolons

H-4'À.,, H-5'"' and H-6'," can be deduced by their large vicinal diaxial coupling constants

(Jc'",,s'^,, 4,,,,6,,'. ) I 0.5 Hz), while lhe observed long-range coupling constants belween

4tq.o'.q is equaì lo J2,.q.a¡q (-1.0 Hz); confirming the equalorial position of H_2,.q, H-4,.q

and H-6'"0 in the piperidine ring. rn addition, the observed interproton effecrs (noe)

between H-5/H-5',-, H-5/H-3, and H-3/H-4,,*, together wilh the unobserved effecr

belvr'een H-6'"*lH-2',,q usìng a one-dimensional GOESy experiment, determines the C-2'

(S) configuration (Figur e 3.5).27

once we had established the configuration at C-2'in compound 15, we turned our

inleresl to the stereochemistry al c-5' of the spirocyclic proJine analogues 13 and 14.

since the iodocyclization was performed on a single stereoisomer 7, we assume that the

stereochemistry ar C-2' of the proline analogues 13 and 14 remained .,,g, based on the

previous assignment with piperidine anaiogue r s. To discriminate between compounds

13 and 14 we again used noe2i experimenls (Figure 3.6). As an exampre, the observed

interprolon effecrs berween H-2'ft1-5'and H-5'/H-5 for compound l3 are consistent with

the C-5'(.R) stereochemistry. By comparison, proline analogue 14 did not show any

interproton effect berween H-2'l$-s', which is consistent with a c-5,(s) configuration.

,:,i
::.L
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BnO
BnO

BnO

13 0

Figure 3.6 Assignmenl of stereochemisfry at C_5,-position
through I D noe experimenl (recorded in C6D6).

3.3. Concìusions

We have developed a noveì and short syntheljc pathway into spirocyclìc

polyhydroxylated glucose based z-proline anaìogues. It can be envisaged thar decoration

of the carbohydrate scafford provides a toor to adjusl the physicar, biorogìcaì and

pharmacological properlies of the prorine anaJogues. we are currenlry investigating the

prolinemimeric and gryconrimetic properlies of the synthesized GrcproHs and

glucose-pipecoJic acid hybrid.

3.4. Experimental

General procedures: rH and r3C NMR spectra we¡e taken in CDCI¡, C6D6, CD3OD,

D2o at 300 MHz (or 500 MHz) and 75 MHz respectiveìy. lD and 2D NoE experìmenrs

were performed on Bruker AMX500 MHz. CH2CI2, El2O, Toluene, MeOH, and THF

were obtained from a dry so¡venl syslem (aìrmina) and used without furthe¡ drying. DMF

(anhydrous 99.8%), DMSO (anhydrous 99.8%), and CHCI, (ACS grade) were purchased

direclly from Ald.ich and used withour further purification. Ticr¿ (r.0 M in cH2cr2),
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Trimethylsilyltrifluoromethanesulfonate (TMSorÐ, rrifluoroacetic acid (TFA),

triethylamine, pyridine and ìithium bis(rrimethylsilyl)amide (LHMDS) were direcrly

purchased from Ald¡ich. Aìl other reagenls were used as supplied. Anaìytical thin Iayer

chromatography was performed on 0.20 mm silica gel 60.4 plates. Flash chromatography

was performed on 40-63 ¡rm 60 Ä, siìica gel.

( lR)-2,3,4,6-Tetra -O-benzyl-3,(,f)-ca rboxy m efhyl-spiro l1 ,5-a n hyd ro_D_glucitol_

7,2'-oxiranef (2). Under nilrogen atmosphere, methyl bromoacetale (4.1 mmol) was

dissolved in dry THF (20 mL) and cooled ro -'t g before ìithium

bis(trimethylsiìyl)-amìde (4 mL of a I M solution in THF) was slowly added. The

reaction mixtu¡e was kept at -78 oc for an additional 30 minutes. subsequenlly, a THF

solution (5 mL) containing the lactone I (l mmol) was added over a period of l0 minutes

and kepl al -78 'c fol' I more hour. The temperature was raised ro room lemperature and

stined for 15 minutes before a saturated aq. NHacl solution was added. The reaction

mixture was evaporared under reduced pressure and the residue was dissolved in

dichloromethane and porlioned with water (3 x 20 mL). The organic layer was dried over

anlydrous NazSOq, concentrated and purified by flash column cÌ¡-omatography

(hexanes/ethyl acelate: 5/l) to get 2 as a colorless oil (500 mg, 82%). Ia]¡ = 99.6 (c 1.0,

cHCl3); IH NMR (500 MHz, CDCI3): ô:3.53 (m, H-7),3.63 (dd, H-8a, J = lt.2Hz,J =

2.1 Hz),3.68(dd,H-8b,J= lt.2Hz,J=44Hz),3.72(s,3H),375-3.83(m,H-5,H-6),

3.90 (s, H-2), 3 95 (d, H-4, J = 9.1 Hz),4 48 (d, tH, J = t2.2 Hz). 4.55 (cì. lH, J: ì0.7
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Hz),4.58 (d, lH,J= t2.2Hz),4.62(d,t H,J= 1l.0Hz),4.73 (d, lH,J= n.0Hz),4.82

(d, IH,J= tt.2Hz),4.84 (d, IH, J-- t0.7 Hz),4.94 (d, tH, J = |.2Hz),7.13-7.36(m,

20H); rrC NMR (75 MHz, CDCÌ3): ô = 52.5, 54.5, 68.3, 13.5,74.g,75.2,15.1,76.8,11 .0,

71.3,84.1,86.29, 127.6-128.5 (aromaric carbons), 137.4, 137.8, 131.9, t38.3,166i1;

Anal. calcd for C37H3sOs: C,72.7?;H,6.2'7.Found: C,72.48; H,6.54. MS (ES, [M +

Na]*) calcd for C¡;H:sNaO¿ ó33.25, found 633.71

Methyl (2,S)-hyd roxy-2-(l -allyl-2,3,4,6-terra-O-benzyl-/-D-glu copyran osyl)

'ethanoate (3) under a nitrogen atmosphere, to a solution of allyltributylstannane (0.99

mL, 3. 1 5 mmol) in dichloromethane (5 mL) was added dropwise the solution of

trimelhylsilyìtrifluoromethanesullonate (TMSOTf, 0.421 mL, 2.36 mmol) in

dichloromethane (5 mL) ar 0'C followed by the syringe pump-controlled (50 pllmin)

addition of the solution of epoxide 2 (480 mg,0.79 mmol) in dichlo¡omelhane ( l0 mL).

And then the mixture was stirred for I more hour at room temperalure, the saturated

sodium bicarbonate solution (10 mL) was added to quench the reaclion, foìlowed by the

ext¡action with dichloromethane (3 x l5 mL). The organic layer was dried (Na2SOa),

concenlrated and treated with trifluoroacetic acid (0.20 mL,5 equiv.) in aqueous

tetrahydrofuran (THF/Hzo: 5/l) ovemight. The mixture was concentraled and purified by

flash column chromarography (hexanes/dichloromethane/ethyl acetate: from 2lll0.2 to

21110.4)ro get 3 (410 mg, 80%) and 4 (46mg,9%). (3) {qlo= 77.3 (c 1.0, CHCtj); rH

NMR (300 MHz, CDCI3): õ=2.11 (dd, 1H, J = t6.t Hz,J= 6.8H2),2.89 (dd, 1H,J=
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16.1 Hz, J = 1.2 Hz ), 3.a8 (br, OH), 3.8s-3.6s (m, 7H), 4.04 (dd, lH, J = 9.8 Hz, J = 8.0

Hz), 4.13(d, lH, J = 9.8 Hz),4.33 (s, 1H), 4.63 (d, lH, J = 12 5 Hz).4.68-4.ts (m, 2H),

4.85-4.98 (m, 3H), s.02 (d, 1H, J = 10.9 Hz), 5.08 (d, I H, J = 11 .4 Hz),5.28-s.16 (m' 2H)'

5.89 (m, 1H),7.25-7.49 (m,20H); '3CNMR (l5MHz,CDCI): ô =32.0,52-2,68-9,73.s

(2 carbons), 73.6,75.3,75.3,15.6,78.1,'79.2,80.6,84.1, 118.1,12'7 1-128.5 (aromatic

carbons), 131.7, 138.1, 138.4, 138.4, 138.6, 173.1; Anal. calcd for CqoH¿qO¡: C, 73.60; H'

6.?9. Found: C,73.29;H, 7.04. MS (ES, [M + Na]*) calcd for C¡oH¡qNaO3675.29, found

675.40.

Melhyl (2'Í)-hydroxy-2-(1 -allyl -2,3,4,6-lelra- O-benzyl-a-D-glu copyran osyl)-

ethanoate (a) [o]o = 84.5 (c 1.0, CHCI¡); 'H NMR (300 MHz, CDCI3): E -- 2.62-2.73 (m,

tH),2.78-2.90 (dd, lH,J: 15.3Hz,J=9.4H2),3-s9-373 (m,6H),374-3'81 (dd, lH'J

= 11.0 Hz, J = 3.7 Hz), 3.85 (d, IH, J - 9.6 Hz), 3.99 (d, IH, J : 1.6 Hz)' 4 05-4 19 (m,

2H),4.s3 (d, lH, J = 12.3 Hz),4.62-4.11 (m, 2H), 4.82'4.9s (m, aH), s.00(d, lH, J=

ll.0 Hz),5.10-5.24(m,2H),5.88-6.0s(m,lH),7.20'1 .40 (m,20H); '3C NMR (75 MHz,

CDCì¡):ô=36.6,s2.t,69.1,13.0,73.4,14.2,15.1,75.7,I62,784,18.6'82.3'84'0,

llg.2, 127.5-128.7 (aromatic carbons), 133.4, 137'3, 138.1, 138.3, 138.5, 170.7; Anal'

calcd for C¿oHqqOs: C,'73.60;H,6|79. Found: C, 73.41;H,6.92 MS (ES, tM + Nal*);

calcd for C¿oHq¿NaOs 675.29, found 675.40
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Methyl 2-ox o-2-(1-aìlyl-2,3,4,6-tetrã-O-benzyl-P-D-gìucopyranosyl)-ethan oate (5)

Under a nilrogen atmosphere, to a solution of dry dimethyl sulfoxide (133 ¡-rL, 1.88

mmol)) in anhydrous dichloromethane (12 mL) cooled below -65 "C ì¡/i1h a dry

ice-acelone bath, trifluoroacetic anlydride (TFAA, 200 ¡rL, 1.4 Ì mmol) was slowly added

with efficient stining in ca. I 0 min. Afler I 0 min beìow -65 'C, a solution of compound 3

(301 mg,0.47 mmol) in dichloromethane (8 mL) \¡/as added 10 the mixture in ca. l5min.

The rate of addition of TFAA or alcohol 3 was controlled 1o keep the temperature below

-65 oC. The mjxture was stirred below -65'C for 40min, followed by addition of

triethylamine (394 yL,2.82 mmol) dlopwise in ca. 15min. The reaction was kept below

-65 'C fo¡ 2 more houls. The coolìng balh was then removed and the reaction was

allowed to rrarm up 10 room lemperature. then quenched with H2O (l0ml) and the

aqueous layer was backwashed with dichloromethane (2 x 15 mL). The combined

organic solulion was dried with anhydrous NazSOq, concentrated and purified by flash

column ch¡omalography (hexanes/ethyl acetate: 6/l) 1o get 5 (296 mg,97%). [a]¡: 59.9

(c 1.0, cHCl3); 'H NMR (300 MHz, CDCI¡): ð = 2.66 (dd, 1H, J = 15.6 Hz,J = 8.0 Hz),

3.21 (dd, lH, J = 15.6 Hz, J = 5.9 Hz),3.14 (s, 3H), 3.73-3.66 (rn, 2H), 3.91-3.76 (m,

3H),4.24 (d, lH, J - 9.6H2),4.51 (d, lH, J = tt.9Hz),4.57 (d, lH, J= 10.3 Hz),4.61

(d, lH,J= \2.2H2),4.66 (d, lH, J = t0.1 Hz),473 (d, lH,J= 10.3 Hz),4.83-4.89 (m,

3H), 5.09-5.21 (m, 2H), 5.64 (m, lH),7.2t-'1 .40 (m, 20H); ''C NMR (75 MHz, CDCI3): ô

-3t.2,52.3,68.7,13.4,13.5,7s.3,15.6,75.1 ,77.8,80.3,83.4,84.5, 119.2, 127.4-128.5

(aromatic carbons), 130.9, 137.1 ,138.0, 138.3, 138.5, 164.9, 195.8; Anal. calcd for
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C¿oH¿zOs: C,73.83; H,6.51. Found: C, 13.43; H, ó.39. MS (ES, [M +Na].); calcd for

C¿oH¿zNaOs 61 3.28, found 67 3.39.

Methyl 2-benzyl imin o-2-( 1 -allyl-2,3,4,6-tetr a- O-benzyl-l-D-glu copyranosyl)-

ethanoate (6) Under a nitrogen atmosphere, 1o an ice-cooled solution of 5 (296 mg, 0.A5

mmol) and benzylamine (148 pL, 1.36 mmol ) in anhydrous diethyl ether (15 mL) was

added dropwise TiCl4 (0.23 mL of a I M solution in CHzClz, 0.23 mmol). Afler complere

addition, the ice bath was removed and the reaclion mixture stirred for 4 h at ¡oom

temperature. After this period, the resulting suspension was cooled at 0 'C and poured

into I M sodium hydroxide solution. The organic layer was separated and the water layer

extracted two times with dichloromelhane (2 x l5 mL). The combined organic layer was

dried [Na2SOa), concentrated and purifìed by flash column chromatography

(hexanes/ethyì acetate: 6/l) to get the mixture of5 and 6, which was exposed to the same

procedure again, and get 6 (323 mg, 96%). [u]¡ = 30.5 (c 1.0, CHCI3); 'H NVR 1300

MHz, CDC[): 6=2.61 (dd, lH,J= 15.6H2,J = 8.6H2 ),3.48 (dd, |H,J= 15.6Hz,J:

s.3Hz),3.86-3.66 (m,7H),3.91 (dd, lH,J =92Hz,J = 8.9Hz),4.|6(d, 1H,J=9.2

Hz), 4.43-4.56 (m, 3H), 4.s9-5.12 (m, 4H), 4.86-4.93 (m, 3H), s.03-5.16 (m,2H), s.77

(m, lH),'1.15-1 .42(m,25H); ''CNMR (75MHz,CDCI¡): ô =322,5t.6,58.'7,69.0,72.9,

73.4,75.3,75.5, 75.8, 18.2, 81 .5,82.4,84.1. 117.9, 121 .7-128.5 (aromaric carbons),

132.5. 138.1. 138.2, 1384. 138.6, 138.7, 163.7, 165.5; Anal. calcd for CaTHaeNOT: C,

76.30;H.6.68: N, 1.89. Found: C.15.11; H,7.05rN, 1.86. MS (ES, [M +Na].) caÌcd for
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C¿rH¿qNNaOr 76234, found 162.38

Methyl (2.9)-benrylamino-2-(l -allyl-(2,3,4,6-tetra-O-benzyl-B-D-glucopyranosyl)-

ethanoate (?) To an ice-cooÌed solulion of 6 (240 m9,0.32 mmol) in methanol (9 mL)

was added NaCNBH¡ (128 mg, 1.95 mmol), followed by 98% AcOH (39 ¡rL, 0.65 mmoì).

The reaclion mixture was slined for 3 hours at 0'C and then quenched with waler (5 mL)

and extracted ì¡/ith CH2C!2 (3 x 15 mL). The combìned organic exlracts were dried

¡Na2SOn), concentrated and purified by flash column chromatography (hexanes/ethyl

acelate: 5/l) to afford 1 (239 mg, quanl.). [o]D = 32.3 (c I.0, CHCì3); 'H 1300 MHz,

CDCI¡): ô = 2.'11 (dd, lH, J = 16.3 Hz, J = 6.0 Hz ), 2.84 (dd, lH, J = 16.3 Hz, J = 7.4

Hz),3.39 (d, 1H,J= 12.8Hz),3.47 (s, 1H),3.59-3.19 (m,8H),3.93 (dd, lH,J= 9.5H2,

J = 8.9H2),4.28 (d, lH, J = 9.sHz),4.s0 (d, 1H, J= 11 .6 Hz ),4.58 (d, lH, J= 12.0

Hz),4.65 (d, lH,J:10.8H2),4.ó7(d, 1H,J=\2.0H2),4.80-4.95 (m,4H),5.17-5.04

(m,2H), 5.77 (m, 1H), ?.45-7.10(m, z6H;; rrC NMR (75 MHz, CDCI3): ô = 32.4, s1.s,

51.8,64.8,69.1,13.4,13.5,14.9,1s.1 ,7s.7.188,19.7,80.2,84.7,\18.1,t21 .t-t28.5

(aromatic carbons), \32.0, 138.2, 138.5, 138.7, 138.8, I39.7, 174.0; Anal. calcd for

CqrHsrNOr: C,'16.09; H, 6.93; N, 1.89. Found: C,'15.84;H,1.36; N, 2.37. MS (ES, [M +

Nal*) calcd for C¿zHsrNNaO j 764.31 ,found'164.32.
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(1,9)-2,3,4,6-Tetr a-O-benzyl-7'-N-benzyl-5'(j?)-hydroxymethylen e-spiro 11,5-

anhydro-D-glucitol-1,3'-I-prolin e methyl esterl (8) To a solution of 7 (340 mg, 0.46

mmol) in dichloromethane and diethyl ethe(12 mL. 1:l) was added iodine (175 mg, 0.69

mmol) at 0 oC. The mixture was quenched with saturated sodium thiosulfate solulion (5

mL) afler overnight. The organic layer was separaled and the aqueous layer was

backwashed with dichlo¡omelhane (2 x ì0 mL), the combined organic solution was dried

with anlrydrous NazSO¿ and concentrated followed by dissolvation in toìuene (15 mL)

and treated with siìver acetate (1.146 g, ó.88 mmol) for overnight al room temperature to

ge1 an ìnseparable mixlure of 13, l4 and l5 (323 n9,93%), which was hydroìyzed with

KzCO¡ (73 mg, 1.3 eqtriv) in melhanol (8 mL) for I h at room lemperature, and lhen

quenched wilh saturated ammonium chÌoride (10 nL) and extracled with CH2Cì2 (3 x 15

mL). The combined organic soìulion was dried with anlydrous NazSOa, concentrated and

purified by flash column chromatography (hexanes/ethy! acetate: from 4/l 10 2/l) to get I

(132 mg, 43%),9 (141 ms, 46%) and 10 (20 mg, 6.5%). (8) [a]¡ = 4'l .7 (c 1.0, CHCI¡);

'H NMR (300 MHz, cDCl3): ô = 2.13 (dd, lH, J = 13.9 Hz, J = 5.4 Hz),2.60 (dd, lH, J

=t3.9Hz,J= ll.0Hz),309(s,3H),3.30(m, 1H),3.4s-3.8s(m, llH),4.02(d, lH,J=

13 5 Hz),4.38 (d, lH, J -- )2.9H2),4.57-4.71(m,4H),4.83 (d, lH, J: 11.0 Hz), a.86 (d,

lH, J = 11.0 Hz), 5.10 (d, lH, J - 12.1 Hz),7.t0-1 45 (m, 25H); ''C NMR (75 MH4

CDCI¡): ô=21 .2,51.8,59.0,60.0,63.0,69.5,72.4,72.7,13.5,74.8,151,t5.5,16.7,

?8.8, 86.1, 88.2,125.8-128.9 (aromatic carbons), 138.0, 138.0, 138.3, 138.8, 138'9,172-6;

HRMS (ES) calcd for Ca7H52NOs [M + H]* 158.3693, found 758.3687.
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(1Ð-2,3,4,6-Tetr a-O-benzyl-7'-N-benzyl-5'(Ð-hydroxymethylene-spiro[1,5-

anhyrlro-D-glu citol-1,3'-¿-prolin e methyl esterl (9) [a]¡ = -3.6 (c 1.70, CHCI3); 'H

NMR (300 MHz, CDCI¡): õ: 2.24 (d, lH, J = t4.6Hz),2.83 (dd, lH' J = t3-9 Hz' J --

10.5 Hz),3.05-3.23 (br, OH),3.31 (s,3H),3.43 (d, lH,J: ll.1 Hz),3.62-3'9 (m, l0H),

4.00(d, lH, J=14.6H2),4.47 (d, lH,J= t2.5Hz),4.54-4.77 (m'aH),482-4.94 (m,2H),

5.24 (d, 1H,J= 11.8 Hz), 1.\2-7.44 (m,25H); ''CNMR (75MHz, CDCI¡): ò =27.9,

5t.1,51.7,61.3,62.6,69.1 ,72.5,72.9,13.0,73.7,74.9,75.7,17.0,78.5,8s-1,86-2,

126.0-128.6 (aromalic carbons), 138.0, 138.2, 138.4, 138.8, 138.9, 170.5; HRMS (ES)

calcd fo¡ CqrHszNO¿ [M + H]* 758.3693, found 758.3696.

(1,f)-2,3,4,6-Tet ra-O.benzyl-1'-N-benzyl-5'(.9)-hyd roxy-spiro l1 ,5-anhydro-D-

glucitof - t,3'-Z-pipecolic methyl esterl (10) lctl6 =34.7 (c I 0, CHCÌ¡); 'H NMR 1:OO

MHz, CDCI3): õ = 2.2s-2.36 (m, 2H), 2.1 6 (dd, 1 H, J = I 1.0 Hz, J = 5.2 Hz), 3.04 (dd,

lH, J= 10.6 Hz,J:9.6H2),3.32 (s, 3H), 3.a2 (s, lH), 3.s3-3.82 (m,7H)' 3 90-4'07 (m,

2H),4.s8-413 (m, sH), 4.82 (d, I H, J = tt 2Hz),4.87 (d, I H, "/ = 10.9 Hz), 5 10 (d, lH'

J = | 1.7 Hz), 1 .12-7 .39 (m, 25H);''C NMR (7 5 MHz, CDCI' õ = 29.7, 30 -1, 5 I .0, 54.5,

59.0, 63.5, 69.5, 69.9, 12.4,73.3,73.9,74.9,75.4,18.t,19.1, 80.4, 84.6, 126.3-128.6

(aromatic carbons), 138.1, 138.2, 138.3, 138.6, 138.7, 170-'1; HRMS (ES) calcd for

C¿rHszNO¡ [M + H]- 758.3693, found 758.3686.
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(1,S)-5'(,R)-hydroxym ethylene-spiro ll,5-an hyd ro-D-glucitol- 1,3'-Z-prolin e methyl

esterl (11) Unde¡ the nitrogen atmosphere, to the solution of compound 8 (200 mg, 0.25

mmol) in methanol (10 mL) was added the I M hydrochloride acid solution (0.38 mL,

0.38 mmol) and the palladium hydroxide (20 wI % Pd on ca¡bon, 50 mg). The mixture

was exposed to hydrÕgen condition (Hz, l0 psi) and stirred for 6 hours. The solution was

filt¡ated and evaporated in vacuum to ge1 the product l1 (75 mg, quant.) la]o:64.1 (c

1.0, MeOH); 'H NMR (300 MHz, CD¡OD): ô = 2.13 (dd, tH, J= I5.0 Hz,J:2.BHz),

2.41 (dd, lH,J= l50Hz,J= l0.8Hz),323-321 (m,5H),3.49(m, lH),3.6-3.71 (m,

2H),3.85-4.00(m,aH), 4.22(s,tH); 'iCNMR (15MHz,CD3OD): õ=2i.3,54.3,61.5,

61.9, 63.0, 68.7, 70.8, 1 1 .6, 7 6.6, 7'1.0, 88.3, 1 68.5 ; HRMS (ES) calcd for C ¡2H22N06 [M

+ Hl- 308.1 340, found 308.1343.

(l,S)-5'(.9)-hydroxym ethylene-spiro [1,5-an hydro-D-glu citol-1,3'-l-proline methyl

esterl (12) (The same synthetìc procedure as described for compound ll was used); [o]¡

= I 5.'t (c l. I 0, MeOH);'H NMR (300 MHz, CDsOD) õ = 2.09 (m, I H), 2.56 (dò, |H, J =

10.3 Hz, J = 13.6 Hz),3.24 (n, 1H), 3.30-3.40 (m, br, 1H, overlapping with soìvent peak),

3.47 (m, lH),3.57-3.68 (m,2H), 3.72-3.95 (m,6H), 4.t8-4.33 (m,2H); ''C NMR i7s

MHz, CD¡OD): E=27.8,54.2,62.6,63.1,63.2,69.1 ,71.2,11.'1 ,76.1 ,76.9,88.2, 161 .9;

HRMS (ES) calcd for CrzHzzNOs [M + H].308.1340, found 308.1348.
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(l^f)-2,3,4,6-Tetr a-O-benzyl-l'-N-benzyl-5'(ì?)-m ethylenehydroxy acetate-spiro [1,5

-anhydro-D-glucitol-1,3'-I-proline methyl esterl (13) To a solulion of 8 (60 mg, 0 079

mmol) in pyridine (1 mL) was added acetic anhydride (37 pL,0.395 mmol) and stirred

for 5 hours. The pyridine was removed with high vacuum. The crude product was

purified by flash column ch¡omalography (hexanes/ethyl acetate: 4/l) to ge1 13 (62 mg,

quan1.). [o]D =50.3 (c 1.0, cHCl3); 'H NMR (300 MHz, CDCI3): ô = 2.05 (s,3H),2.18

(dd, lH,J:13.0 Hz,J= t0.8Hz),233 (dd, lH, J = t36Hz,J= 5.1 Hz),3 13 (s,3H),

3.32 (m,lH), 3.53 (s, lH), 3.63-3.78 (m, 6H),3.83 (d, 1H, J = 14 4 Hz), 4.08 (d' lH, J=

13.7 Hz),4.24 (d,2H, J = 6.0 Hz),4.42 (d, |H, J = 12 3 Hz),4 58-4;tQ (m, aH), 4.83 (d,

tH,J=9.9H2),4.86 (d, lH,J= 9.9H2),5.06 (d, lH,J= 12.3H2),7 13-1 .43 (m,2sH);

'icNMR(75MHz,CDCI¡): ô=20.9,30.0,51.5,60.4,60.8,61 2,69.4,12.5,12.8,13.5,

75.1,75.5,16.0,76.1 ,78.1,86.\,87.5, 126.0-128.8 (aromatic carbons),13803, 138.04,

138.4, 138.9, 139.3, 171.0, 172.0; HRMS (ES) calcd for C¿qHs¿NOq [M + H]* 800.3793,

found 800.3794.

(1,S)-2,3,4,6-Tet ra-O-benzyl'7'-N-benzyl-5'(.9¡-m ethylen ehyd roxy acetate-spiro [1,5

-anhydro-D-glucitol- I,3'-l-prolin e methyl esterl (14) (The same synlhetic procedure

as described for compound 13 was used); [a]o = 6.2 (c 1.0, CHCI¡); 'H NMR (300 MHz,

CDCI): ô = 2.01 (s, 3H),214 (dd, 1H, J= t5.4Hz,J - 1.1 Hz),2.82 (dd, 1H, J= 13.9

Hz, J = l 0.0 Hz), 3.26 (s, 3H), 3 58-3.82 (m, 9H), 3.59-3 82 (m' 2H), 4.21 (dd, lH, J =

10.1 Hz.J = s.0Hz),4.43 (d, lH, J= \2.6H2),4.57-475 (m, aH),4.82 (d, lH' J= 1\.2
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Hz), 4.86 (d, lH, ,/ = 11.2 Hz), s.ls (d, lH, J = 12.3 Hz),7.10-1 .40 (m, 25H); 'tC NMR

(75MHz, CDC)3): ô =21 .0,27.7,51.1,53.0, 60.0,67.2,69.0,72.9,73.0,73.2,13.7,.t5.1 ,

75.6 (2 carbons), 78.7, 85.9, 86.9, t26.0-128.5 (aromaric carbons), 13j.0 (2 carbons),

138.5, 138.9, 139.5, t70.9,170.9; HtuVS (ES) catcd for CaeH5aNOe [M + H]* 800.3793,

found 800.3793.

(lJ)-2,3,4,6-Telr a-O-benzyl-l'-N-benzyl-5,(S)-O-a cetyl-spiro [1,5-anbydro-D-

glu cilol-1'3'-i-pipecolic methyl esterl (15) (The same synthetic procedure as described

lor compound l3 was used); [a]¡ = 44.0 (c 1.0, CHCI¡); 'H NMR (300 MHz, CDCI): ô

= 2.05 (s,3H),2.32 (cld, lH,J= t3.6Hz,J= t|.9Hz),252 (dd, lH, J= j3.7Hz,J= 4.0

Hz),2.90 (dd, lH, J= 104Hz,J=5.6H2),3.24(dd, tH,J= 10.4 Hz,J:10.BHz),3.29

(s, 3H), 3.46-3.99 (m. 9H), 4.45 (d, 1H, J = 12.9 Hz),4.59-493(m. 6H), s.09(m, 1H),

5.15 (d, 1H, J = t2.4 Hz).7.10-7.44 (n,25H); ,3C NMR (75 MHz, CDCI3): ô = 2t.6,

26.4, 50.2, 50.4, 59.5, 69.1, 12.8, 13.4, 14.4 (2 carbons), 75.4 (2 carbons), 75.9, jB.t,

19.4,80.9,85.3, 126.50-128.90 (aromatic carbons), 138.8 (3 carbons), 139.2, 139.4,

170.7 (2 carbons); HRMS (ES) calcd for CaeH5aNOe [M + H]. 800.3793, found

800.378 8.
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Chapter 4

Intramolecular Hydrogen Bond-controlìed Prolyl Amide

Isomerization in Glucosyl 3(,S)-hydroxyproline Hybrids - The

Influence of a Cô-hydroxymethyl Substituent on the

Thermodynamics and Kinetics of Proìyl Amide Cis/Trans

Isom erizati on

Abstract: Peptide mimics containing spirocyclic glucosyl-(3-hydroxy)prclike hybrids (Glc3(S)HypHs) with

a polar hydroxymerhyl subsrituenr a! the C-5' pos ion, such os peptide este6 A c-G lc3 (S)Hyp-OMe and

dianides Ac-Glc3 (S)Hyp-N'-CH 3, +|'ere syhthesized. Peptide esters exhibit increased cis population (23'

53%o) relatíve to 3(S)-hydroxyproline (17%o) or proline ( l4a/o) in D¿O. The prolyl amide cis PoPulat¡on is

furthet ¡ncreased to 38-74% in the diamide /orn in D2O. Our study shows thal the stereochemístry of the

hydroxymethyl substituent at the C-5' position of prcline perñils tuning ol Ihe prolyl ontide cishrans isomer

ratio. lnversion-magnel¡zalíon transfer NMR expetiments indícole lhat the stereochemistry of the

hydrorymethyl substitue hos a dra¡natic efect on the kinetics of prolyl amide cis/lrans isomerization. A

200-fold diference in the trans-to-cis (k,) ísomerization and a 91-fold rate dilerence in the cislolrons

(k,) isomeùzalion is observed belweeh epimer¡c C-5'peptide esters. When compared to rqference peptíde

¡nimics Ac-Pro-OMe and Ac-3(S)Hyp-OMe, our study demonstrates lhd a (13-16)'lold decrease in k,, and

k,, is obsened for the C-5'(S), while a (5-24)-fold acceleration is obsemed /or the C-5'(R) epimer. DFT'

calculotions indicate that rhe pyrrolitline ring pre/ers a CP exo pucker ¡n both Ac'Glc3(S) Hyp-OMe

diastereoisomets. Conplúa!¡onal calcltlalíons and che¡nical shift temperanre coelftcient (Að/AT)

experiments indícate that the hydroxymethyl group at C-5' ¡n Ac-Glc3(S) Hyp-OMe /orns a slabilìzinï

intramolecular hydrogen bond to the carbonyl of the N-acetÌ gro p ín both ePimeric cis isomers. However,

a competing ¡ntramolecular hydrogen bond betv'een the hydroxymethyl groups in lhe pyrrolidine ring and

pyran ring stabilizes the trans isomer in the C-5'(S) diastereoisoner The dranatic differences in the kinetic

properties of the diastereoisotneric peptide mimics are rolionalized by the presence or absence of an

intramolecular hydrogen bond bena'een the hydroxymethyl substituent located at C-5' ond the developing

lone pair on the nitrogen atom of the N-acetyl group in lhe lransilion slale.
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4.1.lntroduction

Proline (Pro) is the only cyclic amino acid of the twenty DNA-encoded arnino acids,

which is characterized by limited rotation of lhe / dihedral angle (fixed at - -75o) as its

side chain is fused to the peptide backbone. As a ¡esuìl there is a reduclion in the energy

diffe¡ence between the prolyl amide cis- and /rars-isomers making them nearìy

isoenergetic; this leads to a higher cis 1V-terminal amide conlenl relalive to the other

amino acids. The kinetics of the prolyì cisltrans isomerization reaclion is the rate-

determining step in the foìding pathways of many peptides and proteins.l Moreover,

proline induces p-tums and extended helical struclures (polyproline helix) in peptides

that are crucial in proteirì/protein and prolein/peplide interaclions.2 ìn nature, proline

undergoes posl-translational modifications such as hydroxyìation lo 4(,R)-hydroxyproline

(4-Hyp) and 3 (,9)-hydroxyproline (3-Hyp).3i'5 6 Hydroxylation ofproline is c¡itical to the

thermal stability and modulation of the local stability of the tripJe helix in collagensT and

contributes 10 the stability of the poly-Hyp helix in plant-derived Hyp-rich

glycopeptides.s

Over the years a plethora of proline analogs such as Cþ-, C/- and Cá-substituted

prolines,e-12 azaprolines,l3 pseudoprolines,la silaproline,ls proline-amino acid chimera,ló

fused bicycJic prolineri're and fused glucose-proline anaìogs20 have been developed to

study the struclural and biological properties of proline surrogates in peptides.2r In

particular', pseudoprolines bearing two subslituents adjacent to the endocyclic nitrogen of

proline and Cá-substiluted prolines containing bulky substitutenls have been shown to

increase lhe prolyl amide cis conformer ratio in peptides and peptide mimics.e'21''22

lncorporatìon of pseudoprolines inlo peptides has been shown to induce a "kjnk"
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conformation in the peptide backbone, originating in the preference for cis amide bond

formation. This prevents peptide aggregation, self association and p-structure formation

thus improving the solvation and coupling kinetics of the growing peptide chain

considerably.23

_oH o

"n^{-o }oueHohrl
HOI NHv

^! "P:
ñ

l: RI = CHzOH;R2 = H

2: Rl =H;R?= CHzOH

Figure 4.1 strucrure ofspirocyclic glucose-3 (,s)-hydroxyproline hybrids (Glc3(,!HypHs)

Recently, we have reported on the synlhesis of spirocyclic glucose-3 (,S)-hydroxyproline

hybrids Glc3(S)HypHs l and 2 (Figure 4.ì).2a Compounds I and 2 exhibit several

intriguing features. The spirocyclic nalure of the gluco-derived scaffold constrains lhe

pyr.rolidine ring of proline and introduces artjficial post-translalional modificalions

(hydroxylation + glycosylation). chemical manipulations and derivatizations of the

glucose-derived polyol scaffold provide an opportunily to lailor the chemical, physical

and pharmacodynamic properties of Glc3 (,91Hyp-conlaining peptides 25 Moreover,

compounds I and 2 contain a hydroxymethyl substituent adjacent to the imino function of

proline which may permit control of prolyl amide cislÍrans isomerization via hydrogen

bonding, electrostatic or steric inleractjons. It is noteworthy that the influence of Có-

substituted proline analogs capable of forming polar interactions on the thermodynamics

and kinetics of prolyÌ amide cis/|ra¡rs isomerization has not yet been investigaled.
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Figure 4.2 Peptide mimics 3-6. Esters 3 and 4 are glucose-3 (S)-hydroxyproline analogs

while esters 5 and 6 serve as reference compounds.

4.2. Results

Herein, we describe the thermodynamics and kinetics of proÌyl N-terminal amide

isome¡ization of peptide mimics 3 and 4 (Figure 4.2). Compounds 5 a¡d 626 serve as

¡eference compounds and were selected to study how 3 (,s)-hydroxylation of proline

influences the kinelics and thermodynamics of prolyl amide cisltrans isomerization. we

initially selected c-terminal methyl esters to avoid complications arising from competing

intramolecular hydrogen bonding of C-terminaÌ amides.zi Furthe¡more, the amide bond

order of 3-6 can be assessed by FT-ÌR without interference wilh C-terminal amide.

Subsequently, we extended onr study to C-termlnal methylamides'

synthesis of peptide mimics 3-6. Peptide mimics 3 and 4 were synthesized by

acetylation of proline analogs 1 and 2 in pyridine and acetic anhydride followed by o-

deacetylalion using a solulion ofsodium melhoxjde in methanol (schenre l.l). Peptide

mimic 5, was synlhesized according to a modified procedure26 while peptide mimic 6 was

purchased.
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Scheme 1.1 Synthesis of peptide mimetics 3-4

OH o
OMe

1ot 2-

1) Ac2O, pyridine HO-
2) NaOlvle, lvleoH Ho

'o

3 R1 = H, R2 = CHzOH (90%)

4 R1 = CHzOH, R2 = H 192%\

Assignments of N-terminal geomelry for both major anfì minor isomers of 3 and 4

and determination of 1(rr". ldentificalion of prolyl amide trans and cis isomers were

based on multiple one-dimensional GOESY2s experiments in CD¡OD in which the

optimized resoturion was obtaìned (Figure 4.3). For inslance, subjection ofH-2'signal in

prolyl amìde cis isor¡el 3a 1o a one-dimensional GoESY expeliment showed interproton

effect to the N-terminal methyl group (5 '2Vo nOe ¡elatìve to the H-2' signal) By

comparison, no interproton effecl was observed between H-5' and the N{erminal methyl

group. The same diagnostic tools were used to assign the prolyl amide isomers in

compounds 3b, 4a and 4b and the observed interproton effecls are summarized in Figure

3.

We also observed thal the rrc NMR chemical shifts of the C" atoms of the lrars

rotamers in compounds 3 and 4 are high-field shifted (0.8- I .6 ppm) relative to the cis

isomers irrespective of the solvenl used (Table 4.1). For instance, in methanol, we

observed co for cis isomer.3a al 72.80 ppm while the l'.drls isomer 3b appeared alT1.74

ppm in the ,IC-NMR. This result is consistent with previous findings by Lubelle and may

serve as an enpirical rule to assign the prolyl amide cis anð lrans isomers in cases whe¡e

GOESY expeümenls cannot be pelformed.

o

HO
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HO
HO

ct.t

3a

4a

Figure 4.3 Assignment of cu a¡d lrans isomers

through lD nOe

lrans 5.l2vo
4b

in compounds 3 and 4 in CDIOD

HO'\
HO

o-1N<)
CH:

HJ
5 .450/0

"Hi\ o.rr"r"

'{/, CHTH |-

Table 4.I Chemical shift of C-2'in cis and tans isome¡s o13 and 4

-âLompos J 4^ 3D 4o

Co cis'/3.63 13.55 72.80 72.61

(ppm) trans '12.66 12.30 11.14 71.08

Measured in D2O; o measured in CD.OD.

For each compound 3-6, the ralio of translcis isorre¡s was calcuìated by ìntegrating and

averaging as many well-resolved proton signals as possible in the IH-NMR spectra

(Table 4.2).ze We found thal the hydroxymethyl subslitutent at C-5' enables tuning of the

prolyl amide cis/trans ratio. For instance, compound 4 shows a slight preference for the

cis rotamer (53%) while its C-5'epimer exists predominantly as the trons rolaúner (]'lyo).

ln comparison, reference compounds 5 and 6 exhibit nearly identical cu/trans ratios

confirming that the presence of an electron withdrawing hydroxyl group in 5 has no

measurable effect on the proìyl amide cis/¡raäs rolanler popnlation.2ó

OH
MeOrC-o -l
OH
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Table 4.2 Translcis ratiol'l Ky. (+ 0.04) and (cis%o + 3Yo) isomer of 3-6 in waler

Compd

K¡"(cis) 3.35 (23%) 0.88 (s3%) 4.88 (tt%) 6.14 (14%)

r'lDetermined by 500 MHz NMR at 25"C

ln order to compare our results with other reported proline analogues, \¡'/e converted

peplide esters 3 and 4 into N'-methylamides 7 and 8 by nucleophilic displacement.

Peptide mimics 7 and I show a significantly increased cis rotamer population when

compared to esters 3 and 4. Similar observations have been made by others and these

resuìts have been explained by enlranced n*n+ jnleractions30 of the oxygen lone pair of

the (i - l) trans amide residue to the antibonding orbital of the C=O bond belonging to

the Pro (l) residue (Figrìre 4.4).2e The lacl thal an amide carbon is less electron

defìcien130b than an ester ca¡bon has been used to explain higher trans ratios in prolyl

amide esters when compared to prolyl amide amides.2e

cH"
H t:.

^a rK t'
/ .pv+ocH"///" 

3

Figure 4.4 n-¡+ interaction (looking down Co-N bond)

The cu population of peptide mimics ? and 8 are presented in Table 3 together with

previously published dala lor proline analog 9,e 5-ntethylproline analogs l0 and 113l and

5 -tert-bulylproline analogs l2 and 13 (Figure 4.5).e These resulls show that 8 induces a

l.righ cis rotamer populalion (14 + 3%) while 7 exhibits a reduced cis rotamer popuÌation

(38 t 3%).lnterestingJy, the stereochemistry at C-5'of7 and 8 seems to have a reverse
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OH

*^{ O- ,CONHMe''Èo-r-+:,-1 .OHoUNI
CH2oH

'7

/CONHMe
_o

L/N<
g 10

11

12

10HH?*lco)i"
noUN-1

t"nro"
8

coNHt e

_oI N--<Y.\Ri R1

Rr=CH¡,Rz=H
R1 =H, R2= CH3

R1 = C(CH3)a; R2 = H

Rr=H,Rz=C(CHg)¿

Figure 4.5 Various N-Acetyì /V'-methylamides. Compounds 9-13 have been previously
,9 tr

synlnesrzec

effecl on the equilibrium constanl of isomerizatjon by comparison with ter¡-bulyl proline

analogues l2 and 13 (Table 4.3).

Table 4.3 Cis population of prolyl N-acetyl N'-methylamides in DzO

Compd. 7 8 g^ l0Þ llo 12^ 73^

Cis(+3%) 38 14 21 25 30 49 66

Kinetics oI cís-tnns prolyl amide bond isomerization in peptide mimics 3-6. The

kinetics of cisllrans isomerization for compounds 3-6 were determined by lH-NMR

spectroscopy inversion-magnetization lransfer experilnentss2 in D2O (Table 4.4). Because

the rates lor cisltrans ìsomerization are extremely slow in prolic solvenls, we performed

these experiments at elevated temperatues.l3 At 83 "C, lhe trazs-to-cis rate constants of

isomerizations(k¡")folìowstheol.der4<5=6<3.4200-foldratedifferenceisoberved

for diastereomeric amides 3 and 4. In comparison, hydroxyprolyl amide 5 and prolyl
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amide 6 exhibit nearly identical rate constanls indicaling that the 3(,!-hydroxy group has

Iittle effect on the kinelics of isomerization.

Table 4.4 Rate constants of prolyì amide isomerization for 3-6

Amide
3 0.18 + 0.01 0.08 + 0.004

4 l$.1)+|.19 19.82+|.45
5 2 63 + 0.28 L02 + 0.09

6 2.95 + 0.12 0.82 + 0.04
rdcutti"d ort in D2o al 83 oc; Iblcalcuìated ÍÌom 't,,
and Ku.;

The effects of temperature on À.r and k1. were anaìyzed by Eyringplols (Fjgure 4'6) 34

:l 2

\¡\ '-\. -\\.\- --.--
--\

2t 28 
,r',t',n ,l ', 

3r x2

Figure 4.6 Eyring plols: Irans-to-cis (up); cis-to-trans (down); compounds 3 (r), 4 (A),

5 (o) and 6 (x).

The values for AHf and ASt (Table 4.5) were calcuìaled fi'om linear least squares fits of

the data in these plots.ra The activation palanleleIS demonslrate that the fi'ee energy

bal:-ier.s to isomerization of contpounds 3-6 ale enthatpic in origin. lntelestingly, amide 3

-2t
1-3i
'; ,'f--tl;-¡lì,l.i -, I:-dI

2.

:-

.:
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exhibits a sìgnificanlly increased activation enthalpy (3.9-6.8 kcal/mol) when compared

to compounds 4-6. However, the activation enthalpy is partially compensated by a highel

activation entropy.

Table 4.5 Activalion enthalpies (¡-Ë/) and entropies (ÂSI) as derived from Eyring plots in

D2O for 3-6. Additionally the free energies ofactivation al 298K (AGI) are given.

cis 1o transl^l trans lo cist"l

¡7/lÞl ¡5llcl AG+ lol AHlror As+trr Ac+rur

3 26.1 1 1 . 1 22.8 26.4 10.2 23 .4

4 19.8 2.2 I 9.1 19.6 I .9 19.0

s 21 .6 3.6 20.s 21 5 1.6 2t.1
6 2t.9 4.8 20.s 22.s 3.9 2l.4

l'lError Iimits obtain€d lrom the residtìals of the linear least squares

fining of lhe data to equation, ln (kJ'D = çLHttÐ(l/D + ¿'^ÎiÃ +

ln(,{siå), were I -jvo tor LHI in compounds 3-6, and 3-7% for ASI in

3 and ó, and l6-26% for aSt n 4 and 19-48Yo for 
^sl 

in 5; lblunit:

kcal/mol. l'lunit:cal/mol.K. ldlunit: kcalimol.

Thermodynamics The effects of lemperalure on the vaìues Ktt,: (k"Jkt") for each

compound were measured directly by NMR spectroscopy over the temperature range 25-

93 'C. The resulting dala were analyzed by Van'r Hoff plols (Figure 4.7). Amides 3, 5

and 6 have a posìtive slope indicating thal the major /rans isomer becomes increasingly

Figure 4.? Van't Hoff plots for compounds 3 (r), a (Ä), 5 (o) and 6 (O) in DzO
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favored as the lemperature decreases. However, compound 4 displays a negative slope

and shows a reduction in the magnitude of Kr;.. ln this case the major cis isomer becomes

increasingly favored as the temperalure decreases. Values for AH' and AS" were

calculated from linear least-squares fits of these plots (Table 4.6).

Table 4.6 Thermodynamic parameters for isomerizalion 3-6

aljlo rar as,o ror Ac"Amide &îuilrnoD (ci/mol.K) (298K)

J
4

5

6

-1.67 + 0.06 -2.93 +0.20 -0.80 +0.13

0.50+0.06 1.05+0.16 0.19+0.11
-1.09 + 0.03 -0.48 + 0.08 -0.95 +0.05
-1.21 + 0.04 -0.71 +0.12 -1.01 +0.08

l'lEno¡ Iimits obtained by linear least-squares fitling the data of the Von't

¡/o/plots to equalion ln K,t,= (LH'/R)( l/T) + A,S"/R;lblcarried out in DzO;

+ SE determin€d by integration of two or morc sets of 1ra¿slcis isomers.

FT-IR analysis of amide-l band (C=O slretching) for 3-6 in DzO. We also measured

the frequency of the amide I viblalionaì mode, which results primarily from the C=O

stretching vibration.35 The traditional piclure of the amide resonance predicts that an

increase in C=O bond order is accompanied by a decrease in C-N bond order. Such a

decrease in C-N bond order would facilitate cisltrans isomerization of the amide bond. In

DzO, amide I vibrational modes of6, 3, 5 and 4 are al 1608, 1609,1612 and 1613 cm-r,

respectively, and follow the order 6 - 3 < 5 - 4. It has been shown lhat changes in the

free energy of activation (AGT) for prolyl peptide bond isomerizalion are ploportional to

changes in the frequency ( r) of the amide ì vibratìonal mode.36 Oul results demonstrate

that 3-Hyp-based amide 5 is blue shifted 1Ar,= 4 crr'r) when compared 10 prolyl amide 6.

However, lhese subtle differences are not detectabÌe by our kinetic assay. A similar trend

is observed for spirocyclic amides 3 and 4. Obviously, the bìue shift (Av= 4 cm'')
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observed for 4 is too small to accounl for the significant changes in AGI between 3 and 4

and this suggests that olher factors un¡elated to inductive effect and C=O bond order are

the cause for this dramatic rate difference 36

Temperature coefficient (^ô/^T) measuremenl of OH resonances for 3 and 4 in

DMSO-¿¡6..Wenextconsideredtheeffectofhydrogenbondingonproìylunidecisllrans

isomerizalion. The lemperature coefiìcients (Aô/AT) provide information about

inrramolecular hydrogen bonding.lT Previous sludies have shown that (Aô/AT) > -3.0

ppb/deg are a diagnoslic lool for the detection of intramolecular H-bonding.3? The lD

spectra of compounds 3 and 4 recorded belween 20 Io 45 "C in 5-deg steps in DMSO-d6

wereanalyzedandthetemperaturecoeffìcienlsweredetermined(Table4.7).ourdata

show thal the temperature coefficients for Ho-6' exhibits the highest value of all

hydroxyl groups. The temperature coefflcients foìlow the general order OH-2 < OH-3 <

oH-4<oH-6<oH-6,'lnparticular,thelow(Aõ/AT)valueforlhecisisomersin3(-

3.94 ppb/K) and 4 (-3.7 5 ppb/K), respeclively, suggests lhe presence of inlranolecular H-

bonding

Table 4.l Temperature coeflìcient (Âô/ÂT, ppb/K) for compounds 3 and 4 in DMSO-d6

HO-2 HO-3 HO-4 HO-6 HO-6'

J

crs -6.87 -6.49 5.8 5 5.29 -3.94

tro.ns -6.98 -6 94 5.61 5.14 -4.13

4

ct.1 7.5 8 -6.94 s.85 -5.48 3.7 5

lrans -6 94 -6.51 -5.5 5 -4.92 -4.50

For nuûrbering of hydroxyl groups refer to Figure 4nurr bering ydroxyl groups

invoìving OH-6'. ln the ¡t nns isomers of 3 and 4' the Aô/AT of HO-6' were reduced to -
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4.13 and -4.50 ppb/l(, respeclively. The relatlvely smal! vaìue of HO-ó' in both ¡rans

isomers of3 and 4 indicates that il also could be involved in hydrogen bonding.

Conformational analysis of the pyrrolidine ring in 3 and 4 using Density

Functional Theory @FT).3E In order to gain insight into the conformalional properties

of peptide mimics 3 and 4 in solution a¡d to study how intramolecular hydrogen-bonding

influences the kinetics and lhermodynamics of prolyì amide isomerization in compounds

3 and 4 we performed DFT calculations. These calculation were performed in

collaboralion \r/ith Dr. Schleckenbach's group in the Department of Chemistry at the

University of Manitoba. On the basis of previous experience and literalure reviewssE'le

we selecled the B3LYP level of rheo¡yao'42, as it was good enough 10 provide an accurate

prediction of the molecular structure, and the 6-31+G(d, p) basis set,a3 which is a

reìatively large basis set augmented by diffuse and polarization functions to accounl for

the correlation effect. Additionalìy, solvenl effects were also taken into account by means

of Tomasi's Polarized Continuum Model (PCM).aa ìn this model, the solvent is

represented as a polarizable medium characlerized by its dielectric conslant (i.e. water

has a dieìectric constant of 78.4 at 25 oC and latm), and the solute molecules were placed

in a cavity wilhin the solvenl (see supporting information). The restrlts of these

calculalions are summa¡ized in Tables 4.8 and 4.9.

In performing the calculalions, greal care was taken to ensure that they cover the entire

confomrational space. This was achieved by a multi-step procedure: The conformational

space was coveled using force fields (molecular mechanics, MM) and a Monte-Carlo

search procedure, augmented by systematic variations of the initial starting structure
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(build and search procedure). The resulting conforme¡s where superimposed to ¡emove

duplicate structures, resulting at the MM level in 443 and 457 unique structures,

respectively, for compounds 3 a¡d 4. These conformers were used as input for the gas-

phase DFT calculations that were then foìlowed by solvation oplimizations as described

above. More details on the computational protocol can be found in lhe supporting

information.

Table 4.8 The calcuìated distribution (%) of cis and

frans conformers for 3 and 4 in DzO

lomod. calculated exoerimental

3 (cts) 29.15 23 +30

3 (trans) 70.85 '71 + 3Yo

4 (cis) 57.15 53 +3%
4 (trans) 42.25 4l + 3Vo

The computarional data show that the pyranose ring in 3 and 4 exists in a aCr chair

conformation consistent with the diaxial coupling constants J4, J\a ' J¡,s > 8 8 Hz' The

calculated distribution of prolyl amide cisltrans isomers in compounds 3 and 4 is in good

agreement with the experimental dala determined by lH-NMR inlegration (Table 4.8).

For compound 4 the crs isomer popuìation was calculated to be 57.7% while the

.experimentally determined value was 53 + 3%. A slightly weaker agreemenl was

observed for 3. ln this case the calculated cis ralio was 29%o whlle the experimental value

was 23 + 3%. Next, we calculaled the peptide backbone (a', þ, ty and ø) and endocyclic

rorsion angles çf , Z', Ì, Ì ana i) for peptide miniics 3 and 4 (Table 49)' Wilh the

exception of the r¿ torsion angle thal exisls in two families at ry - 153" and pr = -29' utt

other torsion angles show prelerence for only one narrowly defìned range. Values close



Table 4'9 Range of backbone ald endocyclic torsion anglesos 
,Ç") for the most stable conformers of 3 and 4 accounting for 99.5yo ofthe total conformer population determineá bv DFT;;i;Ë;i;"r':.,;;; ;;t,, ,hJJ;tii.n,, on the pyran ring are omined.
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to 0' for the ø'torsion angels defìne the cls prolyl amide isomer while values close to +

180' describe the Irans isonrer. The observed small 7a torsion angle (-14" < zo < 0.) for

the conformers of compounds 3 and 4 indicate a preferred cp-exo pucker in which the

basal plane is defìned by ct,c6, N and c" (Figure 4.g). similar puckerings of the

pyrrolidine ring have been observed in the crystar structure of 3-Hyp-containing peptide

mimics and have also been proposed in 3 -Hyp_containing collagenous peptide

s"qu"nces.26 The ¡elative close value ror xa and 70 in the trans roramer of3 indicate a

twisted conformation between a C0-exo and a c/-endo pucker. The cl-exo conformation

places the endocyclic oxygen substituent in an axial positìon as observed ror trans 3(.!-

hydroxyproline-containìng dipeptides.a? In this conformation the pyrrolidine ring will be

stabilized by gauche interaction and a stabilizing o(clH)-+o*(cl-o) interaction. This

conformation is fu¡ther supported by characteristic long range "w" coupling constants (J

- 1.0 Hz) between H-2' and H-4,"0 in both isomers of 3 and 4.

3: Rl = CH2OH, R2 = H
4: R1 -H R2= CH2OH,

Figure 4.8 c/-exo confomrations of compounds 3 and 4. For clarity the substituents on
the glucose ring are omitled

Next we analyzed the most stabre conformers accounting ror 99.5% ol the total

conformer population in compounds 3 and 4 for the presence and absence of

clia'acteristic hydrogen bonds. we used a s 2.5Ä, bond length cutoff between the
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hydrogen atom of the dono¡ atom and the acceptor atom to ensure that only strong

hydrogen bonds are selected.as we found th-ree types of hydrogen bonds in the dominant

rotamer population of 3 and two types of hydrogen bonds in the rotamer population of 4

(Figure 4.9). For compound 3, the first type of hydrogen bond exists between OH_6, and

OH-6 (6'-OH---OH-6) with an average bond distance of around L9 Å,. This hydrogen

bond is only observed in the Írans rotamers of 3. The second type of hydrogen bond

exists belween OH-6' and the N-terminal carbonyl (6,-OH---O:C-N). This hydrogen

bond has an average bond length of 1.8 Ä. and is only found in the ¿is rotamers. A third

type of hydrogen bond (not shown in Figure 9) is found between OH_2 and the C_

termìnal carbonyl (2-OH---O=C'-Cû) with a bond distance of 1.9,Ä,. This H-bond was

found in only one out of the 43 most stable rrans conformers. For compound 4, the first

type ofhydrogen bond exists between 6,-OH and the N- terminal carbonyl

OMe

)'-('o.
o'--o---r-r

3 crs

-- oH

3 lrans

4 trans

o
4 cls

Figure 4.9 Intramolecular hydrogen bonds for the most stable conformers for.the crs- and
/rans-isomel s of compounds 3 and 4 determined by DFT calculations.

4
O,,OH

o
. 2\-,HO
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(6'-oH---o=c'-N). This H-bond has an average distance of l.g Ä and is found onry in the

cis isomer. A second type of H-bond with a bond length of 1.9 .4 exists between 6,-oH

and the c-terminal carbonyl (cô-cH2-oH---o=c'- c') that is tound in both cis and trans

conformers (Figure 4.9).

4.3. Discussion

The pyr.olidine ring in prorine exhibits two predominant pucker modes: C-4 (c\ exo

and endo envelope confo¡mers. In the case of unsubstituted proline, the endo puckering

mode is favored ove¡ the exo mod,e.ae The puckering propensity can be controlled by

proper choice of ring substituents.ae previous studies have shown that introduction of

electronegative substituents like 4(R)-hydroxy- or 4(R)fluoro-substituents results ìn the

stabilization of the c/-exo conformation and, the trans prolyl amide isomer.so our results

confirm that naturally occurring 3 (,5)-hydroxyproline does not lead to a measurable

incresase in the trans prolyl amide isomer population2ó when compared to unsubstituted

proline. Foi the first time we studied the eflect of 3(,! hydroxylation on the kinetics of

prolyl amide cisltrans isomerization. The nearly identical rate constants observed lor

peptide mimics 5 and 6 at elevated temperature demonstrate that 3 (,5)-hydroxylation has

little effect on the kinetics of prolyl amide cis/trans isomerization. A similar effect was

observed for 4(R)-oH proline.50 Raines er ar. have studied the crystar structure of Ac-

l('9)-Hyp-oMe 5 and concluded it to be intermediate between a ¡E envelope and rE2

twisted conformation.2. In the envelope conformation the fìap atom is cr. In the twisted

conformation, atoms N, CÉ and Cá fon¡ the basal plane. Atom Cl resides 0.456 + 0.004 Á,

above that plane, and C" resides 0.153 + 0.005 ,4 below that plane.26 Taken together these
'.¿

aj

:4
:..1
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results suggest that the hydroxyl group ar rhe p- or 7-position in prorine afrects the

puckering of the pyrrorìdine ring in the moder peptides without infruencing the kinetics

and thermodynamics of prolyl amide cis/trans isomerization.

These findings are in contrast to our results obtained with Glc3(.T)HypH-containing

peptide mimics 3 and 4. compounds 3 and 4 demonstrate that kinetics and

thermodynamics of cisltrans isomerization are greatly affected by the presence of polar

groups either by hybridization with D-glucose or incorporation of a hydroxymethylene

substituenr into the C-5, (ô-)-position of proline. The stereochemistry of the

hydroxymethylene substituent at the 5'-position influences both the rate of cis/trans

isomerization and the stabirity of Íhe cisrtrans isomers. compared to proline and

3(,5)Hyp-conraining pepride mimics 5 and 6, both Grc3(.!HypH-modified peptide mimics

3 and 4 display a higher cri isome¡ population. The cu isomer popuration is greatry

enhanced in mimic 4. Substitution of the c-terminar methyl ester in compounds 3 and 4

by a methylamide group increases the crs isomer ratio further as expected by enhanced

n-+¡t donation. Methylamides 7 and 8 exhibit 3go/o and 74yo cis isomer, respectively.

comparison of the temperature coefficients for a hydroxyl groups indicates that the

increased cls prolyl amide isomer ratio in peptide mimics 3, 4,'r and g is hydrogen bond-

mediated and involves the hydroxymerhyrene group rocated at the Âposition of proline.

Additional evidence for the involvement of intramolecular hydrogen bonds in the

stabilization ol the prolyl amide cls isomer is provided by DFT calculations. Analysis ol

the most stable prolyl amide cis conformers in 3 and 4 indicate the presence of a strong

hydrogen bond berween 6'-OH and the carbonyl group of NAc (6,-OH --- O:C_N). The

hìgher cis isomer ratio in 4 is due to the formation of a second hydr.ogen bond involving
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6LOH and the carbonyl of the carboxymethyl group. Alternatively, the trans prolyl amide

bond in 3 may be stabilized by the formation of a hydrogen bond between 6,-OH and 6-

OH. ln addition, the calculations support rhe norion that the H-bond between 6,-OH ---

O=C-N is stronger in compound 4 when compared to 3. For instance, lor compound 4 ten

out of the twenty most stable conformers possess this type of H-bond while the same H-

bond was not present in the most stable 20 conformers of compound 3. confo¡mational

analysis of the pynolidine ring in the highly populated conformers in peptide mimics 3

and 4 indicates that the pucker ressembles a C!-exo conformation in both compounds

very similar to the conformation previously observed in the crystal structure of 5. This

conformation places the endocyclic oxygen substituent in an axial position as observed

for trans 3(S)-hydroxyproline-containing dipeptides.a? In this conformation the

pynolidine ring will be stabilized by gauche inreraction between endocyctic nitrogen and

endocyclic oxygen and a stabilizing o(C/-H)-+o.+(C/-O) interaction. A similar Cp-exo

conformation was also observed in the more lipophilic silaproline (Sip) analogue.rs

However, in this case no increase of the c¿s isomer popr-rlation was noted. lt is noteworthy

that the calculated c/-exo conformation is closely related to the c/-endo pucker that is

found in most proline-containing peptides, the polyproline helix and the co agen triple

helix.

Quite unexpected are the results for the kinetics of prolyl amide cis/trans isomerizatìon

in compounds 3 and 4. Peptide mimic 3 exhibits an unusally high activation barier when

compared to epimer 4. For instance, an approximately 200-fold difference in Æ1. and a 90-

lold rate difference in k", are observed between compounds 3 and 4. In contrast nearly

identical rate constants are observed for parent compounds 5 and 6. Interestingly, while
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cisltrans isomerization is kinetically inhibited in compound 3, compound 4 accelerates

isomerization relative to parent compounds 5 and 6. For instance, compound 4 exhibits

approximately a 6-fold rate acceleration for Æ"¡ and a 20-fold acceleration for,t," when

compared to the parent compounds. Comparison of the activation enthalpies and

activation entropies of compounds 3-6 indicate that enthalpic changes are responsible for

these rate differences. Enthalpic changes could be the result of ground- and transition

state stabilization or destabilization.s I

Previous studies by Lubeìl have shown that introduction of methyl substituents at rhe p-

position in proline and 4-hydroxyproline induced r¿ dihedral angle values around 150..

This places the C-terminal carbonyl oxygen in a position which disfavors amide

pyramidalization by Coulomb interactions in the transition state.s2 DFT calculations on

both compounds 3 and 4 indicate a r¿ dihedral angle around 1 53o and --28. in their most

stable conformers demonstrating that a similar destabilization may exist in peptide

mimics 3 and 4. However, compounds 3 and 4 exhibit dramatic rate differences. We

suggest that the presence ot absence of intramoÌecular H-bonds involving 6,-OH, the

endocyclic nitrogen and the carboxymethyl group are responsible to explain the rate

differences. computational models on the most stable conformers of 4 suggest that the

hydrogen bond 6'-OH --- O=C-OMe whìch is observed in the ground states of compound

4 places the 6'-OH in an orienration to interact with the lone pair ol the pyrimidalized

nitrogen in the transition state. By comparison, the absence of thìs hydrogen bond in 3

prevents stabilization of the transition state. Moreover, the H-bond 6,-OH --- H0-6

observed in the trans isomer of 3 places the 6'-OH in a geometry that prevents H-bonding

to the endocyclic nitrogen in the transition state thereby leading to a higher activation

.a.
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energy in 3.51 Comparison of trre activation entharpies (^Hr) ror cis-to-trans

isomerization and *ans-ro-cis isomerization of compounds 3-6 indicate that the kinetics

of cisltrans isomerization is enthalpicaly driven. The lower (aHi) observed for

compound 4 when compared to 5 and 6 could be the result of a developing hydrogen

bond between the hydroxymethylene substituent at C_5, and the lone pair of the

pyramidalized nitrogen in the t¡ansition state. in contrast the higher activation entharpy

observed for peptide mimic 3 when compared to reference compounds 5 and 6 courd be

the result of increased couromb repursion induced by the i¿ dihedrar angle around

1530.52,51

Previously, accelerated cisrrrans isomerizations have been observed in moder peptides

containing ô-tert-butyr-pro rinesl or pseudo-proline(vpro;.22 In these cases a twisted

amide bond caused by the steric strain ofthe burky substituents a jacent to the endocycric

imide results in a destabirized ground state.22'51 In addition, the increased distance

between ô-c and the hetero atom such as surfur or oxygen leads to a shortened ô-c-N

bond in pseudo-prolines.22 As a consequence, dimethyl groups at the ô-positìon come

closer to the isomerizing bond and may stabirize the transition state by the presence of the

hydrophobic alkyl group.sa our resurts indicate that positioning of a porar group(s) at the

ô-position ofproline o' in the form ofsugar-prorine hybrids provides an artemative route

to control the kinetics ofprolyl amide cis/trans isomerization.

4.4. Conclusions

we have studied the thermodynamic and kinetic properties of a series of

polyhydroxylated glucose-3 (.5)hydroxyproline-containing peptide mimícs. our srudy

a:

.a

::)
.tii
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shows that the insertion of polar substituents capable of forming hydrogen bonds in the ô-

position of proline greatly impacts the kinetics and thermodynamics of prolyl amide

cisltrans isomerization. DFT calculations and chemical shift temperature coefficient

measurements indicate that these changes are not due to conformational changes in the

pucker of the pynolidine ring but a'e the result ol intramolecular hydrogen bonding in

water. computational modelling of the pyrroldine ring indicates that the pyrrolidine ring

preferes a C/-exo pucker. However, close insepection ol the Cf-exo pucker suggests that

it is closely related to the c/-endo pucker that occurs frequently in proline-containing

peptides and proteins. The preferable adoption of the prolyl amide cis conformation in

Glc3(.!HypH 3 allows its use as selective cis-XAA-GlcProH bond inducer to chemically

introduce constraint into peptides and proteins and to test the cjs-imide bond as a

structural lequirement for the bioactive conformatior.r. Moreover, the presence of the

unprotected glucose moiety in GlcProH provides opportunities to explore the effect of

glycosylation in unusual glycopeptides while decoration of the gluco-based polyoÌ

scaffoÌd provides rich opportunities to tailor the physical, chemical, hydrophobic,

lipophilic nucleophilic, and pharmacodynamic properties of proline mimetics and

proline-containing peptidomimetics.

4.5. Experimental

General 'H and rlC NMR spectr.a were taken ìn CD3OD, DzO at 500 MHz and 75 MHz,

respectively. lD NOE experiments (40ms gaussian pulse with a 560ms mixing time) and

HSQC experiments were performed at AMX500 B¡uker. The elemental analysis was

performed by Guelph Chemical Laboratories LTD. The data from Inversìon-

Magnetization Transfer experiment were processed by Mathematica 5.0. DMSO,
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Methanol, pyridine, acetic anhydride, trifluoroacetic acid, sodium methoxide and

amberlite IRC-50s ion-exchange resin were used as supplied. Analyticaì thin layer

chromatography was performed on 0.20 mm silica gel 60 ,A plates. Flash chromatography

was performed on 40-63 pm 60 Ä silica gel.

(f.!-2,3,4,6-Tetra hydroxy-l ,-N-acetyl-5,(.9)-hydroxym 
erhylen e_spiro II,5_a nhyd ro_

D-glucitol- 1,3'-I-prolin e methyl esrer| (3) The compound I (J0 mg, 0.1 0 mmol) was

dissolved in a mixture of pyridine and acetic anrrydride (r mL, l:l) and stirred for 12

hours at room temperature. After that, the pyridine and acetic anlydride were removed in

vacuo' The crude product was dissolved in methanol (l mL) followed by addition of

sodium methoxide (22 mg,0.39 mmor) and stirred for 3 hours. The solution was stirred

with Amberlite IRC-SOS ion-exchange resin (H') for 15 mintues. The mixture was

filtered and filtrate was concentrated and purified by the flash column ch¡omatography

(ethyl acetate/ methanol: 4lr) to ger compound 3 as a colorress oir (30 mg, 90%) [o]o =

31.4 (c 1.00, MeOH); 'H NMR (500 MHz, DzO): ð = t.8l (s, cis, 0.5jH), 2.09 (s, trans,

2.47H),2.Il-2.34 (m, both rotamers, 2H),3.21-3.35 (m, 2H), 3.39_3.46 (m, borh

rotamers, lH), 3.50-3.66 (m, 6H), 3.61-3.72 (dd, lH, J - 12.6Hz,J =2.5H2),3.7aj.79

(dd,trans,0.83H,J= ll.t Hz, J=5.3H2),3.&2-3.86 (dd,cts,0. l7H,J= ll.ltHz,J=
5.3 Hz),4.17-4.24 (m, both rotamers, tH),4.26 (s, trans,0.gl H),4.43 (s, cis,0.l9H);

'rC NMR (75 MHz,D2O): trans-rotamer, ô = 25.1, 25.7,53,4,60.2,61.0,63.2,69.6,

69.9,70.5,74.1,15.0,86.0, 17t.4, 174.8; cis-rotamet,22.0,24.6,53.g,59.7,62.2,63.2,

69.6,69.9,11.3,74.1,15.0,81.5, 171.9, 174.6; HRMS calcd for.CrqHz¿NOç [M + H]*

350.145 l, found 350.1462.
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(1.9)-2,3,4,6-Tetra hyd roxy-l ,-N-aceryl-5,(R)-hyd 
roxym erhytene_spiro [1,5_a nhyd ro_

D-gìucito l-1,3'-Z-p rolin e methyl esterl (4) The compound 2 (35 mg, 0.1I mmol) was

dissolved in a mixture of pyridine and acetic anhydride (r mL, l:l) and stined for r2

hours at room temperature. After that, the pyridine and acetic anhydride were removed in

vacuo- The crude product was dissolved in methanol (r mL) fo owed by addition of

sodium methoxide (25 mg,0.46 mmol) and stirred for 3 hours. The sorution was stirred

with Ambe¡lite IRC-SOS ion-exchange resin (H*) for 15 mintues. The mixture was

filtered and filtrate was concentrated and purified by the flash corumn ch¡omatography

(ethyl acetate/ methanol: 4/ l) to get compound 4 as a colorless oil (37 mg, 92%) [a)¡:
63.9 (c 1.00, MeOH); 'H NMR (500 MHz, DzO): ô = t.8ó (s, crs, 1.56H), 1.94 (dd, crs,

0.52H,J: 14.3Hz,J = I0.3 Hz), 1.99-2.08 (m, t.92H), 2.37 (dd,cjs,0.52H, J: t4.3Hz,

J = 7.2 Hz ), 2.48 (dd, trans,0.4BH, J = t4.j Hz, J = j.2 Hz),3.25_3.35 (m, 2H), 3.38_

3.45 (m, lH), 3.53-3.75 (m,7H),3.80-j.88 (m, tH),4.04 (m, cis, 0.52H), 4.t4 (m, trans,

0.48H), 4 37 (s, crs, 0.52H), 4.40 (s, trans,0.+8H); r3C NMR (75 MHz, D2O): trans_

rotamer,21.3,29.1,53.6,58.8,61.1,63.9,69.i,69.9,70.2,i4.t,75.3,85.0,172.0,t74.9;

cis-rotamer,21 .6,27.0,53.7,59.0,6t.1,62.9,69.9,70.0,71.2,i4.2,75.4,g6.t,1i2.0,

174.9, HRMS calcd lor C¡aH¡NOe IM + H]-, 350.1451, found 350.1456.

N-acefy I-3(S)-hyd roxy-I-pro lin e methyl ester (5). To a solurion of Boc_3(S)_OH_pro-

OH (100 mg, 0.43mmol), which was purchased from ACS Synthesis Company in U.S.A.

and methyl iodide (0.08 mL, 1.29 mmol) in N,N-dimerhylformamide was added cesium

carbonate ( I 54 mg, 0.47 mmor) and stined fo¡ a hou¡ at 0 "c. The reaction was quenched

with water (3 mL) and extracted with ethyl acetate (3 ' r0 mL). The combined organic
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layers were concentrated to afford the methyl ester, whìch was treated with a mixture of

trifluoroacetic acid and dichloromethane (v/v, I mL/l mL) and stined for 2 hours at room

temperature. The mixture was concentrated at vacuo to afford the intermediate NH2.TFA-

3(,S)-OH-Pro-OMe. This salt was dissolved in methanol (2 mL) and treated with

triethylamine (0.12 mL,0.86 mmol) and acetic anhydride (0.12 mL, 1.29 mmol) lor l2

hours at room temperature. The mixture was concentrated and purified by flash

chromatography (ethyì acetate / methanol: 20 / l) to get the compound 5 (78 mg, yield

96%).tH NMR (500 MHz, D2O): ô = 1.82-2.10 (both isomers, m,5H, N-amide methyl

group and y-protons), 3.50 (cis, dd, 0.43H, ô-protons, J = 5.18 Hz, J = 9.40 Hz),3.60-

3.66 (trans, m, 3.95H, methyl group of ester and åprotons), 3.68 (cis, methyl group of

ester,0.63H), 4.24 (s, trans,0.79H, a-proton),4.41 (m, trans,0.'18H, pproton),4.47 (s,

cis,0.21H, d-proton), 4.55(m, cis. 0.22H, p-proton); 'rC NMR (75 MHz, D2O): trans-

rotamer, ô =21.4,32.4,46.5,53.6,61 .4,73.4,112.6,1'14.0; c¡s-rotamer, õ = 2L7,30.7,

44.9,53.9,69.2,74.8, 177.0, 114.2; MS(ES,[M+Na]-); nlzcalcd lorCsH¡3NNaOa

210.07, found 210.13.

N-acetyl-Z-proline methyl ester (6). This compound is purchased from Bachem and

used withour further purificarion. 'H NMR (500 MHz, DzO): ô = 1.65-2.21 (both isomers,

m, 7H, N-amide methyl group, p and ¡-protons), 3.37 (cis, m, 0.26H, êprotons), 3.52

(rrans, m, 1.74H, , åprotons), 3.58-3.70 (both isomers, partially ovellapping, methyl

group of ester, 3H), 4.3 I (m, trans,0.87H, s-proton), a.57 (m, cis,0.l3H, a-proton;; r3C

NMR (75 MHz, DzO): trans-rolamer,õ =21.6,24.6,29.6,48.8, 53.3, 59.4, 173.3, 115.4;

c¡s-rotamer, E = 22.8, 24.6, 3 1.0, 47 .0, 53.6, 61.1, 17 3.1, 1 75.0; MS (ES, [M + Na]*); m/z



calcd for C6H¡3NNaO3 194.08, lound 194. t8.

(l,s)-2'3'4'6-Tetrahyd roxy- I '-N-aceryr-5'(.f)-hyd roxymethyrene-spiro [1,5-anhyd ro-

D-glucitol- I,3'-r-proline merhylamidel (7). (referring ro the supporting information);

[c]o = 46 (c 0.8, MeOH); 'H NMR (500 MHz, DzO): ô = 1.79 (s, cts, l.l5H ),2.06 (s,

rars, 1.85H), 2.lI-2.30 (m, both rotamers, 2H), 2.56 (s, trans, l.g3H), 2.61 (s, crs,

l.l7H), 3.25-3.50 (m,4 4H), 3 s4-3 70 (m,2.6H), 3.74 (dd, rrans,0.64H,J:5.t Hz,J=

lI.2Hz),3.14 (dd, c¿s, 0.36H, J = 4.7 Hz,J= t0.j Hz),4.t2_4.25 (m, 2H); ,rC NMR 17S

MHz, CD3OD): cis roramer, õ = 22.6,26.7,26.9,61 .6,62.g,64.1,71.4 (2 carbons), 74.3,

15.6, 17.3,88.5, 171.7, 173.6; trans roramer, ô = 22.3,25.7,26.1 ,6t.5,62.7,63.9,71.4

(2 carbons), 73.4,75.5,11 .2, 87.2, 17t.5, 173.2; HRMS calcd for C¡aH25N2Os [M + H]*

349.1611, found 349.1 626.

(l,S)-2,3,4,6-tetrahyd roxy- I ,-N-acetyl-5'(R)-hyd 
roxymethylene_spiro [1,5_anhydro_

D-glucitol- 1,3'-z-p roline methylamidel (8). (refening to rhe supporring information);

[u]o = 62.: (c 0.6, MeoH); 'H NMR (500 MHz, D2O): ô = t.86 (s, cis, 2.22H),2.0s (s,

trans, 0.78H),2. I I (m, crs, 0.74H), 2.25 (m, I .Z6H), 2.56 (s, trans,0.78H), 2.6 I (s, crs,

2.22H),3.2s-3.3s (m, 2H), 3.37-3.43 (m, lH), l.5j-3.61 (m,2.19H),36a_3.70 (m,

1.21H),3.96-4.04 (m, lH),4.07 (s, cis,0.74H),4.09-4.18 (rn, lH), 4.t9 (s,trans,0.26H);

''CNMR (75MHz,CD3OD): cisrotamer,ô=23.1,26.0,26.4,59.6,60.7,62.7,7t.1,

71.3,74.5,15.6,77.4,87.0,172.9, 173.8;transroramer, õ=21.9,2g.4,26.3,59.j,62.3,

63.1,71.1, 71.6,73.3,15.9,77.4,85.5,t73.2,173.8; HRMS calcd for.C¡aH25N2Os [M +

Hl- 149. l6ll,lound 349. ló18.
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Thermodynamics. The equilibrium constants for the interconversion of the cis and

frans isomers of 3-6 were determined by n.reasuring the peak area of the I H resonance lor

the two isomers. Peak areas were measur.ed with the program Spinworks 2.5.

Experiments were conducted àt 298-360 K. Equilibrium constants (K,¡,= translcis ratios)

were calculated directly from the peak areas.

Inversion-magnetization transfer NMR experiments were performed on Bruker

AMX500 spectrometer equipped with selective excitation units, and rH and broadband

heteronuclear probes. Samples of 3-6 were prepared at a concentration of 0.01 M in D2O.

The rate ofprolyl peptide bond isomerization can not be detected by this method at room

temperature. Experiments were therefore conducted at elevated temperature at j56 K.

Temperature settings of the spectrometer were calibrated to within I oC by reference to a

glycol standard.

FT-IR spectroscopy. Samples of3-6 were prepared ar concentration of0.l0 M in DzO.

FTIR spectra were recorded on a Nicolet 5PC spectrometer. Experiments were per.formed

at 25 'C using CaF2 in a Spectra Tech circle cell. The frequency of amide I vibrational

modes was determined to within 2 cm'!.

Temperature coefficient (^ô/^T) experiments: 'H-NMR spectroscopy of lTmM

solutions of 19 and 20 in 100.0% MezSO-d¿ were recorded on a Bruker AMX500 at 20

oC, and from 20 to 45 "C with increments of 5 .C. Chemical shift (ð) are expressed in

ppm and calibrated with respect to the residual DMSO signal (rH: 2.49 ppm;.
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Chapter 5

Influence of Glucose-templated Proline Hybrids on the pturn

Conformation of the Peptide Fragment Ac-Leu-D-phe-pro-Val-NMez of

Gramicidine S

Abstract: The synthesis of teuapeptide-based ftrurn nimetics containing spirocyclic
glucose-3(S)-hydrotyproline hybrids (5'R)-Gtc3(S) HypHs I and (5'S)_Clc3 (S) HypHs 2 as proline
nimeÍ¡cs ¡s presented. NMR-based conlornat¡onar anarysis of Ac-Leu-D,phe-(5'R)-Gtc3(s)HypHs-lat

-NMe2 and Ac-Leu-D-Phe-(5'S)-Gtc3(S)HypHs-Val-N Me2 denonstrates the presence of þturn
conformarions. Dilerent turn sttucrurcs were obserted by changing the stereochem¡s!ry at t-posirion ol
Glc3(s)HypHs The najor prolyl amide cis isomer ol retrapeptides Ac-Leu-D-p he-(5'R)-Grc3(s)-vor-NMe,

II and 13 form a type vr p-turn conformarion. r4thereas the major proryr an¡de lrans roramer ol
letrapeptide Ac-Leu-D-Phe-(5's)-Glc3(s) HypHs-vat-N Me2 l2 conserves a similar pturn conformation as

the Gramicidin S-based peptidefragnen¡ A c-Leu-D- phe-pro-l/al-N Me¡ 16.

5.1. Introduction

ptums play an important role in the folding process of proteins and peptidesl and are

often involved in molecular recognition process"s.' p-tums consist of lou¡ consecutive

residues in a non-helical region in which the polypeptide chain folds back on itself by

nearly 180 degrees.l p-tums are often stabilized by an intramolecular hydrogen-bond

between the carbonyl oxygen of the first residue (i) and the amide proton of the fourth

one (i+3) (Figure 5.1). Many p-turn mimetics have been developed to study the structural

and biological properties of peptides. In particular, the use of prolìne analogues is an

attractive strategy in this respect. Due to ìts conlormational restrictions imposed by the

pyrrolidine ring, the proteinogenic amino acid proline has an exceptional tendency to act

as a tum inducer to generate reverse turn structures like p-turns and p-hairpins in peptides
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Figure 5.1 p-h-rrn

and proteins.a In particular, the cls geomelry of the proline N-terminal amide bond

induces the type VI p-turn in which proline residue situates at the i + 2 position of the

peptide bend. Although type VI p-tum is a relatively rare secondary strucrure, it plays

important roles in protein folding.5 In addition, type VI p-tum have been lound in some

impo(ant recognition events of bioactive proteins. For example, a type VI p-tum

conformation has been proposed for th¡ombin-catalyzed cleavage of the V3 loop of HIV

gpl20, a prerequisite to viral infection.6 Ouer the years many proline analogues have

been synthesized and used for tuning the peptidyl-prolyl cis-tans isomerization in

peptìdes and proteins.? For insrance, (25,5 R)-5-tert-butylproline favors predominantly a

cr.ç-con formation due to steric hindrance in short peptide models that adopt a VI p-tum.8

Another sterically hindered residue, the ó,ôdimethylproline, has been developed as a

substitute to lock proline in the cis conformation in tripeptides.e Azaprolines (Azpro) in

which the a-carbon is replaced by a nitrogen lavor the cis isomer conformation of the

azaproline-preceding amide bond by electronic effects.l0 Pseudoproline vpro, containing

an oxozolidine or thiazolidine ring, exhibit very high prolyl amide cjs ratios.r I

Recently, the synthesis of spirocyclic glucose-3 -hydroxyproline hybrids Glc3(S)HypHs

I and 2 (Figure 5.2) was reported by our group.r2 These proline analogues exhibit seve¡al
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features. The spirocyclic nature of the gluco-derived scaflold constrains the pyrrolidine

ring ofproline and introduces artificial post-translational modifìcations (hydroxylation +

-oH o

".,--Lo þot'aeHor+v\
HOI NH4, ,

-2 R'rf

l:RI = CHzOH; R2 = H

2: RI = H; R2 -- cH2oH

Figure 5.2 Structure of spirocyclic glucose-3 (,5)-hydroxyproline hybrids (Glc3(S)HypHs)

glycosylation). Chemical manipulations and derivatizations of the glucose-derived polyol

scaffold provide an opportunity to tailor the chemical, physicaì and pharmacodynamic

properties of Glc3 (.!HypHs-containing peptides as previously shown by us.'l Th"

peptide mimics, Ac-GIc(3,!-Hyp-OMe and Ac-Glc(3,!-Hyp-NHMe display interesring

conformational properties. For example, when compared to Ac-Pro-OMe or

Ac-(3.9)-Hyp-OMe, (5',R)-clc(3.!-Hyp favored the prolyl amide crs rotamer (53-75%)

with an accelerated cislîrans isomerization in water. Whereas the diastereomer

(5'.S)-Glc(3,)-Hyp favors the rrans rotamer (62-77%) with a retarded cisltrans

isomerization in water.la Based on the previous results, we were interested in exploring

the conformational role of these proline analogues in model peptides. We selected the

tetrapeptide Ac-Leu-D-Phe-Pro-Val-NMe2 that forms the p-rurn portion of Gramicidine S

(GS) as a model.rs In this peptide proline occupies the ¡+2 position of a ptum. Our goal

was to study how substitution of the proline residue by Glc3(.S)HypHs influences the

conformational and p-tum inducing properlies.
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5.2, Results and d iscussion

Synthesis of MOM-protected Glc3(.9)HypHs. The use ol unprotected

polyhydroxylated amino acids in peptide chemistry often results in low coupling yields

and diffìcult purification due to their nucleophilic hydroxyl groups. To avoid this

potential complication we decided to use methoxymethyl (MOM) groups as temporary

hydroxy protecrion.ró'The MOM protecting group is relatively small, does not deactivate

adjacent nucleophiles and can easily removed under acidic conditions.l6 The building

block 5 was prepared from 1 through a tkee-step procedure (Scheme 5.1).

Scheme 5.1 Synthesis of MOM-protected Glc3(.!HypHs

1) CbzCl, Na2CO3,
Hzo

1o(2
2) MOMCt,

cH2cr2 / DIEA (3/1)

OMOM

,oro=-lo /cooMeMoMoJ4á
vorvroIrrcuz

Ri

3 R1 = CH2OI\4OM, R2 = H
4 R, = ¡1, Rz = CHzOMOltil

R2

83% (2 steps)
72% (2 steps)

LiOH, dioxane

6ooc -

oMotvr

^,oro--lo /cooH
MOI\¡Ol--1\-\'-(

N4o[4b lt.- /NCbz
/..Rr Rz

5 Rl = CH2OMOM, R2 = H
6 Rr = ¡1, Rz = CHzOI\4OM

93%
53%

Initially, the free imine I was treated with benzyl chloroformate (Cbz-Cl) and sodium

carbonate to provide the Cbz-protected carbamare lollowed by the indroduction of MOM

groups using N, /r'-diisopropylethylamine and chloromethyl methyl ether to provide
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MOM-protected intermediate 3 in good yield.r6" Subsequenrly, lithium hydroxide-based

hydrolysis of the methylester in dioxane produced the desired acid 5 in 88% yield.

Surprisingly, only a small portion of methyl ester (-10%) was epimerized at the û,

position. The stereochemistry at the ü-position of acid 5 was confirmed by converting it

into the conesponding methyl ester 3.ì? Applying the same procedure to its diastereomer

2 resulted in extended epimerization (.'l:l) at the o.-position. Fortunately, the mixture of

the two acids was separated by column chromatography. The assignment of û.-

stereochemistry of compound 6 was based on the same chemical method as previously

descrìbed lor compound 5.

Synthesis of tetrapeptides tl-13. With MOM-protected building block at hand, the

synthesis of the tetrapeptide was carrìed out using solution-phase peptide chemistry

(Scheme 5.2). Dipeptide 7 was prepared via coupling of NH2-Val-NMe2 to compound 5

(DIEA, TBTU, DMF,80%). The N-terminal Cbz group was then removed by catalytic

hydrogenolysis in quantitative yield using IPd(OH)r, H2, MeOH] to provide the free

imine 7 in high yield. Synthesis of tripeptide 9 proceeded from the dipeptide 7. Coupling

with Fmoc-D-Phe-OH (DIEA, PyBOP, DMF,82%) provided Fmoc-protected tripeptide,

which was treated with a mixture of piperidine and N, N-dimethylformamide to produce

the tripeptide 9 with an unprotected N-terminus in quantitative yield. Because oi the

steric hindrance of the N-terminus, the coupling reagent PyBOP was used to improve the

yield.rs The coupling of tripeptide 9 and Fmoc-Leu-OH was carried out by using TBTU

as couplir.rg reagent in DMF followed by a deprotection-acylation procedure to provided

MOM-protected tetrapeptide ll in 92%o yield. The same synthetic procedure was applied
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Scheme 5.2 Synthesis oftetrapeptides ll and l2

5or6

1)NH2-Val-N[/e2,
DIEA, TBTU, DMF, fI
2) Pd (OH)2, H2,

I/eOH

1) Fmoc-D-Phe-OH, DtEA
PyBOP, DMF, r. t.

2) piperidine. DM F

1) Fmoc-Leu-OH, D|EA
TBTU, DMF -

2) piperidine. Ac2O, DN/1F

.OMOM Vat-NMe2

o o

7 R1 = CH2OMOM, R, = H
I R1 = ¡1, R2 = CH2OltilOlr4

MOMO
MOMO

I R1 = CH2OMOM, R2 = H
10 R, = ¡1, R2 = CH2OMOM

OrOrVal-NMez

Q ,/--o
Mo[/o L JN-D-Phe-NH2

80%
85%

OivtOMVal-N¡/e2

o o

MoMo l- 7N-D-phe-Leu-NHAc

80%
46%

92o/o

90v"

a('tR2

11 R1 = ç¡rg¡YOM, R2 = H
12 R1 = H, R2 = CH2OMOM

to the synthesis of tetrapeptide 12. Simirar yields were obtained in each step except for

the coupling ¡eaction between dipeptide g and Fmoc-D-phe-oH. In this case, a low yield

for tripeptìde I0 was obtained and the dipeptide g was recovered in 45% yierd.

Modifying the reaction conditions like increasing reaction time, amount of amino acid

and coupling reagent did not ìmprove the yierd. Finalry, exposure of compound ll to

acidic condìtions (0.3 N HCI in MeoH) resulred in comprete debrocking of the MoM

protecting groups and afforded unprotected tetrapeptide l3 (scheme 5.3) in excellent

yield (90%). unfortunately, apprying the same acidic conditions ro tetrapeptide 12

.:

Ì
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resulted in an inseparable mixrure of the dipeptides l4 and 15. Very tikely the hydrolysis

Scheme 5.3 Cleavage of MOM groups of ll and l2

.OH Val-Nl\rle2

Q ,^'o
HO

HCl, MeOH HO

90o/o lo l- rN - o-ene-Leu-NHAc

OH

13

HCr. MeoH rol 
val-N¡/e2

12 - Ho-,r-s-t2 /o
83% Ho.r$rn +

nsl 
-1N'-oH

14

Ac-Leu-D-Phe-OH

15

proceeds via anchimeric assistance of the hydroxymethyl substituent at the 5'-position of

proline (Figure 5.3). The major isomer of prolyl amide in A is crs conformation

OH
OH

Ho-r.-\--q
Ho \--\- HO\-\--o.

HO HO
HO

-öH
B

Figure 5.3 Rational explanation for the hydrolysis olprolyl amide bond in B.
(--- H-bonding)

(see the conformational analysis) in which the 5'-hydroxymethyl group may form a

hydrogen bonding to the carbonyl oxygen of the prolyl amide (see chapter 4).ra This

restricts the 5'-hydroxymethyl group into a geon.ìetry in which the carbonyl carbon of the
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prolyl amide can not be nucleophilically attacked by the 5'-hydroxymethyl group using a

Bürgi-Dunitz trajectory.re Whereas the major /ra¿is isome¡ of the prolyl amide in B not

only makes the prolyl amide carbon more accessible to the hydroxymethyl substituent at

C-5' but also facilitate nucleophilic attack on the electrophilic amide carbon, due to the

absence of an int¡amolecular hydrogen bond between the prolyl amide oxygen and

5'-hydroxymethyl group.

The successful synthesis of unprotected tetrapeptide l3 demonstrates that MOM

protecting groups are compatible with solution phase peptide synthesis for

(5'R)-GIc3(,9)HypHs l Whereas the high acid lability of diastereoisomer

(519)-Glc3(.S)HypHs 2 does cunently not permit use in peptide synthesis. For reference

purposes the parent peptide l6 was also prepared by standard solution phase peptide

chemistry.l s

Conformational analysis of tetrapeptides ll-13 and l6 using NMR. Although the

reference peptide l6 aggregated in CDzClz at > l0 mM, rs no aggregation was observed

for tetrapeptides 11-13 at concentrations Í 50 mM in CDzClz or water. The lower

tendency of aggregation of glycosylated peptides has previously been reported.20

The NMR spectra of all tetrapeptides were measured at the same concentration (8 mM)

lntramolecular hydrogen bonding was evaluated by temperature coefficient experiments

in DMSO-d¡ or H2O/D2O (9/l). Because exchangeable protons engaged in intramolecular

hydrogen bonds are typically not influenced by strong hydrogen-bonding solvents.2l The

prolyl N-terminal geometry and tum structure were investigated by ROESY

experiments.22
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The chemical shifts and coupling constants of the amide protons in tetrapeptides ll-13

and 16 are provided in Table 5.1.

Table 5.1 Chemical shift (ô) for amide protons of tetrapeptides 11, 12, 13, 16 and
Gramicidin S in CDzCIz, DMSO-de and HzO/DuO (9/l)

peptides

t1
(c¡s.)

ll
(trans)^

t2
(cts)

t2
(trans)

13
(cts)

l3
(trans)

16
(c¡s)

l6
(trans)

Gramicidin

Solvent Leu-NH Phe-NH Val-NH
ô (rJo"."") ô (3JoH.Nu) ô (rJor¡.NH)

cDrcr, 6.23(8.s) 6.40(8.3) 8.20(8.3)
pMSO-de 7 .6s(9.0) 8.18(9.i) 8.12(7 .s)
cD,ch 6. r 8(8.6) 6.6t(7 .7) 7.03(ND)

pMSO-de 1.78(8.9) 8.37(8.6) 1.69(8.2)
CDZCIZ ND" ND" ND"

pMSO-de 7 6s(9.0) 8.34(8.7) 7.4s(1 .0)
cDzch 6 88(7.7) 7.3t(1.2) 6.18(8.2)

pMSO-d6 7.79(8.s) 8.27(8.9) 7.sl(8.1)
HzO/DzO 7.98(6.6) 8.2s('7.1) 9.17(8.1)
DMSO-¿/r 7 75(8 8) 8.04(8 8) 8.72(1.3)

H2O/D2O ND" ND' ND"
DMSO-d6 7.80(9.5) 8.3r(8.1) 8.39(5.9)

CDzClz ND' ND' ND'
pMSO-de 7.74(8.3) 8 43(8.3) 8.12(8.r)

cDzclz 7.16(t.s) 1.t2(s.s) 6.85(7.0)
pMSO-d6 7.19(8.2) 8.37(7.8) 7.18(8.2)

DMSO-de 8.32(9.2) 9.0s(2.6) 7.21(9.7)

'Cis and trans are relerred to as prolyl amide rotamers;
information :" ND = not detemined

relerred to lit. l5 and its supporting

The tetrapeptide I I containing MoM-protected (5 

")-Glc3(.T)HypHs. 
The proline

mimetic in tetrapeptide ll coexists as prolyl amide cis (72%) and rrans (28%o) in CDzClz,

The major prolyl amide cis isomer is confìrmed by a long range ROESY corelation

between CoHo.on. and C"H15'¡¡.cr"r(.r)Hypss. The presence of a tum conformation in 1l is

supported by long range ROESY correìations between the Leu-NH or the N{erminal

acetyl group and the C-terminal dimethyl amide singlets (Figure 5.4). In addition,
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sequential ROESY correlations were observed between the neighboring CoHl", and

NHp¡s as well as the C"H15,n¡-cr"t1¡rryp¡15 and NHv¿¡ indicating their proximity in the major

oMotvt
OMOM

"{\r^/'--
11

r \ù,/-o ì

r¡-- |-s,Y\ o^iroM

\2 ,NH " ì'J---lof\lnr
^J/\ \o-\ \ ,ñ-_\rz

\,-..'
12

OH ) I 'r'J-^\ r.[tt
¡\ " ;í---'/Èo \\ H,-,/ Y

^/

HO OH

NH-----O

ol

13

Figure 5.4 Selected'H-'H ROESY cross-peaks in CDzClz (ll, 12 and l6) or H2O (13)

as well as potential hydrogen bonds from temperature coefficient experiments in
DMSO-dó for major isomer in peptides 11, 12 and 16 and in H2O/ D2O (9/1) lor major

isomer in 13.

conformer. The chemical shifts and coupling constants of the amide protons in ll (Table

l) indicate that the cis conformer has a different lolding structure when compared to

,N=.t
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reference pepride 16 in cDzclz. The downfierd chemical shift (ô = g.20 ppm) and large

temperature coefficient value for Val-NH (Tabre 5.2) supporr that the val-NH is invorved

in an intramolecular. hydrogen bonding. Therefo¡e, a type VI /_tum conformalion is

Table 5'2 Temperarure coefficient values (aô/ar, ppb/r() for peptides lr in DMSo-d6

Leu-NH phe-NH Vut_¡lH

-6.00 -8l3 - _3J5
-4.J / _lt.Al _9.40

suggested for the proryr amide crs conforme¡ of 1I in which the type VI p-tum is

stabilized by a l0-membered ring hydrogen bond between (c=o)r-", at i position and

NHv¿¡ at i +3 position.5This hydrogen bond is fufher supporled by the observalion that

the amide proton of Val undergoes little chemical shift changes (A¿j = 0.0g ppm) when

dìssolved in DMSO and CD2CI2. Due to the low concentratio n of trans conformer of ll
in cDzclz (72Yo cis), a fulr conformationar anarysis of the minor prolyr amide rrans

isomer was not possibre. However, the simila¡ chemicar shifts of the amide protons

between rhe trans isomer of l1 and the fra,?s isomer of 16 supports these amide protons

have a simila¡ chemicar enviroment in cD2cl2. Furthermore, the tempe[ature coefficient

experiments (Table 5.2 and 5.3) suppon that the NH¡_.u of both ¡rans conformers of I l
and l6 were involved in a hydr.ogen bonding to (C=O)y"¡.

The tetrapeptide l2 containing MOM_prorecred (55)_clc3(.9)HypHs. The NMR

spectrum showed one major isomer (93%) in cD2cl2. The ROESy conelarion (Figure 4)

between c"Ho'p¡. and côH1r'n¡-cr"r(ÐHvpHs confìrmed its frans geometry, fhe presence of

c¿s

tra.ns
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a turrì conformation in l2 is suppoúed by long range ROESY correlations between the

Leu-NH or the N-terminal acetyl group and the Cterminal dimethyl amide singlets

(Figure 5.4). Temperature coefïìcient experiments in DMSO-d6 (Table 5.3) indicate that

NHr.u is involved in hydrogen bonding to the carbonyl group of valine. ln addition, the

simila¡ chemical shifts observed for the amide protons among compounds 12, 16 and GS

(Table 5.1) suggests that the p{um conformation of 12 resembles the p-turn

conlormalion that occurs in GS.

Table 5.3 Temperature coefficient values (Àô/AT, ppb/l() for peptides 12 and 16 in
DMSO-dó

12 cis
lrans

16 cis

h'ans

Leu-NH

-r?]J
å90
-4.00
-3.92

Phe-NH Val-NH

430 4.ß
-7.40 -8.00
-8.00 -8.00

-7.60 -6.20

Interestingly, the prolyl amide cis conforme¡ of 12 may form a type VI ptum structure

on the basis of chemical shift analysis and hydrogen bond pattem of amide protons

relative to the cis conlormer of ll(Table 5.l). That is, the ste¡eochemistry at 5'-position

(á position) of Glc3(,lHypHs can be used to control the equilibrium constants of

cisltrans isomerization (72%o cis lor 11,93%o lrans for 12) without disturbing the p-turn

conformation of each isome¡ (a type VI p-turn for cis conformer; original ftum for trans

conformer).

The tetrapeptide 13 containing (5")-Glc3('9)HypHs. The increased polarity of

unprotected tetrapeptide l3 made it possible to investigate its conformation by NMR in
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water. ROESY experiments on compound 13 demonstrate that the major isomer exhibits

a prolyl amide ci.r conformation (91%) in HzO,DzO (9/l). This assignment is supported

by a ROESY correlation between C"Ho-p¡" and CûH(5,,c).Gtc¡tslnvpns (Figu¡e 5.4). In

comparison with MOM-protected peptide I I the increased cis population in l3 may be

due to the hydrogen bonding between (C=O)o.p¡. and 5'-CH2OH15,r),ctcl(s)HypHs.l4 The

long range ROESY correlations between the Leu-NH or the N-terminal acetyl group and

the C-termìnal dimethyl amide singlets indicated the presence of a tum conformation in

l3 (Figure 4). Temperature coefficient experiments (Table 5.a) indicate that compound 13

exists in a type VI p-tum conformation that is stabilized by an intramolecular hydrogen

bond between the NHv,r and (C=O)r-"" in its prolyl amide cis conformer.

Table 5.4 Temperature coefficient values (^ô/AT, ppb/K) for peptides l3 in HzO/DzO
(e/l) 

ffi
c¡,s

lrans
-7.23 -8.4s -4.02
-1 .91 7.72 -1.45

According to amide temperature coefficient experiments (Að/AT < -7.45 ppb/K, Table

5.4) it appears that the minor prolyl amide frans isomer of tetrapeptide 13 is not involved

in hydrogen bonding. Due to the low concentration of the prolyl amide /r¿ns isomer it

was not possible to observe ROESY conelations between the Leu-NH or the.V-terminal

acetyl group and the C-terminal dimethyl amide singlets.

Attempts to investigate the influence of the hydroxyl groups of the carbohydrate

scaffold on the peptide backbone conformation failed due to poor resolution of the

hydroxy protons in DMSO-d6.23'2a

As indicated above, (5?)-Glc3(S)HypHs can eÍïìciently inclease the cis population of
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prolyl N-terminus that induces the type vl /-turn. Derivatization of the hydroxyl groups

as MoM does not affect prolyl amide cis/Írans isomerization as we as type Vr frum
conformation in tetrapeptide 11. ln comparison, the MoM-protected diastereoisomer

(5Q-Glc3 (s)HypHs stabilizes the prolyl amide trans conformer resulting in a conserved

Êtum structure as observed in reference peptide 16. In conclusion, proline analogues

ll-14 can be used to tune the hydrophilic or hydrophobic properties of peptides without

disturbing their major bioactive conformation.

solvent effects. In addition, the influence of different solvents on the geometry of

prolyl N-terminus was studied (Table 5.5). The results show thal equilibrium constant of

MoM-protected 1l is not affected by the solvent polarity and ability of the solvent to

Table 5.5 The equilibrium constant (K¿") of ll, 12, 13 and l6 in various solvents

Compd.

11

t2
l3

0.30 _tbl

Solvent
CD2CI2 CD3OD DMSO-dó DzO
0.39 0 33
13 28 3.00
-lbì o.l4

144 -tbl

16 > 19.00 3.17
0.67
t.32

0. l0
_tbl

l"lDetermined by 500 MHz NMR at ZS "C, enor r's +O.O 5%;-
Þlnot soluble.

donate a hydrogen bond. The unprotected tetrapeptide 13 also showed the absence of a

strong solvent effect. However, an increased trans population was observed in aprotic

DMSO when compared to cD3oD and D2o. ln contrast, peptide 12 and reference peptide

16 display a solvent effect. fn this case the prolyl amide trans rotamer population is

greatly enhanced in nonpolar aprotic solvents and decreases with an inc¡ease in solvent

=
.a

:.
.:17

'-
.a

',4..
,.4:

.,L
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polarity.

5.3, Conclusions

MOM-protected Glc3(,9)HypHs-based proline mimics have been successfully

incorporated into target tetrapeptides using solution phase peptide chemistry. In particular,

(5'R)-Glc3(,$HypH demonstrated its potential as a building block in peptide synthesis.

Whereas the use of its diastereoisomer (5Q-Glc3(,S)HypH is limited due to accelerated

hydrolysis of its N-terminal amide under acidic conditions.

As what we expected, (5'R)-Glc3(,T)HypH dramatically increases the cis population

(91%) of prolyl amide in water. lt is an efficient type VI p-tum inducer and can be used

to explore structure activity relationships (SAR) of bioactive peptides in which the cis

geometry of prolyl amide is required for their bioactivity. In addition, as observed in

tetrapeptides ll and 13, the derivatization of hydroxy groups can improve the soÌubility

of tetrapeptides without affecting peptide folding (type VI p+urn). This suggests that

Glc3(S)HypHs will find use in tuning the chemical, physical and pharmacodynamic

properties of bioactive peptides without affecting their bioactive conformation.

ln contrast, tetrapeptide 12 containing (5 ,!-Glc3(S)HypH conserved a similar p-turn

conlormation to the Gramicidin S-based peptide fragment Ac-Leu-D-Phe-Pro-Val-NMe2

16. Incorporation of l2 in GS may improve the antibacterial activity of GS.

Moreover, replacement of Pro with Glc3(S)HypHs was found to reduce the aggregation

of letrapeptides ll-13 relative to reference tetrapeptide 16. That is, incorporation of

CTAA into peptides provides a strategy to improve the physical and chemical properties

of peptides.
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5.4. Experimental

GeneralrH and IrC NMR spectra were taken in CDzCIz, CDCI3, CDIOD, D2O at 500

MHz and 7 5 MH4 respectively. HRMS data were provided by the mass spectrometry

laboratory in the department of chemistry at University of Alberta. The elemental analysis

was performed by Guelph Chemical Laboratories LTD. Analytical thin layer

chromatography was performed on 0.20 mm silica gel 60,4 plates. Flash chromatography

was performed on 40-63 ¡rm 60 Ä silica gel.

(1.S)-2,3,4,6-Tetra-O-methoxymethyl-l'-N-benzyloxycarbonyl-5'(R)-methyl

methoxymethyl ether-spiro [1,5-anhydro-D-glucitol-l,3'-I-proline methyl ester] (3)

To a mixture of compound I (80 mg, 0.26 mmol) and benzyl chloroformate (0. l9 mL,

1.30 mmol) in water (2 mL) was added sodium carbonate (83 mg, 0.78 mmol). The

reaction was stined lor l2 hours at room temperature and extracted with ethyl acetate (5

" l0 mL). The organic layers were collected, concentrated and purified by the flash

column ch¡omatography (ethyl acetate/ methanol: 4/l) to get Cbz-propected intermediate

(103 mg,90%). Which was treated with 3 mL dichloromethane and cooled in an ice bath

under nitrogen atmosphere, diisopropylethylamine (l mL) was added dropwise, followed

by a careful addition of chloromethyl methyl ether (0.71 mL, 9.36 mmol). A significant

amount of white smoke lormed in the reaction vessel. The reaction mixture was stirred in

the dark for 48 hours during which the solutìon gradually turned red. After cooling to 0

oC, saturated aqueous ammonium chloride (5 mL) was added. The contents diluted with

water and extracted with dichloromethane (3 x l0 mL). The combined organic layers

were dried çlilaSOa), filtered, and concentrated. The crude product was chromatographed
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on silical gel (from ethyl acetate ,4rexa¡es ( I : l) to ethyl acetate) to afford the product 3

(128 mg,83%). [o]¡= 38.4 (c 1.4, CHCI¡); 'H NMR (300 MHz, CDCI3, rwo isomers):

ô= 2.08-2.21 (m, lH), 2.44-2.s6 (m, 1H), 322-344 (m, lsH), 3.48-3.77 (m, l0H),

4.00-4. 1 5 (m, 1.36H), 4.27 (dd,, 0.64H, J = 8.9 H2, J = 3.9 H2), 4.42 (s, 0.64H), 4.50-4.82

(m, 10.36H),5.00 (d,0.64H,-/= 13.0 Hz),5.07-5.18 (m, 1.36H), 1.2t-7.36 (m,5H);'3C

NMR (75 MHz, CDCI¡, two isomers): ô:31.5/32.9, 522152.3,55.0-56.5 (12 carbons),

66.7166.8,66.8167.4,69.4170.2,10.0110.1,72.1 (2carbons),74.8(2 carbons),76.4176.6,

79.7/80.4, 84.8/85.4, 96.5-98.1 (t0 carbons), 127.3-128.5 (10 aromatic carbons),

136.21136.5 (aromatic carbons), 154.4/1,55.2, 169.91110.1; HtuVS (ES) calcd for

C3¡HasNO¡5 [M + H]*: 662.3024, found: 662.3036.

(lS)-2,3,4,6-Tetra-O-methoxymethyl- l'-N-benzyloxyca rbonyl-5'(.f)-methyl

methoxymethyl ether-spiro[,5-anhyd ro-D-glucitol-1,3'-I-p ro line methyl ester] (4)

The synthetic procedure is described in SI. [o]¡ - 12.3 (c I .l , CHCI¡); rH Ntrln 1:00

MHz, CDCI3, two isomers): õ = 2.23-2.46 (m, 2H), 3.28-3.82 (m, 25H), 3.90 (dd, 0.38H,

J - 9.t Hz, J = 4.3 Hz), 4.04 (dd, 0.62H, J = 8.9 Hz, J = 4.4 Hz), 4.t 6-4.3 I (m, 1.62H),

4.36 (s,0.38H), 4.46-4.84 (m, l0H), 4.gt (d,0.62H,J = t2.6Hz),5.14 (brs, 0.t6H),s.22

(d, 0.62H, J = 12.6 Hz),7.23-7.38 (m, 5H); ''C NMR (75 MHz, CDCI3, rwo isomers):

õ:26.8121.9,52.0/52.2,55.2-56.9 (12 carbons), 66.8167.0,67.0167.3,68.1168.7,

70.2110.6,7t.9172.0,74.8114.9,76.7116.8,80.5/80.8,86.0/87.0,96.6-98.5 (10 carbons),

127.4-128.4 (10 aromatic carbons), 136.21136.4 (aromatic carbons), 154.61155.1,169.7

(2 carbons); HRMS (ES) calcd fol C3eHasNO¡5 [M + H]-: 662.3024, found: 662.3034.
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( 15)-2,3,4,6-Tetra-0-m eth oxymethyl- I ,_N-benry loxyca rbonyl_5,(ì?)_m ethy I

methoxymethyl ether-spiro ll,S-a n hyd ro_D_glu citol_ I,3,_Z_p rolinel (S) To a solution

of compound 3 (50 mg,0.076 mmol) in dioxane (3 mL) was added 2M rithium hydroxide

aqueous solution (0.38 mL, 0.76 mmol). The reaction mixture was stined at 60 "C for 4g

hours. Afterwa¡ds the solution was coored to room temperature and neutralized with

Amberlite IRC-50S H* ion-exchange resin. The mixture was firtered and concentrated to

afford the crude product, which was purified by flash charomatog¡aphy (ethyl acetate/

methanol: 20/ t) to get pure prodr-rcr 5 (45 mg, 93%). [c]¡ = 53.9 (c L0, CH3OH); rH

NMR (300 MHz, CD¡OD, two isomers): ô = 2.1 5_2.27 (m, I H, J = 13.9 Hz, J = 9.7 Hz),

2.50-2.62 (m, lH,"r= t3.9Hz,J = 6.6H2),3.25_3.41 (m, l5H, parrially overlapping with

solvent), 3.48-3.92 (m, 7H), 4.00-4.40 (m, 3H), 4.sg_4.84 (m, t0H), 5.07-5.18 (brs, 2H),

7.27-1 .43 (m, 5H); '3C NMR (1s MHz, CDTOD, two isomers): õ = 32.9/40.0, 55.5_57.2

(12 carbons), 61.9/68.4,68.3 (2 carbon s), 70.6/7t.4, 72.8/73.3,73.3 (2 carbons),

76.7/76.9'77.9(2carbons).81.0/81.4,86.3/86.8,97.6-99.B(l0carbons), r28.4-129.6(10

aromatic carbons), r38.2/13?.B (aromaric carbons), 156.g (2 carbons), ri4.0 (2carbons);

HRMS (ES) calcd for C2eHaaNO¡5 [M - H]-: 646.27lt,foLtnd:646.2723.

(1.1)-2,3,4,6-Tetra-O-methoxy merhyl- I '-N-benzyloxyca rbonyl_5,(,g)_ m ethyl

methoxymethyl ether-spiro Ir,5-a nhydro-D-gru citor-r,3'-z-prorin e] (6) The synthetic

procedure is described in SI. [o]¡= 30.3 (c t.2, CH3OH); rH NMR (300 MHz, CDTOD,

two isomers): õ= 2.35-2.46 (brs, 2H), 3.Zg-3.92 (m,23H, parrially overlapping with

solvent), 4.13-4.31 (m,2H), 4.56-4.96 (m, l0H), 5.0t_5.23 (m,2H), l.2B-1.43 (m, 5H);

'rC NMR (15 MHz, CD3OD, rwo isomers): õ: 2g.1129.1, 55.5-s7.4 (10 carbons),
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51.7/58.2,68.0/68.4, 68.4/68.6, 69.3/69.8,73.1 (4 carbons), 11 .5 (2 carbons), 78.2 (2

carbons), 81.9/82.0, 87.3188.2,97.6-100.0 (10 carbons), t28.6-129.6 (10 aromatic

carbons), 137.8/138.0 (aromatic carbons), 156.8/157.0, 175.3 (2 carbons); HRMS (ES)

calcd for CzqH¿¿NOrs [M - H]-: 646.2111, found: 646.2718.

Dipeptide H-5'(R)-(MOM)GlcTSPro-Val-NMe2 (7) The amino acid

TFA'NHz-Val-NMe2 (44 mg, 0. I 6 mmol) was dissolved in DMF ( I mL) and rhen added

to a solution of acid 5 (35 mg, 0.05 mmol) and N, N-diisopropylethylamine (70 p.L,0.32

mmol) in DMF (3 mL). The reaction mixture was stined for l0 minutes at room

temperature lollowed by the addition of TBTU (41 mg, 0. I I mmol) and stined for

another 8 hours. After that the reaction is quenched with water (8 mL) and extracted with

ethyl acetate (4 x 10 mL). The combined organic layer was dr.ied with sodium sulfate and

concentrated. The residue was purified by flash chromatography (ethyl acetate/methanol:

30/l) to afford the Cbz-protected intermediate, which was dissolved in ethyl acetate (5

mL) and treated with Pd(OH), (20 mg, 20% wt on charcoal) under hydrogenation

condition (Hr, l0 psi). The mixture was stirred for one and half hours at room

temperature and fìltered, concentrated. The resulted crude product was purified by flash

chromatography (ethyl acetate/ methanol: 20l l) to affo¡d the dipeptide 7 (27 mg,80%).

[a]o= 2l .4 (c I .2, CH¡OH); 'H NMR (500 MHz, CD¡OD): ô = 0.97 (d, 3H, J = 6.9 Hz),

l.0l (d, 3H, J = 6.8 Hz), l.9l (m, lH), 2.00-2.13 (m, 2H), 2.9a (s, 3H), 3 20 (s, 3H),

3.30-3.42 (m, I5H, partially overlapping with solvent), 3.46-3.69 (m, 9H), 3.85 (d, lH, J

= 12.0 Hz),4.55 (d, lH, J = 5.3 Hz),4.62-4.92 (m, t0H); ''C NMR (75 MHz, CD]OD):

ô=18.8, 19.s,3t.1,31.9,36.1,38.1,55.s,5s.6,55.7,56.6,s6.1 ,57.0,57.2,68.5,70.7,
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11.1,14.3,71 .5,18.5,83.7,89.2,97.1 ,91.9,99.6,99.8, 100.1, 172.8, 17a 0 ;HRMS (ES)

calcd for CzsHs¿N¡Or¡ [M + H]*: 640.3657, found: 640.3646.

Dipeptide H-5'(Ð-(MOM)GlcTSPro-Val-NMez (8) The synthetic procedure is

described in SI. [c]¡= 54.0 (c 1.0, CH¡OH); 'H NMR (500 MHz, CD3OD): ô = 0.95-0.97

(m, 6H), 1.78 (dd, lH, J = 13.2 H2, J = 6.8 H2),2.00-2.07 (m, lH), 2.48 (dd, lH, J = 13.2

Hz,J = 8.2 Hz),2.97 (s,3H),3.20 (s,3H),3.30-3.42 (m, l4H, partially overlapping with

solvent),3.46-3.72 (m,9H),3.80 (s, lH),3 89 (d, lH, J: tt.4Hz),4.57 (d,tH,J= 4.6

Hz), 4.63-4.84 (m, l0H, partially overlapping with solvent ); ric NMR (75 MHz,

CD¡OD): ô= 18.4, 19.6,31.9,36.t,36.2,38.0,55.4, ss.7,55.8,56.8, s7.0, s7.3, s80,

68.7,70.2, 13.0,76.1,78.4,79.3,83.4, 88.0,97.9 (2 carbons),99.1 ,99.9,100.2, 171.4,

173.6 ; HRMS (ES) calcd fo¡ CzeH5aN¡Or¡ [M + H]*: 640.365l,found: 640.3649.

Tripeptide H-D-Phe-5'(ì?)-(MOM)GlcTSPro-Val-NMe2 (9) To a solutìon of

dipeptide 7 (30 mg. 0.05 mmol) and N, N-diisopropy lethylamine $3 ¡tL,0.23 mmol) in

DMF (3 mL) was added the D- Fmoc-Phe-OH (56 mg,0.l4 mmol) and PyBOP (73 mg,

0.14 mmol). The mixture was stined for l8 hours at room lemperature before addition of

sodium bicarbonate (16 mg,0.l8 mmol). The resulted mixture was dilutated with water

(5 mL) and extracted with ethyl acetate (5 x l0 mL). The combined organic layers were

dried (Na2SO4) and concentrated. The crude product was purified by flash

chromatography (ethyl acetate/methanol: 20ll) to provide the Fmoc-protected

intemediate, which was dissolved in a mixture of piperidine and DMF (0.2 mL + 0.8 mL)

and stirred for I hour at room temperature. The solution was concentrated and purified by
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flash chromatography (ethyl acerate/methanol: l0/l to 6ll;TLC was charred with the

iodine) to ger rripepride 9 (29 mg, 80%). [c]¡= 2.0 (c 0.4, CH¡OH); rH NMR (500 MHz,

CD3OD, two isomers): ô : 0.92 (d, 3H, -/ = 6.6 Hz), t.04 (d, 3H, J = 7.0 Hz), 1.98-2.06

(m, l H), 2. 1 9 (dd, 0.30H, J = 14.3 Hz, J = 7.8 H2), 2.32 (dd, 0.70H, J = t 4.0 Hz, J = fi .7

Hz),2.40-2.47 (m, 2.80H), 2.51-2.60 (m, lH), 2.67 (dd,0.30H, J = 13.7 Hz, J = 7.3 Hz),

2.90-2.94 (m, 1.60H), 3.04 (dd, 0.30H, J = 14.0 Hz, J = 4.9 Hz),3.t3-3.44 (m, l8H,

partially overlapping with solvent), 3.49 (m,0.30H), 3.55-3.98 (m, 6.70H), 4.22-4.91 (m,

l5H),7.12-7.30 (m, 5H); ''C NMR (15 MHz, CD3OD, two isomers): E= tg.4 (2

carbons), 19.7119.8, 31.4135.7,32.5/32.6,35.7/36.0,38.0/38.2, 4t.jt42.3, 55.4-56.9 (t4

carbons), 51 .1151 .8, 66.1 (2 carbons), 68.5/69.5, 72.3t73.3, 72.8t73.5, 75.9t76.2,

76.8111 .3,78.3118.9,85.9/86.8, 97.6-99.4 (10 carbons), 127.7-t30.8 (10 aromatic

carbons), 138.61139.1 (aromatic carbon), t70.3/110.6, 173.21113.3,178.0/179.0; HRMS

(ES) calcd for C37H63NaO¡a [M + H]*: 787.4341, found: 787.4345.

Tripeptide H-D-Phe-5'(,S)-(MOM)GlcTSPro-Val-NMe2 (10) The synrhetic

procedure is described in SI. [c]o= -13.2 (c 0.9, CH3OH); 'H NMR (500 MHz, CDTOD,

two isomers): ô- 0.87-1.03 (m,6H), 1.90-2.t1 (m, l.t4H),2.21-2.44 (m, 1.86H),2.67

(dd,0.14H, J = t49Hz,J =1.4H2),2.18 (dd,0.86H, J = 12.9 Hz,J:6.1 Hz),2.91 (s,

0.42H),2.93 (s, 2.58H), 2.91-3.11 (m, 2H), 3.28-3.48 (m, 15H, partially overtapping with

solvent),3.49-4.01 (m,9H), 4.14-4.97 (m, t5H), t.t7-7.27 (m,5H); ''CNMR (15MHz,

CD3OD, trans isomer): ô= 18.7, 19.7,32.5,32.9,36.0,38.t,41.2,55.4-56.7 (7 carbons),

57.8, 68.9, 11.1,72.7,72.9,76.2,76.5,19.3,86.6,91 .6-99.4 (5 carbons), I2t.'t-136.6 (5

aromatic carbons), 139.1 (aromatic carbon), 170.5, 113.4,176.8; HRMS (ES) calcd for
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C37H63NaO¡a [M + H].: 787 .4341, îound: iTl .4352.

Terrapeptide Ac-Leu-D-phe-5'(l?)-(MoM)GrcTSpro-Var-NMe2 (11) To a solurion

of tripeptide 9 (25 mg,0.03 mmol) and N, y'r'_diisopropylethylam ine (29 ¡'LL,0.16 mmol)

in DMF (3 mL) was added the Fmoc-Leu_OH (34 mg,0.l0 mmol) and TBTU (31 mg,

0. t0 mmol). The mixture was stirred for rg hours at room temperature before addition of

sodium bicarbonate (ll mg,0.l3 mmol). The resulted mixture was dilutated with water

(5 mL) and extracted with ethyr acetate (5 * l0 mL). The combined organic rayers were

dried (',lazSO¿) and concentrated. The crude product was purified by flash

chomatography (d ichloromethane/methanol: 20ü) to provide the Fmoc-protected

intermediate, which was dissolved in a mixture of piperidine and DMF (0.2 mL + 0.g mL)

and stined for I hour at room temperature. The solution was concentrated in vacuum. The

resulted mixrure was dissorved in methanol (2 mL) followed by the addition of pyridine

(13 pL, 0.16 mmol) and acetic anhydride (9 ¡rL, 0.10 mmol). The mixrure was stined for

2 hours at room temperature. The solution was concentrated and purified by flash

chromatography (methlene chloride/methanol: 25l I to l5/ l; TLC was charred with the

iodine) to ger tetrapeptide 1l (25 mg, 92%).[cl¡: -19.8 (c 1.15, CH3OH); 'H NNAR ISOO

MHz, CD3OD, two isomers): õ= 0.12-t.46 (m, t5H), t.gg_1.g2(m,3H),2.03 (m, lH),

2.26 (dd, 0.29H, J = t4.4 Hz, J = 8.2 Hz), 2.35 (dd, 0.j tH, J = t4.2 Hz, J = | t.9 Hz ),

2.47 (s,2.13H),2.st (dd, 0.7tH,J= t4.2Hz,J - 6.9H2),2.68 (m, tH),2.g3 (dd,0.29H,

J = 14.5 Hz, J = 8.9 Hz),2.92 (s, 0.87H), j.04-3.45 (m, l9H, parriaily overlapping with

solvent), 3.46-3.16 (m, 4.71H), 3.84-3.89 (m, l.7lH), 3.g5_3.g7 (m, 0.29H), 4.05 (d,

0.29H, J = 5.2 Hz), 4.09 (dd, 0.29H, J = 10.4 Hz, J : 5.2 Hz), 4.tg_4.45 (m, 2.7 tH),
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4.54-4.84 (m, l2.7lH, partially overlapping with solvent), 5.41-5.45 (m, 0.29H),

7.08-7.25(m,5H); 'tCNMR(T5MHz,CD3OD,twoisomers): ô:18.5/19.3, Ig.7/tg.B,

21.9/22.2,22.5122.6,23.2123.4,25.1125.8,40.0 (2 carbons),32.3/32.6,38.0/38.2,38 8 (2

carbons), 42.2/42.6,52.6/53.4,53.1/53.9,55.4-56.9 (14 carbons), Sj.3t57.6,66.7 (2

carbons), 68.5169.6, 72.1/73.4, 72.7/13.6, 75.6/76.5, 76.7fi7.6, 80.1 (2 carbons),

85.9/86.5, 97.5-99.7 (10 carbons), 127.7-130.9 (10 aromatic carbons), t37.gll3g.4

(aromatic carbon), 110.41170.6, 172.6/tt2.9, t73.2t173.3, 173.8il13.9, 174.Ut74.9;

HRMS (ES) calcd for Ca5H76N5O¡6 [M + H]*: 942.528l,lound:942.5293.

Tetrapeptide Ac-Leu-D-Phe-5'(Ð-(MOM)GtcTSPro-Val-NMe2 (12) The synthetic

procedure is described in SI. [o]¡= 29.2 (c 0.8, CH¡OH); ¡H NMR (500 MHz, CDTOD,

two isomers): ô= 0.8l-LOl (m, l2H), I.20-1.49 (m,3H), |.94-2.06 (m, aH),2.1I (dd,

0.23H,J = 14.1 Hz,J= 8.8 Hz), 2.29-2.46 (m, 1.77H), 2.85-3.19 (m, SH), 3.30-3.54 (m,

l6H, partially overlapping with solvent), 3.66-3.85 (m, 6.31H), 3,94 (d,0.23H, J = 4.5

Hz), 4.0 (d, 0.23H, J - 4 6 Hz), 4.08 (dd, 0.23H, J = 8.2 Hz, J = 4.1 Hz), 4.26-4.88 (m,

I4H, partially ovellapping with solvent), 4.91 (d,0.23H, J = 6.3 Hz),5.35 (dd, 037H, J =

8.5 Hz, J = 6.3 Hz), 7.12-7.26 (m, 5H);''C NMR (75 MHz,CD¡OD, rwo isomers): ô =

19.3119.5, 19.6 (2 carbons) , 21.8122.5,22.6/22.7,23.1123.7 ,25.8/25.9, 32.1132.2, 33.0 (2

carbons), 36.0/36.1,37.9138.2,38.3/38.6, 42.0142.5, 52.8-57.5 (t8 carbons), 69.0169.3,

71.6/71.1,72.8 (2 carbons),73.7 (2 carbons),75.7/76.5,76.0176.7,17.2178.9,86.6/88.3,

97.0-99.1 (10 carbons), 127.6-130.6 (10 carbons), 138.6 (2 carbons), 170.3/171.3,

172.31172.6, 173.2 (2 calbons), 173.7 (2 carbons), t74.2tt74.4 ; HRMS (ES) calcd for

Ca5H76N5O¡6 [M + H]-: 942.5287, found: 942.5281.
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Tetrapeptide Ac-Leu-D-Phe-5,(R)-GlcTSpro-Val-NMez (13) To a solution of

compound 1l (30 mg, 0.03 mmol) in methanol (l mL) was added a 6 M HCI solution

(100 pL). The mixture was stirred for rB hours at room temperature and then

concentrated. The crude product was purified by flash chromatography (methylene

cl oride/methanol: 5/l) to afford unprotected tetrapeptide 13 (20 mg, 90%). IH NMR

(500 MHz, D2O, crs isomer): ô= 0.63-1.32 (m, l5H), 1.90 (s,3H), t.g4_t.gg (m, lH),

2.30-2.46 (br, 5H), 2.14-2.79 (dd, I H, J = 12.6 Hz, J -- 12.9 Hz), 2.94_3.00 (dd, I H, J =

17.5 Hz, J = 14.5 Hz),3.17 (s, 3H), 3.a4-3.53 (br, 3H), 3.64-3.97 (m, 5H), 4.04_4.I I (m,

IH),4.ll-4.25 (m, lH), 4.34-4.40 (m, lH), 4.59 (m, tH),4.71 (tH, overlapping wirh

solvent), 1.lO-7.38 (m, 5H); ''C NMR (75 MHz, CD¡OD, cis isomer): ô = 19.4, 19.7,

22.t,22.3,23.2,25.7,2s.9,3t.8,35.9,38.2,38.5,42.0,53.0,54.2,s66,s9.9,60.8,62.6,

71.0,71.2, 13.2,75.3,71 .3,87.3, I2't.j-t30.4 (5 carbons), t38.5, \j1.7,t:.3.t,fl4.t,

l'14.5,174.8; HRMS (ES) calcd for C¡sHseNsO¡ [M + H]*: 722.39j6,found: 722.39g5.

ROESY experiments. RoESY spectra oftetrapeptides l1-13 and l6 were recorded on

AMX 500 with 256 points in /1, 2048 points in 12 and 64 scans per 12 increment.

Temperature coefficient experiments. I D lH-NMR 
spectroscopy of g mM solutions

of ll' 12 and 16 in 100.0% Me2So-d6 and 13 in H2o/D2o (9/l) were recorded on a

Bruker AMX500 at 20'c, and from 20 to 45 oc with increments of 5'c, using routine

techniques. chemical shift (ô) are expressed in ppm and calibrated with respect to the

residual DMSO signal (rH: 2.49 ppm) or the TSp (rH: 0.00 ppm) in water.
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Chapter 6

synthesis of Glucose-temprated Lysine Anarogs and Incorporation into

the Antimicrobial Dipeptide Sequence kW_OBn

Abstract: The synthesis of nvo glucose-temprated (GtcT) rysine anarogs GrcTK and GtcTk in which the

síde chain of D- and L-lysine (k and K) is conformationally constra¡ned vio incorporarion inÍo a D-glucose

scaffold is described Key-step in the qta¡þs5¡5 is a high yíerding, rcductive ring opening o/ an exocycric

glucose-derived epoxide to form a a-hydroxy methyr ester tha( can be converred inro GrcTK and GtcTk. I'o
demorctrate the use of these buitding blocl<s in pept¡de synthesis we replaced D-lysine in the qntimicrcbíal

dipeplide sequence kll-oBn (w = L-tryptophah) ahd deterñined rhe anribacter¡al acr¡viÍy against variors

gram-posilive and grah'negalive orgonisms our resttlts show that replacernent of D-lysine by unprorecred

ClcTk in dipeptide kW-OBn results in reduced antibacterial acrívitv.

6.1. Introduction

The explosive growth of multi-drug resistant (MDR) bacteria in hospitars and the

community have led to an emerging crisis where an increasing number of antimicrobial

classes cease to be of crinical usefurness.l Despite this growing concern, only one new

class of antibiotics' the oxazolidinones, has entered the crinic during the past two

decades.2 cationic antimic¡obial peprides (AMps) with trieìr- abirity to combat MDR

bacteria have been proposed as nevr' antibacteriar agents.J-5 AMps are defined as peptides

containing a net excess of positively charged residues, approximateÌy 50% hydrophobic

¡esidues and a size ranging from 12 to 50 residues.. Although the mode oraction of

AMPs is not fu[y understood, most AMps appear to manifest their biologicar actìon by
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enhancing the permeability of lipid membranes of bacterial cells. This rypically involves

initial electrostatic interactions berween the positively charged basic side chains of lysine,

arginine, and omithine to the negatively charged lipid membrane of pathogens, followed

by adoption of an amphipathic helical or p-sheet structure.ó,? The ability to kill target

bacteria rapidly, the unusually broad spectrum of activity against some of the more

serious antibiotic resistant pathogens, and the relative difficulty with which mutants

develop resistance in vitro make AMPs attractive targets for drug development.ó.7

However, in vivo effìcacy studies of several cationic peptide antibiotics have been

disappointing most likely due to rhe fact that many AMPs exhibit poor bioavailability,

susceptibility to proteolytic cleavage, and low in vivo antimicrobial activity.s Moreove¡,

the size of most AMPs is so large that production costs represent additional concern. To

overcome some of these drawbacks, ultrashort cationic antimicrobial peptides (uAMps)

and lipopeptides in the form of di-, tri-, and tetrapeptides have recently emerged as a

novel class ofpotential antimicrobial drug candidates.e ll ln particular, the small size and

lacile preparation reduce production costs while the presence of only a few amide bonds

and the low molecular weight may improve the pharmacokinetic and pharmacodynamic

propef ies ol UAMPs.

In this respect, the potent antimicrobial activity of the dipeptide D-lysine-L-

tryptophan-OBn (kW-OBn) against Staphylococcus aureus (5. aureus), methicillin-

resistant ,S. ai;rei.rs (MRSA), and methicillin-resistant Staphylococcus epidermidis (MRSE)

strains attracted our attention.9 In particular, we were interested in exploring structure
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activity relationships of this dipeptide via replacement of D-lysine (k) by

carbohydrate-templated D-lysine analogs CTLys (Figure 6.1).r8 CTLys are a novel class

of polyfunctional lysine analogs in which the carbohydrate scaffold constrains the side

chain while at the same time introducing molecular diversity such as poly(hydroxylation)

and artifìcial glycosylation. It is noteworthy that post-translational hydroxylation of

lysinel2 and argininer? and other amino acidsll-r5 has been shown to enhance the

biological activity of AMPs.r2 Furthermore, CTLys contain the I ,3 -hydroxyamine

binding motifsr6 of aminoglycoside antibiotics that have been proposed to interact as

bidentate RNA hydrogen bond acceptor lo the phosphodiester backbone or Hoogsteen

face of guanosine.'ó Moreover, additional modification and derivatization of the

carbohydrate scaffold may be used to tailor the physical, chemical, biological, and

pharmacodynamic properties of CTLys-containing peptides.

We report tl.re synthesis of two glucose-templated lysines, GlcTks and GlcTKs

carbohydrate-templated
lysine (CTLys)

lysine (K,k) CTLys with 1,3 hydroxyamin€
binding motif

o
D-Glucose-templated

D-lysine (GIcTk)
D-Clucose-templated

L-lysine (ClcTK)

Figure 6.1 Examples of carbohydrate-temp lated lysine
glLrcose-templated lysine anaÌogs GlcTk and GlcTK.

analogs (CTLys) and
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(Figure 6.1), and describe the use of these building blocks in peptide synthesis.

Moreover, we replaced D-lysine (k) by GlcTk in the antimìcrobial dipeptide kW-OBn

and determined the antibacterial activities against various gram-positive and

gram-negative bacteria. A preliminary report on the synthesis of glucose-templated lysine

analogs without experimental details and biological evaluation appeared recently. l?

6.2. Results and discussion

The synthesis started with the readily available D-glucoconfigured lactone lre lscheme

6. l), which reacts with the enolate of methyl bromoacetate generated from lithium

bis-(trimethyìsilyl)amide (LiN(SiMe3)2) in tetrahydrofuran (THF) at -78 oC. to produce

the exocyclic epoxide 2 in 80% yield as a single stereoisomer. 
r7 20 Trimethylsilyl

trifluoromethanesulfonate (TMSOTI)-promoted ¡eductive ring opening of epoxide 2 with

tributyltin hydride in dichloromethane at 0 oC afforded silylether 3 and alcohol 5 (ratìo:

3:5 = 3.5:l) in a combined yield of 92Yo. Compounds 3 and 5 were obtained as a single

diastereoisomer. Silyl ether 3 was hydrolyzed quantitatively into alcohol 5 by exposure to

trifluoroacetic acid containing wet THF. The stereochemistry at C-2 of alcohol 5 was

determined by conversion of 5 into the k¡own benzyl ester 4.2r This was achieved in a

two-step procedure. First, methyl ester 5 was hydrolyzed to the corresponding acid with

lithium hydroxide in wet THF. Subsequently, esterfication of the acid using cesium

carbonate and benzyl bromide in DMF afforded benzyl ester 4 as a single product in 89%

yield. Hydroxy ester 5 served as the starting material to install an amino function at C-2.
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In situ activation of the hydroxyl group as a trifluoromethanesulfonate ester using

trifluoromethanesulfonic anhydride in pyridine followed by nucleophilic dispracement

with sodium azide- l5-crow¡-5 provided azide 6 in g2% isolated yield. catalytic

hydrogenation of 6 using pearrman's cataryst fo,owecr by protection of the amino

function as /-butoxycarbamate provided the protected amino ester 7 in 90% yield.

OBn

ano-T{-otno*o
OBn

1

,oBn
9¡6-r_\_0 b
Bno\.--¡.-\-o -----.--*

Bno V

OH
S ( ^ NHBoc+ HO --\-tr/ u IHo\---l-\--(v-ocH3

oH Jl

o
7

/NHFmoc
so--."r\--o R.r.Rz

Hol/-t\-à-oH
OHå

10: R1 = NHBoc, R2 = H
11: R1 = H, R2 = NHBoc

OBn

.a1;\9g\-*,
oBn å

a

'CO2Me

3: Rr = OT^,4S; R2 = H; R1 = OCH. --¡t-* 4:Rr =OH; R2=H; R¡=-Oen - l.' l- 5: Rr = OH: R2: H: R. = 96¡.13 -_ 1

l.
I

OBn

Bno--J-q T3Bno\--¡-\-\- ocH¡
oBn å
6

I

Scheme 6.I Reagents and conditions: (a) LiHMDS, BTCH2COOMe, THF, -78 
.C, 

B0%; (b) TMSOT'.BulSnH, CH2C|2, O'C,'12%t (c) CF¡COOH, THF/H,O (5:l), rt, quant.; (d) i) LiOH, THF/HrO (l:¡); ii)
Cs2CO1, BnBr, DMF, rr, 89% (over 2 sreps); (e) i) TfrO, dry pyridine, CH2CIr,rr; ii) NaNl, I5_crown_5.
CH'CI', rt, 8t% (over 2 steps); (f) i) pd(OH),iC, H, (t0 psi), MeOH, rr; ii) (Boc)rO, TEA, MeOH, 90%(over 2 steps); (g) i) Tscr, pvridine, 0 "c-rt,64vo; ii) NaNl, DMF, r00 'c, 52% (8) ana .;r" (n;,'(;; ;LioH, THF/Hzo (l:r); ii) pd(oH),/c, H, ( r0 psi), N4eoH, rt; iii) Fmoc-opþ, NaHCo3, acetone,t{,o (l:l),
rt, 63%(10, over 3 steps) or 65% (t t, over j sreps).

compound 7 served as precursor ror introducing the second amino functionarity into the

carbohydrate scaffold. This was achieved by selective tosylationr6 ofthe primary hydroxy
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group using p-toluenesulfonyl chlorìde rn pyridine followed by nuc)eophiÌic displacement

of the losylale wìth sodium azide at elevated temperature in DMF. lt is noterrorthy that

the displacement of the primary tosylate by sodium azide does not resuìt in epimerization

al C-2 anð provides only azide 8, if the reactìon ìs performed below 80 oC. However, we

observed substantial epimerization at 100'C affording diasrereomeric azides 8 and 9 in

53Yø and 42o/o y:elds, respectively. Both diaslereomers can be separaled by flash

chromalography. Exposure of esters 8 and 9 to basic condirions (LiOH, THF-HrO)

followed by catalyic hydrogenation using Pearlman's caralysl [Pd(OH)2-C, Hz, MeOH]

and protection of the primary amino function as 9i1-fluorenylmethoxycarbamate using

9-fluorenylmethyl pentafluorophenyl carbonate provided the glucose-templated D-lysìne

analogs GlucTk 10 and glucose-templated L-lysine analogs GlucTK 7l in 63%o and 65%o

isolated yields, respectively. Building blocks l0 and ll are suitabìy protected to be used

as novel lysìne mìmetjcs in soÌution phase peptide synthesis.

To demonstrate the use of chimeric gìucose-lysine analogs in peptide synthesis. we

decided 1o convert azide 8 into rhe di-N-Boc-prorected acid l3 (Scheme 6.2). This was

achieved via a three-step procedure. Reduction of azide 8 by catalytic hydrogenatìon

followed by proteclion using di-t-butyJ dicarbonate and triethylamine in metha¡ol

afforded the di-t-butyJcarbanate-prolected ester l2 in 90% yield. Saponification of ester

l2 using lithiLrm hydroxide in aqneous THF plovided acid t3 in 90% yield. To study rhe

influence of the constlained sugar moiety and the presence of the I ,3 -hydroxyamine

motifs on the bìoactivity of small antjbacterial peptides, we decided to incorporate acidl3
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inro lhe amphìphilic antimicrobial dipeptide sequences kW-OBn l4 and kWNHBn' The

d

..aÊ

.'tÌ.
:.:'

::a,ai

,.:.=

N¡ NHBoc

Ho-s-\- O. I ^^., a r¡o-r..-\- Q |-_' Fo\-1\'\-ocH3 ----------* "Ëo\--¡\-.'<--ocH,'o¡r å 'on 
å

812

H,N -

TÑã\-\¿il--.Å-*
oH ö -'.' /-

(cF3cooH)3 " ¡rÇ
16: R=NHBn H

17: R = ôBn

Scheme 6.2 Reagenls and conditions: (a) ì) Pd(OH)z/C, H¡ (10 psi), MeOH, rt; ii) Bocro, EtrN' MeOH,

rt(g}yo,over2sreps);(b)LiOH,THF/HrO(l:l),0'C,90%;(c)TBTU,H-Trp(Boc)-NHBn,DIPEA,DMF,

a,'l'l\o(14) andTBTU, H-Trp(Boc)-OBn, DIPEA, DMF, rt' 83% (15); (d) TFA, CHrCìr, r1' quant'

latler was selected 10 study ho\t the nalule of the C-terminus influences the anlimicrobial

activity. Amidatjon of l3 was achieved by the coupling or 13 lo H-Trp(Boc)-NHBn and

H-Trp(Boc)-OBn using 2-( I H-benzotriazol- e-lyl)- I 
' 

1 ,3,3 -tetra-methyluronium

tet¡afluoroborate (TBTU) as coupling reagent in DMF to produce protected dipeptides l4

and 15 in 77o/o and 83% isolated yields, respectively. \ile did nol observe esfer formation

involvìng the Ìrnprotected hydroxyl groups during peptide coupling demonstraling no

need for protection of the secondary lrydroxyÌ gror-rps of 13 in peptide synthesis.

Exposure of dipeptides l4 and 15 lo a 50Yo mixture of trifluoroacetic acid in

dìchloromethane afforded unprotected dipeptides 16 and 17 in quantitative yields

(Scheme 6.2).

wilh peptides l6 and 1? in hand, we investigated the anlibaclerial aclivity of these

NHBoc. ( NHBocÞ -n-s-\-O I-_ 
-- 

"Ëo \-¡\-r"-' otr
OHå

NHBoc( NHtsO(
Ho--¡.l/o, IHOI-.21{/-/'-ìl

OHA
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peplides against various baclerìal súains and compared them to the k¡own antirnicrobiaì

dipeptide kW-OBn l8e as well as kW-NHBn l9 (Table 6.1). in vitro antibacterial tests

were performed in coìÌaboration with Dr. Zhanel's laboratory at the Health Science

Center at the Universìty of Manitoba. Our results show that repÌacement of lysine by

GlcTk reduces the antibacterial activity of kW-OBn by 4 32-fold against Gram-posilive

cocci and 2-16-fold versus Gram-negative bacìlli. It is possible thal the low antibacterial

activity ofdipeplide l7 is the result ofdecreased amphiphiìicity and hydrophobicity. For

instance, substitution of D-lysìne by GlcTk introduces three hydroxyl groups. This results

in significantly increased hydrophilìcity of GlcTk-W-OBn when compared 1o kW-OBn.

Amphiphiìicity and hydrophobicity are cruciaì for the antibacterial activity of AMPs.5-?

Table 6.1 Representative mjnimal inhibitory concentrations (MlC) in ¡rg/mL for various
baclerial stl ains.

p€ptìde S. aureusn MRSAb MRSE. P. ae tiginosa'

16 256 >512 r28 512 >512

77 256 256 t28 )t¿ >512

18 t6 64 4 32 512

l9 512 512 256 \t2 <512

^ ATCC 29213;Þ meth iciìlin-resistant S. aureus (ATCC 33 592);" methicillin-resistanl

s. epidermidis (ATCC J4990);d ATCC 25922: ATCC2'7853.

However, other faclors such as the bulkiness of the sugar flagment or the restricled

ìotalion of the ìysìne notif nray also conlribule lo fhe reduced aclivìty. lnlelestingJy. we

observed tl.ìat the natrìre of the C-terminus contt'ibutes substantialÌy to the antjmicrobjal
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activjty of kW-OBn. For instance, dipeplide kW-OBn exhibits strong S. aureus activity

whjle this activjty is abolished in peptide kW-NHBn. The reasons for this peculiar

behavior are curently no1 understood.

6.3. Conclusions

we have developed a synlhetic path\¡/ay into suitably protected glucose-templated

C-glycosìdic ìysine analogs with naturaÌ and ururatural C(u) configuration The

carbohydrate scaffold induces a conformalional conslraint inlo the side chain of lysine

while, at the same lime, introducing artificial posl-lranslational modifications such as

hydroxylation and glycosylation. To demonstrale the use of carbohydrate-templated

lysine analogs in pepride synthesis and 1o explore the biological properties, we replaced

lysine in the antibacterial dipeptide kw-oBn by GlcTk. Peptide synthesis was achieved

without the need for hydroxyl group proteclion. Determination of the biological activity

againsl various bacterial strains demonstrated thal the repÌacement of lysine by GlcTk in

the dipeptide kw-oBn reduces strongly the antibacterial activity. Studies of the

lysinemimelic and glycomimetic properties of GlcTk and GIcTK in other peptides are in

progress.

6.4. Bxperimental

General CHzCI: was distilled from

concenlrated under dimillished pressure at

calcir,rm hydr ide. Organic solulions we¡e

<40 'C (bath tempeÌalì-rre). NMR speclra were
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recorded at 300 or 500 MHz forrH and at'75MHz for r3C. Chemical shifts are repofed

¡elative to CHCIr (ôH 7.26, ô. (center of triplet) 77.0 ppm) orto CH3OH (ôH 3.35, ô6 (center

of septet) 49.0 ppm) or to acetone as ìnlernal standard (DrO). TLC was performed on E.

Merck Silica Gel 60 F254 with detection by chaning with 8% HzSO¿ acid. Silica gel

(0.040-0.063 mm) was used for column ch¡omalography. Lactone I was purchased from

Toronto Research Chemicals. Reference peplides l8 and 19 were prepared according 1o the

literature proceduree and obtained as TFA salts.

(2,9)-Methyl 2-t rim ethylsilyl oxy -2-(2,3,4,6-tetra-O-benzyl-p-D-glu copyra n osyl)-

Ethanoate (3) and (2S)-Methyì 2-hydroxy-2-(2,3,4,6-tetra-O-benryl-p-D-

glu copyranosyl)-eth an oa te (5) To a mixlure of epoxide 22r (480 mg, 0.79 mmol) and

tributyltin hydride (0.84 mL, 3.15 nmol) in dichloromethane (ì5 mL) was added drop

wise trimethylsilyl trifluoromethanesulfonale (TMSOT{ 0.42 mL,2.36 mmol) at 0 'C.

The mixture was stirred for 30 min. at thal temperature and quenched wilh saturated

sodium bicarbonale solution (15 mL). The organic Ìayer was separaled and the aqueous

phase was extracted with dichloromethane (3 x l0 mL). The combined organic layers

were dlied (Na2SOa), concentlated and purified by flash column chlomatography

(hexanes/ethyl acetate,2:l) to affold 3 (388 mg, 72%) and 5 (96 mg,20%) as a coÌorless

sylup. The trimethylsilyl ether 3 was converled 1o 5 (337 mg, quant.) by treatment with

tlifluoroacetic acid (0.19 mL,5 equiv.) irl aq. tetrahydrofuran (THF/H2O 5:l) for'

overnight. 3: IH NMR (300 MHz, CDCI3): ô 0.20 (s, 9 H), 3.46-3.54 (m, I H), 3.64 (dd.
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tH,J=9.2,9.6H2),3.68'3.85 (m,8 H),4s5 (d, I H,J= t2.2Hz),4.62 (d, I H,J=

12.2H2),4.63-4.74 (m,3 H),4.86 (d, 1 H,J= l0.9Hz),4.88 (d, I H,J= 10.9H2),4.96

(d, 1 H, J = tt.4 Hz ), 5 00(d, I H, J= tt.4Hz),].22-1 .41 (m,20 H); '3C NMR 125

MHz, CDCI3): ô 0 9, 52.0, 68.8,11 .7,13.2,74 6,1s.0,75.6,7't .7,181,79.9,80.2,87 4,

121 .3-128.5 (aromalic carbons), 138.2, 138.5, 138.5, 138.6, 172.4;MS (ES+):m/2707.42

[M+Na]*; Anal. Calcd for C¿oHqaOsS j: C, 70.15; H, 7.06. Found: C. 70.25; H, 7.14 5:

lal250=+21 .0 (c L15, cHCl¡); 'H NMR (300 MHz, CDCI3): ô 2.85 (br s, I H),3.46-3.54

(m, I H), 3.59 (dd, I H, J = 8.4, 8.6 Hz), 3.63-3.12 (m, 3 H), 3.13-3.81 (m, s H),

4.41-4.s9 (m,3 H),4.ó1 (d, I H, J= 1l .0Hz),4.77 (d, 1 H, J= 11 0 Hz),4.8s (d, 1 H, J

= 10.8 Hz), 4.89-4.98 (m, 3 H), 1 19-7.39 (m, 20 H); '3C NMR (75 MHz, CDCI3): ô 52.7,

69.0, 69.6, 13.3, 7s.1, 75.2, 75 6, 17.8, 18.3,'79.5, 19.s, 86.9, j27 s-128.6 (aromatìc

carbons), 138.1, 138.2, ì38.3, 138.6, 173.3;MS (ES+): m/z 635.13 [M+Na].; Anal. Calcd

for C¡rH¿oOs: C.72.53 H,6.58. Found: C,72.61;Yl,6.46.

(2,9)-Benzyl 2-hy droxy-2-(2,3,4,6-tel ra-O-benzyl-l-D-glu copyranosyl)-eth anoate

(4) LiOH (24 mg, 1.02 mmol) was added to a mixture of compound 5 (104 mg, 0.17

mmol) in THF/H2O (3.0 mL, l:l). The mixture was stirred at room temperatùre for l2 h

and formic acid in waler was added 1o quench the reaction until acidic. After extraclion

with ethyl acetate (5 x 20 mL), the organic Iayer was evaporated and the crude resjdue

was dissolved jn DMF (3.0 mL). CszCO¡ (72 mg,0.22 mmol) was added 30 mjnLrtes

priol to addition of BnBr' (40 pL, 0.34 nrmol). The mixtule was stined al room
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temperature for 2 h and waler was added. The aqueous )ayer was extracted with ethyl

acetale (3 x 20 mL) and the combined organic layers were dried (Na2SOa) and

concenlrated. Flash column chromatography (hexanes/ethyl acelate,4:l) yielded 4 (104

mg,89%) as a crear oir. 'H NMR (300 MHz, CDCI3): ô 3.30-3.36 (m, 2 H), 3.48 (dd, 1 H,

J = 1.7, | 1.1 Hz), 3.59-3.6a (m, 2 H), 3.67 (dd, I H, J = 1.9, 8.6 Hz), 3.74 (dd, 1 H, J =

8.8, 9.1 Hz), 3 83 (dd, \ H, J = 9 1, 8 6 Hz), 4.52-4.58 (m, 3 H), 4.61 (d, I H, J= 10.7

Hz),4.78 (d, 1 Fl,J= 10.9 Hz),4 84 (d, I H,J= 10.9 Hz),a.90-4.91 (m,3 H), s.l0 (d, I

H,J = 12.0H2),5.33 (d, I H, J - l2.0Hz),1.\g-7.38 (rn,25 H); 'rC NMR (75MHz,

CDCI¡): ô 61 .3, 68.6, 69.6, 13.3, 15.1, 75.2, 75.6, 77 7, 78.1, 79.s, ?9.ó, 86.8,

121.6-128.6 (aromatic carbons), 135.3, 138.1,138.2, 138.3,138.6,112.1; MS (ES+): z/z

689.44 [M+H]-; A¡al. Calcd for C¿¡HqqOa: C,74.98; H, 6.44. Found: C,14.93;H,6.52

(2J?)-Methyl 2-azido-2-(2,3,4,6-lelra-O-benzy l-pD-glu copyran osyl)-eth an oa te (6)

Compound 5 (50 mg, 0.08 nrmol) was dissolved in dry CHzClz (2.0 mL) and cooled to 0

'C. Pyridine (66 ¡rL, 0.8 mmol) was added. The reaction mìxtule was stined lor 5

minutes, and then trifluoromethanesulfonìc anhydride (55 ¡rL, 0.32 mmol) was slowly

added. The reaction mixlure was slirred under 0 oC fo¡ I h. Waler (5.0 mL) was added

followed by exlraclion with CHzClz (3 x 5 mL). The organic layer was dried (over

Na2SOa), concentlated and re-dissolved in anhydrous CH2CÌ2 (2.0 mL). NaN3 ( I 6 mg,

0.24 mnro)) and 15-crown-5 (4 p.L, 0.2 mmol) wele added. The reaction mixltrre was

stirred at Ìoon.l temperalrìre lor 24 h and tìten water was added. The aqueous phase was
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extracted with CHzClz (3 x 20 mL) and the combined organic layers were dried (lrla2SOa)

and concentrated. Flash column chromatography (hexanes/ethyl ace1a1e, 4:l) yielded

azide 6 (42 mg, 81%) as a pale-yellow oil. [c]25¡ = +ó.0 (c 0.5, CHCI¡); 'H NVn 1:OO

MHz, CDCI¡) ô 3.s2-3.56 (m, a H),3.64 (dd, 1H,J=9.6,8.6H2),3.1\-3.77 (m,3 H),

3.80 (dd, tH,J=9.4,8.6H2),3.92 (dd, 1 H, J= 1.9,9.4H2),4.37 (d, I H,J: 1.9 Hz),

4.55 (d, I H,J= 12 1Hz),4.s7-4.65(n,2H),469(d, I H,J- l0.6Hz),4.83 (d, 1H,J

= 10.9 Hz),4.88 (d, I H. J = 10.9 Hz),4.93-4.91 (m, 2 H), 1.23-1 .36 (m, 20 H); r3C

NMR (75 MHz, CDCI¡): õ s2.6, 62.8,68.9, 73.5, 14.7,75.t,15.6,11 .3,18.2,19.6,19.7,

81 .1,121 .6-128.5 (aromalic carbons), 137.9, 138.0, 138.2, 138.3, 167.8; MS (ES+): m/z

660.03 [M+Na]*; Anal. Calcd for C¡rH¡çN¡Oi: C,69.68; H,6.16; N,6.59. Found: C,

69.72tH,6.21; N, 6.63.

(2-R)-Methyì 2-(l¿rt-bu toxycârbonylam in o)-2-(pD-glucopyran osyl)-eth anoate (7)

Compound 6 (223 mg, 0.32 mmol) was dissolved in MeOH (6.0 mL) and aq.

hydrochloric acid (0.5 mmol). Pearlman's catalysl (160 mg) was added and the mixture

was hydrogenaled for 6 h at atmospheric pressure. The mixture was fiìtered, concentraled,

and re-dissolved in MeOH (2.0 mL). Triethylamine (0.5 mL) and Boc2O (550 mg,2.5

mmoÌ) were added and the mixture was stirred al room lemperature for l2 h. The crude

residue was concentraled and purified with silìca gel column chromatography

(nrethanol/ethyl acetate, I :6) to afford 10 ( I 00 mg, 90%) as a syrup. [o]25o = -29.0 (c

1.45, CH¡OH); 'H NMR (300 MHz, CD¡OD): ô 1.46 (s, 9 H), 3.07 (dd. I H. J = 9.3,9.2
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Hz),323-3.36 (m,2 H),3.43-3.s9 (m,3 H),3.7a (s,3 H), 3.89 (dd, I H, J- 1.9, 11.8

Hz),4.66 (d, I H, J = <l Hz); r3C NMR (75 MHz, cD3oD): 6 28.7,52.6,55.4,63.6,'t1.6,

12.0,79.7,80.8,82.2, 82.6, 1s8.2,173.0; MS (ES+) m/z 3s2.29 [M+H]-; HRMS (ES+)

Calcd for C¡aH26NOe [M+H]. 352.1608. Found 352.1607.

(2À)-M ethyl 2-(t e ri-butoxy carbonylamin o)-2-(6-azido-6-d eoxy - &D -

glucopyranosyl)-eth anoate (8) and (2,f)-Methyl 2-(terÊbu toxycarbonyla rn in o)-2-

(6-azido-þD-glucopyran osyl)-ethan oate (9) To a soÌution of compound 7 (100 mg,

0.29 mmol) in dry pyridine (8.0 mL) was added toluenesuìfonyl chloride ( 128 mg,0.68

mmol) and the reaction was slirred for 2 h at 0 "C, then raised to room temperature for 6

h. The solvenl was removed tn vacuo and then purified by gradient flash column

chromatography (ethyl acetate to ethyl acetate/methanol, 20:1) to afford a crude mjxture

containing the 6-O-tosyl-B-D-glucopyranoside derivalìve (92 mg, 64%). Sodium azide

(1 l8 mg, 1 .82 mmol) was added to the solution of tosylate in dry DMF (3.0 mL) and the

mixture was heated to 100 'C for ovemight. The solvenl was removed in vacuo and lhe

residue was purified by gradient flash column chlomatography (ethyl acelate to ethyl

acelate/methanol, 20:l ) to afford compound 8 (36 mg, 520/o) and 9 (30 mg, 43%o) as a

paÌe-yellow oil into a ratio 1.2:1 respeclively. 8: [a]25¡= -15.0 (c 0.25, CH¡OH); 'H Nlvß.

(300 MHz, CDCI): õ 1.44 (s,9 H),3.32 (dd, I H, J= 5.9,134H2),3.45 (dd, I H,J=

3 2,9.2H2),3.49-3.58 (m, a H), 3.70 (dd, 1H, J = 3.2,9.2),3.15 (s, 3 H), 4.00-4.16 (br s,

I H),4.12-4.78 (m, 2 H) , 4.88 (br s, I H), 5.63 (d. I H, J = 8.4 Hz); 'tC NMR (75 MHz,
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CDCI¡): ô 28.3, 51.3, 52.6, 53.9, 70.4, 70.6, 17.9, 19.5, 80.6, 80.8, I 55.7, I 69.6; HRMS

(ES+) Calcd for Cr¿HzqN¿NaO8 [M+Na]+ 399.1492. Found 399.1489; 9: [o]25¡: +74.0 (c

0.1, cH¡oH); IH NMR (300 MHa CDCI3): ô 1.46 (s, 9 H), 3.2s (r, I H, J = 9.3 Hz),3.33

(dd,2H,J=6.2, 13.2H2),3.42 (m,2H),3.47(brs, 1H),3.50(m, 1H),3.60(t, 1H,"¡=

8.9H2),3.76 (dd, I H,J=2.3,9s Hz),3.80(s,3H),a.67(dd, l H,J-2.3,8.0H2),4.10

(br s, 1 H), s.57 (d, I H, J = 8.0 Hz¡; ¡rC NMR (75 MHz, CDCÌ3): õ28.2,51 .4,53.0, 53.8,

69.9,10.8,71.2,19.4,80.0, 81.4, \57.4,169.9; HRMS (ES+) Calcd for C¡aH2aNaNaOs

[M+Na]* 399.1492. Found 399.1490.

(2R)-2-(r e rÞbttoxyca rbonylamin o)-2- l6-deoxy-6-(9ll-fl u oren-9-

ylm eth oxycarbonylamin o)-pD-glucopyranosyll-eth anoic acid (10) Ester 8 (60 mg,

0.16 mmol) was treated with lithium hydroxide (2 ì mg, 0.96 mmol) for I h at 0 oC in

aqueous THF (4.0 mL, l:l), and then acidjfied wjth formic acid (99%o, 100 pL). The

solution was extracted wìth ethyl acelate (6 x l0 mL) and the combined organic layers

were dried (l',trazSOq) and concenlrated to afford crude acid (58 mg, quanl.), which was

dissoìved in MeOH (a.0 mL) and hydrogenated for 20 min. using 20% wt Pd(OH)2/C.

The solution was filtered and the solvent was evaporated in vacuo. The solid residue was

dissolved in aqueons acelone (3.0 nrl, l:l) and treated with 9-fluorenylmethyl

penlafluorophenyl carbonate (91 mg, 0.24 mmol) and sodium bicarbonate (3 I mg, 0.37

mmol) for 4 h at loom ten.ìperature. Water (10.0 mL) was added and the aqueor,rs layer

was extracted with ethyl acetate (6 x l0 mL). Finalìy, the soìvent was drìed (l\la2SOa) and
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concenlrated. The crude product was purified by flash column chromatography

(methanol/ethyl acetate, 1:l) to afford compound 10 (45 mg, 63%o) as a coÌo¡less thick

liquid.'H NMR (300 MHz, CD¡oD): ô 1.43 (s, 9 H), 2.98-3.13 (m,2 H), 3.18 (m, I H),

3.22-3.44 (m, 2 H), 3.62-3 80 (m, 2 H), 4.23 (1, I H, J: 6.8 Hz), 4 32-4.48 (m, 3 H),

7.28-1.87 (m, 8 H); ''C NMR (15 MHz, CDC|3): ô 28.9, 43.4, 48.s, 56.4, 67 .8, j2.0,

13.1, '79.0, 80.4, 80.8, 83.0, 120.9-t28.8 (aromaric carbons), 142.6-t45.4 (aromaric

carbons), 157.7, 159.1, I69.5, MS (ES.): m/z 557.09 [M-H]-.

(25)-2- (te r t -butoxyca rbonylamin o)-2-l 6-deoxy-6-(9,ltl-fluoren-9-

ylm ethoxycarbonylam in o)-pD-glucopyran osyl]-eth anoic acid (11) Ester 9 (40 mg,

0.1 I mmol) vr'as treated with lithium hydroxide (15 mg, 0.66 mmoJ) for I h at 0 0C in

aqueous THF (4.0 mL, 1 : 1), and then acidified with 99% fo¡mic acid (5 drops). The

solution was extracted with ethyì acetate (6 x l0 mL) and the combined organic layers

were dried (NazSOq) and concentrated to affor.d crude acid (35 mg) which was

dissolved in MeOH (4.0 mL) and hydrogenaled for 20 min. using 20% wr pd(OH)/C.

The solution was filtered and the solvent was evaporaled in vacuo. The solìd ¡esidue was

dissolved in aqueous acelone (3.0 mL, 2:l) and treated with 9-fluorenylmethyl

pentafluorophenyl carbonale (75 mg,0.18 mmol) and sodium bicarbonate (30 mg,0.36

mmol) for 4 h at room temperature. Water (10.0 mL) was added and the aqueous layer

vr'as extracted with ethyl acetate (6 x l0 mL). Finally, the solvent was dried (Na2SOa) and

concentrated. The cmde product was purified by flash colunrn chromatogr.aphy
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(methanol/ethyl acetale, I : 1) to afford compound 1l (39 mg, 65%) as a thick colorless

liquíd. [a]2s¡ +5.0 (c 0.7, cH3oH);'H NMR (300 MHz, cD3oD): ô L45 (s, 9 H), 3.t3

(ABq, I H, J=9.3Hz),3.17 -3.29 (m,2 H),3 35 (m,2 H),3.38-3.45 (m,2H),3.55-3 70

(m, I H), 3.75 (d, I H, J = 9.4 Hz), 4.20 (1, I H, -/ = 6.9 Hz), 4.28 -4.44 (m, 3 H),

7.28-7.42 (m, a H), 7.65 (dd, 2 H, J = 1.6, 6.8 Hz), 1.18 (d,2 H, J = 1.4 Hz¡; r3C NMR

(15MHz, CD3OD): õ28.8,42.'t,48.6,56.2,67.9,71.2,t1'7,'18.'7,80.2,80.8,81.5,

120.9-128.8 (aromatic carbons) 142.6-145.4 (aromalic carbons), 158.9, 159.3, 169.2; MS

(ES-): m/z 556.90 [M-H]-; Anal. Calcd for Cz¡H¡qNzOro: C. ó0.21;H,6.t4; N,5.02.

Found: C, 60.32;H, 6.19; N, 4.98.

(2ìR)-Methyl 2 -(t e rt-b ùtoxy càrbonylamin o)-2 -16-deoxy -6-(t e rt -

butoxycarbonylamin o)-pD-glu copyran osyl]-ethan oate (12) A solution of azide 8 (ì 70

mg, 0.50 mmol) in melhanol (20.0 mL) was treated with Pd(OH)2/C under an atmosphere

ofhydrogen lor I hour at room temperature. The reaction mixture was filtered through

Celite, and rinsed with methanol. The filtrate was evaporaled under reduced pressure to

give colorless foam (155 mg,0.44 mmol), which was trealed with d j-t¿rt-butyl dica¡bonate

(193 mg, 0.88 mmol) and triethylamine (0,3 mL, 2.2 mmol) in MeOH for 4 h at ¡oom

temperature. Finalìy, the solvenl was evaporaled under reduced pressure to give colorless

liquid. The crude producl was then purified by flash column chomatography

(methanol/ethyì acetate, l:l) to afford compolrnd 12 (183 mg, 90%) as a colorless liquid.

[a]25e=+4.0 (c0.75, CH¡OH); IH NMR (300 MHz, CD¡OD): ô 1.50 (br s, 18 H).3.02
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(brt, 1H,J=7.2H2),3.08 (brt, I H, J=9.3H2),3.24(m, I H),3.36(m, I H),3.50(dd,

1H,J=t.6, 10.0H2),3.56(brd, lH,J-9.0H2),3.64(m, lH),3.78(s,3H),4.69(brs,

1 H;;rsCNMR (75 MHz, CD3OD): ô28.8,28.9, 43.0,52.8,55.5,11.7,12.9,79.3,80.3,

80.9, 81.0, 82.1, 158.1, 158.7,172.0; MS (ES+): m/z 4'73.24 [M+Na].; Anal. Calcd fo¡

CrsH¡¿NzOro: C, 50.66; H. 7.61;N, 6.22. Found: C, 50.54; H, 7.59;N. 6.28.

(2R)-2-(tert-brtoxyca rbonylamino)-2- l6-d eoxy-6-(/erl-butoxycarbonylamin o)-pD-

glucopyran osyll-eth an oic acid (13) The ester 12 (80 mg, 0.18 mmol) was dissolved in aq.

THF (4.0 mL, 1 : 1) and treated wilh LiOH (26 mg, \ .07 mmol) at 0 
"C. The reaction mixture

was stirred at thal lemperature for I h. Afler which, the mixture was acidified to pH 3 with

99%o formic acid, and extracted with ethyl acetate (5 x 10 mL). The combined organic

layers were dried (over anl. Na2SOa) and concentrated under reduced pressure to give

colorless foam which was dissolved in ethyl acetate (3.0 mL). Crystallization commenced

within an hour. Afle¡ completion of crystallization, the precipitates were collected by

fiìtration a¡d rinsed with ethyl acetale (2 x 2 mL) lo afford 13 (70 mg, 90%) as white

crysral. Mp 205-201 'C; 
[o]25¡= -7.0 (c 0 85. CH¡OH); IH NMR (300 MHz, CD¡OD): ô

1.45 (s, 9 H), 1.46 (s, 9 H),2.98 (m, I H), 3.04 (1, 1 H, "/= 9.2H2),3.t5-3.22 (rn, I H),

3.33 (m, I H), 3.44 (dd, I H, J: 1.6, 10.0 Hz), 3.63 (br ABq, 2 H, J = 9.6 Hz), 4.61 (br

s, I H); T3C NMR (75 MHz, cD3oD): ô 29 7.28.8, 43.0,55 2,11 8,72.9,79.3, 80.3, 80.8,

80.9,82.3, 158.1, 158.7, 173.2; MS (ES+): m/z 459.23 [M+Na]*; Anal. Calcd for'

Cr ¿H¡zNzO¡o: C, 49.53 ; H, 1.39; N, 6.42. Found : C, 49.49 ; H, 7.27; N, 6.5 8.
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N-l(2R)-2-(tert-butoxycarbonylamin o)-2- ló-d eoxy-6-(lertbutoxycarbonyla mino)-p

-D-glucopyranosyll-acetyll-Trp(Boc)-NHBn (14) To the mixture of

Fmoc-Trp(Boc)-OH (205 mg, 0.39 mmol) and TBTU (451 mg, 1.4 mmol) in DMF (5.0

mL) were added benzylamine (165 mL, 1.51 rnmol) and N,N-diisopropylethylamine (334

pL, 1.87 mmol) and slir¡ed for 2 h at room temperature. The solvent was rernoved in

vacuo and the residue was purified by flash column chromatography (hexanes/ethyl

acetate, 2:l) lo yieJd the Fmoc-Trp(Boc)-NHBn (211 mg, 88%). The solution of

Fmoc-Trp(Boc)-NHBn (151 mg,0.25 mmol) and piperidine (0.5 mL) in DMF (2.0 mL)

was stirred for I h at room temperalure. The solvent was removed in vacuo and the c¡ude

producl was purified by flash column ch,romatography (methanol/ethyì acetate, 1:20) to

afford the H-Trp(Boc)-NHBn (129 m9,96%). To the solution of l3 (23 mg, 0.05 mmol)

in DMF (2.0 mL) were added H-Trp(Boc)-NHBn (26 mg,0.09 mmol), TBTU (58 mg,

0.1 8 mmol), and N,N-diisopropyÌethylamine (43 mL, 0.24 mmol). The mixture was

stirred for 4 h at room temperature belore rertoving the solvent under reduced pressure.

The crude product was purified by flash column ch-romatography using ethyl acelale as

eluent to affo¡d l4 (29 mg,11%) as a thick colorÌess liquid. Ic]25¡= -5.0 (c 1.0, CHCI:);

'H NMR (300 MHz, cD¡oD): ô r.38 (s, 9 H), t.42 (s, 9 H), 1.69 (s, 9 H), 2.88-3.09 (m,

2H),3.18(dd,2H,J=7.6, 14.2H2),325-3.33 (m,2H),3.33-3.3s(m,4H),3.36-3.48

(m, 3 H), 4.29-4.40 (m, 2 H), 4 44 (br s, I H), 4.84 (m, I H), ?.08 (br d, 2 H, J = 1.0 H2),

1.20-7.31 (m, 5 H), 7 52 (s, I H), 1.66 (br d, I H, J = 1.6 H2), 8 1 3 (bL d, I H, J = 8.1 Hz);

r3c NMR (75MHz, cD:oD): ô 28.5,28.6,28.8,43.0, 44 1,sA.8,72.0,72.5,79.0,80.3,
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81.0, 81.1, 84.g, 116.2, 11'7.2, 120.2, 123.1, t25.6, 128.2, 1283, 129 5, l3l'9' 136'9'

139.3,151.0,158.9,160.6,112.2,113.3;MS(ES+):m/2834'1':-[M+Na].;AnalCalcd

for C¡rHsiNsOrz: C, 60.65; H, 7.08; N, 8.63 Found: C, 60 59; H, 7'07;N, 8 77'

N-|(2R)-2-(tert.butoxycarbonylamino)-2-[6.deoxy-6-(/ertbutoxycarbonylamino)-B

-D-glucopyranosyll-acetyll-Trp(Boc)-OBn (15) To a solulion of Fmoc-Trp(Boc) -OH

(100 mg, 0.l9 mmoì) in DMF (5.0 mL) \vas added Cs2CO3 (249 mg, 0 77 mmol)

followed by addition of benzyl bromide (90 pL,0.?6 mmol) and then stirred for 4 h at

room temperature. The solvent was removed tn vacuo and the residue was purified by

flash column chromatography (hexane/ethyÌ acetale, 2"1) to yield the

Fmoc-Trp(Boc)-OBn (107 mg, 92%). The solution of Fmoc-Trp(Boc)-OBn (107 mg'

0.17 mmoì) and piperidine (0.5 mL) in DMF (2.0 mL) was stired for I h at room

tempefature. The solvent was removed in yacuo and the crude product was purified by

flash column chromatography (methanol/ethyl acetate, 1:20) to alford the

H-Trp(Boc)-OBn(65mg,95%).Compound13(30mg,007mmol)wasdjssoìvedin

DMF (2.0 mL) and H-Trp(Boc)-OBn (36 mg, 0.09 mmol), TBTU (81 mg, 0 25 mmol)'

and,N,N-diisopropylerhyìamine (60 ¡rL, 0.34 mmol) were added and then stined for 4 h at

room temperature. The solvenl was removed under reduced pressure and the crude

prbduct was purified by flash column chromatography using ethyl acetate as eluent to

afford t5 (6 mg,8l%) as a thick liquid. [o]25o=-32.0 (c l'45,CH3OH); 'H nn,tR 1:00

MHz, CD3OD): ô 1.38 (br s, 18 H), 1 63 (s, 9 H), 3 00-3 ls (m, 2 H), 3 18 (d, 2 H' J =
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7.0Hz),3.24 (brs, I H), 333-3.40(m,5H),4 89 (m, I H)' s 03 (s'2 H)' 106't'12(m'2

H),1.15-7.31(m, s H), ?.40 (br s, I H), 7 50 (m, 1 H), 8 05 (d' I H' J = 82Hz); r3C

NMR(75 MHz,CD¡OD): 626.g,21 '3,21 4'27 6,40'8,s46'549'66'1'698'70'1'16'8'

77.3,18.8,79.0,19.1 ,83.4,114.'Ì,114.8, 1182, 122'2,t234'124'0, 12'7'4'121 '8',t27'9'

134.5, 134.g, 14g.3, 155.4,157 1, 170 0, 171 3; MS (ES+): m/z 835 33 [M+Na]*; Anal'

Calcd for CqrHsoN¡Ori: C,60.58; H, 6 94;N, 6'89' Found: C' 60 57; H' 6 88;N' 6 93'

N-[(2,R)-2-(amino)-2-[6-deoxy-6-amin o)-pD-glu copyranosyl]-acetyll-Trp-NHBn'

(CF3COzH)r (16) A solulìon of TFA/CHzClz (1:1,4 0 mL) was added to the compound l4

(80 mg, 0.10 mmol) at room temperalure Afler 3 h, the solulion was diluled with toluene

(2 x 5 mL), concentrated in vacuo,provided 16 (?3 mg, quant ) as a salt [a]25o: -8 0 (c

0.4s,cH¡oH); 'H NMR (300 MHz, D2O): ô 252-2'14 (m,2 H)' 288-304 (m' 2 H)'

3.28-3.40(m,2H),342-3.s6(m,2H),310-3 11 (m, I H)' 432'4'41 (m' I H)' 4'45'4'54

(m,2 H),5.00-s.11 (m, 1H),7.t6-1 '49 (m,8 H),7'60-7 68 (m' I H)' 7 78 (dd' 1 H'J=

7.8, l7.8Hz); T3CNMR(75MHz,D2O): õ21 .9,40'9,43'4,534,54'8'69'4"108'160'

16.6,11 .4,109.0, 112.6, 118.9, 119.7, 122'3,125 1,126'8, 1274,t21'8'129'1 ',136'8'

137.8, 166.1, 173.3; MS (ES+): m/z5l 1.99 [M+H].'

N-{(2J?)-2-(amino)-2-16-deoxy-6-amino)-fD-glucopyranosyll-acetyll-Trp-OBn'

(CF¡COzH)¡(17)Conpoundls(100mg,012mnol)wastreatedwithasolutionof

TFAJCHzCÌz (l:1, 4.0 mL) at room temperature for'3 h The volaliles were ¡emoved with
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loluene (2 x 5 mL) in vacuo and then the residue was rinsed with dry ether to afford l7

(91 mg, quanr.) as a TFA-satt. [o]25¡ = - 1 6.0 (c 0.3, CH¡OH); 'H NMR (300 MHz, D2O):

E 2.32-2.42 (m, 2 H), 2.10-2.18 (1, 1 H, J =9.6 Hz),3.18 (br d, I H, J = 14.0 Hz),

3.22-3.42 (m,3 H),3.48-3.60 (m,2 H),4.30 (brs, 1 H),5.14 (dd, I H, J= 5.7,10.3H2),

5.24(brs,2H),7.11 (t, lH,J=7.6H2),7.22 (brs, I H), 1.28(t,tH,J-7.6H2),7.36

(dd, 2 H, J = 3 8, 7.6 Hz), 1 42-1.49 (m, 3 H), 7.s3 (d, 1 H J = 8.2 Hz), 7.70 (d, 1 H, J =

8.2H2);t3c NMR (75 MHz, D2o): 621 .2,40.9,53.3,53.6,68.4,69.3,10.7,16.0,76.s,

17.5,109.1,112.6, 118.9, 1)9.1 ,'t22.4,125.0, 126.'1 ,128.1 ,129.1 ,129.2, 13s.4,136.8,

\66.2, 113.3; MS (ES, [M+Na]+); MS (ES+): m/z 513.23 [M+Hl*.

Determination of the MIC values for peptides 16-19. Bacterial isoìates were obtained

from the American Type Culture Collection (ATCC). Isolates were kept frozen in skim

milk at -80'C untr'l minìmum inlibitory concentration (MlC) testing was carrjed out.

Following two subcultures from frozen stock, the in vitro aclivilies of peptides were

determined by macrobroth dilution ìn accordance with the Clìnical and Laboratory

Standards lnstitute (CLSI) 200ó guidelines.22 Slock solutions of peptides were prepared

and dilutions made as described by CLSI. Tesl tubes conlained doubling antimicrobial

dilutions of calion adjusted Mueller-Hinton broth and inoculaled to achieve a final

concenlration of apploximateJy 5 x 105 CFUA¡| then incubated in ambient air îot' 24

hours priol to reading. Colony cor.rnts were perfonred periodìcalìy to confirm inocula.

Quality controJ was performed using ATCC QC organisms.
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Chapter 7

Design and Synthesis of Glucose-templated Proline-Lysine Chirnera:

Polyfunctional Amino Àcid Chimera rvith High Prolyl crsAmide

Rotamer Population

A bst racl: lle describe the synthesis o/ rwo glucose-templated proline-lysine chiÌneras (GlcTProLysCs) that

difer in the stereochemistry o/ the hydrorymetlrylene substituent at the C-5' (C-Q position of the

pyrrolidine ring. The key synthetic step involve regioselecl¡ve installation of the azide group at C-6 on the

glucose scaf/old. lncorporation of these chimeras into the model peptides Ac-G lcTProLysC-NH Me ond

Ac-G lcTProLysC-OMe denonstrates lhat the stereochemistry of the hydroxymethyl substituent at the C-5'

posítíon has a proþund elfect on the equílibríum conslant ol proÌyl anide cis/tans isomerization. The

equílibrium constant K.it for the pept¡de mimic Ac-GlcîProLysC-N HMe with C-s'(R) stercochemístry was

determined to be 3.03 t 0.04 while the K,¡, for the C-5'(S) diastereomer \tas 0.56 + 0.04 ín DrO.

Tentperalure coefrcient experimehts indicate lhe origín of these efects ore derived lron rwo critical

hydrogen bonds involving the C- 6 h),drcxymetlryl substituent; one to the N-term¡nal amide corbonyl group,

ond a second to the prímary anino group in the glucose moiery,.

T.l.Introduction

Conformalionally constrained amino acids have found wide applicatìons as building

blocks to study and probe the bioactive conformation of peptides when binding to

receptors.l-3 Among all naturaìly occrìning amino acids, proline is the only amìno acid

with a side chain fused onto the peptide backbone. lts cyclic structure restricts the

rotalior.l aborì1 its I dihedral angìe, thereby reducing the energy difference between the



165

proìyl amide cis and lrans isomers. Thus, while most peptide amide bonds exisl almost

exclusively in the ¡rans lorm, proline has a much greater propensily 10 form cis amide

bonds. A variety of faclors influence cisltrans ìsomerization of proline; these include

electron withdrawing groups attached to the pynolidine ring,a n-+n* interaction,s Ar-Pro

interactionsó and steric effects? and pucker conformation.5 ln particuÌar, incorporation of

bulky substituents inlo the âposition of proìine has been show¡ to enlance the prolyl

amide cis population significantly. Cisltrans isomerizalion of proline plays an important

role in the formation of secondary structures ìn peplides and proteins because proline

induces a reversal in backbone conformation resuìting in the formaljon of reverse tums

and disruption of heÌices and sheels in proteins. Besides the occurence of proline in

ftums, proline-rich sequences also exist as extended helicesE (polyprolinel and

polyprolineJl) and antimicrobial peptides.e Furthermore, proìine undergoes

post{ranslational modificalions 1o form 4-(-R)-hydroxyprolines, which are k¡own to

contribute to the enhanced stability of the polyproline-ll conformation in both

collagenous proteins and peptides,a and plant cell wall glycoproleins.r0

Proline analogues dìsplaying the characteristjcs of othe¡ amino acìds are referred to as

proline-amino acid chimera, and have been used to study the spatial requirements for

receplor affìnity and biological activily ofboth natural amino acidslr'12 and peptides.ll-r5

For example, P-substiluted-prolines such as 3 -carboxyproline,ìru 3 -phenyÌproliner6 and

3 -di-nrethylprolinerT combine amino acid side-chain ñrnctionality with prolìne

conformational rigidity. ln these cases, replacement of the natul'al a¡nino acids in peptides
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by proline-amino acid chimeras provided better understanding of the bioactive

conformations of peplides binding to receptors.l3-15 While these analogues have proved

useful for inducing specific constraints into amino acids and peptides, their structures do

not permit additional derivatization; a trait that is oflen required in drug discovery and

lead optimization. Polyfunctional proline-amino acid chimera may overcome these

drawbacks.

Our concepl for developing such polyfunclional proline-amino acid chimera was

derived from glycosyl amino acids (Gê'As) which are defined by an a-amino acid group

ICHQ{H)COrH] either directly attached or carbon-linked to the anomeric carbon of a

carbohydrate scaffotd.rs The relative rigidiry of the pyran ring combined with the

polyfunctionaÌ nature of the carbohydrale scaffold has inspired the design of unusual and

conlormationally constra jned amino acids and novel peptidomimetics. '8 While there are

many examples of C-glycosylglycine. -alanine, -setine, and -asparagine,ls" fe*

proline-based GAAs exist. Ìe

We report here on the design, synthesis of spirocyclic glucose-lemplated proline-lysine

chimeras (GlcTProLysCs) and describe their properties in peptide mimics. Bicyclic

GlcTProLysCs combine the molecular features of glucose (pyran-based polyol) with the

unìque characleristics of proÌine or 3 -hydroxyploline and L-lysine (Figure 7.1)' The

char.acteristics of the lysine side chain incìLrding lelative lenglh and presence of amino

function are plesented on the pyrrolidìne ring and a¡e fiu'ther constrained by

incorporation into the 6- amino-6-deoxy-D-glucose scaffold. In oldel to control the proìyl
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aÍiide cisltans isomerization we were interested in developing GlcTProLysC anaìogs

that contain substituents at the åposition of proline. Previous studies have shown that

bulky substituents al the åposition (including &terr-butyl prolineT and â,âdimerhyl

proline3) enhance the proìyl amide cis isomer population. In addition, chemical

manipulations and derivalization of the polyol scaffold provides an opporfunity to adjusl

the chemical, physical and pharmacodynamic properties of proline-containing peptides.20

This may provide a noveì lool to funclionalize extended heìical slructures including PPI

and PP2.2r Moreover, incorporation of poÌyhydroxylaled amino acids have been shown 1o

induce novel secondary slructures jn small peptides. For instance, incorporation of

unprotected sugar amino acids inlo smalì peptides such as gramicidin S22 and opioid

peptides23 have prohibited the formation of the targeted secondary slructural motif.

lnstead, unusual tum slructures were stabilized by intramolecular hydrogen bonds

between sugar hydroxyl groups and the peptidic amide backbone.'o Si.ilar effects may

also be observed with GlcTProLysC.

,*n? ,,
Ho$=q ñ..,,cooH
HOr./,l-\r-1

HOI 
./NH

nl 'n,

Figure 7.1 Glucose-templated proline-lysine chimera (GìcTProlysC)
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7.2. Results and discussion

The synthesis (Scheme ?.1) started with the krown compounds I and 2 which were

previously prepared by our group (see chapter 3;reb lnitially, compounds I and 2 were

exposedtocataly,tichydrogenolysisconditionusingPearlman,scatalyst'Theresulting

N-debenzylaled imine was protected using di-tert-butyl dicarbonale and triethylamine in

metha¡ol lo afford the carbamates 3 and 4 in 90"/o a¡d 62% yteld respectively without

acyl migration. The azido group in compounds 3 and 4 was installed by a standard

two-step procedure: first, selective activalion of the primary hydroxyl group as sulfonate

ester,followedbynucleophilicSubstitutionwithsodiumazidejnDMFat80"C,produced

azides 5 and 6 in excellent Yields.

Scheme 7.1 Installation ofthe azide funclion at the C-6 position'

,rgJälcooH 1) 

Ið,:JloH)'
e'ìo[ t,ruen 2) TEA, Boc2o, t h

t ,^
Rr K2

1: R1 = CH2OAC, R2 - H

2: R, = ¡1, Rz = CHzOAc

Ho..- o.
Ho-¡Lq )_ovteHOHHol NBoc\,/

a('a,
3: R1 = CH2OAc, Rz = H (90%)

4: Rt = ¡, Rz = CHzOAc (62%)

N3

1 ) TsCl, pyrldÌne, 12 h HO

2) NaN3, DMF, 80oC

NleOH.12 h

HO
o )-ol\4e

HOI NBoc

Rl "a,
Rr = CHzOAc, Rz= H (92%)

Rr = H, Rz = CHzOAc (94%)
5

b
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Azides 5 and 6 served as starting materiais for incorporation into the peptide mimics

9-12, which were used to study the thermodynamic properties of cisllrans isomerization

of the glucose-templated proline-lysine chimera. ln addition, we selected peptide eslers 9

and l0 bearing a C-lerminal methyl ester as well as methyl amides ll and 12 as peplide

mim jcs to study how the nature of the C-lerminal group affects N-te¡minal proìyl amide

isomerization.

Peptide esters 9 and 10 were prepared from azides 5 and 6 using the synlhetic roule

outlined in Scheme 7.2. Deprotection of the N-Boc group in 5 and 6 with trifluoroacetic

Scheme 7.2 Synthesis ol peptide mimics 9-12

Ho-ì-Lq ) oNaeo
1)tFNCH2CI2 (1/3), t h HO

2) Ac2O, pyrìdine, 18 h

3) NaOMe, MeOH, 4 h,

H2. Pd(OH)2, HCt

MêOH 20 mins

HO NAc

NH2. HCI

O )-OMe

5/6

Rr'"Rz

7 R' = ç¡1rg¡, Rz = H (96%)

8: R1 = H, R: = CHzOH (80%)

a

7t8
1 ) NH2Nle, EIOH, 18 h
--''.

2) H2. Pd(OH)2, HCr,

MeOH, 20 mìns

HO
HO

Hö I .NAc

a( ",s2

9: R, = 6¡116", R2 = H (quant.)

10: R' = ¡, Rz = CHzOH (quant.)

/NH2. HCI
o

HO O >-NHMe
HO

HO I ,NAC

Rí "at
11: R1 = Ç¡r9¡, Rz = H (93%)

12: R1 = ¡, Rz = CHzOH (95%)

N¡-- o
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acid folÌowed by acetylation using pyridine and acetic anhydride and o-deacetylation

using sodium melhoxide in methanol produced azides 1 and 8 in 96%o and 8070 yield,

respectively. Attempts to perform selective N-acylation failed and produced complex

reaclion mixtures. Calalytic hydrogenation o1 azide 7 a¡d 8 using PearÌman'S cataìyst

produced peptide esters 9 and l0 in quantitative yield. The /v'-methylamìdes 11 and 12

were prepared from azides ? and 8 through a two-step procedure: first, methyl esteIs 7 or

I were treated wjlh a concentrated methylamine solution in elhanol to afford

Nrmethylamide intermediates. Subsequentìy, the azido function was reduced by catalltic

hydrogenation to pfoduce peptide mimics 11 and l2 in 93Yo and 95% yield, respectively.

The assignments of N¡erminal geometry for model peptides 9-12 were made on the

basis of noe experiments in Dzo (Figure 7.2). For example, seleclive inversion of the

N-terminal methyl group in the prolyl amide cis isomer 10a showed an interproton effect

to H-2' (5.63% nOe). By comparison, no interproton effect was observed between H-2'

and methyl group of N-termjnus in /ra¡ls isomer 10b. Moreover, seleclive inversion of the

methyl group of N-terminus in 10b showed inlerproton effects 1o H-5', (4.54% nOe) and

H-6' (3.80% nOe). Slmiìar experiments were performed to assign lhe císltrans isomers in

compounds 9, 11 and 12.

ìn addition, we observed that the l3C NMR chemical shifls of the Co alom of the lraris

rolamer in compounds 9-12 were high field shifted (0.75-1.02 ppm) relative to the cís

isomer in waler. This js consistent wilh previous observations made by Lubell and

co-workersT on olhel ploìine-containing peplide mimics and lÌay seIVe as a diagnoslic
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tool to assign the trans isomer in cases where nOe-experiments do no1 allor¡/ assignmenl

Figure ?.2 Assignmenl of ci.r and frans isomers in compound 10 in D2O using lD nOe

experiments. The same experiments were used to assign lhe cisllrans isomers in

compounds 9, 1l and 12.

due 1o spectra! overJap.

The equilibrium conslanls K.¡ for compounds 9-12 are shown in Table 7 1. Our resulls

indicate that compounds 9 and 11 display a higher crs isomer population relative to their

C-5'diaslereoisomers 10 and 12, respectively. lt appears thal the stereochemistry at C-á

Tabte 7.1 Cis population (%) and equilìbrium constant K"¡ of compounds 9-12 in DzO

Compds 9 10 11 12

cis(+3yo) 55 19 75 36

K"/r(+0.04) 1.22 0.23 3.03 0.56

has a profound effect on the equilibrium of ìsomerization. Aìso, the cis prolyl amide

population in esters 9 and 10, was generally lower than N'-methylanrides ll and 12.

Taylor and co-workers have proposed that the lrd¡?s conformation of esters is stabilized

10a

crs
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relative to amides as a result of increased electron donation from the oxygen lone pair of

theN-terminalamidecarbonylglouptotheantibondingorbitaloftheproIylC-terminal

carbonyl group (Figure 7.3).25

ÇH'
'i/^9."

cô-r-Ll // ¡0\-/ÉOCH.,/,/" 3

Figure ?.3 n-¡* interaclion (looking down C"-N bond)

Effect ofpH Since compound 9-72 have an ionizable anrino group' we were interested

tostudytheinfluenceoftheionizationstateonKt/c.Previousstudieshaveindicatedthat

ionizable groups in proximiry to the imide backbone can jnfluence thermodynamics of

prolyl amide cisltrans jsomerizalion.z6 We selected three buîfer ranges: pH = 2 6'-l 4 and

Table'. .2 pH Effect on K.¡ for Compounds ll and 12 in D2O

Compds

l1 (+0.04) 3.03 3.03 2.10

12 (+0.04) 0.61 0 56 0.61

12.4, to examine the pH effect on lhe isomelization of ll and

shows that the plolyl N-terminal amtde cisllrans lalio is not

2.6

pD

1.4 12.4

l2 (Table 7.2). Our str.tdY

affected by pH and the
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observed changes are within the experimentâl error. Molecular modeling suggests thal the

large distance of the ionjzable amino funclion from the imide function is responsible for

the absence of a pH effect.

Conformational analysis of compounds 11 and 12. The relatively large couplìng

conslanls for Jz), Jt,q and J¿,s (ì 9.2 Hz) indicate a 
aC¡ conformalion of the pyranose ring

in 11 and 12. The conformation of the piperidine ring is expected to be Cl-exo based on

previous studies using 3 (,S)-hydroxyproline-containing peplide mimics.27 This

confo¡mation places the endocyclic oxygen subsliluent in an axial position.2Tb In this

conformation the pynoìidine ring will be stabilized by gauche interaclion and a

stabilizing o(C/-H)-+o'* (Cp-O) inleraction. This conformation is further supported by

characteristic long range "W" coupling constanls (J - 1.0 Hz) bet\ryeen H-2'.0 and H-4'"n

in both compounds of 11 and 12 (Figure 7.4).

N4eHNyo ì.
z la ,,"- o

H"f7[-\
(''îno:^-'on
\_.o
o.-o"

CO

crv'\co'
,"'d#,'oì

gauche
interaclion

Figure 7.4 Pyrroìidine conformalion in compounds 11 and 12.

ln order to explain the differenl cisltrans ratio in compounds 11 and 12 we considered

intramolecular hydlogen bondìng, which can be studied by calculating the temperature
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coefficients (Aô/AT) of key exchangeable protons.2E Previous studies have shown that

(^ô/^T) > -3.0 ppb/deg are a diagnostic tool fo¡ the delection of jntrarnolecular

H-bonding.28 The lD spectra of compounds ll and 12 were ana)yzed between 25 to 45

'C in 5-deg steps in DMSO-d6 1o determine the temperature coeffìcients (Table 7.3). Our

results indicate thal the protons associated with NH2-6, OH-6'and NHMe exhibit the

Table ?.3 Temperature coeffìcienls (Aô/AT, ppb/K) for compounds 11 and 12 in
DMSO-d6

HO-2 HO-3 HO-4 NH2-6 NHMeHO-6',

cis -9 .07 Ial -2.441b1 -3.80 2.44Íbl

17 trans - 8.93 I4 -2.441ht -4.28 -3.02

cis -8.09 -6.90 -4.10 -3.29 -2.68-0.92

12 trans -l .16 -6.80 -4.20 -2.16 -3.260.92

'rano@

highest temperalure coefficient values suggesting that these protons are involved in

intramolecular H-bonding ìn compounds ll and 12. The low (Aô/AT) values observed for

OH-2 and OH-3 reflect high solvent exposure ofthese hydroxyl groups while the relative

high value for OH-4 in l2 may indìcate some H-bond interaction with one of the nitrogen

lone pairs on NH2-6. The relative high and nearly identical (^ô/^T) values observed for

the melhyl amide proton in structures lla, llb, l2a and 72b suppofs the notion that this

ploton is engaged in hydrogen bonding 1o 1y'-terminal carbonyl group in cislrars isome¡s

of both compounds 1l and 12. Moreover, the higher (Aô/AT) value for the NHz-6 in
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compound 12 when compared 1o diastereomer 1l suggests that the amino group in 12 is

involved in stabilization of the trans isomer l2b and the destabilization of the c¡s isomer

l2a relative 1o 11a and l1b. A similar lrend is observed for the OH-6'position. Isomers

12a and 72b exhibit higher (^ô/AT) values when compared lo isomers lla and llb

suggesting that OH-6' is invoÌved in stabilization of the ¡¡ans isomer 12b relative ro 11b.

Taken together these results support lhe notion that compound 12 ìs stabilized by an

intramolecular hydrogen bond (6'-OH---NH2-6) that is absent in 11. The hydrogen bond

(OH-6'---NH2-6) competes with the H-bond (ó'-OH --- O=CQ\)CH3) of the cis isomer

l2a resulting in a lower cis population of l2a relative to 11a (Figure 7.5).

NHz

H9M
H

OH,

NH,/ : U -'.
( r. \.,,^._Jo,. ) NHMe'Ho\-\ìi{. ,/Hd ', ,N rr-.\J/ o ,,

.t\ i ¡

\ò--_ r,"ñ

12a c/s (36 1 3%)

Figure 7.5 Suggested intramolecnlar

experiments for compounds ll and 12

7.3. Conclusions

1'lb lrans \25 + 3%l

NHo '^'----.
,/ \' \J '--

- ( À'. ÞruHv" ";:'fle\-'${ 
.o

Hd ì .N-<v \,'
i\
'oH r'

12b trans (64 + 3%)

H-bonds based on temperature coeffìcient
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We have developed a synlhetic roule to two spirocycÌic GlcTProLysCs that dífFer in the

stereochemistry of the hydroxymethyl substituenl at the C-5' posilion of the pyrrolidine

ring. ln order to study the thermodynamic propeflies of prolyl amide cisltrans

isomerization the two GlcTProLysC analogs were incorporated in peptide mimics

Ac-GlcTProLysC-OMe and Ac-GlcTProLysC-NHMe. Our study indicates that the

stereochemistry at the C-5'position ln both peplide mimics has a profound effect on the

equilibrium constant. For exampJe, incorporation of GlcTProLysC with "À" configuralion

at C-5' dramatically increased the cis population (15%) of Ac-GlcTProLysC-NHMe in

water, whereas a smalle¡ augment cis population (34%) was observed in GlcTProLysC

with ",9' configuration al C-5'. Temperalure coeffìcient experiments indicate that lhe

hydroxymelhyl group at C-5'(,S) is involved in H-bonding r¡/ith the 6-NHz and vice versa.

In contrasl, the same hydrogen bond is absent in the diaslereomer with C-5' (rR)

stereochemislry. Taken together our results suggest that lhe cis isomer ratio in peptide

mimic Ac-GlcTProlysC-NHMe havrng a C-5' (Ð hydroxymethyl substituent is

decreased by competing H-bonding effects between 6'-OH---O:CCN)CH: and

ó'-oH---6-NH2

Our work shows for the first tìme thal polar groups capable of H-bonding in

polyhydroxylated spirocyclic proline analogs can play important roles to controì the

thermodynamics of prolyl amide cisltrans isomerization. Ìn particular, polar groups such

as a hydroxymelhyì group introduced at the åposilon of proline are expected 10 increase

the prolyl N¡erminal amide cis isonrer in peptides via H-bonding to the ly'-terminal amide
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carbonyl group. Previous studies have shown that amino acid residues possessing side

chains with hydrogen-bond acceptor and dono¡ moieties are able to stabiliz-e tum

conformations when adjacent to proline.29'304s a result we expect that incorporation of

GlcTProLysC in bioactive peplides may ìnduce similar effecls. We are currently studying

the lysine- and proìine- mimetic effects of GlcTProLysC ìn p-tum-forming peptides.

7.4. Experimental

(lÐ-t'-N{¿rÊbutoxycarbonyl-5'(R)-methylenehydroxy âcetâte-spiro[1,5-anhydro

-D-glu citol-l,3'-Z-prolin e methyl esterl (3) To a mixture of I ( 100 mg, 0.13 mmol) and

Pd(OH)2 (0m9, 20 0% wl on charcoal) in methanol ( I 0 mL) was added the solution of

hydrochlorìde (250 pL of lM HCI solution, 0.25 mmol) and stined r-tnder H2 (15 psi) for

8 hours at room temperature. The calalyst was removed by filtration and the soìven1 was

removed under the vacuum. The unprotected producl was treated wilh triethylamine (53

¡-rL, 0.38 mmol) and di-/erl-butyl dicarbonale (56 mg, 0.25 mmol) in methanol (2 mL) for

I hour al room temperature. The solvenl was removed under vacuum. The crude product

was purified by flash column chromalography (CHzClz / MeOH: 7/ l) to get 3 (51 mg,

90%). [o]o : 68.4 (c 1.3, MeOH); 'H NMR (300 MHz, CD3OD, lwo isomers): ô : 1.45 (s,

9H). 2.09 (s, 3H), 2.13-2.44 (rr, 2H), 3.21-3.46 (m, 3H, parlially overlapping with

methanol peaks), 3.57-3.86 (m, 6H),4.06 (m, 1H),4.23 (s, lH), 4.31-4.a5 (m, lH),

4.53-4.61 (m, lH); 'rC NMR (75 MHz, CD¡OD, two isomers): ô = 20.9 (2 carbons),

28.56128.63 (6 carbons), 29.2129.1, 52.9 (2 carbons), 56.2/56.3, 62.8 (2 carbons),
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66.0166.4, 71.2 (2 carbons), 11.4171.8, 71.5 (2 carbons), 75.9176.0, 77.3 (2 carbons),

81.8182.3, 86.2/86.1, 155.6/156.2, 112.01111.8, 112.7/1'72.8; HRMS (ES) calcd for

C¡eH3¡NNaO¡¡ [M + Na]. 412.1195, found 472.1783.

(lÐ-1'-N{¿rÊbutoxycarbonyl-5'(,9)-methylenehydroxy aceta te-spiro ll,5-anhyd ro

-D-glu citol-l,3'-l-prolin e methyÌ esterì (a) (The detailed procedure was described in

supporring infornralion). [c]o = 15.7 (c 1.35, MeOH); rH NMR (300 MHz, CD3OD.two

ìsomers): ô = 1.43 (s,9H),2.09 (s,3H),2.14-2.42(m,2H),3.24-3.50 (m,3H, partiaìly

overlapping with methanol peaks), 3.50-3.87 (m, 6H), 4.04-4.63 (m, 4H); 'tC NMR 1ZS

MHz, CD3OD, two isomers): ô = 20.8 (2 carbons), 25.51 26.1,28.5128.7 (6 carbons), 53.0

(2 carbons), 51 .2/51 .3, 62.6162.8, 65.8165.9, 71.2 (2 carbons), 71.35 (2 carbons),

11.8t1\.4,75.8t75.9, 11 .0t77.1 ,81.9t82.3,88.4181.4, 155.8/ 156.1, 172.v17t.6,

172.61112.4; HRMS (ES) calcd for CrqH¡rNNaOil [M + Na]* 472)195, found 472.1?88.

(1^f)-6-Azido-6- deoxy-7'-N-i,ert-butoxyca rbonyl-5'(l?)-m ethylen ehyd roxy acela te

-spiro [1,5-anhydro-D-glucitol-1,3'-Z-proline methyl ester] (5) To a solulion of

compound 3 (40 m9,0.09 mmol) in pyridine (l mL) was added p-tolunesulfonyl chloride

(42 mg, 0.22 mmoJ) and slined for 12 hours at room temperalure. The mixlure was

concentrated and purified by flash coìumn chromatography (CH2CI2 / MeOH: I 0/ I ) to

provide tosyl ester', wì.rich was trealed r¡,jth sodium azide (116 rng, 1.8 mmol) in DMF

(1.5 mL) and stjnecì at 80'C for 12 holus. The mixture was filtered, concentraled and
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purified by flash column chromatography (CH2CÌ2 / MeOH: I 5/ I ) to gel 5 (38 mg,92%)'

[o]o - 31.5 (c 1.35, MeOH); 'H NMR (300 MHz, CD3OD, lwo isomers): ô : 1.a4 (s, 9H),

2.10 (s, 3H), 2.14-2.48 (m, 2H), 3.18-3.49 (m, 4H, partially overìapping with methanol

peaks),3.58-3.77 (m,5H), 4.01-4.11 (m, lH), a.2l (s, lH), 432'4.48 (m, lH), 4.52-4'64

(m, lH); '3C NMR (75 MHa CD3OD, two isomers): ô = 20 9 (2 carbons), 28.6 (6

carbons,), 29.0129.6,52.6152.8,53.0 (2 carbons),56.2156.4,66.2166.4' 71 1 (2 carbons),

71.4171.9,72.41728,15.2115.4,71 .0171 .l ,81.8/82.3,86.4181 .0,15s.8/156.3, 111-61111.1,

112.11)72.8; HRMS (ES) calcd for C:qH¡oN¿ NaO¡¡ [M + Na]+ 497.1860, found

497.1849.

( 1.!-6-Azid o-6- deoxy-3'-N'terl-butoxycarbonyl-5'(,S)-methyìenehydroxy acetate

-spiro [1,5-anhyd ro-D-glucitol-1,3'-I-proline methyl ester] (6) (The detailed procedure

was described in supporting information). [u]o = 29.1 (c 0.7, MeOH); 'tt nVn 1:OO

MHz, CD¡OD. lwo isomers): õ = 1.45 (s, 9H),2.09 (s,3H),2.\4-2.48 (m,2H)' 3.23-3.44

(m,3H, parlialìy overlapping with methanol peaks),3.50-3.78 (m, 6H), 4.06-4 -34 (m,

3H),4.39-4.63 (m, 1H); '3C NMR (?5 MHz, CD¡OD, lwo isomers): ô = 20.8 (2 carbons),

25.6126.2,28.5128.6 (6 carbons,),53.0 (2 carbons),53.0/53.1,57.2 (2 carbons),65.11659'

71.1 (2 carbons), 71.9171.5, 12.2112.3, 14.1114'8, 76.1176.8, 82.01824, 88.8/87 8,

155.8/156.1, 1'11.g1111.4,112.61112.4;HRMS (ES) calcd for CrgH¡oNqNaOro [M +Na]-

491 .1860. found 497.I852.
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(1,f)-6-Azitl o-6-deoxy-1 '-N-a cetyl-5'(.R)-hydroxymethylene-spiro[1'5-an hydro-D

-glucitol-l,3'-Z-proline methyl esterl (7) The compound 5 (30 mg, 0 063 mmol) was

dissolved in a mixture of dichloromethane and lrifluoroacetic acid (1.5 mL / 0.5 mL) and

stirred for I hour at room lemperature. The solulion was concenlrated at vacuum and then

treated with a mixture of pyridine and acetìc acid (l mL / I mL) and stined for l2 hou¡s

at room temperature and then concentrated al vacuum. After that, it was dissolved in a

solution of sodium methoxide in methanol (0.1 M,2 mL) and stined for 4 hours at room

remperature followed by the neutralization with Amberlite IRC-50S ion-exchange resin

(H*). The mixture was filteied and lìllrate was concenlraled and purified by the flash

column ch¡omatography (ethyl acetate / methanol: 6 / I ) to get compound 7 (22 mg'

96%). [o]e = 19.2 (c 0.75, MeOH); 'H NMR (300 MHz, CD3OD.two isomers): ô =

1.82 (s, 1.74H), 2.04 (s, 1.26H),2.05-2.49 (m, 2H), 3.06-3.34 (m, 4H, partiallv

overlapping with methanol peaks),3.49-3 94(m,7H), 4.04-4 )6 (m' lH), 4 20 (s, 0'58H)'

4.42 (s, 0.42H);'3C NMR ('1 5 MHz, CD¡oD, two isomers): õ : 22.8121 6' 21.1 129.1,

52.8/52.1, 53.6153.2, 60.6160.1 , 64.9165.6, 71.1 (2 carbons), 1261711' 726172'8'

75.4115.1 ,16.917'7.0, 81 .5186.4, 111.61111.9, 173 6 (2 carbons); HRMS (ES) calcd for

Cr¿HzzN¿NaOe [M + Na]* 397.1335,Îound 397.1351.

(l,S)-6-Azid o-6-d eoxy-1 '-lV-a cetyì-5'(S)-hydroxym ethylene-spiro {1,5-anhydro-D

-glucitol-1,3'-t-proline methyl esrerl (8) (The delailed procedure was described in

supporring information). [a]¡ = 46.5 (c 0.55, MeOH); 'H NMR (300 MHz, cD3oD, two



l8l

isomers): 6= 1.71 (s, 1.09H),2.08 (s, l.9l H),2t5-24\ (m' 2H),3.23-3.68 (m, l0H'

paaially overlapping with methanol peaks), 3.79(dd, 0.64 H, J = 5.28 Hz, J = 10.95 Hz),

3.96-4.23 (m, 2.36H); r3C NMR (75 MHz, CD¡OD, two isomers): õ = 22.04 (22.48)'

26.54 (2s 3s), s2.91 (s3.14),53.13 (s3.46), 61.s2 (61.38), 64.16 (63.61),7t.14 ('7t.19),

72.03(12.44),72.27(73.01),14.68(14.13),'16.71(16.62),87.40(88.99), I70.78(171.20),

173.56 (113.50)r HRMS (ES) calcd lor Cr¿HzzN¿NaOe [M + Na]- 397.1335, found

397.1348.

( 1.!-6-Am ino-6-d eoxy-1 '-N-a cetyl-5'(-R)-hydroxym ethylen e-spiro [1,5-an hy dro-D

-glu citol-1,3'-Z-proline methyì esterl HCI sall (9) To a solution oî 1 (20 mg, 0.053

mmol) and Pd(OHÞ (20 mg,20 o/o \¡/t on charcoal) in methanol (5 mL) was added the

solurion of hydrochloride (800 pL of lM HCI solution, 0.08 mmol) and stirred under H2

(15 psi) for 20 minutes al room temperature. The catalyst was ¡emoved by the regular

filtraljon and lhe solvent was removed under the vacuum to afford pure product 9 (20 mg,

quant.). [ü]D = 65.2 (c 0.5, MeOH); 'H NMR (500 MHz, DzO, two isomers): ô = 1.86 (s,

crs, I .68H), I .98 (dd, cis, 0.56H, J = 10.39 Hz, J -- 14.57 Hz),2 04'2.09 (m, trans,0.44H

+ 1.32H), 2.36 (dd, cis, 0.56H, J = 6.76 Hz, J = 14.56 Hz),2.47 (dd, trans,0.44H, J --

7.42 H2, J = 14.62 H2),298 (m, lH), 3.19-3.31 (m, 3H), 3 59-3 67 (m, 5H), 3.68-3.14

(m, l H), 3.81 -3.88 (m, 1H), 4.00-4.01 (m, cis, 0.56H), 4. 1 1 -4 1 8 (m, Írans, 0.44H). 4.42

(s, cts. 0.56H), 4.44 (s, rrans,0.qqH); rrC NMR (75 MHz, D2O): cis,6 = 22-2'26.1 , 40.5,

53.5.58.5.62.4,69.2,69.1,10.7,11.2,14.4,86.2. 171 4,1144;trans,õ= 209,28.8'
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40.4, 53.2, 58.4, 63.5, 69.2, 69.7 , 69.8,10.9, 74.4, 85 't ' 171 4, 17 4 5; HRMS (ES) calcd

for CrqHzsNzOs [M + H]- 349.1611, found 349.1623.

(1S)-6-A min o-6-d eoxy- I '-N-a cetyl-5'('S)-hydroxym ethylene-spiro ll ,5-ânhydro-D

-glucitol-1,3,-I-proline metbyl esterl HCI salt (10) (The detailed procedure was

described in supporting information). lcle = 24.3 (c 0.55, MeOH); )H NMR (500 MHz,

DzO. two isomers): ð = 1.93 (s, cis, 060H),2'21 (s, rrans,2'40H),229-24ó (m' 2H)'

3.20-3.sg (m,5H),3.63-382 (m,5H),3.85-394 (m, lH), 4'33'441 (m' lH)' 443 (s'

rrans, 0.8H), 4.62 (s, 0.2H); ì3C NMR (75 MHz, DzO): cis, ô = 21 8,25 0, 402' 53'6'

59.5,62.3,69.3,69.6,10.5,112,14.2,81.6,1714,\744;trans,E=2\'3'259'39'9'

53.2,59.7,63.2,69.3,695,10.3(2carbons),14'2'863,1108,114'5;HRMS(ES)calcd

for Cr,rHzsNzOs [M + H]. 349.1611, found 349.1ó18.

(1.9)-6-Amino-6-deoxy-1'-N-acetyl-5'(j?)-hydroxymethylene-spiro[1'5-anhydro-D

-glu citol- 1,3 Ll-prolin e methyl amidel HCI saìt (11) To a solution of methylamine in

ethanol (37% wl, I mL) was added compound 7 ( l5 mg, 0.04 mmol) and slirred fo¡ l8

hours at room temperature. The mixture was concentrated and purified by flash column

chromatography (dichloromethane/methanol: 2/l) to quanlitatively afford c-terminal

methyl amide inlermediale, which was dissolved in a soiution of Pd(OH)z Q5 mg' 20 %

wt on charcoal ) and 1 M hydrochloride acid solution (80 ¡rL,0.08 mmole). The mixture

was stined under Hz ( I 5 psi) for 20 minutes at I oom lemperature The catalysl was

removed by the legutar filtration and the solvent was removed under the vacurìm lo
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afford pure product 11 Oa mg,93%). [o]o = 54 4 (c 0'35, MeOH); 'H NMR (500 MHz'

DzO,two isomers): õ=2.02 (s, cís,224H), 2'21 (s, trans' 0 7 6H)' 2'27 (dd' cis' 0 75H' J

= 11.31 Hz, J=14.27Hz),2'35-2'4a (m, lH),253(dd' trans'0'25H'J=6'11 Hz'J=

l4.llHz),2.67-2.83(m,3.75H)2.98-305(m,0?5H),325(dd'0'2sH'J=11 31 Hz'J=

14.27 Hz),3.30-3.39 (m, l25H), 3'41'3'56 (m,2H)' 368'3'11 (m' l75H) 3'83 (dd'

trans,0.25H, J = l.8l Hz, J = 12.43 Hz), 4 09-4'36 (m, 3H); ''C NMR (75 MHz' DzO):

cis,õ=27.2,30.1,30.8,46.5,62.g(2carbons),645'14'6'760'77'4'80'l'90'3'1765'

179.6;rrans,25.9,30.8, 32.1,464,62'8,63'0,660,14'5'159"76'5' 784' 890' 1766'

l ?9.6; HRMS (ES) calcd for Cr¿HzoN¡Or [M + H]. 348 1111 , found 348 1759'

(1S)-6-Amin o-6-d eoxy-1 '-N-a cetyl-5'('f)-hyd roxym ethylen e-spiro [1'5-anhydro-D

-glu citol-l,3'-Z-prolin e rnethyl amide] HCI sall (12) (The detaiÌed procedure was

described in supporring inlormation) [c]¡ = l9'2 (c 0 a0' MeOH); 'ti ltltr¡R (S0O

MHz, DzO.two isomers): ô = 1 80 (s, cis, l'08H), 2'08 (s' trans' l'92H)' 216-2'32 (m'

2H),2.56(s,trans, 1g2H)'2.62 (s, crs, 108H),3Og-3'54 (m' 6H)' 3'62-3'68 (m' lH)'

3.?6 (dd, trans, 0 64H, J -- 5 -26 Hz,J = l l 50 Hz ), 3 83 (dd' cis' 0'36 H' J = 4 60 H2' J =

ll.04Hz).4.19(s,rrans,0.64H),4.21-430(m, l'36H); '3CNMR(15MHz'DuO):crs'ô

-26.7,30.t,31.2,45-t,64.6,67.3,14.3,74.6,I5 5,11 '4,19 4,92'6'175 5']l792;trans',

ô=26.5,31.0(2calbons),44'g,647,68'2,143'74'5'752'766'19'4'914'1750'

179.1;HRMS (ES) calcd for Cr¿HzeN¡Or [M + H]* 348 11'11' found 348 1766
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Meâsurement of equilibrium constânt: The calculation was based on the integration

of well-resovled peaks of the /-prolons, N-terminal methyl group and a-proton in IH

NMR.

Temperature coefficienl (^õ/^T) experiment: I D 'H-NMR spectroscopy of l6mM

solulìons of 24 and25 in 1000% Me2SO-d6 were recorded on Bruker AMX500 a125'C'

and from 25 lo 44 oc wrrh incremenls of5 "c, using routine techniques. Chemical shifl (E)

of hydroxyl and amino groups are expressed in ppm and calibrated with respect to the

residual DMSO signal (ÌH: 2.49 ppm) The chemical shifl change (Aô) al different

temperature was calculated with respect 1o the chemical shiff of hydroxyl and amino

groups al 25 oC.
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Chapter 8

Conclusions and Future Prospects

8.1. General Conclusions

We have successfuìly synthesized three types of carbohydrate-templaled amino acid

building blocks: Glc(3,!-Hyp, GIcTK (or GlcTk) and GlcTProLysC (Figure 8.1). These

-NH. O

Ho-cï Ì', "ff6¡{1ouHO#cooH Hol NHHo Yn*
Glc(3S)-Hyp GICTK (or GlcTk) GlcTProLysC

Figure 8.1 Carbohydrate-tempJated amino acids

novel C-glycosyl amino acids exhibit unique struclural and conformalional properties

including induction of conlormational constraint, artificial post-translational

modificalions, control of the kinetics and thermodynamics of prolyl amide cisltrans

isomerization and genelation of amino acid side chain diversity. Of particular note is the

discovery that the slereochemistry of the hydroxymethyl substituent at C-ô of proline

greatly effects prolyl amide cisltrans isomerizaljon. For instance, (5'iR)-Glc(3,9)-Hyp

increases the c¡s rotamer popuÌalion (14 r 3o/o) of model peptide Ac-Glc3(.T)Hyp-N'-CH3

in water. ln addition, when compared to refer ence peptide mimics Ac-Pro-OMe and

OH
o

NH

OH
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Ac-3(,!Hyp-OMe the study shows a (5-24)-fo1d acceleration in À," and ,t",. By

comparison, a (13-16)-fold decrease is observed for its epimer (5'.!-Glc(3.!-Hyp in water.

NMR sludies and DFT caìculation support the notion that hydrogen bonds between the

polar hydroxymethylene group and prolyl N-terminal carbonyl group or OH-6 of the

glucose scaffoìd are in part responsible for these inleresting properties.

MoM-protected proline mimetics Glc3(,!-Hyp differing in the stereochemistry of the

hydroxymethyl subsljluenl at C-õ(Pro) were incorporated inlo the B-turn inducing peptide

sequence ILeu-D-Phe-Pro-Val] of gramicidine S to produce tetrapeptide

Ac-Leu-D-Phe-[Glc3(.!-Hyp]-Vaì-NMez. NMR-studies on the MOM-protected as well

as the unprolecled tetrapeptides indicate that the tetrapeptides form p-tum conformalion

in dichloromethane (MOM-protecled) and water (unprotected), respeclively.

lncorporation of (5'R)'GIc3 (,S)-Hyp increases the cis rotamer population

(MOM-protected: I5'r/o cis in dichloromethane; unprotected: 9l% cis in water) and

induces a rype Vla p-turn. ln comparison, tetrapeptide containing MOM-protected

(5'5)-Glc3 (S)-Hyp shows a higher prolyl arride /r'ar?r rotamer population (93%) in

dichloromethane a¡d retains the B-tum conformalion of the unmodified reference peptide.

Attempls to prepare unprotected tetrapeptide Ac-Leu-D-Phe- [(5'S)Glc3(.5)-Hyp]-

Val-NMe2 failed due to decomposition under acidic condìtions.

In a different project calbohydrate-templated ìysine analogs (GlcTK and GlcTk) were

synthesized. Both anrino acids conformationaìly constrain L- (K) or D-lysine (k). The

goal of this project vr'as to prepare anaìogs of the ulüashort, anlibacterial dipeptide
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k.w-oBn. Biological evalualion of these dipeptide analogs demonstrales that replacemenl

of ìysine by GlcTk in the dipeptide kw-OBn reduces antibacterial activity. It is possible

that the lov/ antibacf erial activily of dipeplide GlcTkW-OBn is the result of decreased

amphiphilicity and hydrophobicity which are crucial for the antibaclerial activity of

antimicrobial peptides. In addition, I observed that the nature of the C-terminus

contributes substantially to the antimicrobial activity of kW-OBn. For instance, dipeptìde

kw-oBn exhjbils strong s. aureus activily whjle this activity is abolished in peptide

kW-NHBn.

Finally, we have developed a synthetic rorìte to two glucose-f emplated proline ]ysine

chimeras (GlcTProLysC) and explored their conformational properlies by incorporalion

inlo peptide mimics. conformational analysis of peptide mimics Ac-GlcTProLysC-OMe

(NHMe) demonstrare that both exhibit nearly identical proÌyl amide cisltrans rolamer

populations when compared 1o Ac-GIc3(,!-Hyp-OMe (l'JHMe) in water. Apparently,

replacement of hydroxyl group by an amino ftlnction at C-6 of glucose does not affecl

thermodynamics of proly! amide cis/lrans isomerìzation.

8.2. Future Prospects

8.2.1. Glc(3,s)-Hyp

Although the Glc(3s)-Hyp-based ploline mimics display intelesting conformalional

properties that will find use to explore the bioactive confolmation of peptides, bload

applications of this peptidonimetic is curlently limited by a lengthy 9-step synthetic
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procedure. Fulure applications of these buiÌding blocks wiìl depend on the developmenl

of faster and more efficienl synthetic roules to these building blocks.

In o¡der 10 better understand the roles of the carbohydrate moiely and the C-ô

hydroxymethyl group on prolyl amide cis/Írans isomerization the present study should be

extended. The following reference compounds including glucose-templated proìine

analogue I and proline analogues 2 and 3 would enable to differentiate between the

sugar- ard hydroxymethyl-effect (Figure 8.2).

,oHHO-\\-q )HO-+r-1
"ou

,|

COOMe

NH

, (toot"
I NH

Ln"
2

_lCOOMer--\(-*n
:
-oH
3

Figure 8.2 Proline mimics l-3

To further demonstrate the use of carbohydrate-templaled proline analogs as

peptidomimetics incorporation of (5',R)-Glc3(,$-Hyp into the opoìd peptides

endomorphine-1, Tyr-Pro-Trp-PheNHz and endomorphine-2, Tyr-Pro-Phe-PheNH2,

lcould be allempted. These tetrapeplides play an important roìe in analgesia. However',

the possibility of using native opioid peptides as analgesics ìs generalÌy invalidaled by

their limjted ¡esislance towards enzymatìc hydrolysis in vivo. For inslance,

endomorphine-1 is easily degraded by peptidases, such as dipeptidyl peptidase IV (DPP

IV), which appears to be a major physiological regnlalor for some neuropeptides,
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regulatory peptides and circulaling hormones. Recent studies indicale that the cis-isome¡

amide ofproline is essential for bioactivity.2 Moreover, replacemenl olproline by proline

mimics play a crucial role in in vivo peptide stability, due to the facl that the activity of

DPP IV is particuÌarìy directed towards the degradation of proÌine-containing peptides.3

8.2.2. Hydrophobic GIcTK and GlcTk

As mentjoned above, the reduced antimicrobial aclivily of dipeptide GlcTk-W-OBn

may be due to the presence oflhe unprotected hydrophilic glucose moiety. Attachmenl or

decoration of hydrophobic groups on the glucose scaffold in GlcTk or GIcTK could be a

way to enlance its biological acljvity. Selective debenzylationa could be used 1o prepare

the benzyl-protected GlcTk 5 or GIcTK 6 (Figure 8.3).

.oBn Nr
Bno-è-O. I-

BnO-r\-''\..:\ÁCOOMe

OH
1)rsoH Ac2o ,no-$o. 13BnOr|-''ÈCOOMe
2) K2CO3, l\4eOH Bn(

4

,NHB'" NHF.."
BnO-Ñ-O I
BnO\--¡\--\666¡1

Ã

NHBoc

6

Figure 8.3 Modified Synthetic plan to prepare hydrophobic lysine analogues 5 and 6

8.2.3. Stabilization of PPI Helix Using (5'.i?)-GlcTProlysC

The lefl-handed polyproììne ll (PPII) helix is recognized as an important peptide
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conformation in biological systems.s However, the related righl handed polyproline I (PPl)

helix, in which prolyl amide has a cis geometry is less studied due 10 the low propensily

ofproline and hydroxyproline 1o populate this conformatìon. As an effìcient prolyl amide

cis inducer, (5,.R)-GlcTProLysC-containing homooligomers could be used to populate the

PPI conformation. Subsequently, derivatization of the glucose scaffold could be used to

prepare functionalized oligoproline analogs wilh conformational PPI preference. In

addition, (5,,5)-GlcTProlysC-containing homooligomers could be used to funclionalize

the PPll conformalion. Similar studies could be initiated wilh the corresponding

Glc3(.!-Hyp buiìding bÌocks.
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Chapter 9

Supporting Information

9,1. SI for Chapter 3

9.1.1. tH NMR and r3c NMR spectrum
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9.1,2. lD noe spectrum for compound 4
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lD nOe spectrum for compound 5

Confirmation of stereochemistry at C-2' and C-5' positions in compound 15

5.2 4.8 44 1.O 36
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Stereochemistry at C-4,position in compound 14
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9.2. SI for Chapter 4

9.2.1. Synthetic procedure for compounds 7 and g

(75)-2,3,4,6-Tetrahydroxy_1 ,_N_acetyl-5,(^g)_hydroxymethylen 
e_spiro [1,5_anhydro-D_

glucitof -1,3'-Z-proline methylamidel (7). Compound 3 (25 mg,0.07 mmol) was

dissolved in a sorution of methyramine in absolute ethanor (4 mL, 33%wt), which is

purchased from Ardrich, and stirred for 1g hours at room temperature. The mixture was

concentrated and purified by the flash colum¡ chromatography (dichroromethane/

methanol: 2/l) to get compound 7 as a colorless oil (23 mg, 95%)

(15)-2,3,4,6-Tetrâhydroxy_l ,_N-acetyl_5,(À)-hydroxymethylen 
e_spiro [1,5_anhydro_

D-glucitol-',3,-Z-proline methylamidel (g). Compound 4 (30 mg, 0,09 mmol) was

dissolved in a sorution of methyramine in absorute ethanor (4.5 mL,33%wt) and stined

for l8 hours at room temperature' The mixtu¡e was concentraled and purified by the flash

column ch¡omatography (dichloromethane/ methanol: 2/l) to get compound g as a
colorless oil (28 mg,93%)
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9.2.2 tH ând I3C NMR spectra for compound 3-8 in D2O

Compound 3
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Compound 6
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Compound 7
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Compound 8
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9'2'3' Assignment of cis and trans rotamers of compounds 3, 4,1 and g through rD
nOe experiments

Compound 3 in CD:OD

HO

HO
Hot-. M"o"c

HotJo '\...u: HolfiÈf,*ocu'
-7,, 'òH -oH
c/s

HO

lD nOe spectrum

c(o)cH3 /¡a,¡s

H
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Different chemical shift of c-2' (o-carbon) for cis and /rdns rotamers of compound 3 in
cD3oD (HSQC)

Cq.¡r = 72.8 ppm a 4:
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PPM{F1223.43.6384.2



Compound 3 in DzO

1D nOe spectrum
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Compound 4 in CD3OD

'H NMR spectrum

Ho-1 Meo,C . .. 4 52%

Ho-\r-\-o - \...H ì
HOv/\.\-?i nJHO lz_N<""3,>/.ol

Ho)'fl*-J
cis

H
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c(o)cH3 /,"^

Different chemical shift of C-2' (o-carbon) for cis and ¡,'dns rotamers of compound 4 in
CD3OD (HSQC)
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Compound 4 in DzO

lD nOe spectrum

Different chemical shift of c-2' (a-carbon) for crs and /ran.r rotamers of compound 4 in
D,O (HSQC)
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äjfråi 
chemical shift of o-ca¡bon for c¡s and ffans Íoramers of compound 5 in Dzo
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Compound 7 in DzO

lD nOe spectrum
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Compound 7 in CD3OD

1D nOe spectrum
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Compound 8 in DzO

1D nOe spectrum
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9.2.4, Magnetization transfer NMR experiments were performed on Bruker AMX500

spectrometet equipped with selective excitation units and a triple resonance qrH, r3C,

I5N) gradient inverse probehead. Experiments were performed over several temperatures

between 318 and 364 K. Temperature settings of spectrometer were calibrated using an

ethylene glycol standard. Selective inversion ofproton rrans- andc¡i-isomer signals were

done with Gaussian pulses centered on resonance +12.5 Hz. Relaxation time was l5 s (3),

12 s (9,35 s (5) and 40 s (6). The inversion-recovery delay of between 1 ms and

relaxation time was used. Data for each inversion recovery point were averaged over 32

points' samples of3-6 were prepared a1 concentration of 0.01 M in D2o. Here, selective

inversion of the protons for each compound was different due to their different well-

resolved f H peaks. i.e. The methyl group of prolyl amide (rrans) f'or compound 3, the axir

Ffl (cls) for compound 4, &-proton for compound S and 6 were selectively inve¡sed. lH

NMR spectroscopy was used in preference to l3c NMR since over the course of an

experimenl, the signal/noise ratio is much higher for IH than '3c, and heating effects

caused by decoupling for r3c 
causes uncertainty in the temperature of the sample.

The time-dependenr magnetization rransfers of the c¡s (Mr(t)) and rrans (M(t)) NMR

signals as a function of the inversion transfer time (t) were simulraneously fit to equations

I and 2 (Alge' and Prestegard, 1977; Mariappan and Rabenstein, 1992) below for

compounds 3-6 using Mathematîca (v. 5.0). ln the following pr:lse sequence, the lH 
one

isomer resonance such as frans is selectively inverted using a shaped pulse. Its recovery

during t is determined by its intrinsic T¡1, magnetizalion transfer to and from the c¡s
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resonance, and the Trc of the c¡.r resonance:

æ(x)sel--------t- - - - - - - - - -n/2(x,y.-x.-y)_--acquire

The resonances or rhe trans and crs isomers show the following time dependences

M(t) = (c¡)(r,)(ì"¡+ 1/rr")exp(X.r *r) + (ct( rt( X2+ | /.c \")exp(X2x/) + M"-___-_______ 1

M(t) : (c¡)exp(À¡*t) + (c2)exp(I2*/) + M,_---------- 2

T¡" and T¡¡ are the longitudinal reìaxation times of the resonances in the absence of

exchange.

r" and q are the lifetimes ol the cís and trans.conformers and

corresponding rate constants.

1" and 1, are the effective relaxation times of the cis

relaxation and exchange are both occuring and are defined

I¡l and T 
¡.

k", and k," are the

and, trans resonances when

below in terms of T¡. and t",

l"¡ and 12 are related to the time constants .c¿, r,¡, r¡s,and r,,, and are defined below.

cr and cz a¡e defined below.

M"- and M¡. are determined experimentaly from the magnetization measu¡ed after 5 T¡

periods for the c¡s and /,'ar?.ç resonances, respectively.

Mathematica then calculates.r, from.r", M"-, and M¡. as: r,: t. * MUMg.

Thus, þ¡: 7l'c" ,k1" = l/r1 ,Ço = M,JM"- ,rr. = (Tl" * r")l(r."+ Tr"), rir = (Ty1* r¡)/(r, +

Tr)

l.¡:(0.5)*(-(l/r¡.)+(l/r¡))+(((((t /r¡ 
")+(1 

t"q))t /2)-(4)*(((l/t¡")*(1/t¡))-

((1 /'cc)* (t / rt))))) 1 / 2)
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1.r:(0.5)* ((( 1/r¡")+( 1/t¡ ))-((((( 1/t¡ 
")+( 

1/r ¡,))2)-(4)*(((( t /r¡))* (( I /t1)))-

((1 / rc)* (1 / r,)))))1 / 2)

c2 : (( 1/(r))*(À¡ -¡,r)*((rr*(l.r +( I /r¡ 
")+ 

((M6"-M.-)+(M,--Mo)))

c¡ = M6"-M.--c2

All experimental data for each compound at diffe¡ent temperature were fit by using

Mathematica 5.0 to give the following inversed and inversion-recovery fifting curves:
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Figure 5. Inversed N-amide methyl group (trars) for compound 3 at 89"C in DzO
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Figure 7. Inversed N-amide methyl group (trans) for compound 3 at gloC in D2O
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Figure 9. Inversed y'y'-amide methyl group (trans) for compound 3 at 93oC
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Figure 10. lnversion-recovery of ,ry'-amide methyl group (crs) for compound 3 at 93oc in
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Figure 13. Inversed ô-position axial proton (crs) for compound 4 at 52oC in D2O
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Figure 17. Inversed ð-position axial proton (cis) for compound 4 at 62oC in D2O
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Figure 23. lnversed d-proton (trans) for compound 5 at 62oC in D2O
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Figure 24. Inversion-recovery of d-proton (cls) for compound S at 62oC in
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Figure 25. Inversed d-proton (trans) for compound S at 73oC in D2O

12,
i1f
t

ou-à
Ð

è
0.6

0.4

0.2

0

4.2

0 510 15 20 25 30 35 40

M¡xing t¡me (s)

Figure 26. Inversed ø-proton (cls) for compound 5 at 73oC in DzO
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Figure 27, lnversed a-proton (/rans) for compound S at 7g"C in DzO
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Figure 29. Inversed ø-proton (trans) for compound 5 at g3oC in D2O
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Figure 30. Inversed d-proton (trars) for compound 5 at g3oC in DzO
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Figure 31. Inversed a-proton (cls) for compound 5 at 89oC in DzO
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Figure 32. Inversed d-proton (trans) for compound 5 at 89oC in D2O
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Figure 33. Inversed d-proton (trans) for compound 6 at 62oC in D2O
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Figure 34. Inversed ø-proton (cls) for compound 6 at 62oC in D2O
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Figure 35. lnversed ø-proton (trans) for compound 6 at 67oC in D2O
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Figure 36. Inversed d-proton (crs) for compound 6 at 670C in DzO
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Figure 40. Inversed a-proton (crs) for compound 6 at TgoC in D2O
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Figure 41. inversed a-proton (trans) for compound 6 at 83oC in D2O
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Table 1. Data for inversion-magnetization transfe¡ experiments
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. l,¡s-nans 
y =ßilx t Zgr lrans-cis y=-l3.J0x+f

,__1yre!,^j-:-*#4.
Cis-trans y = -l O¿O-^ * X---

, *:!##F.,r!#Æ

Intercept +ßE=

29.33 + 0.

*0
+0.1

24.73 + 0.

25.58 + 0.3

24.54 + 0.38
l8 + 9.13

25.71 + 0.15

Affr, AS,AGT were calculated by the following equations:

Â,Él=SlopexRx t000, A@É)=(ASlope)xR (3)

Â.f =(tnrercepr -Ln(ksth))x R, A(^^t')=(Âlnrercept)xR (4)
LGr = AtÍ - rAS 

^(^c1 
:^(&ó + r^(^.Í) (s)

R= 8.3145.,ts= 1.381. l0-23 JK-r, h= 6.626.rc.34 J s

8'2'5' Thermodynamics. The equiìibrium constants for the inte¡conversion ofrhe cu and
rrazs isomers of2-5 we¡e determined by measuring the peak area of the lH resonance for
the two isome¡s. peak areas were measured with the program Spinworks 2.5.
Experiments we¡e conducted at 29g_360K. Equilibrium constants (K¡" = translcis rafios)

Table 3_. Data for various temperature NMR experiments
ZnK(rr") values for compounds 3_6 u, uurioua t"rnparurura,

-13.t5 + 0
- 13.30 + 0

83 + 9.13

-l 1.33 + 0.05

2.985 3.08ó
0.788 _ 0.859 - 0.952 _ _ I.t05 t.2t¡ - t.335

. 1.258 t.286 _ t.316 1.348 _ 1.401 ,.00, l*,
1.330 _ 1.361 L3g4 t.428 1.463 1526 1.581 1.639 1.664aK(Uc) values for , A.U,O-O"r.
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were calculated directly from the peak areas

A¡1, 
^.f, 

AGP were calculayed by the following equations:

Á-É1 = slope x ,R x 1000, À(Ä.Éf) =Âslope x ,R (.R = 8.3145) (6)

Á,f = intercept x R, Â(A,f) =Áintercept x ,R

^G"=Nf-r 
y A(^G):A(A¡f) +r (^f)

(7)

(8)

8'2'6. FT-IR specfroscopy. samples of3-6 were prepared at concentration of0.l0 M in

Dzo FTIR spectra were recorded on a Nicolet 5pc spectrometer. Experiments were

performed at 25 oC using CaF2 in a Spectra Tech circle ceìI. The frequency of amide I

vibrational modes was determined to within 2 cm-l

wúy.nuñb.,(.ñr) i i,i
Figure 43' FT-IR spectra of amide-I (c:o) vibrational mode for compounds 3-6.

4

5

6

Table 4. Vanl Hoî plors for Kr"

Compd Equation Slope + SE Intercept + SE

3 =0.838x- 1.475 0.83 8 + 0.033 -l.475 + 0.010
0J, + 0^085

4 y = -0.24'l x+ 0.527 -0.247 + 0.028
5 y = 0.546 x - 0.242 0.54ó + 0.014 -0.242 +

y=0.ó07x-0.361 0.ó07 + 0_01 I 361 + 0.0ó0

q
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8.2.7. Temperature coefficient (^ô/^T) experiment: I D rH_NMR 
spectroscopy of

lTmM solutions of 3 and 4 ìn 100.0%oMe2so-d6 were recorded on Bruker AMX500 at 20
oc' and from 20 to 45 oc with increments of 5 oc, using routine techniques. chemicar

shift (ô) are expressed in ppm and calibrated with respect to the residual DMSO signal

(tH:2.49 ppm).
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Figure 45' Temperature dependence ofhydroxyr proton resonances of the rrans isomer of
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Ac-3'(,R)-GlcPro-OMe (3) in DMSO-d6.

0.05

0

{.05

Ê ¡.r

-0.15

4.2

4.25

0.05

0

-0.05

Ê -o.r

-0.15

X HO-2

^ 
HO-3

^ 
HO-4

r HO-6
a HO-6'

Temperature ("C )

Figure 46' Temperature dependence ofhydroxyl proton resonances ofthe c¡s isomer
of Ac-3' (,R)-GlcPro-OMe (4) in DMSO-d6.
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Figure 47. Temperature dependence ofhydroxyl proton resonances of the frars isome¡ of
Ac-3'(R)-GlcPro-OMe (4) in DMSO-de.
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9,2.8. Computational methods (The data rvere provided by Dr. Schreckenbach,s
group)

A computational approach was used for detailed structural assignments and

determination of the conformational dist¡ibutions of compounds 3 and 4 in water. Due to

the complexity of the potential energy surface of these compounds, a systematic

conformational search routine was employed. First, the MMFF94 force field

implemented in the SPARTAN '02 program was used to generate an initial set of trial

structures or conformers. specificall¡ a Monte-carlo or random conformational search

was performed starting from an initial energy minimized guess structure drawn in

SPARTAN. Although Monte-carlo was designed to fairly sample all regions of the

conformational space, one cannot guarantee that all lowest energy conformers are

located. As a result of this limitation in the random sampling technique, some very

important conformers might be missed during the search. To avoid this inherent problem,

we adopted a strategy of searching the conformational space by re-starting the search

with different initial conformations and checking for the completeness of the analysis.

once a redundant outcome was observed, we assumed that the conformational space was

fully covered and the conformations were gathered. This'build and search'approach

identified a set of 2700 structures for each compound (3 and 4). However, when these

structures were superimposed, a set of 443 unique conformers for compound 3 and 457

for compound 4 were isolated.

Once the unique local minima were identified using MMFF94, the remaining

conformers were used as guess structures (input structures) for gas phase B3Lyp/6-

31+G(d, p) optimizations as implemented in the GAUSSIAN 03 program packager. Full

B3LYP/6-31+G(d, p) optimizations lead to 443 and 453 unique conformers for
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compounds 3 and 4, respectively. All B3Lyp structures were real local minima as

characterized by the absence of imaginary frequencies.

subsequently, solvent effects were taken into account through re-optimization of the

gas-phase B3LYP/6-3 l +G(d, p) minima in water at the same level of theory using

Tomasi's Polarized conrinuum Moder (pcM). This led to only 355 and 25g rear locaì

minima for compounds 3 and 4' respectivery. The remaining structures either had large

imaginary frequencies, which were very dificurt to avoid, or the structures were diffìcurt

to converge. when the scF convergence behavior for structures with convergence

problems was checked by analyzing the energy change for each iteralive step, it was

found that there is no dramatic change in their energy from one step to the next.

Moreover, these structu¡es are at a higher energy level compared to the collected

conformers, which suggests that they are relatively unimportant for our total anarysis.

Thus, such structures were discarded after repeated attempts to reach convergence had

failed.

using the B3LYP optimized geometries in water, the total free energies of each

conformer were carculated. The total free energies were subsequentry used to determine

the císltrans ratio of the rocal minima according to a Boltzmann distribution (Boltzmann

statistics) calculated at 25oc. In Tabres 5 and 6, we report data for the most stable

conformers3 and 4. only those conformers have been listed in the tables that have a

statistical weight of at reast 0.5%, according to the Boltzmam dist¡ibution. For each

conformer, we provide the totar energ¡ statisticar weight, as well as various torsion

angles (key geometry parameters.) The calcurated dþole moment has been included for

future reference since it has a strong influence on the free energy of solvation.



dconformationaIdistributionofcis-1Iansisomersofcompound3,whichareoptimizedat

B3lyp/6-3r+c(d) n,l'å""ï,
b

Conformers

Conformerl

Conformer2

Confo¡me13

Conforme14

Conformer5

Conforme16

ConformerT

ConformerS

Conforme19

Conformerl0

Conformerl I

Conformerl2

Confo¡merl3

Conformerl4

Conformerl5

Conformerl6

Conformerl T

Conformerl8

Conformerl9

Conformer20

Conformc12l

Total Free Distributio
EnergynoQVat/

-1279.I5805900
- t 279.) 57 97 400

- 1279 .t 57 86500

-1279.15761700

- t219 -t 57 49100

- 1279 .t 57 48700

-1279.15148500

-1279.15744600

-1279.t 5733500

- t219 .I 57 18900

-r279.t5718800

-12'79.15716100

-t279.ts7 t1000

- 127 9 .) 5705000

-1279.15704400

- 1279 .t 57 00800

- t 27 9 .t s696000

- 1279. r 5685100

- 1279.t 5682900

- t219 .1 567 4100

- 1279.15672900

4.70017076

4.29548658

3.82710817

2.94297812

2.59t't030s

2.s6439600

2.5589692t

2.4554t259

2.18304566

t.87025420

1.86821423

1.81560020

t.720t2283

r.61420453

1.60397824

1.54396612

1.4674294t

1.30't42t40

1.2't130691

1.16362't 42

1.14893052

5.t329
5.6868

7.6872

8.8327

9.6162

5.7266

6.67 57

6.9431

7.5057

t2.0tt2
10.7905

7.8150

7.2059

7.5512

7.5835

.3666

8.3907

5.3364

7.4783

8.79"Ì9

6.7307

ø'ø

175.253

174.849

175.55

t75.706

175.7 5t

t7 5.486

t74.313

t7 4.809

176.059

177.627

-10.903

174.055

t7 5.399

-r0.7t3

-10.972

177.548

-10.68

-10.7 49

175.365

175.t63

-9.63

-64.198

-63.973

-61.41

-6r.659

-6r.884

-6).37t

-64.422

-63.748

-6 t.619

-67.2s6

-63.708

-64.29

-6 r. r83

-64.058

-63.957

-66.781

-62.642

-63.60 t

-61.205

-6i.389

-62.972

t 53.'736

r53.458

-28.681

-28.731

-28.605

-28.421

t53.4t8

¡ 53.48

-29.02

154.625

154.37

153.729

-29.02

r53.755

154.0'ì8

154.7I I

-27.379

r53.891

-29.374

-28.169

"27.043

t7'7.502

117.498

-179.498

-t79.405

-179.79

-178.709

t77.149

t77.554

-179.01I

176.597

t17.909

t77.029

-r79.3

117.811

t77.62t

171.005

-t 77.946

17'7.125

-118.796

-179.668

-t77.84

28.915 -34.773

29.437 -34.4t4
27.616 _33.469

28.154 -34.t44

28.405 _34.608

27.88t -33.682

30.688 _34.505

29.t99 _34.6t4

21.947 -34.48

27.487 _33.487

31.884 -34.728

30.79 -34.36

28.093 -33.767

31.792 -34.917

3 ¡.89 -35.01

21.948 _33.772

30.963 -34.1t7

31.447 -34.851

28. r 55 -33.86s

28.332 -34.102

30.548 -34.302

r I
26.879 -8.378 _13.164

25.78t -6.852 _t4.482

26.027 _8.356 _12.3s6

26.603 -8.633 _t2.4g1

27.1 _8.983 _t2.43g

26.107 -8.272 -t2.s6g

24.71 _4.861 -t6.s4.7

26.354 -j.622 _ 13.835

27.349 -9.54"t -|.775
26.314 -8.613 -12.088

23.936 -3.193 _18.36

24.383 -4.444 _t6.8?9

26.084 -8.126 _t2.j7g

24.354 -3.j26 -t"t.g43

24.411 -3.72t ,l8.or

26.306 -8.3 t5 _t2.s13

23.8 t 5 -3.727 "11.428

24.607 -4.229 -t7.4ot

26.186 -8.Ì87 -12.179

26.377 -8.261 _12.856

24.547 -4.794 -16.464 
N.)o'

z z0



Conforme¡22 -1279.15669700 1.11063994

Conforme¡23 -1279.15669000 1.10243549

Conformer24 -1279.15668300 1.09429164

Conformer25 -1279.15666800 1.07704254

Conformer26 -1279.15665800 1.06569446

Conformer2T -1279.15664700 1.05334962

Conformer2S - 1279.15663300 1.03784461

Confomer2g -1279.15661600 1.01932360

Conformer30 -1279.15660500 1.00751591

Conformer3l -1279.15658100 0.98222629

Conformer32 -1279.15656400 0.96469783

Conformer33 -1219.15655600 0.95655772

Conformer34 -1279.15654500 0.9454'7711

Conformerls -1219.15654300 0.94341629

Conformer36 -1219.15649400 0.89515709

Conformer3T -1219.15644400 0.84955111

Conformer3S -1279.15643900 0.84506368

Cônfôrmer3g 1279.15642200 0.82998297

Conformer40 -1219.15642100 0.82910430

Conformer4l -1279.15638400 0.79723914

Conformer42 -\219.15636600 0.78218295

Conformer4J -1279.15636400 0.18052769

Conformer44 -1279.15632300 0.74735630

Conformer45 -1279.15628600 0.71863299

10.8316 -1.733 -70.669

9.4318 178.559 -64.409

3 .863t -9 .1'7 -62.77

10.8443 -r.876 -1t.231

5 4082 -9.889 -62.33

10.8863 t70.248 -56.04

8.3616 169.'7'78 -59.198

4.53'73 t75.556 -60.875

t0.1026 t'77.233 -66.96r

5.4440 114.626 -64.115

14.3 3 -3.291 -70.535

10.1262 t69.712 -55.91

8.5896 r 65.447 -53.435

r 0.1153 t'75.362 -61.039

9.3623 166.t29 -53.334

t0.4412 118.633 -63.984

8.4195 -9.329 -62.914

9.1869 164.495 -56.344

r0.1977 l7l.r53 -56.406

9.6697 165.'t88 -53.402

9.1219 t75.849 -61.72

8.4203 -9.462 -62.976

9.7530 r65.884 -53.481

I1.2931 r 70.369 -56.445

153.388 177.641

-27 -738 -1'79.68

-27.496 -t77.25

153.37t t'11.594

-27.821 -t'77.096

-29592 -r78.56

t53.487 116-826

-29.808 -178.6s1

r54.345 176.976

r51.95 t75.367

153-tz t'7'1.54

-29.4'72 -178.615

-29.854 -178.t72

-28.822 -178.998

-30.281 -t'78.38'1

-28.88 -178.981

-27.t07 -t'78.164

152.993 t76.91

-29.716 -17't.131

-30.686 -t1't.6t6

-28.971 -t'79.497

-21.t88 -t'7'7.981

-30.46 -t'/7.314

-29.t43 -178.10t

Conformer4T -1279.15627900 0-71332434

Conformer4S -1279.15625400 0.69468300

Conformer49 -1279.15624900 0.69101360

33.395 -35.7 t

26-06 -33.108

30.428 -34.t85

33.6 t I -35.857

30.101 -33.876

26.46t -35.759

28.366 -36.2

27.684 -33.658

27.194 -33.45

30.419 -34.763

33.483 -34.36

26.t93 '34."77t

25.884 -34.453

21.1t8 -33.497

25.099 -34.186

25.955 -33.r68

30.355 -34.682

28.09 -36.r 56

25 .545 -35 .246

25.105 -34.994

28.244 -34.288

30.484 -34.706

25.903 -35. r l

25.124 -34.231

23.807 -2.004 -20.045

27.07 -10.435 -9.993

24.488 -4.807 -16.378

23.82 -1.878 -20.26

24.28 -4.792 "r 6.19?

30.851 -14.224 -?.808

29.1t9 -1,t.'137 -10.635

26.29 -8.615 -12.196

25.946 -8.031 -12.662

25.404 -5.81 -ts.773

21.596 0.389 -21.651

29.505 -12.915 -8.458

29.298 -12.915 -8.285

26 -8.297 -t2.4t9

30.63 -14.909 -6.s21

27.273 -10.7Ì I -9.149

25.333 -5.75 -15.738

29.88 -12.072 -10.264

30.974 -14.96 -6.7s9

30.4 -14-258 -7.327

26.111 -8.'747 -12.481

25.239 -5.549 -15.954

30.3't9 -14.095 "7.55

29.135 -1,2.9 -8_21

7.9717 t7t.237 -56.629 -29.889 -171.841 25.'746

13.866t -3.404 -71.046 153.163 17'1.505 33.693

7. r810 -ll.075 -63.19 -28.2t3 -177.649 31.159

-35.368 30.976 -14.84 -6.959

-34.427 2t.471 0.671 -2t.966

-33.869 23.237 -2.969 -t8.044 N)
o\
N)



Conformerso -1279.15624600 0.68882127

Conformersl -1279.15621300 0.66515990

Conformer52 -1279.15621000 0.66304959

Conformer53 - 1279.15619500 0.65259808

Conformer54 -12'19.15617400 0.63824214

Conformer5s - 1279.15069300 0.63'756646

Confo¡mer56 -1279.15614100 0.61631819

Conformer5T -1279.15614000 0.61566571

Conformcr5S - I279.15610900 0.59517806

ConfoÍner59 -1279.15601500 0.574'10371

Conformer60 -1219.15606900 0.57106285

Conformer6l -1279-15605800 0.56444775

Conformer62 -1279.15604300 0.55555047

Conformer63 -1219.15599500 0.52801080

Conformer64 -1279.15598100 0.52023862

Othe¡s* < 0.5

Total PoDulâtion Distribution

9.3977 t63.635

4.8429 -9.645

8.3825 176.054

I 1.2403 -3.0r 7

6.6183 r6s.996

2.8566 176.006

7.9t4t 178.168

8.3052 -¡r.703

9.0827 165. r 59

10.3456 r65.331

7.5206 -10.03'l

11.9053 165.103

11.3924 165.649

8.9909 t'10.236

6.9900 -1.77

Total Trans Isomers 70.85 77
d'" angles are in degrees, " units ¡n Debye (D). The relative electronic energies and the relative free energies are in
Hartrees. The population distributions were calculated using the Bolizmann statistical weights at 25 oC, including all conformers. In the property table,
only those conformers are included that contribute 0.50á o¡ more.

-56.031 153.751 176.63t

-62.458 -27.r28 -177.4t6

-61.66 -28.593 -179.'131

-1t.674 153.034 171.422

-53.495 -30.433 -1'77'Ì4A

-41.743 t32.539 178.252

-63.3t6 -28.592 -178.828

-64.354 153.877 177.66

-53.272 -30.275 -t71.498

-53.51r -29.889 -177.981

-62.966 -27.543 -117.85t

-s3.206 -29.s2t -177.935

-53.595 -29.54 -118.916

-s6.546 -29.55r -t77.579

-70.445 -28.226 -t7"t.2s6

28.087 -35.t91

30.071 -33.976

21.959 -34.37

34.082 -34.889

25.11t -35.1t2

-5.605 -t4.71'7

25.386 -32.416

32.655 -34.5'71

25.87 -34.4fi

25.949 -34.447

30.93r -34.588

25.342 -14.881

25.893 -35.017

25.492 -34.176

32.8 -35.235

28.346 -10.447 -n.3 t9

24.521 -5.094 -15.9s5

27.112 -9.35 "u.9r4

21.823 0.55t -22.t21

30.56 -t4.43 -1.214

29.215 -34.55 -25.528

26.629 -10.42 -9.s7t

22.943 -1.625 -19.854

29.246 -t2.924 -8.307

29.227 -t2.867 -8.384

24.616 -4.611 -16.84

30.585 -14.7t5 -6.192

30.236 -t3.973 -7.642

29.308 -13.26 -t.839

23.58 -2.181 -t9.s2s

N)
o\

,)

,tll



Conformer5o -12i9.15624600 0.68882127

Conformersl -t279.t56ZI3OO 0.66515990

Confo¡mer52 -t279.tS62tOOO 0.66304959

Conformcr53 - I279.15619500 0.65259808

Conformer54 -l2i9.t56ti41} 0.638242t4

Conformer55 -t279.15069300 0.63756646

Conformer56 -t2i9.t56t4t}O 0.6t63 t819
Conforme¡57 -t2i9.tS6l4OOO 0.615665it
Confo¡mer58 - I279.15610900 0.595.17806

Conformer59 -\279.15607500 O.5i4.t137l
Conformer60 -t2?9.t5606900 0.57106285

Conformer6l - ì 2?9.l5605800 0.56444ii5
Conformer62 -t2i9.t56O43OO 0.55555047

Conformer63 -t2i9.1S59g5OO 0.52801080

Conformer64 -t 279.155981O0 0.52023862
Othe¡s* < 0.5

Totâl Populâtion Distribution

9.3977 t63.635 -56.031 153.75t r76.63t 28.087 _35.t9t
4.8429 -9.645 _62.458 _27.tZ8 _177.4t6 30.07r _33.976

8.3825 t76.054 -61.66 -28.593 _179.131 27.959 _34.3.7

11.2403 -3.017 _7t.674 153.034 t.77.422 34.082 -34.889
6.6183 165.996 _51.495 _30.433 -t17.748 25.1:.t _35.1t2
2.8566 176.006 _4t.743 t32.539 t.78.252 -5.605 _14.7t7

7.9t4t t78.t68 -63.316 -28.592 -t78.828 25.386 _32.4t6
8.3052 -t t.703 -64.354 153.877 177.66 32.655 -34.571
9.0827 t65.159 -53.272 _30.275 _177.498 25.87 _34.4tr

10.3456 165.33r -53.5tr _29.889 _t77.g81 25.g4s _34.447

7.5206 -t0.031 _62.966 _27.543 _t.77.85t 30.93t -34.588
I1.9053 165.703 _53.206 _29j2t -177.935 25.342 _34.88r

tl.3924 t65.649 -53.595 _29.54 _178.916 25.893 _35.017

8.9909 170.236 -s6.546 -29.551 _177.579 2s.492 _34.1.16

6.9900 -1.77 _70.445 _28.226 _177-256 32.8 _35.235

Calc.(o/o\ Exp. (%)TotutcirIso'n".f zJ
Total Trans Isomers

e free energies are inHart¡ees The population distributions were calculated using the Bolizmãnn ,t"tirti""i *"igrrtr ãös ;c, in.ìuJing all conforme¡s. In the property tableonly those conformers are included that contribute 0.50á or liore.

28.346 -10.447 -n ile
24.52t -5.094 -t5.9sj

21.t72 -9.35 -l r.9t4

21.823 0.55 t -22.t2t

30.56 -14.43 _7.2t4

29.2t5 -34.55 -2s.s28

26.629 -10.42 -g.s7t

22.943 -t.625 _19.854

29.246 -12.924 -8.307

29.227 -t2.861 -s 3r4

24.616 -4.61t -r 6.84

30.585 -14.715 _6.7s2

30.236 -13.973 _7.642

29.308 -13.26 -7.839

23.58 -2.t87 _t9.s2s

N)
o\



Lå3Tå*^"-3",1'åä,ti"îii:rît"';iïf:îi;,t"*,o"-r'*' uno **"'"",,""", o,.rriburion orcis-rrans isomers orcompound 4, which is oprimized at

Conformers

Conformerl
Conformer2

Conformer3

Confo¡mer4

Conforme¡5

Conformer6

ConformerT

Confo¡merg

Conformerg

Conformerl0

Conformerl ¡

Conformer l2
Conformerl3

Conformerl4

Conformerl5

Conformerl6

Conformerl T

Conformerl g

Conformerlg

Conformer20

Confo¡mer2l

BSLYP/6-3r+c(d)

H2O (a.u.)
Totâl Free
Energy

_r279.r5838500

_t279.15837300

-1279.15835700

-1279 . t s822tOo

-1279 .1 58087 oo

-1279.1s801200

- 1279. t5800500

- t27 9 .l 5796200
_t279.t5795800

- 1279 .I 5791 5oo

-1279.15781500

- ) 2'7 9 .157 72300

-t279.15770400

-t279.15767700

- 1279 . t 57 56000

- 127 9 .1 51 52900

-r279.t5742tOO

- 1279 .157 38o1o

-t279.15737900

-t279.t5736500

-t279 .t s734600

onformer
Distribution

4.15042264

4.09800r80

4.02913580

3.48858953

3.02696829

2.79580419

2.77515118

2.65158715

2.64037702

2.52281441

2.2692s76s

2.05855481

2.0t7s3998

t.9606s7s5

1.732t2807

t.67617s68

1.49498874

1.43 r 45372

1.42993829

r.40889000

1.3808r 915

mometrt
b

In H2

10.9r53
I1.0304

4.9618 _170.077

10.137t0 3.s02
6.5048 _n2.5s4

10.9310 3.878
l0 .9293 

3 .s26
12.5069 4344
6.5169 _n2.448

7.8114 -n2.st7
5.16t4 _170.53

13.7801 4.2
8.3455 3.s12
5.1522 -t 70.208

9.7505 n.ts:
9.7577 n.js7
7.5951 4.2t7
8.498 t 4.24s
8.7994 4.s2g
7.279t -t7o.os2
8-5042 3.915

a'

4.031

4.297
-81.347

-80.845

-85.486

-82.254

-82.246

-79.3 t

-78.782

-8t.073

-82.232

-8t.54t

-86.9t7

-79.496

-8 t. t93

-86.394

-9 t.t 4

-90.437

-79.003

-80.608

-82.05

-84.046

.80.778

r 54.5t 6

t 54.838

154.199

t 54.02

154.897

154.78

r53.309

154.429

t 54.292

154.684

r 53.504

154.916

-28.r05

r53.9 r

)54.666

t54.79

-27.526

176.927

177.406

t77.889

t77.t6s

r78.008

177.459

177.545

t76.76

179.353

t78. ¡9

t77.346

t76.881

-t77.812

t77.6

177.338

t77.186

-177.594

zt

32.683

32.s39

32.85r

32.835

59.846

3 r.566

31.75

32.373

30.499

30.t76

33.723

31.871

32.361

33.493

32.64t

32.551

3 t.29

3l .629

32.9s4

32.50r

3t.934

.¿

-37.378 27.t91
-37.457 27.452
-33.196 20.473

-37.137 26.661

-30.292 18. 6

-36.45.7 26.859

-36.739 27.t39
-37.373 21.468

-30.342 I8.26¡

-29.97 r8.oo4

-33.628 20.387

-37.151 27.642

-36.72 26.421

-33.659 20.655

-33_236 20.844

-33.l9t 20.854

-36.44 27.064

-36.286 26.438

-37 .887 27 .7 5

-32.8 r I 20.21

-36.576 26.596

Ì z

-6.035 _16.964
-6.399 _16.64t

t.061 -2t.596
_5.391 -17.464

2.039 _20.834

-6.415 _t6.o1g

-6.59 _r6.0t5

-6.529 -16.447

r.836 _20.648

t.879 _20.468

t.719 _22.572

-7.035 _r5.814

-5.464 -17.112

1.279 _22.147

0.606 Jr 111

0.538 _21.074

-6.843 -15.553

-5.955 -16.341

-6.464 -16.866

r.03 r _2 t.333
-5.929 _t6.s44 

¡.)o\À

-28.347 _1.77.15

152.858 175.98g

-27.779 _179.098

-28.379 -177.398

/



Conformer22 -1279.15732300

Conformer23 -1279.1572t800

Conformer24 -1219.1572t4O0

Confo¡mer25 -1219.15720500

Conformer26 -1279.15714100

Confo¡mer27 -1279.t57t3400

Conformer2S -1279.t5712300

Conformer29 -1279.1571t100

Conformer3o -1279.15708100

Conformer3l -1279.15706700

Conformer32 -1279.15701000

Conforme¡33 -1279.15700700

ConfoÍner34 -1279.15695900

Conformer35 -1279-15695800

Conformer36 -1279.15689600

ConformerlT -1279.15688700

Conformer38 -1279.15686200

Conformer39 1279.15684500

Conformer4O -1279.15679100

Conformer4l -1279.15678100

Conformer42 -1279.156'70000

Conformer43 -1279.15668100

Conformer44 -1279.15667000

Conformer45 -12'19.15666100

1.34758590 5.9159 4.93s

1.20574339 6.8370 12.555

1.20064559 7.6057 4.62

r.t8925420 5.9903 3.744

t.18925420 9.3605 4.276

L10309683 8.0443 12.3 t4

r.0903 r872 6.3277 -171.984

r.07654773 7.4730 -170.08

t.04287641 11.0267 t2.45

1.027525s6 5.6968 -t71.645

0.96732360 9.6433 -t70.626

0.96425464 9.6433 4.865

0.9t64s474 9.2865 -169.s34

0.91548452 6.'7779 -t71.3s6

0.85'ì294s8 8.6034 -170.132

0.849r608r 12.0283 3.931

0.82696965 5.6947 -t7 t .096

-'18.t49 -27.92 -177.228

-90.425 154.631 t71.253

-80.305 -28.143 -t77.458

-80.935 -28.491 -t77.344

-77.968 -27.419 -177.29'1

-90.783 t53.222 117.425

-81.833 154.82 178.388

-83.735 -28.'796 .178.569

-90.565 I54.9 t7'1.356

-79.531 -26.8t -t19.60-Ì

-84.75 t54.602 t'77.906

-19.t22 -28.789 -176.825

-84.422 -2'7.311 -t79.049

-82.268 153.853 179.034

-85.569 r53.4r l -t79.818

-82.023 t 53.88 1'17.72

-82.'127 154.4 t8 t77.'761

-9 t.137 ì54.783 171.15

-85.506 154.067 r78.0t4

-82.6'77 154.286 t17.643

-83.9 -28.409 -t78.7t1

-80.052 -26.936 -t19.32s

-81.838 r 54. t39 t77.361

-90.866 155.26'7 177.t39

Conformer4T -1279.15655300

Conformer4S -1279.15653600

Conformcr49 -1279.15653200

0.81221184

0.76705854

0.7s89't656

0.69657383

0.69657383

0.6'1478699

0.66838481

31.189 -37.028 28.108

32.497 -32.985 20.554

32.019 -37.135 27.458

32.074 -36.59 26.508

3 t.037 -36.672 27.61

33.237 -34.026 21.54

30.76 -3 t.456 19.83

32.442 -33.185 20.865

r2.588 -33.336 21.051

30.626 -31.461 t9.90t

32.227 -32.33 t9.76t

3t.371 -36.812 27.s68

32.319 -33.319 21.169

31.428 -32.728 21 1'77

32.805 -33.005 20.231

33.075 -37.619 27.186

3 t.508 -33.04 2r.605

9.37 48

7.3595

5.8700

7.6156

8.3135

9.6358

12.3637

I1.487

- 170.138

-t11.742

- 169.53 8

-171.35

4.09t

I1.538

0.596t3546

0.58549704

0.58302r 60

-8.014 -14.737

0.8r -2t.207

-6.787 -16.038

-5.756 -16.'136

-7.642 -14.882

0.256 -21.331

0.343 -r9.863

0.318 -2.0.84

0.357 -20.977

0. r5 -19.636

r.395 -21.428

-'t.32 -15.299

-0.052 -20.57t

-0.623 -t9.651

t.281 -21.1t6

-5.76 -17.401

- 1.0¡4 -19.463

l-309 -21.674

1.023 -21.699

0.694 -20348

-0. 9 -20.36t

-0.33 -19.024

-5.904 -t't.226

0.998 -2t.406

13.8152

12.9746

10.3246

'1

3.956

3.907

-t71.452

-81.4t2 153.965 t'r'7.s61

-82.207 154.239 177.143

-84.225 154.551 178.295

32.7 43

33.061

31.t16

32.12

30.r5

32_967

32.629

32.4'17

-32.909 20.221

-33.4t6 20.64

-31.666 19.763

-33.097 2t.07

-3t.243 20.044

-37.581 2'1.244

-32.982 20.448

32.564

32.7 42

3t.992

-37.37

-37.tt4

-32.045

27.294

26.736

19.589

-6.205 -16.'792

-5.529 -11.326

I .4t4 -2t .303
N
O,

l-l



Conformerso -1279.15650500 0.5665839t

Conforme¡S1 -1279.15649400 0.56002069

Conformer52 -1279.15645600 0-53792720

Conformer53 -1279.15645200 0.53565288

Confome¡54 -1279.15643200 0.524424i1

Conformer55 -1279.15641700 0.51615831

Others* < 0.5

Total Population Distribution

HzO (%) Exp. HzO (%)
Total C¡s Isomers

Total Zra¡rs Isomeß 42.25 47

ee energies are in
Hartrees. The population distributions were calculated using the Boltzmann statistical weights at 25 õC, including all conformers. In the p¡operty tåble,
onìy those conformers are included that contribute 0.5olo or more.

9.3459 -t70.s44 -84.89t ts4.ss4 t7i.4z2
10.4355 3.i59 -82.204 -2'7.Bgt -178.006

12.3176 ll.3] -91.845 ts4.642 t76.438

10.2786 -t' .622 -83.652 154.359 tig.2s3
5.4632 t2.852 -89.47 -28.305 -ti8.4s5
15.1406 4.236 -81.741 153.895 |1i.438

57.75

32.29 -32.307 19 .654
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Hydrogen Bonds: The most stabre conformers were studied for intemar hydrogen
bonding' For the hydrogen bonding characterization, we used a<2.5,\bond renglh cutoff
to ensure that only strong hydrogen bonds were selected.2 We inc¡eased the bond
distance cutoff f¡om < 2'lÅ to s 2.5Å to check the sensitivity of the cutoff However, the
results found from both cutoffs ¡emains the same. Based on this criterion we found two
types of hydrogen bonds in those conformers of compounds 3 and 4 that contribute to a
population distribution greater > 0'5% (Tabre I-2). For compound 3, the fìrst major
hydrogen bond exists between OH_6, and OH_6 (6,_OH______-OH_6). The average
hydrogen bond distance is * l.g{. This hydrogen bond was found in proryr amide rrans
conforme¡s 10, 16,23,30, 37 and 56 (Table 5). The second rype of hydrogen bond in
compound 3, exists between OH_6,and y'r'_terminal carbonyl (6,_OH______-O=C_N) and is
found in the crs conformers only. Conform erc 22,25,32, 46, 4g,53, and 64 possess this
hydrogen bond (Table 5). The bond distance of this hydrogen bond is _ l.g.A. ln
addition, a third type of hydrogen bond is found between oH_2 and the c{erminar
carbonyr (2-oH---o=c'-c") with a bond distance of I.gÅ. This hydrogen bond was
found in only one out of43 îrans conformers.

For compound 4' the first major hydrogen bonding exists between 6,-oH and the lr'-
terminal carbonyl (6,_OH___O=C,_N) and the bond distance is _ 1.g ¿. These conformers
with this kind ofhydrogen bond are conformers 1,21 4,6,,7, g, 12, 13,7J,1g, 1g,21,22,
25' 33' 37' 44, 47, 48,51, and 55 (TabÌe 6). All these above-mentioned twenty_one
conformers favo¡ a c¡s prolyl amide structure. The second hydrogen bond exists between
6',-oH and the c¡erminar carbonyr (cô-cH2-oH---o=cl C") and is found in both c¡s and
trans conformations' The conformers with this kind of hydrogen bond that favor the c¡.s
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prolyl amide structure are conformers 75,76,23,30, 3g, and 52 and the conformers that
favor the fran.î structure are also conformers 3, S, 10, 32,36,40,49, 50, and 53 (Table 6),

The bond distance of this hydrogen bonding is * 1.9 ¿.

Figure 47 shows the most stabre cis/trans prolyr amide conformer for compound 3

while the most stable cís/trans proryl amide conformer for compound 4 is shown in
Figure 48.

w
Figure 47' The most stabre conforme¡s of compound 3: the most stable c¡s conformer isshowr on the left while the most stabre trans åonro*.r'i, shown on the right. In thesetwo conformers no intramolecular hydrogen UãJ *ãr'iàI*iäø

Figure 48' The most stable conform¡1s of compound 4: the most stable c¡s conformer isshown on the left while the mosf stable Írans"ånfo.rn". i, on the right. Theintramolecular hydrogen bonds between ã;_óù'- .ö:õ-N 
¡cr isomer; and 6,_oH ....

O=C-C" are indicated
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9.3. SI for Chapter 5.

9,3.1, Synthetic procedure for 4,6,g, 10, 12

(7Ð-2,3,4,6-^tetra-O-methorymethyl_1,_N_benzyloxycarbonyt_s,(s)_methyl

methoxymethyl ether_spiroll,5_anhydro_D_glucitol_1,3 f_¿-proline 
methyt esterl (4) To a

mixfure of compound 2 (90 mg, 0.zg mmor) and benzyl chloroform ate (0.2r mL,r.45 mmor)

in water (2 mL) was added sodium carbomate (93 mg, 0.88 mmor). The reaction was stirred

for 12 hours at ¡oom remperature and extracted with ethyr acetate (5 x 10 mL). The

organic layers were coirected, concentrated and purified by the flash column

chomatography (ethyr acetate/ methanor: 4r1) to ger cbz-propected intermediate (r06

mg' 83%)' which was treared vr'ith 3 mL dichloromethane and cooled in an ice bath under

nitrogen atmosphere, diisopropy.lethylamine (l mL) was added dropwise, followed by a

careñll addition of chloromethyr methyr ether (0.71 mL, 9.36 mmor). A significant amount of
white smoke formed in the ¡eaction vessel. The reaction mixture was stined in the dark

for 48 hou¡s during which the solution graduary turned red. After cooring to 0.c,
saturaled aqueous ammonium chloride (5 mL) was added. The contents diluted with

water and extracted with dichloromethane (3 x l0 mL). rhe combined organic rayers

were dried (Nasoa), filtered, and concentrated. The crude product was chromatographed

on silical gel (from elhyl acetate /hexanes (l:l) to ethyl acetate) to affo¡d the product 4

(t2s mg,72%).
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(1Ð-2,3,4,6-Tetra-O-m€thoxymethyl_r,_N_benryloxycarbonyl_s,(.S)_methyl

methoxymethyl ether-spirof I,5_anhydro_D_glucitol-1,3,_Z-prolinel (6)

To a solution of compound 4 (r00 mg,0.r5 mmor) in dioxane (3 mL) was added 2M lithium

hydroxide aqueous solution (0.76 mL, r.5 mrnol). The reaction mixture was stirred at 60

'c for 48 hours. Afterwards fhe solution was cooled to room temperature and neutralized

with Amberlite IRC-5'' Ht ion-exchange resin. The mixture was firte¡ed and

concentrated to afford the crude product, which was purified by flash charomatography

(ethyl acetate/ methanol: 20l I ) to get pure producl 6 (5 I mg, 53%).

Dipeptide H-s'(s)-(MoM)GlcTSpro-vat-NMez (B) The amino acid rFA.NH2_Val_

NMe2 (44 mg,0.l6 mmor) was dissolved in DMF (l mL) and then added to a so.lution of

acid 6 (35 mg, 0.05 mmol) and 4 N-diisopropylerhylamine (70 ¡tL,0.32 mmol) in DMF

(3 mL). The reaction mixture was stirred for l0 minutes at room temperature fo owed by

the addition of rBTU (41 mg, 0.1I mmol) and sti*ed for another g hours. After thar the

reaction is quenched with water (g mL) and extracted with ethyl acerare (4 x l0 mL). The

combined organic layer was dried with sodium surfate and concentrated. The residue was

purified by flash chromatography (ethyl acetate/methanol: 30/l) to afford the cbz_

protected intermediate, which was dissolved in ethyr acetate (5 mL) and treated with

Pd(OH)2 (20 mg,20% wt on charcoal) under hydrogenation condirion (H2, l0 psi). The

mixture was stir¡ed for one and halfhours at room temperature and filtered, concentrated.

The resulted crude product was purified by flash chromatography (ethyl acetate/
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methanol: 20/ 1) to afford rhe dipepride 206 (28 mg, g5%).

Tripeptide H-D-Phe-s,(s)-(MOM)GtcTSpro_Val_NMe2 (r0) To a solurion of dipeptide

8 (50 mg, 0.08 mmol) and ,M N-diisopropylethylamine (72 ¡tL, o.3B mmot) in DMF (3 mL)

was added the D- Fmoc-phe-OH (93 mg, 0.23 mmot) and pyBOp (122 ng,0.23 mmol). The

mixture was stirred for l8 hours at room temperature before addition of sodium

bicarbonate (27 mg,0.30 mmol). The resurted mixture was dirutaled with water (5 mL) and

extracted with ethyl acetate (5 x l0 mL). The combined organic rayers were dried

(Na2soa) and concentrated. The crude product was purified by flash chromatography

(ethyf acetate/methanor: 20/1) to provide the Fmoc-protected intermediate, which was

dissolved in a mixture of piperidine and DMF (0.2 mL + 0.g mL) and stirred for I hour at

room temperafure. The solution was concentrated and purified by flash chromatography

(ethyl acetate/methanor: l0/1 ro 6/l;TLC was chaned with the iodine) to get tripeptide r0

(28 ms,46%).

Tetrapeptide 'ac-Leu-D-phe-s'(s)-(MoM)GrcTSpro-var-NMe2 (12) To a solution of

tripeptide l0 (30 mg, 0.04 mmot) and N, N_diisopropylethylamine (35 pL, 0.r9 mmol) in

DMF (3 mL) was added rhe Fmoc-Leu-OH (41 mg, 0.12 mmoì) and TBTU (37 mg,O.tz

mmol). The mixture was stined for 1 g hours at room temperature before addition of

sodium bicarbonate (13 mg, 0.16 mmor). The ¡esulted mixrure was dilutated with water (5

mL) and extracted with ethyr acetate (5 x l0 mL). The combined organic layers were
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dried (Na2SOa) and concentrated. The crude product was purified by flash

chromatography (dichroromethane/methanor: 20ll) to provide the Fmoc-profected

intermediate, which was dissolved in a mixture of piperidine and DMF (0.2 mL + 0.g

mL) and stirred for I hour at room temperature. The solution was concentrated in

vacuum. The resulted mixture was dissorved in methanol (2 mL) followed by the addition

of pyridine (I6 pL, 0.r9 mmor) and aceric an-hydride (l I pL, 0.r2 mmor). The mixture was

stirred for 2 hours at room temperature. The solution was concentrated and purified by

flash chromatography (methylene chloride/metha no|: 25r I to l5l r; TLC was chaned

with the iodine) to ger retrapeptid e t2 (29 mg,90%).
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9.3.3. ROESY spectrum for tetrapeptides ll_13 and l6

2D ROESY Spectrum for ll
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2D ROESy Spectrum for 12
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2D ROESY Spectrum for 16
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Compound 6
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9.5, SI for Chapter 7

9.5,1. Synthetic procedure for compounds 4, 6, g, 70, 72

(ls)'l''N'tert-butoxycarbonyr-5'(.9)-methyrenehydroxy 
acetat€-spiroIr,5-anhydro -

D-glucitol -1,3'-Z-proline methyl esterl (4) To a mixture of 2 (100 mg, 0.13 mmol) and

Pd(oH), (40mg,20 %o wr on charcoal) in methanor (10 mL) was added the solution of

hydrochloride (250 ptL of rM HCI solution, 0.25 mmoÌ) and stirred under Hz (15 psi) for

8 hours at room temperature. The catalyst was removed by the regular filtration and the

solvent was removed under the vacuum. The unprotected product was treated lvith

triethylamine (53 pL,0.3g mmol) and di{ert_butyl dica¡bonare (56 mg,0.25 mmol) in

methanol (2 mL) for l hour at room temperature. The solvent was removed under the

vacuum. The crude product was purified by flash column chromatography (CH2Ci2 /

MeOH: 7/ l) to ger 4 (35 mg,62%)

(1'f)-6-Azido-6- deoxy-7',-N-terr-butoxycarbonyr-5'(5)-methyrenehydroxy acetate -

spiro[,5 -anhydro-D-glucitor-r,3'-z-prorine methyr ester] (6) To a solution of

compound 4 (40 mg,0.09 mmol) in pyridine (r mL) was added p-rolunesulfonyl chloride

(42 mg, 0 22 mmoì) and stined fo¡ 12 ho'rs at room temperature. The mixtu¡e was

concentrated and purified by flash column ch¡omatography (CHzClz / MeOH: 10/ l) to

provide tosyl ester, which er'as treated with sodium azide (fi6 mg, l.g mmor) in DMF

(1'5 mL) and stined at 80 oc for l2 hours. The mixture was firtered, concentrated and

purified by flash column chromarography (CHzClz/ MeOH: l5l l) to get 6 (39 mg,94%).
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(1,T)-6-Azido-6-deoxy-1 '-N-acefyl-5'(,9)-hydroxymethylene-spiro [1'5-anhydro-D-

glucitol-l,3'-I-proline methyl esterl (8) The compound 6 (30 mg' 0'06 mmol) was

dissolvedinamixtureofdiclrloromethaneandtrifluoroaceticacid(l.5mL/0.5mL)and

stirred for I hour at room temperature. The solution was concentrated at vacuum and then

treated with a mixture of pyridine and acetic acid (1 mL / 1 mL) and stirred for 12 hours

at room temperature and then concentrated at vacuum After that' it was dissolved in a

solution of sodium methoxide in methanol (0 1 M, 2 mL) and stirred for 4 hours at room

tempelaturefollowedbytheneutralizationwithAmberlitelRC-sOsion.exchangeresin

(H*). The mixture was filtered and filtrate was concentrated and purified by the flash

column ch¡omatography (ethyl acetate / methanol: 6 / l) to get compound 8 (18 mg'

80%).

(lÐ-6-Amino-6-deoxy-1'-N-acetyl-5'('S)-hytlroxymethylene-spiroIl'5-anhydro-D-

glucitol-1,3'-I-proline methyl esterl HCI salt (10) To a solution of 8 (20 mg' 0'05

mmol) and Pd(OH)2 (20 mg, 20 o/o wt on charcoal) in methanol (5 mL) was added the

solutionofhydrochloride(800pLoflMHClsolution,0.08mmol)andstinedunderHz

(15 psi) for 20 minutes at room temperature' The catalyst was removed by the regular

filtration and the solvent was removed utlder the vacuum to afford pure product l0 (20

mg, quant.).

(1,9)-6-^A,mino-6-deoxy-1 '-N-acetyl-5'('9)-hydroxymethylene-spiro[1'5-anhydro-D-

glucitol-l,3'-I-proline methyl amidel HCI salt (12) To a solution of methylamine in

ethanol (3lYowt, I mL) was added compound I (15 mg, 0 04 mmol) and stined for 18
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hours at room temperature. The mixture was concentrated and purified by the fìash

column ch¡omatography (dichloromethane/methanol:2/l) to quantitatively afford C-

terminal methyl amide intermediate, which was dissolved in a solution of Pd(oH)2 (15

mg,20 Vo wt on charcoal ) and 1 M hydrochloride acid solution (80 pL, 0 08 mmol)' The

mixture was stirred under H2 (15 psi) for 20 minutes at room temperature The catalyst

was removed by the regular fìltration and the solvent was removed under the vacuum to

afford pure product 12 (15 mg, 95%).

.

,.
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9.5,3. Assignment of N-terminal Geometry of Compounds 9-12 in Water through 1D
nOe,
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Compound 10

5.63%
HCt'H2N\ MeO.CHg$\.-\"H 

,"1,.Ho lzN----( \

""+'¿Ì6' .H



Compound 1l

Compound l2

(NH)CH3 (co)cH3

'H2N.._¡¡"¡j¡9ç {

¡6$q \..r
HO\zF\-í^,\HO Lq



---l
I

;

HCt'H2N\

Hoê.-o. tll'coNllMe
Ho\41-í\ /yHo I '.,N-<-ilr 'CH¡

HO__\ ,\ -'6''H s'-.qzv,

3.55o/ø

9.5.4. Preparation of buffer solution:

ffeIãble lon ot butler solutlon
pD = 2.6 pD=7.4 pD =12.4

Dzo 1.2 mL l.2mL 1.2 mL

NazHPOq l2HzO 32.6 mg 14 mg

I.O M HCI 32 uL 29 uL

I .0 M NaOH 42 uL

KCI 15.5 mg
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