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Abstract

Carbohydrate-templated amino acids (CTAAs) have found their wide application in the
synthesis of peptidomimetics and glycomimetics. Herein, we describe the design,
synthesis and conformational properties of three new types of CTAAs: spirocyclic
glucose-templated 3(S)-hydroxy-L-proline analogues (Glc(35)-Hyp), glucose-templated
D- and L-lysine analogues (GlcTk, GleTK) and glucose-templated L-proline lysine
hybrids (GlcTProLysHs). In order to explore the use of these building blocks in peptide
chemistry all three CTAAs were incorporated into peptides or peptide mimics and the
thermodynamic, kinetic and B-turn-inducing properties were studied. These studies have

resulted in the following observations and conclusions:

1. The studies of peptide mimics Ac-Gle(3S)-Hyp-OMe, Ac-Gle(3S)-Hyp-NHMe and
tetrapeptides Ac-Leu-D-Phe-Gle(3S)-Hyp-Val-NMe, demonstrate that (5’R)-Glct3S)—Hyp
increases the prolyl amide cis rotamer population with accelerated cis/trans isomerization
kinetics in water and induces a type Vla f-tum in the tetrapeptide when compared to
unmodified reference peptides Ac-Pro-OMe, Ac-Pro-NHMe, Ac-(35)-Hyp-OMe and Ac-
-(35)-Hyp-NHMe. Whereas the diastereomer (5'S)-GlcTPro prefers the prolyl amide
trans rotamer with a retarded cis/trans isomerization rate in water. ROESY and

temperature  coefficient experiments indicate that replacement of Pro with

(5')-Gle(3S)-Hyp doesn’t disturb the original conformation of the tetrapeptide.




2. Antibacterial in virro tests of the dipeptides H;N-GleTk-Tyr-OBn and
H,oN-GleTk-Tyr-NHBn show that substitution of 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 conformational analysis of peptide mimics Ac-GleTProLysHs-OMe (NHMe)
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 cis

amide population in lysine-rich antimicrobial peptides and other peptides.
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Chapter 1

Introduction

1.1. Background: peptidomimetics in drug design

Peptides are essential to virtually every biochemical process such as metabolism,
immune defense and reproduction. They are involved in receptor recognition and signal
transduction as hormones, neurotransmitters and neuromodulators in plants and animals.
Besides this, peptides are also related with various diseases such as the plaques associated
with Alzheimer’s disease.

This broad spectrum of activity has prompted great interest in the arca of organic,
medicinal and peptide chemistry. However, the poor pharmacological properties of most
peptides limit their use as drugs through the following aspects:® (a) their low metabolic
stability towards proteolysis in the gastrointestinal tract and in serum; (b) their poor
absorption after oral ingestion, in particular due to their relatively high molecular mass or
the lack of 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.

1.1.1. Peptidomimetics

As what Gante described,3 “a peptidomimetic is defined as a substance having it
pep g




secondary structure as well as other structural features analogous to that of the original
peptide, which allows it to displace the original peptide from receptors or enzymes. As a
result the effects of the original peptide are inhibited (antagonist, inhibitor) or duplicated
(agonist).”

The aim of peptide modification is to determine the structure-activity relationships
(SAR) of endogenous peptides and to produce analogues that can overcome the problems

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

Conversely, receptor antagonists and enzyme inhibitors arc also desirable targets
attainable through peptide modification.*™
During the last 25 years, a plethora of concepts of peptidomimetics have been

developed.” These include:

» Partially modified retro-inverso peptides (PMRI)
e Modification of the peptide backbone
» Modification of the amino acid side chain

* Induction and stabilization of secondary structures (5 turns, y tumns, a helices)

» Development of conformationally constrained amino acids
Among them modifications of the amino acid side chain resulting in a reduction of the
conformational flexibility has gained considerable attention. Herein, the progress in this

area with emphasis on proline- and lysine-mimetics is summarized.

1.2. Proline analogues




Proline (Pro) is the only cyclic amino acid of the twenty DNA-encoded amino acids,
which is characterized by limited rotation of the ¢ dihedral angle (C'-N-C®-C’, ~ =75 °) as
its side chain is fused to the peptide backbone. Consequently, there is a reduction in the
energy difference between the prolyl amide trans- and cis-isomers (Figure 1.1) making

them nearly isoenergetic, which leads to a higher cis N-terminal amide content relative to

o Y

N)Ce N- cu

e,
E@HS; Y HNf'

trans Cis

Figure 1.1 Trans/cis 1somerization in N-terminal prolyl amide

the other amino acids. The prolyl cis/trans isomerization is found 1o be the
rate-determining step in the folding pathways of many peptides and proteins.®'®
Moreover, proline induces f-turns and extended helical structures (polyproline helix) in
peptides that are crucial in protein/protein and protein/peptide interactions.'"*'? Besides
the occurrence of proline in A-tumns, proline-rich sequeéces also exist in antimicrobial
peptides.” In nature, proline undergoes post-translational modifications such as
hydroxylation to 4(R)-hydroxyproline (4-Hyp} and 3(S)-hydroxyproline (3-Hyp), which
are critical to the stability of the triple helix in collagens and contributes to the stability of
the poly-Hyp helix in plant-derived Hyp-rich glycopeptides.'® In addition, hydroxylated

proline residues were also found in virotoxin cyclic heptapeptides'® and other




peptides.'&"”

Over the years a plethora of proline analogues have been developed to study the
structural and biological properties of proline surrogates in peptides. These analogues are
approximately classified into two categories: introduction of alkyl or aryl groups into C*,
CP-, 7 or C% positions of the proline ring; and replacement of one carbon of pyrrolidine
ring with nitrogen, sulfur, oxygen or silicon which are referred to the azaproline,
pseudoproline and silaproline, respectively. In addition, as a special case of the first

category the rigid bicyclic proline analogues are also covered in this part.
1.2.1. Proline analogues with alkylation or arylation at C%, C*-, C”- or C? position

1.2.1.1. C*-proline analogues

C“%proline analogues are compounds in which the o proton is replaced by an alkyl
group such as methyl group]8 or by an aryl group like a phenyl groupﬁg. These
a-tetrasubstituted proline derivatives show some interesting properties. For example

>

studies of model peptides have demonstrated the Ac-L-aMePro-NHMe 1 (Figure 1.2)

¢! /CH3
NH
Ph,_ o
N—4
CH,
2

Figure 1.2 Peptide mimics 1 and 2 containing a-tetrasubstituted prolines




derivative had a preference for a pturn conformation in solution.”®' Whereas
crystallographic analysis indicates the existence of an e-helical structure in its solid
state.”?

Recently, Flores-Ortega ef al have investigated the intrinsic conformational preferences
of Ac-L-aMePro-NHMe 1 and Ac-L-aPhPro-NHMe 2 using a Density Functional Theory
(DFT) based computational method.?® In comparison with Ac-L-Pro-NHMe, both
compounds 1 and 2 (Figure 1.2) destabilize the cis configuration of the amide bond
involving the pyrrolidine nitrogen resulting in an enhanced trans rotamer population.

In proteins, polyproline I (PPI) and Il (PPII) conformations are important for many
protein-protein interactions. PP1 is a rare, compact, right-handed helix in which the prolyl
cis isomer conformation is required. Whereas the common, extended, left-handed PP
hehix structures adopt the Prolyl amide trans geometry. Interestingly, DFT calculation
demonstrated that C"—tetrasubstitution seemed 1o stabilize the semi-extended polyproline
II conformation in water, which was not observed in the proteinogenic amino acids. In
addition, the conformation of polyproline is also affected by the particular nature of the
substituent incorporated at C*. For example, the a-helical conformation with trans amide
bonds have been found to be accessible for aMePro derivative but not for the

aPhPro-containing peptide.

1.2.1.2 Cﬁ-proline analogues

C’g—proline analogues are often called proline-amino acid chimeras which combine




amino acid side-chain functionality with proline conformational rigidity. These analogues
provide a way to cxplore the geometric relationship of the side-chain group to peptide
backbone. Therefore, replacement of the natural amino acids in peptides by
proline-amino acid chimeras has led to better understanding of the bioactive
conformations of cholecystokinin,” angjotensin 11,2 bradykinin,?® and opioid peptides.”’
Furthermore, C’-proline analogues have been used in the development of enzyme
inhibitors,” as well as peptidomimetics exhibiting improved bioactivity and greater
metabolic stability.”>?

Lubell e al have developed an effective way in which the 4-hydroxyproline was
regioselectively enolized and alkylated to prepare the B,3-dimethylprolines 6a, 6b
(Scheme 1.1) and 8 (Scheme 2).” The precursor 4 1s prepared from amino ketone 3,
which is made from the commercially available (2S,4R)-hydroxyproline,”” via
regioselective enolization and alkylation using potassium bis(trimethylsilyl) amide base
and 1odomethane. 3,3-Dimethyl-4-hydroxy-N-(PhFl)proline 5 is obtained from reduction
of compound 4 with sodium borohydride or lithium aluminium hydride, albeit with low
diastereoselectivity. Reduction with NaBH, in MeOH at 0 °C provides a 3:2 mixture of
4R:4S diastercomers 5 in a quantitative yield. On the other hand, LiAlH; in THF gives a
1:2 mixture of (4R)-5a:(45)-5b. 5a and 5b are readily separated by flash chromatography.
Finally, hydroxyproline-valine chimeras, (4R)- and (45)-3,3-dimethyl-4-hydroxy-N

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

hydrogenolysis of (4R)- and (45)-3,3-dimethyl-4-hydroxy-N-(PhFl)proline benzyl esters




5a and 5b.
Scheme 1.1 Synthesis of hydroxyproline-valine chimeras 6
NaBH,, H4C
MeOHTHF  HOQ |.CHs
nec 43 O
KN(SEMES)Q, CH3|,
H4C “45=73" N
0] THF: DMPU O3 CHy AR :48=3:2 phE  OBn
O . 78°C o0 | 5a (4R)
N .
OBn N LiAlH,, THF H4C
PhF] Phrt OBN 1 g HO, ~}.CHj
3 4 O
4R:45=1:2 N
H3C OBn
HO_ ~{.CHy PhFI
o 5b (45)
N N
H,, PAIC Boc ©H
(Boc),0, THF 6a (4R)
H;C
——  HO, |.CH,
O
N
Boc OH
6b (45)

Synthesis of B,B-dimethyl-N-(BOC)prolines 8 (Scheme 1.2) is prepared from alcohol 5

through a three-step procedure: Initially, alcohol 5 is converted into xanthate 7 by

Scheme 1.2 Synthesis of ,-dimethyl-N-(BOC)proline 8

§
o S chy NaH.CS, R HC 1)BugSnH, AIBN "% oy ;
z——k—«o CHy! MeS O ~CHs xylene, 0 f:
o O 2 M, PAOHRIC N o

PhE| n N OB (Boc)0, THF Boc

5 7 8




acylation of the sodium alkoxide with carbon disulfide in THF and subsequent alkylation
with 1odomethane. Secondly, the xanthate 7 is reduced with tributylstannane and AIBN
as radical initiator in refluxing xylene before subjected to catalytic hydrogenolysis in the
presence of di-fert-buty] dicarbonate to provide proline-valine chimera 8.

In order to investigate the influence of these proline analogues on proline amide
cis/trans  isomerization, the same group has prepared a series of

N-(acetyl)proline-N"-methylamide derivatives 9-14 (Figure 1.3).30 Compared with model

HO, HO
0 0 0
N N
/L NHMe /& NHMe N NHMe
O /g
o]
9 10 11
H,C H;C
O 0 0
N
/g NHMe /‘l NHMe /1 NHMe
HC™ ~0 H,C 0 H,C7 =0
12 13 14

Figure 1.3 N-(acetyl)proline-N"-methylamides 9-14

peptide mimic 9, 4-hydroxyl group and 3 (or B)-alkyl substitutes have little effect on the
equilibrium constant of isomerization and C’-endo conformation (Figure 1.4),in which

the y-carbon is out of plane defined by C#-C%-N-C? and located at the same side of the

plane as C-terminal ester or amide, of the pyrrolidine ring in 10-14.




O
Y R, OCMe (NHMe)
o
P N
O]
R2 }ZO
H3C Ry, Ry = Hor CHy

Figure 1.4 C”-endo conformation of the pyrrolidine ring

However, a decreasing order of cis-fo-trans amide isomerization in water, 9 =11 > 10
> 14 > 13 > 12, is observed. The steric effect caused by methy] substituents at C?, which
may place the C-terminal carbonyl oxygen in position to repel the developing lone pair of
the pyramidalized nitrogen by Coulomb interactions resulting in a high energy barrier for
isomerization.”' This may be responsible for the relative low rate constants of amides
12-14. Whereas the hydrogen bond between (45)-hydroxyl group and C-terminal
carbonyl oxygen may reduce the effects of Coulomb repulsion. As a result, an increased

rate constant of amide 14 (or 11) is observed relative to amide 13 (or 10).

1.2.1.3. C’- proline analogues

Proline analogues functionalized with an appropriate pharmacophore at the yposition
have found wide applications in medicinal chemistry and feature therapeutic agents such
as inhibitors of angiotensin-converting enzyme (ACEY? and potential inhibitors of
proline dehydrogenase.”?

From a synthetic point of view, C’-substituted proline analogues are also of great

interest because of their accessibility from naturally abundant trans-4-hydroxyproline 15.
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Goodman et al have developed a versatile approach to the preparation of y-atkylprolines

from exocyclic olefin intermediates (Scheme 1.3).*

The synthesis of the target
compounds 29a-e and 22b-e begins with the preparation of the desired pyrrolidinone
intermediate 16 starting from frans-4-hydroxyproline 15 through a few routine steps.
Reaction of pyrrolidinone 16 with various triphenylphosphoranes provides the desired
olefins 17a-f in good yield. To obtain rrans-substituted 4-alkylprolinols, silyl ether
deprotection of compounds 17a-f was first carried out to unmask the hydroxyl directing
groups. Treatment of the resulting olefins 18 with the Crabtree catalyst, under H,

atmosphere, gave excellent selectivities (dr > 40:1) for the irans-substituted prolinols

19a-f. This result indicated that reduction with the Crabtree catalyst was an effective

Scheme 1.3 Synthesis of y-alkylprolines 20 and 22

R

HO., 17a:R=H
(}_« h yhde THF Y 17b: R = CH,CH;4
N 17c: R=Ph
H
15

N OTBS 64-85% OTBS | 17d: R = CgH,(4-OEY)
Boc 17e: R = CO,CH,
i7f R = (Boc)Indole

16 17

R
R R
ICOD)PyPCy;PFg, NaCIO;, NaClo, 7/
T / 2 o
BAF, THF h H,, DCM - TEMPO, pH=6.7 - o
. 0,
80-95% N o 78-94% & 80-86% L—B—"(
Boc

N OH N OH
Boc Boc
17a-f 18a-f 19a-f 20a-e
Raney-Ni R R
MeOH, H, h_\ 1) TBAF, THF
O
77-85% N OTBS 2} NaClO,, NaCio,
Boc TEMPQ, pH =867 goc CH
75- 85%

21a-f 22b-e
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method to control the C-4 stereochemistry. Finally, the oxidation of 19a-e with TEMPO,
5% sodium hypochlorite solution, and sodium chlorite afforded the desired proline
analogues 20a-e. In the sterically directed synthesis of the cis-substituted pyrrolidines,
Raney-nickel, as the hydrogenation catalyst, showed an increased selectivity (13:1 < dr <
22:1) over Pd/C (dr = 3:1) for the reduction of 21a-f. Desilylation and oxidation of 21b-e
afforded cis-substituted proline analogues 22b-e. Unfortunately, the oxidation of
indolylprolinols 191, 21a and 21f using various conditions failed to give the desired
product 201, 22a and 22f This strategy provides to control the stereochemistry at
theC*-position, but fails to introduce more hindered groups into this position.

Recently, Rissanen ef al have reported a synthesis of y-tert-butyl proline analogues 28

and 29 (Scheme 1.4).35 It has been shown that the bulky fert-butyl group 1s commonly

Scheme 1.4 Synthesis of N-Boc-protected y-tert-butylprolines

HO., HO

N" “oH N oty 4% THE.-18°C S ]
H Boc Scc OFBU 549, Boc orBu
15 23 24 57% de 25

{-Bu,,
t-Bu,
& 57% Y 0
N O—<
Boe OH

_ 1) TEMPO, BAIB N OH
LiAIH,, THF N 26 MeCN/H,0 Boc 28
-Bu,
90% ; 2) Recryst. t-Bu.

U\ MTBE/Hex 48% O /O
N OH RS
Boc N OH

27 Boc




12

used to lock ring conformations due 1o its tendency to orient equatorially for spatial and
entropic reasons. For proline, this approach has previously been applied to C*- and C

s 3637
positions,”

in which rert-butyl substituents sterically interfere with the peptide
backbone. Whereas introduction of this bulky group at C71s expected not to interfere with
the peptide backbone and solely lock the ring conformation.

The synthesis begins with the preparation of ester 23 from frans-4-hydroxyproline
using routine chemistry. The hydroxyprolinate 23 is then submitted to a Mitsunobu-type
bromination to afford the bromo prolinate 24. The bromo-substitutent is substituted with
a fert-butyl group in a Corey-House reaction using rert-butylthiophenolcuprate as the
nucleophile to give an inseparable mixture of y-rert-butylprolinates 25. For the sake of
separation, compound 25 is reduced to the separable diastereomers 26 and 27. Finally,
TEMPO-catalyzed oxidation of 26 or 27 followed by recrystallization provided the trans
isomer 28 and cis isomer 29 with high enantiopurity.

The spectral simulation and DFT modeling indicates that both c¢is- and
trans-y-tert-butyl groups in the model peptides N-Ac-trans-y-"BuPro-N'-OMe 30 and
N-Ac-cis--y-'BuPro-N'-OMe 31 (Figure 1.5) strongly favor a pseudoequatorial orientation,

thereby causing opposite puckering effects for the pyrrolidine ring: C-endo for

trans-y-tert-butyl-L-proline and C"-exo for ¢is -4-rert-butyl-D-proline.




frans-L-endo 30 cis-D-exo 31

Figure 1.5 DFT B3LYP 6-31G* geometry optimized conformation in model peptides 30
and 31.%

1.2.1.4. C%-proline analogues

One representative example for this class of compounds is the d-fers-butylproline
analogue,”® which dramatically enhances the cis population and induces a type V1 S-turn
conformation. The type VI S-turn is a relatively rare secondary structure that features an

amide cis isomer N-lerminal to a proline residue situated at 7 + 2 position of the peptide

bend.”®*® This conformation plays important roles in protein folding. They have been

shown to be recognition sites for peptidyl prolyl isomerases (PPlases) which can
accelerate protein folding by catalyzing the conversion of the cis isomer (o 1ts more
thermodynamically stable rrans isomer."*? Type VI B-turns have also been implicated in
other important recognition events of bioactive proteins. For example, a type VI f-turn
conformation has been proposed for thrombin catalyzed cleavage of the V3 loop of HIV
gpl20, a prerequisite to viral infection.”® In addition, in the X-ray structure of the
ribonuclease S protein, a type Vla fS-turn is located at the central position of a hairpin

conformation.™ Type V1 fS-turns are classified into two sub-types based on the dihedral
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angle values of their central i + I and 7 + 2 residues (Table ].i).40 In the type Vla £ -tumn,

the proline y -dihedral angle is equal to 0 °, and a 10-membered intramolecular hydrogen

Table 1.1 Main chain torsion values for ideal type VI S-turns

Y1 O w i+2
R N \\
¢t+l
¢1+7 WH"

, 0
J_z: HN{_RHB

Conformation Gl Win ® Pis2 W i+2
P Vlaturn -60 120 0 -90 0
[ Vb turn -120 120 0 60 150

bond exists between the carbonyl oxygen of the i residue and the amide hydrogen of the :
+ 3 residue. This intramolecular hydrogen bond is not present in the type Vb £ -turn in
which the proline y-dihedral angle value is equal to 150 °.

Because of the biological importance of prolyl amide cis conformer™ stabilization of
this geometry is of great interest in medicinal chemistry and biology. Lubell and
co-workers have reported the synthesis of d-ters-butylprolines (Scheme 1.5).38 Their
synthesis begins with the intermediate 34, which is prepared from glutamate 32 by a
two-step procedure: Initially, treatment of 32 with lithium bis(trimethylsilyljamide and

pivaloyl chloride provides fS-ketoester 33; Secondly, the hydrolysis and decarboxylation

of 33 under basic condition give the acid 34. For the preparation of
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(25,5R)-5-tert-butylproline 37, esterification of acid 34 is accomplished with standard
conditions to give methyl ester 35. A one-pot reductive amination/nitrogen protection

process is applied to prepare the desired proline analogues 36: cleavage of PhF with

Scheme 1.5 Synthesis of (25,5R)-5-tert-butylproline 37 and (2S,5S)-5-terz-

butylproline 39
. 0
LiN(SiMe ) NaOH
COsMe 372 a
2 tBUCOC! Ry ~C02Me  Eion t-Bu CHsl, K2CO,
CO,H 75% CO,H A CO,H quant.
NHPhF NHPhE 78% NHPhF
32 33 34
i Hy, PAIC KOSiMe,,
Bu MeOH, (Boc, 5,/ Mcoe _ELO o 2o,
C02Me 77% SO(_‘, quant. EOC
NHPhF
35 36 37

N

guant. | —OQCCF3 2) {Boc),, KQCOI} Boc

34

H
o]
38 83%

39

hydrogenation, cyclization with intramolecular reductive amination and Boc-protection
of nitrogen. Finally, the hydrolysis of methyl ester 36 with potassium trimethylsilanolate
furnishes  (2S,5R)-S-rert-butylproline  37.  But  for  the synthesis  of

(28,55)-5-tert-butylproline 39, a different procedure is used. Treatment of acid 34 with

trifluoroacetic  acid provided the imino acid 38, which is reduced with
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tetramethylammonium triacetoxyborohydride to give the desired trans diastereomer 39.

Table 1.2 Amide isomer equilibrium of prolyl N-aceyl N'-methyl amides in D,0

R‘I R1
RQN Rz"
H;C N — O N
& Yo T Yo

NHMe CH;  NHMe
trans cis
Compd. R R cis AG? AG
(£3%) (kcal/mol) (kcal/mol)
9 H H 27 20.4 0.57
40 t-Bu H 49 16.5 0.03
41 H Bu 66 20.2 -0.38

As shown in Table 1.2, &-teri-butylproline analogues 40 and 41 increase the cis
population relative to 9 (27%) in water.”® The augmented cis population 1s also reflected
in the thermodynamic parameters: a smaller AG value demonstrates a smaller energy
between two rotamers in (5R)-'BuPro derivatives. Alternatively, a negative value of AG
indicates a predominant population of cis-rotamer. The lower barrier for isomerization of
compound 40 may be due 1n part to the steric effect on the y dihedral angle, because the
C-terminal NH group at = 0" may stabilize the pyramidalized amide transition states by
interacting with either the nitrogen lone pair or the carbonyl oxygen. In diastereomer 41,

the dihedral angle w = 125° results in the absence of this stabilizing effect in the

transition state.

Incorporation of (5R)-'BuPro into dipeptides Ac-Xaa-5-'BuPro-NHMe or tetrapeptides
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Ac-Xaa-Yaa-5-"BuPro-Zaa-NHMe (or OMe) was carried out by the same gr0up.36al NMR
studies indicated a high cis population (65-95%) in water. The circular dichroism (CD)
spectrum (190 + 5 nm (negative, strong), 230 + 10 nm (negative, weak), 205 + 6 nm
(positive, strong)) demonstrated the existence of type Vla f-turn conformation in
dipeptides. In tetrapeptides Ac-Ala-Phe-5-BuPro-Zaa-OMe (Zaa = Ala, Lys) the amide
proton at i + 3 residue is involved in hydrogen bonding in DMSO. As an effective
Vla-f-turn inducer, 5-rert-butylproline promises to find use in structure activity
relationships (SAR) ofVIé-B-ttlrn mimetics.

The compound 5,5-dimethylproline (dmP)" is another proline analogue used to
stabilize the cis conformer through the steric interaction. Tyr-Pro-Asn (YPN) and
Asn-Pro-Tyr (NPY) are the fragments of bovine pancreatic ribonuclease (RNase A), in
which the X-Pro peptide bond in the cis conformation. Replacement of Pro with dmpP
results in the tripeptides Ac-Tyr-dmP-Asn (YdmPN) and Ac-Asn-dmP-Tyr (NdmPY)."
YdmPN is found to exist solely in the cis conformation, whereas NdmPY is found to

have 90% cis conformer. Both YdmPN and cis-NdmPY adopt a type V1 reverse turn.

1.2.1.5. Fused bicyclic proline analogues
Bicyclic proline analogues®® have been studied as angiotensin,” bradykinin,"

thyroliberin, *° and ghitamic acid™ analogues and have served as building blocks for the

synthesis of peptidomimetics.*®*> Besides these apphcations, conformationally
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constrained proline analogs and its derivatives have gained considerable importance in

- - a
asymmetric synthesis. 33,5

The fused arylprolines are challenging synthetic targets that have potential to serve
phenylalanine-proline and phenylglycine-proline chimeras in structure-activity studies of

biologically relevant compounds. For example, indohne-2-carboxylate has been used to

develop ACE inhibitors related to the drugs capIOpri]55'56 and enalapri}.ﬂ Kuwano er al*®

have developed a straightforward synthetic method (Scheme 1.6), in which the catalytic
asymmetric  hydrogenation of indoles 42 is accomplished by wuse of the
[Rh(nbd);}SbF¢-PhTRAP-base catalyst, providing a vanety of optically active indolines

43 with up to 95% ee in high yield (83-98%).

Scheme 1.6 Asymmetric synthesis of indole-prolines

[Rh(nbd),]SbFg (1.0 mol%)
PhTRAP (1.05 mol%)

a
RBmR’ Cs,CO3 (10 mol%) Rg\i\ -
ZN i-PrOH, H, (5.0 MPa) = !

a2 Re 60°C 43 R

R; = CO,Me, Ph, Bu, 'Bu
R, = Ac, Boc
Ry = H, p-Me, p-CF;, m-OMe

Recently, Jeannnotte er af * have reported 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, followed by acid-induced cyclization of the
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f-hydroxyketone intermediate 46 1o yield the pyrrole 47 (Scheme 1.7). This approach

may be amenable to diversity oriented synthesis. In particular, N-alkylation allows

synthesis

Scheme 1.7 Synthesis of protected pyrrole-proline 47.

0 n-Buli +Li0_ o " BocHN
h -78°C, THF _ Z_i R Q OH
+
H H
CO,8n CO,8n 7/U\

N 2 2

PhF gh[-' NHBoc ,F\thF CO,Bn

44

45 46

conc. HCI o
CH,Cl BocN™ ™ R=H, 30%

_ R = CH,, 25%

R =CH,Ph, 29%
N~ CO,Bn R = CH{CH,),, 6%
PhF R = CH,CH,SCH, 19%

of a variety of fused arylproline analogues from a common intermediate. The

directionality of the pyrrole could prevent racemization and oxidation of the neighboring

pyrrolidine ring.

1.2.2. Replacement of one carbon of the pyrrolidine ring with other elements
1.2.2.1. Pseudoproline (YPro)

Pseudoprolines are a class of compounds in which a carbon atom of the pyrrolidine
ring is replaced by a sulfur or oxygen atom. Pseudoprolines are readily accessible by

cychzation of Ser, Thr, or Cys with aldehydes or ketones (Figure 1.6).60



Variation of the C-2 substituents within the heterocyclic system results in different
physicochemical and conformational properties. NMR studies of a series of

pseudo-proline (wPro)-containing peptides reveal a pronounced effect of the C-2

R
Ny —m— g N Xaa= Ser X=0O R=H,
? e 1§§x SR Xaa = Thr: X = O, R= CH,

CHRXH R? 1 Xaa=Cy5'X:S, R=H

Figure 1.6 WPro are obtained by condensation reaction of aldehyde or ketone with Xaa =
Ser, Thr and Cys.

substituents upon the cis to frans ratio of the adjacent amide bond in solution (Table
1.3).8" C-2 unsubstituted systems show a preference similar 1o that of the proline residue
for the trans form, whereas 2, 2-dimethylated derivatives exhibit a strong preference for
the cis amide conformation. For 2-monosubstituted wPro, the cis/trans distribution
depends on the C-2 chirality. For the 2-(S)-diastereoisomer, both forms are rather equally
populated in solution, whereas the 2-(R)-epimer adopts preferentially the trans form. The
results suggest that, by tailoring the degree of substitution, pseudo-prolines may serve as

a temporary proline mimetic or as a hinge in peptide backbones.
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Table 1.3 Cis to trans ratio of peptides Ac—Ala-Xaa[‘PR"RZpro]-NHMe and succinyl
-Val-Xaa [¥*" ®2pro]-Phe- NH-pNA in DMSO

‘YPro R, cis (%)
~100
~100
~100
~33
~18
~63
~15
>95
~10
~50

R e = T e N S

fen)

1.2.2.2. Silaprolire (Sip)

Silaproline (Sip} is a proline analog in which the y-methylene carbon is substituted by
the dimethylsilyl group. Replacement of Sip for Pro in peptides should increase
lipophilicity because the octanol-water partition coefficient of Sip was experimentally
determined to be 14 times greater than that of Pro.®? 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 similar conformational properties for analogous Sip- and
Pro-containing peptides. The synthesis begins with the Schélikopf®s bis-lactim ether 48
(Scheme 1.8).%° Treatment of ether 48 with butyl lithium and (iodomethyl)dimethylsilane
provides the diastereomer 49. The hydrolysis of bis-lactim ether 49 under acidic

condition gives the iodide 50 which is treated with DIEA and Boc;0 to afford
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Boc-protected cyclized product 51. Finally, saponification of Boc-Sip-OMe with standard
condition leads to the silaproline 52.

In model di- and tripeptides, silaproline exhibits similar conformational properties as

Scheme 1.8 Synthesis of Silaproline from Schéllkopf™s bis-lactim ether

MeQH/ 10% HCI .
OCH, 1) n-Buli )I j/OCHa (31 1)D (;' &iOgMe
3 B
]/ 2) (F-CHz) SiMe; o quant. - H

H.CO e
° 57% ]\/S| S
48 86%de 49 ™ 50
CO,Me
DEA  pocn- Lo KOH, MeOH COH
S ( H L+ BocN—¢ H

(Boc), si” quant o

quant. PN /SI\

51 52

proline.62 Moreover, the presence of the dimethylsilyl group confers on silaproline a high
lipophilicity and improved resistance to biodegradation. For example, an analogue of the
C-terminal segment NT(8-13) of neurotensin require mnjection with a cocktail of protease
inhibitors to be active, whereas [Sip] 0INT(8-13), in which Pro10 is replaced by Sipl0, 1s
active without the addition of any ptotease inhibitors.

Recently, Giralt ef al® have incorporated Sip into a Pro-rich cell-penetrating peptide,
[CE-VRLPPSip(VRLPPP),}, in which Sip is used to replace Pro-6, which is Jocated in

the hydrophobic face of the amphipathic PP II helix. This peptidomimetic causes a

20-fold increase in cellular uptake of the peptide without perturbing secondary structure.
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1.2.2.3. Azaproline (azPro)
Azaproline (azPro) contains a nitrogen atom in place of the C* of proline.®” The azPro
can be used to stabilize the N-terminal amide cis conformer because of the lone pair/lone

pair repulsion between the a-nitrogen and N-terminal carbonyl oxygen in trans

o) RN
Y v
C EJQ/QOC} - C &jﬁ]/i“
\ff" N

lrans Cis

Figure 1.7 Preferred cis geometry of azPro N-terminal amide

conformer (Figure 1.7).

Recently, Che et al have investigated the influence of azPro on the pepude
conformation using DFT calculation methods.®® Compared with N-Ac-Pro-N'-NHMe,
N-Ac-azPro-N-NHMe favors a cis amide by 3.15 kcal/mol (MP2/6-31+G**). As
compared to most types of type V] f-turn mimetics such as 8-'BuPro and 0,0-dimethylPro,
azPro strongly stabilizes the cis-amide conformation. In addition, azPro is a fairly

conservative replacement of Pro and induces only small changes to the overall

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

compromise receptor interactions.
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1.3. Constrained lysine analogues

The synthesis of conformationally constrained amino acids is of considerable current
interest. 2> In addition to their use as ligands for a wide variety of biological receptors,
incorporation of these structural elements into peptide chains can be used to generate
novel structures of relevance to biological chemistry and materials science.’’” Lysine, a
positively charged basic amino acid, occurs frequently in many cationic antimicrobial
peptides (AMPs). Although the mode of action of AMPs is not fully understood, most
AMPs appear to manifest their biological action by enhancing the permeability of lipid
membranes of bacterial cells. This typically involves initial electrostatic interactions
between the positively charged basic side chains of amino acids such as lysine, arginine
and ornithine to the negatively charged lipid membrane of pathogens, followed by
adoption of an amphipathic a-helical or B-sheet structure 2%’ However, in vivo efficacy
studies of several cationic peptide antibiotics have been disappointing most likely due to
the fact that many AMPs exhibit poor bioavailability, susceptibility to proteolytic
cleavage and low in vivo antimicrobial activity.”’ As mentioned early, constrained lysine
analogues could be used to 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 completely (56, 57) restricted, 1s given in Table 1.4.




Tabie 1.4 Constrained lysine analogues
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NH,
CO,H
HN
CO,H
53 54
Murray ef al "' Barkallan ef af "

o NH? 4—CO?H

58

Stalker ef al ™ Ganorkar ef al ®

BocH N/\ """ <13NFmoc

BocN

FmocHN COH
55

Murray ef af 3

NH,

HN

59
Ganorkar et al 7°

Stalker of aj 7*

NHZ

VN

N7 COMe
H

60
Goswami et al '®

1.4. Glycosamino acids in drug design

functions).

1.4.1. The concept of GAAs in drug design

As highly functionalized building blocks, glycosamino acids (GAAs) have attracted
attention in the field of peptidomimetics, glycomimetics, biopolymers and combinatorial
chemuistry in the last 15 years.77 GAAs are molecules that combine the structural features
of simple amino acids (amino and carboxylic acid functions) with those of simple

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

Among the major classes of biomolecules, carbohydrates can be infinitely derivatized
due to their chiral diversity and high density of functional groups amenable to

derivatization. The molecular diversity of carbohydrates offers a valuable tool for drug
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discovery in the areas of biologically important peptidomimetics, oligosaccharides,
glycoconjugates and molecular scaffolds by investigating their structural and functional
impact. For instance, the engineering of an amino acid moiety into the sugar template
enables the GAA to be incorporated into short bioactive peptide sequences providing
novel peptidomimetics. Additional hydroxyl derivatization of the polyol could increase
the lipophilicity of the GAAs and render them likely to permeate cell memberanes. In
addition, monosaccarides also provide a rigid molecular scaffold that can be used to
reduce the conformational flexibility of peptides. On the other hand, GAAs can be
derivatized and oligomerized into compound libraries through well-established automated
peptide protocols. This approach 1s particularly attractive for the preparation of
glycomimetic libraries, since oligosaccharide library synthesis has not yet reached the
same level of automation as peptide synthesis. Finally, the rich stereochemistry 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 widely found in nature. The most prominent and abundant example is
sialic acid, which is found in all living organisms, with the exception of certain bacteria.
Many inter- and intracellular molecular recognition events depend on sialic acid residues.

In the course of an infection, bacteria and viruses recognize sialic acid-contaming

structures on the cell surface as adhesion receptors. This family of natural GAAs consists
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of N- and O-substituted derivatives (O-methyl, -sulfate, -acetyl, -phosphate, N-glycolyl

or free amine) of neuraminic acid 61 (Figure 1.8). Glycosaminuronic acids, 62-65, are

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

in bacterial cell walls’® and 2-acetamido-2-deoxygalacturonic acid as one component of
Yg p

bacterial Vi antigen of Escherchia coli.”” The GAA-based peptidyl nucleoside antibiotic

polyoxin (66) mimics UDP-N-acetylglucosamine, a substrate of chitin synthase, which

catalyzes the final step in the biosynthesis of chitin, an essential component of fungal cell

walls *® Two different 3-amino-3-deoxy uronic acids, derivatives of 3-amino-3-deoxy-D-

5
Rcogl»za
A NG
RR&H/OH
R1
Glycosaminurcnic acids R'" R RY R* RO
HO COOH Glycosaminuronic acid 62 NH, H OH OH H

HO OH
\MOH Galactosaminuronic acid 63 NH; H OH H OH

manacsaminuronic acid 64 H NH,OHOH H

4-amino-4-deoxy-glucuronic acid 65 OH H OH NH, H

NH

NHAc
OHCH
66 68 69 70

OL
HaC
oH © NH 0 OH
il Hoof f/L HO  PN={" o i ooH
0 HN N7 0 0 N5
HalN NH N\ w2 HO
0 OH oH COOH

HOOC H
s N0

o
HOO%?N%O COOH gy
N4 0

ezoaminuroic
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acd
! O=< O
NH,

67 NH,

Figure 1.8 Naturally occurring GAAs
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gulopyranuronic acid and 3-amino-3,4-dideoxy—D-xyiohexopyranuronic acid, were found
in ezomycine A (6’/’)‘8’]’82 The a,a-disubstituted hydantoin derivative 68, which represents
a spirocyclic structure, exhibits potent and selective antiherbal activity with no toxicity to
microorganisms and animals.® Replacement of endocyclic oxygen atom in the pyranose
with a nitrogen atom leads to azasugar-based GAAs found in hydroxylated proline 69"’
and Siastatin B 70.% Hydroxylated prolines have been shown o significantly influence

secondary structures in peplides.g4

1.4.3. Classification of GAAs

In the last 15 years many types of GAAs have been developed. Schweizer' ' classified
6 types GAAs according 1o the position of the amino acid moiety on the cyclic polyol.
Herein we will focus on Ag and Ay GAAs which are relatively well studied (Figure 1.9).
Ao GAAs have also been termed sugar amino acids (SAAs), which are compounds with
two immediate linkages of the amino and carboxy functionalities to the carbohydrate
frame. Kessler’s group and Fleet’s groups have developed various synthetic routes 10
prepare Ag-type GAAS (SAAs). 8687 Whereas A; 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

f:()-workers;.SS
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o, (N
HoNo 9™ X v
PN M Ty COOH
- "HCOOH ‘LLL‘ u w
Tz
Ay A,

{ sugar amino acids (SAAs))

Figure 1.9 Ag-A; types of GAAs. n =10, 1,2,.; X =0, S, P...;Y = CH, CHy, §, O,
NHCO,NR; u=0,1,2,..;v=0,1,2..;w=0,1,2..; Z=NHAc, OH, H.

In the following section, some of the current approaches to the synthesis of

pyranose-templated A; GAAs (X = O, n» = 1, Y = CH, CH;, Z = NHAc¢, OH, H) is

summarized. In addition, incorporation of Ag- or A;-type GAAs into peptidic structures

and their potential use in medicinal chemistry are discussed.

1.4.4. Synthesis of pyranose-templated A, GAAs

In this class of compounds the entire @-amino acid group (CH),(NH;)CO;H (v = 1) is

connected either directly or through an all carbon tether to the anomeric carbon of the

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

aromatic ring.

1.4.4.1. Pyranose-based C-glycosyl glycine

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

the anomeric carbon atom of the pyranoid ring. Dondoni et al provided an elegant

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

center of the sugar moiety.89 The key step consists of the construction of the glycinyl
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moiety via addition of a suitable C-nucleophile (2-lithiothiazole 71 or 2-hthiofuran 72) to
the nitrone group linked in a stereochemically well-defined manner 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 carboxylate function (Figure 1.10).

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

I

L

/ [:I SIeps Sugar - CH—CHO
s oxidation

Sugar ~|—CHO —~—CH=N(Bn)C

g Sugar {Bn) / \\k ?Hz
\
Qu steps | Sugar [~ CH—COH

72

Figure 1.1 Nitrone approach to C-glycosy! glycine

galactoside nitrone 74 (Scheme 1.9). However, the addition of 2-lithiothiazeole 71 to 74
affords mixtures of N-benzylhydroxylamine 75 and 76 in a 3 to 1 ratio. 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 R- and S-isomers
are characterized by the positive and negative Cotton effect, respectively. The lack of

stereo-control as observed in the addition of 2-lithiothiazole 71 to 74 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 and 78 through Dondoni’s nitrone approach

OBn OBn
OBn
OB(; BnNHOH OBS 2-LiTh (71) OBn  N(Bn)OH
BnO CHO BnO S 0 BnO & N
80% . 75% /j
OBn 0Bn o OBn g
73 74
i 75and 76
1. TiCl4 OBn OBn
2. Boc,0 OBn  NHBoc OBn  nNHBoe ~— (B(S):76(R)=3:1)
— Qg - + 0
Bn0O
3. CHO release o6 CO,H BnO CO,H
4. NaClO, M — OBn__ "
Glycine Glycine
77 78

1.4.4.2. C-glycosyl alanine

Axon and Beckwith have reported an efficient route to synthesize a C-glycosyl alanine,
in which sugar unit is connected to methyl group of alanine (Scheme 1.10).%° The
L-alanine precursor is converted into a chiral methyleneoxazolidinone, such as the
R-enantiomer 81. The Bu;SnH/NaCNBH;-promoted radical addition of the peracetylated
iodosugars 79 (D-galacto) and 80 (D-gluco) to 81 affords the corresponding a-linked

Scheme 1.10 Synthesis of R-configured C-glycosyl alanine

;
R! NCbz R' 0ac R* 0Ac
Ohc 0 )\r—Bu 2 o nydrogenation  R2 0
R? 2 O a1 AcO Cbz AcO
AcO AcO N AcO COyH
AcO | BuzSnH S—t-8u :
NaCNBH3 O &H2
O ———
Alanine
79 R' = OAc, R2 = H 82 R' = OAc, R’ = H (73%) 84 R" = OAc, R? = H (92%)
80 R' = H, R2 = OAC 83 R' = H, R? = OAc (88%) 85 R' = H, R? = OAc (100%)

C-glycosides 82 and 83 as single diastereomers, respectively. Subsequent hydrogenolysis
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of these compounds proceeds almost quantitatively to afford the a-D-galactosyl
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 glycosyl radical. In a similar fashion, the
hydrogen-atom transfer to the intermediate oxazolidinoyl radical occurs with high
stereoselectivity in an anti manner to the ferr-butyl group. Hence, the original
configuration of the Z-alanine appears 1o have been inverted in the resulting C-glycosyl

amino acids.

1.4.4.3. Preparation of C-glycosyl serines and asparagines from the chiral amino

aldehyde 87

The C-glycosyl serines can be considered formally derived from O-glycosyl serines

(Figure 1.11, left) by replacement of the anomeric O-glycosidic linkage with a carbon

0 Rz o O N
TN T B
jo CO,H JN/U\/\COQH
\ 5 He

Serine Asparagine

Figure 1.11 Natural glycosyl serines (left) and asparagines (right)

-carbon bond. Similarily, C-glycosyl asparagines are the analogues of N-glycosyl
asparagines (Figure 1.11, right) wherein the anomeric amidic bond has been substituted

by a carbon-carbon bond.

The synthesis of these C-glycosyl amino acids started with readily accessible
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MN-Boc—N, O-isopropylidine-D-serinal 87°"  For example, D-palactosylmethyl
phosphonium salt 86 is coupled with the amino aldehyde 87 through a Wittig-type
reaction to afford the olefin 88 as a mixture of Z- and E-isomer (7:1 ratio) in 62% isolated
yield (Scheme 1.11).2 This mixture is reduced with diimide, and the resulting
C-galactoside 89 is transformed into C-galactosyl N-Boc L-serine 90 using Jones reagent.

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

single step.
Scheme 1.11 Synthesis of C-f-D-galactosyl serine.
Boc
e
CHO
BnQ  oBn 0 BnO  ogn TsNHNH,, AcONa
0 . 8 o BocN
BnO CH;PPhyl Bui BnO S 84%
0OBn 0OBn
86 H
88
BnO BnO
OBn OB
0 Bocrzl)( Jones On i}lHBoc
BnO O 94% BnO '
OBn ’ on.___ 29
89 a0 Serine

On the basis of this work, Dondoni and coworkers have developed a versatile approach
that allowed an entry to the a- and f-anomers of various C-glycosyl asparagines.93 The
coupling of configurationally stable anomeric sugar acetylenes with the chiral amino

aldehyde 87 constitutes the key carbon-carbon bond-forming reaction for the construction

of the five carbon atom linkage to the anomeric center of the selected sugar. This method
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is illustrated in Schemes 1.12 and 1.13 with the synthesis of the C-analogues of a-D- and
B-D-linked GalNAc L-asparagines. Identical reaction conditions are used in both cases.
Initially, the sugar acetylene (91 or 94) is metalated with LHMDS and then reacts with
the amino aldehyde 87. The resulting propargyhc alcohol (92, 52%, 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 1o give

the target a-amino acid (93 or 96).

Scheme 1.12 Synthesis of ¢-D-GalNAc L-asparagine

Boc
OBn ‘l/N OBn 1. Diimide
O8n 0 CHO OBn 5 geoxygenation OBnogn
O "~ 8 G 3, Jones oxidation 0
BnO=—" 2 LHMDS BnO BnO
C AcHN 38% AcHN
I 52% It CO,H
NHBoc
9 g2 HO P 93 S
BOCNjL Asparagine
Scheme 1.13 Synthesis of -D-GalNAc L-asparagine
Eoe
OBn L
OBn + 1. Diimide
O = O B%HO OBnoen OH 2. deoxygenation
7 0] 3. Jones oxidation
BnO P 0
A LHMDS B0 Z o)
0
75% NHAC ‘!/\ 65%
94 95
OB”OBn
O
BnO COuH
NHAC NHBoc
96

Asparagine
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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

0Bn
S COyH Og{} Bn0 Ogn
8n0 2 B0~ coH B8 COH
OBn NHBoc OBn
97 99 NHBoc 101 NHBoc
OBn
Og” OBn BnO—. OBn
BnO BnO Q BnO Q
BnO BnO BnO
COH BnO CO,H CO,H
98
NHBoc 100 NHBoc 102 NHBoc
OBn NHA
BnO Q BnO ¢
BnO COoH BnO 0
NHAC BnO COH
NHBoc
103 105 NHBoc
OBn
BnO 0] BnO-. NHAC
BnO BnO O
AcHN CO,H BnO
CO,H
104  NHBoc 106
NHBoc

In addition, other types of C-glycosyl asparagine isostere are represented by 109 and
110 shown in Scheme 1.14.%* These compounds feature only the substitution of the NH of
the amide group by a CH,. The key step for the assembly of the carbohydrate and amino
acid moieties involves a Horner-Emmons-Wadsworth olefination and Michael addition
107 and

between the protected N-acetylglucosanmine the aspartic acid-derived

[-ketophosphonate 108. The coupling product is obtained in satisfactory yield (53%)

under suitable conditions (CsOH in MeOH, room temperature). Nenetheless, the reaction
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Scheme 14. Synthesis of C-glycosyl asparagine isosteres 109 and 110

ﬁ O NHBoc
Ph (EtO)zP\)J\/\cozr-Bu Ph

O e} 2
\<O 0 108 \<O RO o
HO CsOH HO 1 CO,-Bu
H
AcHN O 53%, R O NHBoc
N Y
Asparagine

109 R! = AcNH, RZ = H

107 ; A
110 R" = H, R? = AcNH

affords a 1:1 mixture of C-glycoside isomers that after separation by chromatography 1s

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

1.4.4.4. C-glycosyl tyrosine
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-workers” The

method relies on two coupling reactions with organozinc reagents (Scheme 1.15),

NH
-0 ~hh2
jOO—/\COQH
\ /
N
Tyrosine

Figure 1.12 Natural O-linked glycosyl tyrosine

wherein the C-glycosidic linkage is formed by the boron trifluoride etherate-promoted

addition reaction of the 4-jodobenzyl bromide derived zinc reagent 112 with the D-glucal

111. The introduction of the glycinyl moiety on compound 115 is carried out using the
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jodoalanine-derived zinc reagent 114 and Pd(0)-mediated catalysis.

Scheme 1.15 Synthesis of a-D-mannopyranose L-tyrosine.

NHBoc
AcO IOCHQZnBr )
) AcO lZﬂ\/\COQBn

OAC 112 o] 114
O BF4-Et,O 5= PaCh
1 11 750/0
B =31 113 | 82%
1. 004, NMO AcO~ OAc _
A . AcO Tyrosine
2. AcyO, Py S0

NHBoc 48%

NHBoc
CO,Bn -
115 116

COQBI’]

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

acid 116 in 23% overall yield from 111.

1.4.4.5. C-glycosyl tryptophan

The stereoselective synthesis of a naturally occurring C-glycosyl tryptophan 117
(Figure 1.13) and incorporation into a peptide has been described by Manabe and Ito.”®
Taking advantage of parallel studies on C-glycosylation of N-protected indoles via

metalation at the C-2 position and coupling with 1,2-anhydro-D-mannose 118, a

convergent synthetic approach was developed starting from the indole derivative 119
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CO,H
HO Og J NH; Tryptophan
CH
O i
117

Figure 1.13 Naturally occurring C-glycosyl tryptophan 117

(Scheme 1.16). The latter reagent served as a precursor of the tryptophan moiety that is

readily prepared from commercially available L-tryptophanol. The coupling reaction of

Scheme 1.16 Synthesis of C-glycosyl tryptophan 117

CH,0SiMext-Bu

OBnO 119
BnO O.
BnO BF3'Et20
N
118 63% (a:p=19:1) OBn SO,Ph
120
O,H
702 N3
eight steps HOL oH NH; 2 0OSiMeyt-Bu
. Z
E{ N 119
OH L SOZPh

117

118 and 119 affords the a-linked C-glycoside 120 in satisfactory chemical yield (63%).
The subsequent transformation of 120 to D-mannopyranosyl-L-tryptophan 117 was

achieved using standard synthetic methodology involving two functional group

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




group 1o an amino group) and deblocking.

1.4.4.6. Other pyranoid-based GAA, (Table 1.6)
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A list of other pyranose-based GAA; structure 1s provided in Table 1.6.

Table 1.6 Other pyranoid-based GAA;

OBn
BnO g ©
CO,Et
HaN
121
(R) and (S)

Wernicke et al &7

OAc
AcO 0
AcO
AcO CO,Me
124 NHBoc
(R) and (S)

Gurjar et a '%

OBn
OBn
O
BnO - COQME
NHR
127
Vidal et al 193

C-plycosyl glycine

OBn
9]

NH,
CO,E
122
{R}and {S)
Frappa et al %8

C-glycosyl alanine

OBn

&N
0]
BnO ' COQME

I:\JHBoc
125

Liberknecht et af 197

OBn

BnO 0]
BHMCOQI\M

NHR

128

vidal et af 193

OBn

OBn  NH,
o)
CO,H

123

(R) and (S)
Brakta et al 99

o,

5 NH2

HO

WCOQH
OH

OH

126

Colombo et at 192

Dondoni el al 194

continued on next page
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104

Dondoni et al

OBn
BnOMBOC
BnO
OBn CO,H

133
Campbell et af 19

OBnOBn

o
BnO NHBoc
BnO -

COH
136

Dondoni et af 107

OB“OBn
O
BnO NHBoc
AcHN -

CO,H
139
Urban et a/ 108
BnO
BnO
BnO

BHOQC
BocHN
M
AcO © Q

AcO  Dac

141

Pearce ef al %

NHBoc

Dondoni et af 194 Dondoni et af '
C-glycosyl serine
AcO
HO -
COH COH
2 OH OH
Dorgan et ai 106 Dorgan ef al 1%
CBn
BnO
B0 NHBoc BEOM Hee
BnO : n
CO,H 08n COH
137 138

Dondoni ef af 197

C-glycosyl tyrosine

O
BnO NHBoc
BnO CO,Bn
142
Brenna et al 119

Dondcni et af 197

C-glycosyl hydroxylysine

OBﬂOBn
MFmoc
BnO - ~
OBn - COxH

_\NHBOC
140

Gustafsson el af '0?

BnO

BnO O
8n0O
OBn NHBoc
BnO CO,Bn
143
Brenna ef af 110
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1.4.5. Bicyclic glycosyl amino acids (BGAAs)

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

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

series of GBAAs are shown in Table 1.7.

Table 1.7 Glycosyl bicyclic aminoe acids

HO,C R
N HO,C._ O
R H O \0 ‘OH 0 “OH
144 145 146
Cipola et a1 ' Van Well et al'1? Van Well et ai'?
H
HoN T 0 JCO,H
N N oA o
NG ) “OH -
Ho\O 0 e
147 148 149
Van Well et al'™® Van Well et al'’ (R) and (S); Grotenbreg et al'"*
H H OR
H,N 0. COH 0, O~y COH M O
HoN %COQH
- N OR ~0
075> TOR 26 B
OR
150 151 152
(R) and (S); Risseeuw et al'™® (R) and (S); Peri et al''® Peri et al'®

1.4.6. Carbohydrate-based peptidomimetics.
1.4.6.1. Ay GAAs-based peptidomimetics
1.4.6.1.1. Types of turn structure

Protein secondary structures are believed to be important structural domains involved

in molecular recognition processes and protein folding. In this respect, tight tuns are

being studied in detail. Depending on the number of residues forming the turn, the tight
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"7 Among these tight

tumns are classified as &turns, y-turns, S-turns, a-turns and z-turns.
turns, /- and yturns have been studied in detail and precisely classified because of their

higher occurrence in protein and peptides.

1.4.6.1.1.1. f-turn and classification

A PB-turn is a region of the protein involving four consecutive residues where the
polypeptide chain folds back on itself by nearly 180 df:grees.”8 The turn region may or
may not be stabilized by an intra-turn hydrogen bond between the backbone CO (i) and
the backbone NH(i+3). Although there are many definitions for classification of S-turns,
the Richardson classification is the system most widely used at present.”9 He has

suggested there are only 7 distinct types (1, I', 11, II', Vla, VIb and VI11) based on ¢, @

Table 1.8 Main chain torsion values for other ideal types of S-turns

Wi (@]

i+2
¢1+]Q>H‘_;H%
,NH O{- "
o

Conformation Bis1 Wit Pir2 Wi
I -60 -30 -50 0
I 60 30 90 0
11 -60 120 80 0
I 60 -120 -80 0
218! -60 -3 -120 120

v ; i ; .
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ranges (Table 1.8), along with a miscellaneous category 1V. Since type VI f-turns have

been introduced earlier (Table 1.1), other types of S-tums are here summarized in Table

120
8.

1.4.6.1.1.2. y-turn and classification
A y-turn involves three amino acid residues and the intra-turn hydrogen bond between
the backbone CO(i) and the backbone NH(i+2). Two types of y-turn, classical and reverse

(Table 1.9), have been defined based on ¢, ¥ angles.

Table 1.9 Main chain torsion values for the types of yturns

¢|+l R'.}1

¥
HN%O
i i+2
R\(QQ---HN 124
oL
Iy

/

T,
Conformation i Wi+
Classic 75 -64
Reverse -79 69

1.4.6.1.2. Turn mimetics
Since proteins tend to exert their biological activity through only small regions of their
folded surfaces, their functions could in principle be reproduced in much smaller designer

molecules that retain these crucial surfaces. There are many options for modifications,

such as introduction of constraints, cyclization, and/or replacement of the peptidic
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backbone or part of it to stabilize the bioactive conformation and fine tune

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

carbohydrate moieties into the side chain of amino acids that results in the formation of

sugar amino acids (SAAs).

SAAs can adopt robust secondary tumn or helical structures and thus have the potential

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

HO,C

HO
HQN OMe
152

HO, OH

MeO

Linear

Dipeptide isosters

dipeptide isosters

H
O,H
o)
HO
o NH,
156

HO,C
HO Q
HO OMe
NH,
153
HO, .OH
g H O
5
MeO
HO,C
H,N
HO NH
OH 2
157
HO
HO, NH,
O

flexible G-turn

HO,C HO,C
HO O HO 0
HO HO NH
OH 2
HO NH,
154

Flexible f-turn
7-AA B-AA
HG,C o HO
O
HHOM NH, HﬁmcozH
NH, NH,
158 159

Bturn

Figure 1.14 Extended SAA construction kit
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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 the
peptide backbone conformations. 222 The results show SAA can be used to produce the
secondary structure of synthetic peptides as effective turn-inducers (Figure 1.14),'

SAAs 154-158 induce Bturns independent of the substitution pattern of the sugar ring

while SAA 159 mimics a y-turn.

1.4.6.1.3. Bioactive peptides containing Ag GAAS

Somatostatin is a 14-residue cyclic peptide hormone formed in the hypothalamus. It
plays an important role in a large number of physiological actions. For instance it inhibits
the release of growth hormone (GH),m’“24 and plays a role in the inhibition of insulin
secretion. 228 Interestingly, of all bioactive peptides, it was a somatostatin analogue that
first incorporated a SAA. The SAA used is glucosyluronic acid methylamine (GUM)
155.'%" Starting from the cyclic somatostatin analog cyc!o(—Phe-Pro—Phe-D-Trp-Lys-Thr-)

160,'” the SAA 155 is used as a dipeptide isostere 1o replace the amino acids

phenylalanine and proline, forming cyclo[SAA 155-Phe-D-Trp-Lys-Thr-] 161 (Figure
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1.15), in which SAA 155 induces a f-tumn. 121

Biological tests show that 161 has an inhibition constant (ICsg) of 0.15 uM in
displacing the receptor-bound radioligand [ml]Try” somatostatin-14 in AtT20 cell
membranes obtained from mice hypophysis. In fact, compound 161 is only 75 times less
active than 160. This is particularly remarkable, since 161 does not contain the lipophilic
residues on both sides of the active tetrapeptide sequence that are considered to be
important for high somatostatin aciivity.ns"zg
More recently, it has been demonstrated that the furanoid-based SAA 162-containing

cyclic somatostatin analogues 163 and 164 exhibit strong antiproliferative and apoptotic

activity against multidrug-resistant hepatoma carcinoma (Figure 1.16)."%° This is of

155
HO.,.
i NH HEl
N
SELEN et °
N © NH HO © NH
o) H
o) H \ HN H
NT N \‘/ “" "NH
H 0O O O
OH
NH,
NH,
160 161

Figure 1.15 Somatostatin analogs 160 and 161.

special interest, since resistance 10 chemotherapy has become a major problem in cancer

therapy. The biclogical tests indicate an aromatic residue in the Thr'® position is required
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for high antiproliferative and apoptotic activity. The 1Cso values are 75 and 47 uM for
compound 163 and 31 and 25 uM for compound 164 for drug sensitive and
multidrug-resistant hepatoma cancer cell lines, respectively. This makes them promising
lead compounds for potential chemotherapeutic drugs against multidrug-resistant
hepatoma carcinoma. Preliminary results have shown that activity can be enhanced by

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

7Lo 162 ,7LO 162

O 0 0O O
Sl

° l}—@ {@'
O © NH o NH

H NH
L N ey
O O A(K BH
NH»
163 164

,,,,, 0
O HN | OH O HN f OH
0 HN o) HN
0
o NH NH
O N A

165 166

Figure 1.16 Somatostatin analogs 163-166 containing furanoid-based SAA 162.

D-Bta compound 166. These compounds are more active than TT232
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(cyclo[2,6]-D-Phe—Cys-Tyr-D—Trp -Lys-Cys—'l’hr—I\IHz);13E the only other compound
known that shows apoptotic and antiproliferative activity against multidrug-resistant
carcinoma cell lines. Thus, by introducing SAA 162 into the peptide backbone,
pharmacokinetic properties can easily be improved, and enzymatic stability of the

compounds will most likely be enhanced.

1.4.6.1.3.2. Gramicidine S (GS)

Gramicidin S (GS, Figure 1.17) 1s an amphiphilic cyclic decapeptide having the
C,-symmetrical sequence cyclo(Pro~VaI—Om—Leu-DPhe)g that acts as an antibiotic by
targeting the membrane lipid bi}ayer.m"33 Upon accumulation into the lipid bilayer, GS
induces lysis, with bacterial cell death as the ultimate result. The ability of GS to interact
with the bacterial membrane is attributed to its amphiphilic nature, with the two basic
Om residues occupying one side of the cyclic peptide and the aliphatic Leu and Val
residues located at the opposite side.

Peptide antibiotics such as GS that target the lipid bilayeras a whole, and not a specific
subcellular target, are of great interest in the search for new antibiotics.”™ In general,
bacterial strains can readily become resistant against compounds that interfere with a
specific metabolic process, o1 block a specific enzyme or receplor, by genetically altering
the target such that it defies recognition.‘35 Gaining resistance against GS would require a

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

Arguably, such alterations are less easily attained through genetic mutations. However,
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GS appears rather indiscriminate toward the nature of the lipid bilayer and kills
mammalian cells with equal efficiency. For instance, GS displays potent hemolytic
activity, and it is for this reason that the use of GS in human medicine is restricted to
topical applications. 132,136

In order to understand the mode of action with which GS disrupts hipid bilayers,
Grotenbreg and co-workers have synthesized GS-based analogues 167a-d (Figure 1.17)

in which one of the two type 1I’ B-turns was replaced with SAAs.”” NMR studies

demonstrated that 167a-d had a distorted A-hairpin structure in which one of two

m IWN:L ﬁ; <ro\ / OJL LM
@ -J‘?NrNJI (jj—* @ ?NVN)I O\-"

167a: R=H

167b: R = benzyl
167¢: R = biphenyl
167d: R = naphthyl

GS

Figure 1.17 GS and GS-based analogues 167a-d

hydroxy! functionalities of the SAA moiety is involved in an intra-residue hydrogen bond,
as compared to GS. Examination of the biological activity revealed aromatic

SAA-containing GS analogues 167b-d exhibit similar antimicrobial activity as GS, with a

concomitant increase in hemolytic activity. Whereas 167a shows a dramatically reduced
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antibacterial activity. This finding suggests that hydroxyl derivatization of the polyol

provides a tool to improve the bioactivity of peptides.

1.4.6.2. A; GAAs-based peptidomimefics

As mentioned earlier, the sensitivity of the glycosidic linkage towards both enzymatic
and chemical degradation is problematic. Therefore, it is of great interest to exchange the
less stable O-glycosidic linkage between amino acid and the carbohydrate to a more

stable C-linked analogue.

1.4.6.2.1. Mouse hemoglobin (Hb) segment (67-76)
Previous studies have demonstrated that glycoconjugation of mouse Hb
VITAFNEGLK can convert the non-immunogenic peptide into strong glycan specific

immunogens.138 In order to develop metabolically stable T-cell glycopeptide antigen

168

Figure 1.18 A decapeptide 168 containing C-glycosyl serine.
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Meldal er al '* introduced an unprotected C-f-D—gluco-pyranosy! serine into the mouse
Hb (67-76) to provide C-glycosyl decapeptide 168 by the solid phase peptide synthesis

(Figure 1.18). However, no information on the biological activity was reported.

1.4.6.2.2. Type H collagen peptide epitope (259-273) from rat

In theumatoid arthritis (RA), which is regarded as an autoimmune disease, native
collagen is attacked and degraded by the immune system, eventually resulting in bone
erosion in peripheral j()ints.|40 In collagen-induced arthritis (CIA), which is a widely used
model for RA, immunization of mice with type Il collagen (CII) from rat leads to
symptoms similar to RA (e.g., erythema and swelling of peripheral joinls)."”’l‘52 The CII
(259-273) 169 has a galactosylated hydroxylysine in position 264 (Figure 1.19). Previous
studies have shown that the fine structure of position 264 is important for the recognition
by the T cell re(:eptor.i43

OHCH

O
HO X

OH NH

H-Gly?%-lle-Ala-Gly-Phe—__ 264 Gly-Glu-GIn-Gly-Pro-Lys-Gly-Glu-Thr?"3-OH
1

H O
169 X =0
170 X = CHo

Figure 1.19 Structure of glycopeptides 169 and 170

Recently, Gustafsson ef al % have synthesized a C-glycosyl hydroxylysine 140 (Table
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1.6), which is incorporated into position 264 of peptide 169 to replace the labile
O-glycosidic linkage through the solid phase peptide synthesis. The resulted C-glycosyl
peptide 170 is evaluated by a preliminary immunological study and found 1o retain the
ability of the corresponding, native O-linked glycopeptide 169 to stimulate T cell
hybridomas obtained from mice having CIA. The above results indicate C-glycosyl
amino acid can be used to improve the metabolic stability of native O-glycopeptides

without affecting their bioactivity.

1.4.6.2.3. SB-219383: a potent, selective inhibitor of bacterial tyrosy]l tRINA
synthetases

Aminecacyl tRNA synthetases perform a crucial role in protein biosynthesis, catalyzing
the attachment of an amino acid onto its cognate RNA."* The development of inhibitors
of bacterial fIRNA synthetase (YRS) may give rise to new antibacterial drugs. The natural
product, SB-219383, shows strong, selective inhibitory properties to this enzyme_'45
However, it has only weak antibacterial activity, probably attributable to their high
polarity preventing penetration into the bacterial cell.

Brown ef al have found that the bicyclic scaffold is not essential feature for enzyme
inhibition."*® For instance, compound 171 also show equal potency to SB-219383 (Table

1.10). The same group uses the pyranose lemplate to mimic  the

hydroxylamine-containing ring.‘47 As seen in Table 1.10, the L-arabinose-derved

analogues 172b is a potent inhibitor of bacterial YRS with an 1Csp value of 100 nM. The
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epimer 172a 1s less potent, with an ICsp value of 260 nM. In contrast, no imhibition is

Table 1.10 Inhibition of S. aureus YRS

Compound stereochemistry at C¥ sugar fing ICsp (nM)

HTyrHNX
§ S 2.0
O

HTyrHN -1 CO,H
X ; 12

OH 172b: S a-L-Arabinose

CO,H
HTyrHN OH i72a: R a-L-Arabinose
0 260
172
HTyrHN COH
HO_O 173a: R p-D-Arabinose NI
H3G 173b: S £#D-Arabinose NI
173

+ NI = no inhibition at 3uM

observed for either of diastercoisomer 173a or 173b derived from D-arabinose. By

comparison to 171, the diastereomer 172b 1s inferred to have the “S” configuration at c"
Compound 172b was also tested against mammalian YRS and showed no inhibition up to
3 uM indicating that the bacterioselectivity seen in the hydroxylamine series has been
retained.

The above results demonstrate that subtle changes in the stereochemistry of the

carbohydrate moiety influence the bioactivity of the glycopeptide. As a result, it appears

that the rich stereochemistry provided by the carbohydrate scaffold provides a promising

tool for drug discovery.
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Chapter 2

Research Motivation

The use of peptides as drugs is limited by their low metabolic stability towards
proteolysis (degradation of proteins) in the gastrointestinal tract and in serum. In addition,
peptide-based drugs are usually similar to the receptor-bound segment of any biologically
active peptides and proteins. However, once being truncated from the native
pepude/protein, it will lose its original conformation. Due to their intrinsic flexibility,

short linear peptides usually cause undesired effects by interacting with various receptors.

In order 1o solve these problems, newer concepts are emerging where the fundamental
building blocks used by Nature, like amino acids and sugars, are amalgamated to produce
nature-like, and yet unnatural, de novo structural entities with multifunctional groups
anchored on a single ensemble. One such hybrid design is represented by a class of
compounds called C-glycosyl amino acids (C-GAAs), which are defined by an a-amino
acid group [CH(NH;)CO,H] either directly attached or carbon-linked to the anomeric
cafbon of a carbohydrate scaffold. This approach not only increases the enzyme stability
but reduces the flexibility of peptidomimetics by the introduction of relative rigidity of 5-

or 6-membered rings.

The aim of this work is to develop new C-GAA building blocks suitable for the

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

1. The synthetic routes should be cheap, fast and high yielding.

2. Being suitable for peptide synthesis (solution phase or solid phase peptide

synthesis).

3. Reduction in conformational flexibility of the resulting peptidomimetics.

4. Induction of secondary structures such as - and y-turns.

5. Induction of chiral diversity and enhanced enzymatic stability.

The basic structural properties of novel C-GAAs as well as the induced secondary
structures were to be investigated by synthesis and structura) analysis of several model
peptides containing these building blocks. The ultimate goal of this project was to
provide new insight into the structure and activity relationships (SAR) of novel
conformationally constrained glycoconjugates that will 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 (GleProHs)

Abstract: A short synthetic route to polyhydroxylated spirocyclic glucose-based L-proline hybrids
(GLcProHs) is described from easily prepared 2,3,4,6 tetra-O-benzyl-D-glucono-lactone. The synthesis
involves C-glycosylation of an exocyclic glucose-based epoxide with allyliributylstannane that affords
Junctionalized C-ketosides containing an o-hydroxy ester moiety. Oxidation of the alcohol function, followed
by stereoselective reductive amination provides an amine that undergoes iodine-induced aminocyclization io
provide spirocyclic glucose-proline hybrids bearing an iodomethylene sidechain. The iodo function of the
side-chain can be converted into other functional groups such as ester and hydroxyl groups, thereby allowing

additional modifications to the pyrrolidine ring.

3.1. Introduction

Proline plays an important role in the formation of secondary structures in peptides and
protemns because it induces a reversal in backbone conformation resulting in the
formation of reverse turns and disruption of helices and sheets in proteins. Besides the
occurrence of proline in f-turns, proline-rich sequences also exist as extended helices'
(polyproline-1 and polyproline-1I) and antimicrobial peptides’. Hydroxylated proline
residues occur in nature in the form of collagenous peptides, virotoxin cyclic
heptapeptides® and other peptides™ and the role of hydroxylated proline residues on the
conformational stability of the collagen triple helix have been extensively investigated®.

Over the years a plethora of proline analogs such as CP-, C- and CP-substituted

0

. 1 . 2. . . . . . 14
, azaprolines' ', pseudoprolines'’, silaproline", proline-amino acid chimera

prolines’ '
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15-17

and fused bicyclic proline analogues have been developed to study the structural and

biological properties of proline surrogates in peptides'® (Figure 3.0).

Ro Y
OO L
N N—La N—N_
H COOH cooH  H COOH
hyd(oxyprojine alkyE-subslilmed azaprol%ne
R=H OH proline

R = Me, C(CH3)3

H’giZCOOH N(j\ g\j

H COOH H COOH
pseudoproline proline-valine silaproline
X=50 chimera
R R
N
AN H.
N
N N
H COOH  Looc H COOH
Ref. 15 Ref. 16 Ref 17

N J
Y

bicyclic proline

Figure 3.1 Previously synthesized proline analogues that have been proposed to mimic
the properties of proline when incorporated into peptides.

To extend the molecular repertoire of bicyclic proline analogues, we became interested
in the design and synthesis of spirocyclic sugar—proline hybrids'® (SProHs, Figure 3.2).
Spirocyclic sugar—proline analogues combine the molecular features of carbohydrates
(furan- or pyran-based polyol) with the unique features of proline. The resulting hybrid is

a polyfunctional building block, which may find use as glycomimetic, prolinemimetic,

peptidomimetic'®® and scaffold for combinatorial synthesis. In particular, the proline
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Figure 3.2 Design of sugar-proline hybrids (SProHs). The bicyclic and polyfunctional
nature of SProHs may induce novel secondary structures when incorporated into peptides.
In addition, decoration of the polyhydroxylated scaffold may be used to tailor the
physical, chemical and biological properties of proline.

mimetic properties of spirocyclic SProHs have attracted our interest, because
polyhydroxylated amino acids may induce novel secondary structures in small peptides.
For instance, incorporation of unprotected sugar amino acids into small peptides such as
gramicidin $*° and opioid peptides®’ prohibited the formation of the targeted secondary
structural motif. Instead, unusual tumn structures stabilized by intramolecular hydrogen
bonds between sugar hydroxyl groups and the peptidic amide backbone were observed.?2
Similar effects may also be observed with spirocyclic SProHs. In addition, denvatization
or decoration of the polyol scaffold may be used as a tool 1o tailor the chemical, physical,
biological and conformational properties 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 proline hybrids (GlcProHs). To the best of our knowledge

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

3.2. Results and discussion

The synthesis started with the readily available D-gluco-based lactone 1% (Scheme 3.1)
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which reacts with the enolate of methyl bromoacetate generated from lithium
bis-(trimethylsilyl)amide (LiN(SiMes),) in tetrahydrofuran (THF) at -78 °C, to produce
the exocyclic epoxide 2 in 80% yield as a single stereoisomer.®’ Trimethylsilyl
trifluoromethanesulfonate (TMSOTI)-promoted C-glycosylation of epoxide 2 with
allyltributylstannane in dichloromethane followed by hydrolysis of the TMS-ether with
trifluoroacetic acid (TFA)-containing wet THF produced a mixture containing alcohols 3

and 4 (ratio 3:4 = 9:1) in a combined yield of 89%. Regioselective opening of epoxide 2

Scheme 3.1 Synthesis of the a-allylic intermediate 3

BrCH,CO,Me
B 0B
OBn LHMDS. THF :
BnO Q -78°C BnO o ot
BnQO O B8n0O 2
82% BnO 3;"C02Me
BnO
1 2

- 0Bn B-face

.
BnO O\(OSiMeg

BnO

COQMG
BnO
A

a-face

1) allyltributylstannane OBn
TMSOTE, CH,Cly 0
0°C-rt =
BnO
2Y TFA, HoOfTHF 1t HO CO;Me
{9%)
3 4

proceeded via formation of oxonium ion (intermediate A) that subsequently undergoes
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a-selective C-glycosylation favored by stereoelectronic factors as observed for similar

C-glycosylation reactions.?®

It is noteworthy that slow addition of epoxide 2 to
allyltributylstannane is crucial for optimal yield of target compound 3. The configuration

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

observed/unobserved nOe?’ contacts (Figure 3.3).

1.1% BnO
n
5 O
BrO 2.1% BnO 0
n B0+ CO,Me
8nO o Hj H H H
BnOA— == HVH |
BnO @
HO COQME 7'90/0
4 5

Figure 3.3 Assignment of stereochemistry at anomeric carbon in compounds 4 and 5
through 1D nOe experiments (recorded in CDCL).

Compound 3 served as starting material for the installation of the amino function at
C-2 (Scheme 3.2). Initially, we attempted to convert the hydroxyl group at C-2 into an
amino function. However, nucleophilic substitution of C-2 activated sulphonate ester
(triflate) with a variety of nucleophiles including benzylamine, p-methoxybenzylamine,
lithium and sodium azide at low and elevated temperatures resulted only in trace amounts
of the desired amine. In these cases, unreacted starting material was recovered (>90%).
To avoid these complications we decided to explore a reductive amination approach.

Alcohol 3 was oxidized to ketone 5 at -78 °C using a mixture containing trifluoroacetic

anhydride, triethylamine and dimethylsulfoxide in dichloromethane to produce ketone 5
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Scheme 3.2 Preparation of spirocyclic glucose-based proline analogues using a reductive
amination route

DMSO, TFAA _
TEA, CH,Cl,, O8n o E'tcg'%ﬁz**?t OBn NaCNBH,, AcOH
-78°C BnO Q 2 BnO o N8N meow. ooC
3 BnO —
97% BnO COMe  gg0, (two times) BnO BnO CO,Me  99%
5 f
6
(i) 13, CHyClL/EL,O
0°C - rt
OBn NHEBn (i) AgOAC,
BnO a - toluene, r
BnOR2 T coMe iy K,CO,,
7 ] MeOH. .

8 R, = CHyOH; R, = H (43%) 10 R = OH (6.5%)
9 Ry = H, Ry = CHyOH (46%)

Pd{OH),, H,,
quant. | HCI, MeOH
it

11 R, = CH,OH; R, = H
12R, = H; R, = CH,0H

in 95% isolated yield.”® In order 10 confirm the configuration of the product, we
performed nOe experiments (Figure 3.3). For instance, subjection of one of the allylic
protons to a one-dimensional GOESY experiment showed interproton effects 1o H-3
(7.9% nOeN) and H-5 (7.1%). This is consistent with the structure 5 bearing an allylic
group at the axial position. Subsequently, the ketone 5 was converted into the amino ester
7 in a two-step procedure. At first, compound 5 was exposed to titanium

tetrachloride-promoted imination using benzylamine in ether to afford the imine 6 in 96%

. - . 7 . . . .
after chromatographic purification.”” The imine 6 was stereoselectively reduced to amino
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ester 7 in quantitative yield using sodium cyanoborohydride in acidified methanol at § °C,

The high diastereoselectivity can be explamned using the Felkin model (Figure 3.4),%% in

H (S)
(M) = ®) (M) NHB/n]é
o o)
MeO,C NHB y Cote
2 c2
(L) “)
6 7

Figure 3.4 A rational explanation for stereoselective reductive amination using
Felkin model

which the nucleophile approaches the immmonium jon from the less hindered side (Re
face) resulting in the formation of C-2(S) configured product 7, which was confirmed by
nOe experiments (Figure 3.5). With amino ester 7 in hand we installed the pyrrolidine
ring by iodocyclization in dichloromethane 1o produce an inseparable isomeric mixture
containing various jodo-compounds. To separate the compounds from each other we
converted the mixture into the alcohols 8,9 and 10 via a two-step process. At first, the
mixture was exposed 1o silver acetate in toluene’’ to produce an inseparable mixture of
esters 13, 14 and 15 (Scheme 3.3) that, by treatment with potassium carbonate in
methanol, afforded the alcohols 8, 9 and 10 in 44%, 45% and 6% isolated yield,
respectively. Subsequently, exposure of compounds 8 and 9 to catalytic hydrogenolysis

condition using Pearlman’s catalyst provided the unprotected proline analogues 11 and 12

In quantitative yield, respectively.
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To assign the stereochemistry at C-2' the alcohols 8,9 and 10 were converted into the

acetates 13, 14 and 15 using acetic anhydride and pyridine (Scheme 3). We selected the

Scheme 3.3 Acylation of compounds 8-10

ACQO,
pyridine, rt
guant.

8/9

ACQO,
pyridine, rt

quant.

pipecolic acid analogue 15 to assign the stereochemistry at C-2’ (Figure 3.5). The

spirocyclic compound 15 consists of both a pyranose and a piperidine ring. The large

Figure 3.5 Assignment of stereochemistry at C-2' position in compound 15 through 1D

nOe experiment (recorded in CeDg). Some of the substituents in the

glucose ring are
omitted for clarity

coupling constants for J,3, J34 and Jas (> 9.0 Hz) in conjunction with interproton nOe
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effects between H-3 and H-5, establishes the ‘C, chair conformation of the sugar ring.
The chair conformation of the piperidine ring is deduced from the observed vicinal
diaxial and long-range coupling constants. For instance, the axial position of protons
H-4"4, H-5'4 and H-6',, can be deduced by their large vicinal diaxial coupling constants
(Jaax 5'ax, J5axgax > 10.5 Hz), while the observed long-range coupling constants between
Jaeqeeq 15 €qual 1o Jreqareq (~1.0 Hz); confirming the equatorial position of H-2 ‘eqy H-4'¢q
and H-6'¢ in the piperidine ring. In addition, the observed interproton effects (nOe) -
between H-5/H-5',, H-5/H-3, and H-3/H-4';, together with the unobserved effect
between H-6"3x/H-2", using a one-dimensional GOESY experiment, determines the -2
(S) configuration (Figure 3.5).2

Once we had established the configuration at C-2' in compound 15, we turned our
interest to the stereochemistry at C-5' of the spirocyclic proline analogues 13 and 14.
Since the iodocyclization was performed on a single stereoisomer 7, we assume that the
stereochemistry at C-2' of the proline analogues 13 and 14 remained “S” based on the
previous assignment with piperidine analogue 15. To discriminate between compounds
13 and 14 we again used nOe?’ expenments (Figure 3.6). As an example, the observed
interproton effects between H-2'/H-5' and H-57H-S for compound 13 are consistent with

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

interproton effect between H-2'/H-5', which is consistent with a C-5' (S) configuration.
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Figure 3.6 Assignment of stereochemistry at C-5'-position in compounds 13 and 14
through 1D nOe experiment (recorded in CsDg).

3.3. Conclusions

We have developed a novel and short synthetic pathway into spirocyclic
polyhydroxylated glucose based L-proline analogues. It can be envisaged that decoration
of the carbohydrate scaffold provides a tool to adjust the physical, biological and
pharmacological properties of the proline analogues. We are currently investigating the
prolinemimetic and glycomimetic properties of the synthesized GlcProHs and

glucose-pipecolic acid hybrid.

3.4. Experimental

General procedures: 'H and *C NMR spectra were taken in CDCly, CgDg, CD;0D,
D,0 at 300 MHz (or 500 MHz) and 75 MHz respectively. 1D and 2D NOE experiments
were performed on Bruker AMXS00 MHz. CH,Cl,, Et,0, Toluene, MeOH, and THF
were obtained from a dry solvent system (alumina) and used without further drying. DMF

(anhydrous 99.8%), DMSO (anhydrous 99.8%), and CHCl3 (ACS grade) were purchased

directly from Aldrich and used without further purification. TiCls (1.0 M in CH,Cl,),
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Trimethylsilyltrifluoromethanesulfonate  (TMSOTY), trifluoroacetic  acid (TFA),
triethylamine, pyridine and lithium bis(trimethylsilyamide (LHMDS) were directly
purchased from Aldrich. All other reagents were used as supplied. Analytical thin layer
chromatography was performed on 0.20 mm silica gel 60 A plates. Flash chromatography

was performed on 40-63 pm 60 A silica gel.

(1R)-2,3,4,6-Tetra-O-benzyl-3'(S)-carboxy methyl-spire[1,5-anhydro-D-glucitol-
1,2’-oxirane] (2). Under nitrogen atmosphere, methyl bromoacetate (4.1 mmol) was
dissolved in dry THF (20 mL) and cooled to -78 °C before lithium
bis(tnmethylsilyl}-amide (4 mL of a 1 M solution in THF) was slowly added. The
reaction mixture was kept at -78 °C for an additional 30 minutes. Subsequently, a THF
solution (5 mL) containing the lactone 1 (1 mmol) was added over a period of 10 minutes
and kept at -78 °C for | more hour. The temperature was raised to room temperature and
stirred for 15 minutes before a saturated aq. NH4Cl solution was added. The reaction
mixture was evaporated under reduced pressure and the residue was dissolved in
dichloromethane and portioned with water (3 x 20 mL). The organic layer was dried over
anhydrous Na;SO,, concentrated and purified by flash column chromatography
(hexanes/ethyl acetate: 5/1) to get 2 as a colorless oil (500 mg, 82%). [a]p = 99.6 (c 1.0,
CHCy); 'H NMR (500 MHz, CDCl3): 6 = 3.53 (m, H-7), 3.63 (dd, H-8a, J= 112 Hz, J =
2.1 Hz), 3.68 (dd, H-8b, J = 11.2 Hz, J = 4.4 Hz), 3.72 (s, 3H), 3.75-3.83 (m, H-5, H-6),

3.90 (s, H-2),3.95 (d, H-4,J=9.1 Hz), 448 (d, IH, J = 12.2 Hz). 4.55 (d, 1H, J= 10.7
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Hz},4.58 (d, 1H,J=12.2Hz),4.62 (d,1 H, /= 11.0 Hz), 4.73 (d, 1H, J=11.0 Hz }, 4.82
(d, 1H, /= 11.2 Hz), 4.84 (d, 1H, J = 10.7 Hz), 4.94 (d, 1H, J = 11.2 Hz), 7.13-7.36 (m,
20H); C NMR (75 MHz, CDClh): 6 =52.5, 54.5, 68.3,73.5, 74.9, 75.2, 75.7, 76.8, 77.0,
773, 84.7, 86.29, 127.6-128.5 (aromatic carbons), 137.4, 137.8, 137.9, 138.3, 166.7;
Anal. caled for C3;H3304: C, 72.77; H, 6.27. Found: C, 72.48: H, 6.54. MS (ES, [M +

Na]") caled for Cy7H35NaOy 633.25, found 633.71

Methyl (25)-hydroxy-2-(1-ally]-2,3,4,6-tetra-O-benzyl-$-D-glucopyranosyl)
—ethanéate (3) Under a nitrogen atmosphere, to a solution of allyltributylstannane (0.99
mL, 3.15 mmol) in dichloromethane (5 mL) was added dropwise the solution of
tnimethylsilyltriffluoromethanesulfonate  (TMSOTS, 0.427 ml, 2.36 mmol) in
dichloromethane (5 mL) at 0 °C followed by the syringe pump-controlled (50 pl/min)
addition of the solution of epoxide 2 (480 mg, 0.79 mmol} in dichloromethane (10 mL).
And then the mixture was stirred for 1 more hour at room temperature, the saturated
sodium bicarbonate solution (10 mL) was added to quench the reaction, followed by the
extraction with dichloromethane (3 x 15 mL). The organic layer was dried (Na,S0q),
concentrated and treated with trifluorcacetic acid (0.20 mL, S equiv.) in aqueous
tetrahydrofuran (THF/H,0: 5/1) overnight. The mixture was concentrated and purified by
flash column chromatography (hexanes/dichloromethane/ethyl acetate: from 2/1/0.2 to

2/1/0.4) 10 get 3 (410 mg, 80%) and 4 (46 mg, 9%). (3) [a)o= 77.3 (c 1.0, CHCly); 'H

NMR (300 MHz, CDCl3): 6 = 2.77 (dd, 1H, J= 16.1 Hz, /= 6.8 Hz ), 2.89 (dd, 1H, J =
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16.1 Hz, J= 7.2 Hz ), 3.48 (br, OH), 3.85-3.65 (m, 7H), 4.04 (dd, 1H, J= 9.8 Hz, J= 8.0
Hz), 4.13(d, 1H, J = 9.8 Hz), 433 (s, 1H), 4.63 (d, 1H, J = 12.5 Hz), 4.68-4.75 (m, ZH),
4.85-4.98 (m, 3H), 5.02 (d, 1H, J=10.9 Hz), 5.08(d, 1H, J= 11.4 Hz), 5.28-5.16 (m, 2H),
5.89 (m, 1H), 7.25-7.49 (m, 20H); B3C NMR (75 MHz, CDCly): § = 32.0, 52.2, 68.9, 73.5
(2 carbons), 73.6, 75.3, 75.3, 75.6, 78.7, 79.2, 80.6, 84.1, 118.7, 127.7-128.5 (aromatic
carbons), 131.7, 138.1, 138.4, 138.4, 138.6, 173.1; Anal. calcd for CagH4403: C, 73.60; H,
6.79. Found: C, 73.29; H, 7.04. MS (ES, [M + Nal") calcd for C4gH4aNaOg675.29, found

675.40.

Methyl (25)-hydroxy-2-(1-allyl-2,3,4,6-tetra-O-benzyl-a-D-glicopyranosyl)-
ethanoate (4) [a]p = 84.5 (¢ 1.0, CHCI3); "H NMR (300 MHz, CDCl3): § = 2.62-2.73 (m,
1H), 2.78-2.90 (dd, 1H, J = 15.3 Hz, J= 9.4 Hz ), 3.59-3.73 (m, 6H), 3.74-3.81 (dd, 1H, J
=11.0 Hz, J= 3.7 Hz), 3.85 (d, 1H, J = 9.6 Hz), 3.99 (d, 1H, J = 1.6 Hz), 4.05-4.19 (m,
2H), 4.53 (d, 1H, J = 12.3 Hz), 4.62-4.71 (m, 2H), 4.82-4.95 (m, 4H), 5.00(d, 1H, J=
11.0 Hz), 5.10-5.24(m, 2H), 5.88-6.05(m, 1H), 7.20-7.40 (m, 20H); *C NMR (75 MHz,
CDCh): & = 36.6, 52.1, 69.1, 73.0, 73.4, 74.2, 75.1, 75.7, 76.2, 78.4, 78.6, 82.3, 84.0,
119.2, 127.5-128.7 (aromatic carbons), 133.4, 137.3, 138.1, 138.3, 138.5, 170.7; Anal.

caled for CaHasOs: C, 73.60; H, 6.79. Found: C, 73.41; H, 6.92. MS (ES, [M + Nal');

caled for C4pHaaNaQOsg 675.29, found 675.40.
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Methyl 2-ox0-2-(1-allyl-2,3,4,6-tetra-O-benzyl-f-D-glucopyranosyl)-ethanoate (5)
Under a nitrogen atmosphere, to a solution of dry dimethyl sulfoxide (133 pL, 1.88
mmol)) in anhydrous dichloromethane (12 mL) cooled below -65 °C with a dry
ice-acetone bath, trifluoroacetic anhydride (TFAA, 200 uL, 1.41 mmol) was slowly added
with efficient stirring in ca. 10 min. After 10 min below -65 °C, a solution of compound 3
(307 mg, 0.47 mmol) in dichloromethane (8 mL) was added to the mixture in ca. 15min.
The rate of addition of TFAA or alcohol 3 was controlled to keep the temperature below
-65 °C. The mixture was stirred below -65 °C for 40min, followed by addition of
triethylamine (394 ul, 2.82 mmol) dropwise in ca. 15min. The reaction was kept below
-65 °C for 2 more hours. The cooling bath was then removed and the reaction was
allowed to warm up to room temperature, then quenched with H,O (10ml) and the
aqueous layer was backwashed with dichloromethane (2 x 15 mL). The combined
organic solution was dried with anhydrous Na;SOs, concentrated and purified by flash
column chromatography (hexanes/ethyl acetate: 6/1) to get 5 (296 mg, 97%). [a]}p= 59.9
(¢ 1.0, CHCI3); "H NMR (300 MHz, CDCly): 6 = 2.66 (dd, 1H, J=15.6 Hz, J= 8.0 Hz ),
3.21 (dd, IH, J=15.6 Hz, J= 59 Hz), 3.74 (s, 3H), 3.73-3.66 (m, 2H), 3.91-3.76 (m,
3H), 424 (d, 1H, J=9.6 Hz), 4.51 (d, 1H, J= 11.9 Hz), 4.57 (d, 1H, J = 10.3 Hz), 4.61
(d, 1H, J=12.2 Hz), 4.66 (d, 1H, J = 10.7 Hz), 4.73 (d, 1H, J = 10.3 Hz), 4.83-4.89 (m,
3H), 5.09-5.21 (m, 2H), 5.64 (m, 1H), 7.21-7.40 (m, 20H); °C NMR (75 MHz, CDCl;): §

=31.2,523,68.7,75.4,73.5,753,75.6,75.7, 77.8, 80.3, 83.4, 84.5, 119.2, 127.4-128.5

(aromatic carbons), 130.9, 137.7, 138.0, 138.3, 138.5, 164.9, 195.8; Anal. calcd for
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CaoHaz0s: C, 73.83; H, 6.51. Found: C, 73.43; H, 6.39. MS (ES, [M + Na]’); calcd for

CaoH4oNaOg 673.28, found 673.39.

Methyl 2-benzyl imino-2-(1-allyl-2,3,4,6-tetra-O-benzyl-f-D-glucopyranesyl)-
ethanoate (6) Under a nitrogen atmosphere, 1o an ice-cooled solution of 5 (296 mg, 0.45
mmol) and benzylamine (148 pL, 1.36 mmol) in anhydrous diethyl ether (15 mL) was
added dropwise TiCl4(0.23 mL of a 1 M solution in CH,Cls, 0.23 mmol). After complete
addition, the ice bath was removed and the reaction mixture stirred for 4 h at room
temperature. After this period, the resulting suspension was cooled at 0 °C and poured
into 1 M sodium hydroxide solution. The organic layer was separated and the water layer
extracted two times with dichloromethane (2 x 15 mL). The combined organic layer was
dried (Na;SO,), concentrated and purified by flash column chromatography
(hexanes/ethyl acetate: 6/1) to get the mixture of 5 and 6, which was exposed to the same
procedure again, and get 6 (323 mg, 96%). [a]p = 30.5 {c¢ 1.0, CHCL); 'H NMR (300
MHz, CDCls): 6 =2.67 (dd, 1H, /= 15.6 Hz, /= 8.6 Hz ), 3.48 (dd, 1H,.J= 15.6 Hz, J =
5.3 Hz), 3.86-3.66 (m, 7H), 3.91 (dd, 1H, J = 9.2 Hz, /= 8.9 Hz), 4.16 (d, 1H, J = 9.2
Hz), 4.43-4.56 (m, 3H), 4.59-5.72 (m, 4H), 4.86-4.93 (m, 3H), 5.03-5.16 (m, 2H), 5.77
(m, 1H), 7.15-7.42 (m, 25H); "*C NMR (75 MHz, CDCl3): 6 =32.2,51.6,58.7,09.0,72.9,
73.4, 753, 755, 758, 78.2, 81.5, 82.4, 84.1, 117.9, 127.7-128.5 (aromatic carbons),
132.5, 138.1, 138.2, 138.4, 138.6, 138.7, 163.7, 165.5; Anal. calcd for C4zHeNO7: C

3

76.30; H. 6.68; N, 1.89. Found: C, 75.77; H, 7.05; N, 1.86. MS (ES, {M + Na]’) caled for
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Ca7H4eNNaO; 762.34, found 762.38.

Methyl (25)-benzylamino-2-(1-ally}-(2,3,4,6-tetra-O-benzyl-f#-D-glucopyranosyl)-
ethanoate (7) To an ice-cooled solution of 6 (240 mg, 0.32 mmol) in methanol (9 mL)
was added NaCNBHj3 (128 mg, 1.95 mmol), followed by 98% AcOH (39 uL, 0.65 mmol).
The reaction mixture was stirred for 3 hours at 0 °C and then quenched with water (5 mL)
and extracted with CH,Cl; (3 x 15 mL). The combined organic extracts were dried
(Na,S0O4), concentrated and purified by flash column chromatography (hexanes/ethyl
acetate: 5/1) to afford 7 (239 mg, quant.). [a]p = 32.3 (¢ 1.0, CHCly); 'H (300 MHz,
CDCly): 6 =271 (dd, 1H,J= 163 Hz, J= 60 Hz ), 2.84 (dd, 1H,J=163 Hz, J=74
Hz),3.39 (d, 1H, J= 12.8 Hz), 3.47 (s, 1H), 3.59-3.79 (m, 8H), 3.93 (dd, 1H, J = 9.5 Hz,
J=89Hz),428 (d, 1H,J=95Hz),450(d, 1H, /=11.6 Hz }, 458 (d, 1H, J=12.0
Hz ), 4.65 (d, IH, J=10.8 Hz), 4.67 (d, 1H, J= 12.0 Hz), 4.80-4.95 (m, 4H), 5.17-5.04
(m, 2H), 5.77 (m, 1H), 7.45-7.10 (m, 26H); C NMR (75 MHz, CDCl;): & = 32.4, 51.5,
51.8, 64.8, 69.1, 73.4, 73.5, 74.9, 75.1, 75.7, 78.8, 79.7, 80.2, 84.7, 118.1, 127.7-128.5
(aromatic carbons), 132.0, 138.2, 138.5, 138.7, 138.8, 139.7, 174.0; Anal. calcd for

CyHsNO7: C, 76.09; H, 6.93; N, 1.89. Found: C, 75.84; H, 7.36; N, 2.37. MS (ES, [M +

Na]+) calcd for C47Hs)NNaQO; 764.37, found 764.32.
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(15)-2,3,4,6-Tetra-0-benzyl-1'-N-benzyl-5'(R)-hydroxymethylene-spiro[1,5-
anhydro-D-glucitol-1,3'-L-proline methyl ester] (8) To a solution of 7 (340 mg, 0.46
mmol) in dichloromethane and diethy! ether(12 mL, 1:1) was added 1odine (175 mg, 0.69
mmol) at 0 °C. The mixture was quenched with saturated sodium thiosulfate solution (5
mL) after overnight. The organic layer was separated and the agueous layer was
backwashed with dichloromethane (2 x 10 mL), the combined organic solution was dried
with anhydrous Na;SQ, and concentrated followed by dissolvation in toluene (15 mL)
and treated with silver acetate (1.146 g, 6.88 mmol) for overnight at room temperature to
get an inseparable mixture of 13, 14 and 15 (323 mg, 93%), which was hydrolyzed with
K>CO5 (73 mg, 1.3 equiv) in methanol (8 mL) for 1 h at room temperature, and then
quenched with saturated ammonium chloride (10 mL) and extracted with CH,Cl; (3 * 15
mL). The combined organic solution was dried with anhydrous Na;SOys, concentrated and
purified by flash column chromatography (hexanes/ethyl acetate: from 4/1 10 2/1) to get 8
(132 mg, 43%), 9 (141 mg, 46%) and 10 (20 mg, 6.5%). (8) [ajp= 47.7 (¢ 1.0, CHCL),
'H NMR (300 MHz, CDCl3): § = 2.13 (dd, 1H, J = 13.9 Hz, J= 5.4 Hz), 2.60 (dd, 1H, J
=13.9 Hz, J= 11.0 Hz), 3.09 (s, 3H), 3.30 (m, 1H), 3.45-3.85 (m, 11H), 4.02 (d, 1H, J=
13.5 Hz), 4.38 (d, 1H, J = 12.9 Hz), 4.57-4.71 (m, 4H), 4.83 (d, 1H, J= 11.0 Hz), 4.86 (d,
1H, J = 11.0 Hz), 5.10 (d, IH, J =127 Hz), 7.10-7.45 (m, 25H); HC NMR (75 MHz,
CDCl3): & = 27.2, 51.8, 59.0, 60.0, 63.0, 69.5, 72.4, 72.7, 73.5, 74.8, 75.1, 75.5, 76.7,

78.8, 86.1, 88.2, 125.8-128.9 (aromatic carbons), 138.0, 138.0, 138.3, 138.8, 138.9, 172.6;

HRMS (ES) caled for Cq9Hs;NOg [M + H]' 758.3693, found 758.3687.
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(15)-2,3,4,6-Tetra-O-benzyl-1 '-N-benzyl-5'(S)-hydroxymethylene-spiro[1,5-
anhydro-D-glucitol-1,3"-L-proline methyl ester] (9) [a]p =-3.6 (¢ 1.70, CHCly); '‘H
NMR (300 MHz, CDCl3): & = 2.24 (4, 1H, J = 14.6 Hz), 2.83 (dd, 1H, J=13.9 Hz, J =
10.5 Hz), 3.05-3.23 (br, OH), 3.31 (s, 3H), 3.43 (d, 1H, J = 11.1 Hz), 3.62-3.9 (m, 10H),
4.00(d, 1H, J = 14.6 Hz), 4.47 (d, 1H, J = 12.5 Hz), 4.54-4.77 (m, 4H), 4.82-4.94 (m, 2H),
524 (d, 1H, J = 11.8 Hz), 7.12-7.44 (m, 25H); "C NMR (75 MHz, CDCly): § = 27.9,
51.1, 51.7, 61.3, 62.6, 69.1, 72.5, 72.9, 73.0, 73.7, 74.9, 75.7, 77.0, 78.5, 85.7, 86.2,
126.0-128.6 (aromatic carbons), 138.0, 138.2, 138.4, 138.8, 138.9, 170.5; HRMS (ES)

caled for C47HsaNOg [M + H]™ 758.3693, found 758.3696.

(IS)—2,3,4,6-Tetra—0-benzyl—i’—N—benzyl-S’(S)-hydroxy-spiro[l,S-anhydro-D-
glucitol-1,3'-L-pipecolic methyl ester] (10) [o]p =34.7 (¢ 1.0, CHCL); 'H NMR (300
MHz, CDCl): 8 = 2.25-2.36 (m, 2H), 2.76 (dd, 1H, J = 11.0 Hz, J = 5.2 Hz), 3.04 {dd,
1H, J=10.6 Hz, J = 9.6 Hz), 3.32 (s, 3H), 3.42 (s, 1H), 3.53-3.82 (m, 7H), 3.90-4.07 (i,
2H), 4.58-4.73 (m, SH), 4.82 (d, 1H, J= 11.2 Hz), 4.87 (d, 1H, J = 10.9 Hz), 5.10 (d, 1H,
J=11.7 Hz), 7.12-7.39 (m, 25H); 13C NMR (75 MHz, CDCls) § = 29.7, 30.7, 51.0, 54.5,
59.0, 63.5, 69.5, 69.9, 72.4, 73.3, 73.9, 74.9, 75.4, 18.1, 79.1, 80.4, 84.6, 126.3-128.6

(aromatic carbons), 138.1, 138.2, 138.3, 138.6, 138.7, 170.7, HRMS (ES) caled for

Cs7HoNOg [M + H]" 758.3693, found 758.3686.
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(15)-5'(R)-hydroxymethylene-spiro{1,5-anhydro-D-glucitol-1,3'-L-proline methy]
ester] (11) Under the nitrogen atmosphere, to the solution of compound 8 (200 mg, 0.25
mmol) in methanol (10 mL) was added the 1 M hydrochloride acid solution (0.38 mL,
0.38 mmol} and the palladium hydroxide (20 wt % Pd on carbon, 50 mg). The mixture
was exposed to hydrogen condition (H;, 10 ps1) and stirred for 6 hours. The solution was
filtrated and evaporated in vacuum to get the product 11 (75 mg, quant.) [a]p =64.1 (¢
1.0, MeOH); 'H NMR (300 MHz, CD;0D): § = 2.13 (dd, 1H, J=15.0 Hz, J = 2.8 Hz),
241 (dd, 1H, J = 15.0 Hz, J= 10.8 Hz), 3.23-3.21 (m, 5H), 3.49 (m, 1H), 3.6-3.71 ( m,
2H), 3.85-4.00 (m, 4H), 4.22 (s, 1H); "C NMR (75 MHz, CD;0OD): § = 27.3, 54.3, 61.5,
61.9,63.0, 68.7,70.8, 71.6, 76.6, 77.0, 88.3, 168.5; HRMS (ES) calcd for C;2HaNOg [M

+H]" 308.1340, found 308.1343.

(1.5)-5'(S)-hydroxymethylene-spiro[1,5-anhydro-D-glucitol-1,3'-L-proline methyl
ester] (12) (The same synthetic procedure as described for compound 11 was used); [a]p
=75.7 (¢ 1.10, MeOH); 'H NMR (300 MHz, CD;0D) § = 2.09 (m, 1H), 2.56 (dd, 1H, J =
10.3 Hz, J=13.6 Hz), 3.24 (m, 1H), 3.30-3.40 (m, br, 1H, overlapping with solvent peak),
3.47 (m, 1H), 3.57-3.68 (m, 2H), 3.72-3.95 (m, 6H), 4.18-4.33 (m, 2H); *C NMR (75

MHz, CD;0D): § = 27.8, 54.2, 62.6, 63.1, 63.2, 69.1, 71.2, 71.7, 76.7, 76.9, 88.2, 167.9;

HRMS (ES) caled for Cj3H»NOg [M + H]' 308.1340, found 308.1348.
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(15)-2,3,4,6-Tetra-O-benzyl-1"-N-benzyl-5'(R)-methylenehydroxy acetate-spiro[1,5
-anhydro-D-glucitol-1,3"-L-proline methyl ester] (13) To a solution 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 chromatography (hexanes/ethyl acetate: 4/1} to get 13 (62 mg,
quant.). [a]p =50.3 (¢ 1.0, CHCl3); 'H NMR (300 MHz, CDCl3): & = 2.05 (s, 3H), 2.18
(dd, 1H, J = 13.0 Hz, J = 10.8 Hz), 2.33 (dd, 1H, J = 13.6 Hz, J= 5.7 Hz), 3.13 (s, 3H),
332 (m, 1H), 3.53 (s, 1H), 3.63-3.78 (m, 6H), 3.83 (d, 1H, J = 14.4 Hz), 4.08 (d, 1H, J=
13.7 Hz), 4.24 (d, 2H, J = 6.0 Hz), 4.42 (d, 1H, J= 123 Hz ), 4.58-4.70 (m, 4H), 4.83 (d,
1H, J= 9.9 Hz), 4.86 (d, 1H, J = 9.9 Hz), 5.06 (d, 1H, J= 12.3 Hz), 7.13-’/‘.;13 {m, 25H);
BC NMR (75 MHz, CDCl3): 8 = 20.9, 30.0, 51.5, 60.4, 60.8, 67.2, 69.4, 72.5, 72.8, 73.5,
75.1, 75.5, 76.0, 76.7, 78.7, 86.1, 87.5, 126.0-128.8 (aromatic carbons),138.03, 138.04,
138.4, 138.9, 139.3, 171.0, 172.0; HRMS (ES) calcd for CagHsaNOg [M + HJ™ 800.3793,

found 800.3794.

(1.5)-2,3,4,6-Tetra-O-benzy)-1"-N-benzyl-5'(S)-methylenehydroxy acetate-spirofl,5
-anhydro-D-glucitol-1,3'-L-proline methy] ester] (14) (The same synthetic procedure
as described for compound 13 was used); [a]p = 6.2 (¢ 1.0, CHCl3); "H NMR (300 MHz,
CDCl): & = 2.01 (s, 3H), 2.14 (dd, 1H, J=15.4 Hz, J = 1.1 Hz), 2.82 (dd, 1H, /= 13.9

Hz, J = 10.0 Hz), 3.26 (s, 3H), 3.58-3.82 (m, 9H), 3.59-3.82 (m, 2H), 4.21 (dd, 1H, J =

10.7 Hz, J = 5.0 Hz), 4.43 (d, 1H, J = 12.6 Hz), 4.57-4.75 (m, 4H), 4.82 (d, 1H, J= 11.2
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Hz), 4.86 (d, 1H, J =112 Hz), 5.15 (d, 1H, J = 12.3 Hz), 7.10-7.40 (m, 25H); ">C NMR
(75 MHz, CDCl3): 8 = 21.0,27.7, 51.1, 53.0, 60.0, 67.2, 69.0, 72.9, 73.0, 73.2, 73 .7, 75.1,
75.6 (2 carbons), 78.7, 85.9, 86.9, 126.0-128.5 (aromatic carbons), 137.0 (2 carbons),
138.5,138.9, 139.5, 170.9, 170.9; HRMS (ES) calcd for C4gHssNOg [M + H]" 800.3793,

found 800.3793.

(15)-2,3,4,6-Tetra-O-benzyl-1'-N-benzyl-5'(S)-O-acetyl-spiro[1,5-anhydro-D-
glucitol-1,3'-L-pipecolic methyl ester] (15) (The same synthetic procedure as described
for compound 13 was used); [a]p=44.0(c 1.0, CHCl3); "H NMR (300 MHz, CDCl3): 6
=2.05(s,3H), 232 (dd, 1H, /= 13.6 Hz, J= 11.9 Hz), 2.52 (dd, 1H, J = 13.7 Hz, J= 4.0
Hz), 2.90 (dd, 1H, J = 10.4 Hz, J = 5.6 Hz), 3.24(dd, 1H, J = 10.4 Hz, J = 10.8 Hz), 3.29
(s, 3H), 3.46-3.99 (m, 9H), 4.45 (d, 1H, J = 12.9 Hz), 4.59-4.93(m, 6H), 5.09(m, 1H),
5.15(d, 1H, J = 12.4 Hz). 7.10-7-.44 (m, 25H); C NMR (75 MHz, CDClLy): 6 = 21.6,
26.4, 50.2, 50.4, 59.5, 69.7, 72.8, 73.4, 74.4 (2 carbons), 75.4 (2 carbons), 75.8, 78.7,
79.4, 80.9, 85.3, 126.50-128.90 (aromatic carbons), 138.8 (3 carbons), 139.2, 139.4

3

170.7 (2 carbons); HRMS (ES) caled for CaHsiNOy [M + H]' 8003793, found

300.3788.
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Chapter 4

Intramolecular Hydrogen Bond-controlled Prolyl Amide
Isomerization in Glucosyl 3(S)-hydroxyproline Hybrids — The
Influence of a Cﬁ-hydroxymethy] Substituent on the
Thermodynamics and Kinetics of Prolyl Amide Cis/Trans

Isomerization

Abstract: Peptide mimics containing spirocyclic glucosyl-(3-hydroxy)proline hybrids (Glc3(S}HypHs) with
a polar hydroxymethyl subsitituent at the C-5' position, such as peptide esters Ac-Glc3(5)Hyp-OMe and
diamides Ac-Gle3(S)Hyp-N"-CH,, were synthesized Peptide esters exhibit increased cis population (23-
53%) relative to 3(S)-hydroxyproline (17%) or proline (14%) in D,0. The prolyl amide cis population is
Jurther increased 10 38-74% in the diamide form in D,0O. Our study shows that the stereochemistry of the
hydroxymethyl substituent at the C-5' position of proline permits tuning of the prolyl amide cis/trans isomer
ratio. Inversion-magnetization transfer NMR experimenis indicate that the stereochemistry of the
hydroxymethyl substituent has a dramatic effect on the kinetics of prolyl amide cis/trans isomerization. A
200-fold difference in the trans-to-cis (k) isomerization and a 90-fold rate difference in the cis-to-trans
(ko) isomerization is observed between epimeric C-5' peptide esters. When compared to reference peplide
mimics Ac-Pro-OMe and Ac-3(S)Hyp-OMe, our study demonsirates that a (13-16)-fold decrease in k,. and
k., is observed for the C-5(5), while a (5-24)-fold acceleration is observed for the C-5'(R) epimer. DFT-
calculations indicate that the pyrrolidine ring prefers a C? exo pucker in both Ac-Glc3(S)Hyp-OMe
diastereoisomers. Compuiational calculations and chemical shift temperature coefficient (A AT)
experiments indicate that the hydroxymethyl group at C-3' in Ac-Glc3(S)Hyp-OMe forms a siabilizing
intramolecular hydrogen bond 1o the carbony! of the N-acetyl group in both epimeric cis isomers. However,
a competing intramolecular hydrogen bond between the hydroxymethyl groups in the pyrrolidine ring and
pyran ring stabilizes the trans isomer in the C-5'(S) diastereoisomer. The dramatic differences in the kinetic
properties of the diastereoisomeric peptide mimics are rationalized by the presence or absence of an
intramolecular hydrogen bond between the hydroxymethyl substituent located at C-5' and the developing

lone pair on the nitrogen aton of the N-acetyl group in the transition state.
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4.1. Introduction
Proline (Pro) is the only cyclic amino acid of the twenty DNA-encoded amino acids,
which is characterized by limited rotation of the ¢ dihedral angle (fixed at ~ -75°) as its
side chan is fused to the peptide backbone. As a result there 1s a reduction in the energy
difference between the prolyl amide cis- and trans-isomers making them nearly
isoenergetic; this leads to a higher cis N-terminal amide content relative to the other
amino acids. The kinetics of the prolyl cis/trans isomerization reaction is the rate-
determining step in the folding pathways of many peptides and proteins.! Moreover,
preline induces S-turns and extended helical structures (polyproline helix) in peptides
that are crucial in protein/protein and protein/peptide interactions.” In nature, proline
undergoes post-translational modifications such as hydroxylation to 4(R)-hydroxyproline
(4-Hyp) and 3(S)-hydroxyproline (3-Hyp).>*® Hydroxylation of proline is critical to the
thermal stability and modulation of the local stability of the triple helix in collagens’ and
contributes to the stability of the poly-Hyp helix in plant-derived Hyp-rich
glycopeplides.8
Over the years a plethora of proline analogs such as ¢, - and C%substituted

. -12 o oo 14 1S : - : : 16
prohnes,9 azaprolines, 3 pseudoprolines,  silaproline,”” proline-amino acid chimera,

fused bicyclic proline”"9

and fused glucose-proline analogs®® have been developed to
study the structural and biological properties of proline surrogates in peptides.“ In
particular, pseudoprolines bearing two substituents adjacent to the endocyclic nitrogen of
proline and C-substituted prolines containing bulky substitutents have been shown to

increase the prolyl amide cis conformer ratio in peptides and peptide mimics.>?'¢%

Incorporation of pseudoprolines into peptides has been shown to induce a “kink”




88
conformation in the peptide backbone, originating in the preference for cis amide bond
formation. This prevents peptide aggregation, self association and F-structure formation

thus improving the solvation and coupling kinetics of the growing peptide chain

considerab]y.23

OH O
HO
HO NH
R2 “R!

1:R' = CH,0H; R = H
2:R'=H;R?= CH,0H

Figure 4.1 Structure of spirocyclic glucose-3(S)-hydroxyproline hybrids (Gle3(S)HypHs)

Recently, we have reported on the synthesis of spirocychic glucose-3(S)-hydroxyproline
hybrids Gle3(S)HypHs 1 and 2 (Figure 4.1).*" Compounds 1 and 2 exhibit several
intriguing features. The spirocyclic nature of the gluco-derived scaffold constrains the
pyrrolidine ring of proline and introduces artificial post-translational modifications
(hydroxylation + glycosylation). Chemical manipulations and derivatizations of the
glucose-derived polyol scaffold provide an opportunity to tailor the chemical, physical
and pharmacodynamic properties of Glc3(S)Hyp-containing pe:ptidrcs.25 Moreover,
compounds 1 and 2 contain a hydroxymethyl substituent adjacent to the imino function of
proline which may permit control of prolyl amide cis/trans isomerization via hydrogen
bonding, electrostatic or steric interactions. It is noteworthy that the influence of C’-

substituted proline analogs capable of forming polar interactions on the thermodynamics

and kinetics of prolyl amide cis/trans isomerization has not yet been investigated.
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HO N—<
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Ac-Glc3(S)-HypH-OMe (3)  Ac-Gle3(S)-HypH-OMe (4)
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Ac-3(S)-Hyp-OMe (5} Ac-Pro-OMe (6)

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 prolyl N-terminal amide
isomerization of peptide mimics 3 and 4 (Figure 4.2). Compounds 5 and 6% serve as
reference compounds and were selected to study how 3(S)-hydroxylation of proline
influences the kinetics and thermodynamics of prolyl amide ¢is/frans isomerization. We
initially selected C-terminal methy! esters to avoid complications arising from competing
intramolecular hydrogen bonding of C-terminal amides.”” Furthermore, the amide bond
order of 3-6 can be assessed by FT-IR without interference with C-terminal amide.

Subsequently, we extended our study to C-terminal 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-
deacetylation using a solution of sodium methoxide n methanol (Scheme 1.1). Peptide

mimic 5, was synthesized according to a modified procedura26 while peptide mimic 6 was

purchased.
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Scheme 1.1 Synthesis of peptide mimetics 3-4

1) Ac, 0O, pyridine H
2) NaOMe, MeOH SO

1 or 2

3 R' = H, R? = CH,OH (90%)
4 R = GH,0H, R? = H (92%)

Assignments of N-terminal geometry for both major and minor isomers of 3 and 4
and determination of Ky. Identification of prolyl amide trans and cis isomers were
based on multiple one-dimensional GOESY® experiments in CD:0D in which the
optimized resolution was obtained (Figure 4.3). For instance, subjection of H-2" signal in
prolyl amide cis isomer 3a to a one-dimensional GOESY experiment showed interproton
effect to the N-terminal methyl group (5.2% nOe relative to the H-2' signal). By
comparison, no interproton effect was observed between H-5" and the N-terminal methyl
group. The same diagnostic tools were used to assign the prolyl amide isomers in
compounds 3b, 4a and 4b and the observed interproton effects are summarized in Figure
3.

We also observed that the '*C NMR chemical shifts of the C* atoms of the trans
rotamers in compounds 3 and 4 are high-field shifted (0.8-1.6 ppm) relative to the cis
isomers irrespective of the solvent used (Table 4.1). For instance, in methanol, we
observed C® for cis isomer 3a at 72.80 ppm while the frans isomer 3b appeared at 71.74
ppm in the 3C_NMR. This result is consistent with previous findings by Lubel!’ and may

serve as an empirical rule to assign the prolyl amide cis and trans isomers In cases where

GOESY experiments cannot be performed.
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4.52%
N\ﬁCH:; .
H
cis trans 5.12%
da 4b

Figure 4.3 Assignment of cis and trans isomers in compounds 3 and 4 in CP;0D
through 1D nOe

Table 4.1 Chemical shift of C-2'in cis and trans isomers of 3 and 4

Compds 3° 4" 3 4
Cc® cis  73.63 73.55 7280  72.67
{(ppm) trans 72.66 72.30 71714 71.08

*Measured in D;0; ° measured in CD;0D.

For each compound 3-6, the ratio of irans/cis isomers was calculated by integrating and
averaging as many well-resolved proton signals as possible in the ‘H-NMR  spectra
(Table 4.2).?'9 We found that the hydroxymethyl substitutent 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 trans rotamer (77%).
In comparison, reference compounds 5 and 6 exhibit nearly identical cis/trans ratios

confirming that the presence of an electron withdrawing hydroxy! group in 5 has no

measurable effect on the prolyl amide cis/trans rotamer population.z(’
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Table 4.2 Trans/cis ratio™ Kye (£ 0.04) and (cis% + 3%) isomer of 3—6 in water

Compd. 3 4 5 6
Ky (cis)  3.35(23%) 0.88 (53%) 4.88 (17%) 6.14 (14%)
#IDetermined by 500 MHz NMR at 25°C

In order to compare our results with other reported proline analogues, we converted
peptide esters 3 and 4 into N'-methylamides 7 and 8 by nucleophilic displacement.
Peptide mimics 7 and 8 show a significantly increased cis rotamer population when
compared to esters 3 and 4. Similar observations have been made by others and these
results have been explained by enhanced n—n* interactions’® of the oxygen lone pair of
the (i — 1) trans amide residue to the antibonding orbital of the C=0 bond belonging to
the Pro (i) residue (Figure 4.4 The fact that an amide carbon is less electron

30b

deficient’”” than an ester carbon has been used to explain higher frans ratios in prolyl

amide esters when compared to prolyl amide amides.”

//Cﬁ OCHs

Figure 4.4 n—1* interaction (looking down C*-N bond)

The cis population of peptide mimics 7 and 8 are presented in Table 3 together with
previously published data for proline analog 9.7 5-methylproline analogs 10 and 11°" and
S-tert-butylproline analogs 12 and 13 (Figure 4.5).? These results show that 8 induces a

high ¢is rotamer population (74 + 3%) while 7 exhibits a reduced cis rotamer population

(38 + 3%). Interestingly, the stereochemistry at C-5' of 7 and 8 seems to have a reverse
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OH OH
Hg o] CONHMe H% o] CONF—(l)Me
O . @] 0 ;
HO N{ HO N-{
TH,OH CH,0OH
8
CONHMe
O
CONHMe N ?
0
EfN{ Ry Ry
9 10: R;:CHQ‘; RQZH
11: R1:H;R2:CH3
12: R1 = C(CH3}4, R2 =H
13: Ry=H; Ry = C{CH3)s

Figure 4.5 Various N-Acety]l N-methylamides. Compounds 9-13 have been previously
synthesizedg’3 !

effect on the equilibrium constant of isomerization by comparison with fer(-butyl proline

analogues 12 and 13 (Table 4.3).

Table 4.3 Cis population of prolyl N-acetyl N-methylamides in D;0

12" 137
49 66

100 11°
25 30

Compd. 7 8 9°
Cis(£3%) 38 74 27
*Ref. 9; ° Ref. 31.

Kinetics of cis-frans prolyl amide bond isomerization in peptide mimics 3-6. The
kinetics of cis/trans isomerization for compounds 3-6 were determined by "H-NMR
spectroscopy inversion-magnetization transfer t:)«iperimemsj'2 in D,0 (Table 4.4). Because
the rates for cis/trans isomerization are extremely slow in protic solvents, we performed
these expeniments at elevated temperatues.33 At 83 °C, the trans-to-cis rate constants of

isomerizations (k) follows the order 4 <5 =6 < 3. A 200-fold rate difference is oberved

for diastereomeric amides 3 and 4. In comparison, hydroxyprolyl amide S and prolyl
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amide 6 exhibit nearly identical rate constants indicating that the 3(S)-hydroxy group has

little effect on the kinetics of isomerization.

Table 4.4 Rate constants of prolyl amide isomerization for 3-6

Amide kgD (s ) )
3 018001 0.08 = 0.004
4 16.19+1.19  19.82+ 1.45

3 2.63+0.28 1.02 + 0.09
6 2.95%0.12 0.82+0.04

[ arried out in D,O at 83 °C; ®leaiculated from &
and Ky

The effects of temperature on k; and k, were analyzed by Eyring plots (Figure 4.6).34
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Figure 4.6 Eyring plots: trans-to-cis (up); cis-to-trans (down); compounds 3 (w), 4 (4),
5 (o)and 6 ().

The values for AH' and AS' (Table 4.5) were calculated from linear least squares fits of

the data in these plots.34 The activation parameters demonstrate that the free energy

barriers 10 isomerization of compounds 3-6 are enthalpic in origin. Interestingly, amide 3
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exhibits a significantly increased activation enthalpy (3.9-6.8 kcal/mol) when compared
to compounds 4-6. However, the activation enthalpy is partially compensated by a higher

activation entropy.

Table 4.5 Activation enthalpies (AH?) and entropies (AS") as derived from Eyring plots in
D,0 for 3-6. Additionally the free energies of activation at 298K (AGH) are given.

cis 10 trans'™ trans to cis'®
AT ASHCJ AGEH AL ASIICJ AGHT

3 26.1 11.1 22.8 264 102 234

4 198 2.2 19.1 19.6 1.9 19.0

5 216 3.0 20.5 21.5 1.6 21.1

6 219 438 20.5 22.5 39 21.4
e rror limits obtained from the residuals ofthf: linear least squares
fitting of the data to equation, In (W/7) = (-AH/RY(1/T) + ASY R +
In(kg/h), were 1-3% for AH* in compounds 3-6, and 3-7% for AStin
3 and 6, and 16-26% for ASYin 4 and 19-48% for AS*in 5; it
keal/mol. unit:cal/mol K. "lunit: kcalimol.

Thermodynamics The effects of temperature on the values Ky = (ka'kie) for each
compound were measured directly by NMR spectroscopy over the temperature range 25-
93 °C. The resulting data were analyzed by Van'’t Hoff plots (Figure 4.7). Amides 3, §

and 6 have a positive slope indicating that the major trans isomer becomes increasingly

LaK (1/¢)
o
LEd

a ‘ . . . ; N =
27 28 29 3 31 32 33 1a
T e )

Figure 4.7 Van I Hoff plots for compounds 3 (m), 4 (A), 5 (0) and 6 (@) in D;0
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favored as the temperature decreases. However, compound 4 displays a negative slope
and shows a reduction in the magnitude of Ky.. In this case the major cis isomer becomes
increasingly favored as the temperature 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 isomerization 3-6

AH° 1a] ASG lal AGP (o]
Amide
(kcal/mol)  (cal/mol-K) (298K)
3 -1.67+006 -2.93+020 -0.80+0.13
4 0.50+£006 1.05+016 0.19x0.11
5 -1.09+ 003 -048+0.08 -0.95x0.05
) 121004 -0.71+£0.12 -1.01+0.08

B or limits obtained by linear least-squares fitting the data of the Van't
Hoff plots to equation In K. = (-AH/RY(1/T) + AS®/R®Carried out in D,O;
+ SE determined by integration of two or more sets of frans/cis isomers.

FT-IR analysis of amide-I band (C=0 stretching) for 3-6 in D,O. We also measured
the frequency of the amide I vibrational mode, which results primarily from the C=0
stretching vibration.> The traditional picture of the amide resonance predicts that an
increase in C=0 bond order is accompanied by a decrease in C-N bond order. Such a
decrease in C-N bond order would facilitate cis/frans isomerization of the amide bond. In
D,0, amide 1 vibrational modes of 6, 3, 5 and 4 are at 1608, 1609, 1612 and 1613 cm'i,
respectively, and follow the order 6 ~ 3 <5 ~ 4. It has been shown that changes in the
free energy of activation (AGH) for proly! peptide bond isomerization are proportional to
changes in the frequency () of the amide ] vibrational mode.*® Our results demonstrate
that 3-Hyp-based amide 5 is biue shifted (Av=4 cm’') when compared to prolyl amide 6.

However, these subtle differences are not detectable by our kinetic assay. A similar trend

is observed for spirocyclic amides 3 and 4. Obviously, the blue shift (Av= 4 em™)
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observed for 4 is too small to account for the significant changes in AG* between 3 and 4
and this suggests that other factors unrelated to inductive effect and C=0 bond order are

the cause for this dramatic rate difference. 36

Temperature coefficient (AS/AT) measurement of OH resonances for 3 and 4 in
DMSO-ds. We next considered the effect of hydrogen bonding on prolyl amide cis/irans
isomerization. The temperature coefficients (AS/AT) provide mformation about
intramolecular hydrogen bonding.>’ Previous studies have shown that (AS/AT) > -3.0
ppb/deg are a diagnostic tool for the detection of intramolecular H-bonding.>’ The 1D
spectra of compounds 3 and 4 recorded between 20 to 45 °C in 5-deg steps in DMSO-ds
were analyzed and the temperature coefficients were determined (Table 4.7). Our data
show that the temperature coefficients for HO-6' exhibits the highest value of all
hydroxyl groups. The temperature coefficients follow the general order OH-2 < OH-3 <
OH-4 < OH-6 < OH-6'. In particular, the low (AS/AT) value for the cis 1somers in 3 (-
3.94 ppb/K) and 4 (-3.75 ppb/K), respectively, suggests the presence of intramolecular H-

bonding

Table 4.7 Temperature coefficient (AS/AT, ppb/K) for compounds 3 and 4 in DMSO-de

E3

HO-2" { HO-3 |HO-4 | HO-6 | HO-¢'
cis |-687 |-649 |-585 (-529 ]-3.94
3| trans | -6.98 | -694 |-567 |-514 |-4.13
cis |-7.58 |-6.94 |-585 |-548 1-3.75

4 | trans | -6.94 |-6.57 1-555 -492 |-4.50
* For numbering of hydroxy! groups refer to Figure 4.9.

involving OH-6. In the rrans isomers of 3 and 4. the AS/AT of HO-6" were reduced to -
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4.13 and -4.50 ppb/K, respectively. The relauvely small value of HO-6 in both trans

isomers of 3 and 4 indicates that it also could be involved in hydrogen bonding.

Conformational analysis of the pyrrolidine ring in 3 and 4 using Density
Functional Theory (DFT).* In order to gain insight into the conformational properties
of peptide mimics 3 and 4 in solution and to study how intramolecular hydrogen-bonding
influences the kinetics and thermodynamics of proly] amide isomerization in compounds
3 and 4 we performed DFT calculations. These calculation were performed in
collaboration with Dr. Schreckenbach’s group in the Department of Chemistry at the
University of Manitoba. On the basis of previous experience and hterature reviews o>
we selected the B3LYP level of theory™ ™, as it was good enough to provide an accurate
prediction of the molecular structure, and the 6-31+G(d, p) basis set,43 which is a
relatively large basis set augmented by diffuse and polarization functions to account for
the correlation effect. Additionally, solvent effects were also taken into account by means
of Tomasi’s Polarized Continuum Model (PCM).** In this model, the solvent is
represented as a polarizable medium characterized by its dielectric constant (i.e. water
has a dielectric constant of 78.4 at 25 °C and latm), and the solute molecules were placed
in a cavity within the solvent (see supporting information). The results of these
calculations are summarized in Tables 4.8 and 4.9.

In performing the calculations, great care was taken to ensure that they cover the entire

conformational space. This was achieved by a multi-step procedure: The conformational

space was covered 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 conformers where superimposed o remove
duplicate structures, resulting at the MM level in 443 and 457 unique structures,
respectively, for compounds 3 and 4. These conformers were used as input for the gas-
phase DFT calculations that were then followed by solvation optimizations as described
above. More details on the computational protocol can be found in the supporting
information.

Table 4.8 The calculated distribution (%) of cis and
trans conformers for 3 and 4 in D,O

Compd. calculated experimental
3 (cis) 29.15 23 £3%

3 (trans) 70.85 77+3%

4 (cis) 5775 53+ 3%

4 (trans) 42.25 47 + 3%

The computational data show that the pyranose ring in 3 and 4 exists in a *C, chair
conformation consistent with the diaxial coupling constants J;3, J54, Jas > 8.8 Hz. The
calculated distribution of prolyl amide cis/trans isomers in compounds 3 and 4 is in good
agreement with the experimental data determined by 'H-NMR integration (Table 4.8).
For compound 4 the cis isomer population was calculated to be 57.7% while the
experimentally determined value was 53 + 3%. A slightly weaker agreement was
observed for 3. In this case the calculated cis ratio was 29% while the experimental value
was 23 + 3%. Next, we calculated the peptide backbone (&', ¢, y and @) and endocyclic
torsion angles (;(0, 7, 7, f and ¥') for peptide mimics 3 and 4 (Table 4.9). With the

exception of the i torsion angle that exists in two families at  ~ 153° and = -28° all

other torsion angles show preference for only one narrowly defined range. Values close
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bone and endocyclic torsion angles® (°) for the most stable conformers of 3 and 4 accounting for 99.5% of
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arity the substituents on the pyran ring are omitted.
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to 0° for the @’ torsion angels define the cis prolyl amide isomer while values close to +
180° describe the frans isomer. The observed small »* torsion angle (-14° < 3 < 0°) for
the conformers of compounds 3 and 4 indicate a preferred CP-exo pucker in which the
basal plane is defined by C?, C° N and C* (Figure 4.8). Similar puckerings of the
pyrrolidine ring have been observed in the crystal structure of 3-Hyp-containing peptide
mimics and have also been proposed in 3-Hyp-containing collagenous peptide
sequences.”® The relative close value for 7" and 2" in the trans rotamer of 3 indicate a
twisted conformation between a C#-exo and a C*-endo pucker. The C?-exo conformation
places the endocyclic oxygen substituent in an axial position as observed for trans 3(S)-
hydroxyproline-containing dipeptides.”’ In this conformation the pyrrolidine ring will be
stabilized by gauche interaction and a stabilizing G(C’-H)—W*(Cﬂ-O) interaction. This
conformation is further supported by characteristic long range “W” coupling constants (J

~ 1.0 Hz) between H-2" and H-4'cq in both isomers of 3 and 4.

OMe CHj

3: R1 = CHQOH; Rz =H
4: Ry = H; Rz = CHon,’

Figure 4.8 C’-exo conformations of compounds 3 and 4. For clarity the substituents on
the glucose ring are omitted

Next we analyzed the most stable conformers accounting for 99.5% of the total

conformer population in compounds 3 and 4 for the presence and absence of

~ Characteristic hydrogen bonds. We used a < 2.5A bond length cutoff between the
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hydrogen atom of the donor atom and the acceptor atom to ensure that only strong
hydrogen bonds are selected.”® We found three 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 1.9 A. This hydrogen
bond is only observed in the frans rotamers of 3. The second type of hydrogen bond
exists between OH-6' and the N-terminal carbonyl (6'-OH---O=C-N). This hydrogen
bond has an average bond length of 1.8 A and is only found in the cis rotamers. A third
type of hydrogen bond (not shown in Figure 9) is found between OH-2 and the C-
terminal carbonyl (2-OH---O=C"-C®) with a bond distance of 1.9A. This H-bond was
found in only one out of the 43 most stable trans conformers. For compound 4, the first

type of hydrogen bond exists between 6'-OH and the N- terminal carbonyl

g OH O
HO 4 O OME HO
HO HO
3 hol N~
/ 0,
& O -y
3 cis 3 trans
OH OH O
o oL T
HO
HO HO N\<
OH
4 cis 4 trans

Figure 4.9 Intramolecular hydrogen bonds for the most stable conformers for the cis- and

” - frans-isomers of compounds 3 and 4 determined by DFT calculations.
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(6-OH---O=C"-N). This H-bond has an average distance of 1.8 A and is found only in the
cis 1somer. A second type of H-bond with a bond length of 1.9 A exists between 6'-OH
and the C-terminal carbonyl (C*-CH,-OH---0=C"- C®) that is found in both cis and trans

conformers (Figure 4.9).

4.3. Discussion

The pyrrolidine ring in proline exhibits two predominant pucker modes: C-4 (C') exo
and endo envelope conformers. In the case of unsubstituted proline, the endo puckering
mode is favored over the exo mode.” The puckering propensity can be controlled by
proper choice of ring substituents.*” Previous studies have shown that introduction of
electronegative substituents like 4(R)-hydroxy- or 4(R)fluoro-substituents results in the
stabilization of the C*~exo conformation and the trans prolyl amide isomer.* Our results
confirm that naturally occurring 3(S)-hydroxyproline does not lead to a measurable
incresase in the trans prolyl amide isomer population®® when compared to unsubstituted
proline. For the first time we studied the effect of 3(S) hydroxylation on the kinetics of
prolyl amide cis/trans isomerization. The nearly identical rate constants observed for
peptide mimics 5 and 6 at elevated temperature demonstrate that 3(S)-hydroxylation has
little effect on the kinetics of prolyl amide cis/trans isomerization. A similar effect was
observed for 4(R)-OH proline.’® Raines et al. have studied the crystal structure of Ac-
3(S)-Hyp-OMe S and concluded it to be intermediate between a 'E envelope and 'E,

twisted conformation.? In the envelope conformation the flap atom is C”. In the twisted

- conformation, atoms N, C* and C° form the basal plane. Atom C” resides 0.456 + 0.004 A

~ above that plane, and C° resides 0.153 + 0.005 A below that plane.*® Taken together these
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results suggest that the hydroxyl group at the [~ or yposition in proline affects the
puckering of the pyrrolidine ring in the model peptides without influencing the kinetics
and thermodynamics of prolyl amide cis/trans isomerization.

These findings are in contrast to our results obtained with Gle3(S)HypH-containing
peptide. mimics 3 and 4. Compounds 3 and 4 demonstrate that kinetics and
thermodynamics of cis/trans isomerization are greatly affected by the presence of polar
groups either by hybridization with D-glucose or incorporation of a hydroxymethylene
substituent into the C-5' (8-)-position of proline. The stereochemistry of the
hydroxymethylene substituent at the 5-position influences both the rate of cis/trans
1somerization and the stability of the cis/trans isomers. Compared to proline and
3(S)Hyp-containing peptide mimics 5 and 6, both Gle3(S)HypH-modified peptide mimics
3 and 4 display a higher cis isomer population. The cis isomer population is greatly
enhanced in mimic 4. Substitution of the C-terminal methyl ester in compounds 3 and 4
by a methylamide group increases the cis isomer ratio further as expected by enhanced
n—>n* donation. Methylamides 7 and 8 exhibit 38% and 74% cis 1somer, respectively.
Comparison of the temperature coefficients for all hydroxyl groups indicates that the
increased cis prolyl amide isomer ratio in peptide mimics 3, 4, 7 and 8 is hydrogen bond-

mediated and involves the hydroxymethylene group located at the &-position of proline.

. Additional evidence for the involvement of intramolecular hydrogen bonds in the

stabilization of the prolyl amide cis isomer is provided by DFT calculations. Analysis of
the most stable prolyl amide cis conformers in 3 and 4 indicate the presence of a strong

hydrogen bond between 6'-OH and the carbonyl group of NAc (6'-OH --- O=C-N). The

higher cis isomer ratio in 4 is due to the formation of a second hydrogen bond involving
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6'-OH 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. In addition, the calculations support the notion that the H-bond between 6-OH ---
O=C-N is stronger in compound 4 when compared to 3. For instance, for 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. Conformational
analysis of the pyrrolidine 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.’ In this conformation the
pyrrolidine ring will be stabilized by gauche interaction between endocyclic nitrogen and
endocyclic oxygen and a stabilizing G(C”-H)—m*(Cﬁ-O) interaction. A similar C*-exo
conformation was also observed in the more lipophilic silaproline (Sip) analogue."
However, in this case no increase of the cis isomer population was noted. It 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 collagen triple
helix.

Quite unexpected are the results for the kinetics of prolyl amide cis/trans isomerization
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 &, and a 90-

fold 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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cis/trans 1somerization 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 &, and a 20-fold acceleration for k, 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.”'

Previous studies by Lubell have shown that introduction of methy! substituents at the f-
position in proline and 4-hydroxyproline induced i 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.’’ DFT calculations on
both compounds 3 and 4 indicate a i dihedral angle around 153° 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 or absence of intramolecular 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 which is observed in the ground states of compound
4 places the 6-OH in an orientation to interact with the lone pair of the pyrimidalized
nmitrogen in the transition state. By comparison, the absence of this hydrogen bond in 3
prevents stabilization of the transition state. Moreover, the H-bond 6-OH --- HO-6

observed in the frans 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
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energy in 3.%! Comparison of the activation enthalpies (AHY) for cis-to-trans
isomerization and trans-to-cis isomerization of compounds 3-6 indicate that the kinetics
of cis/trans isomerization is enthalpically driven. The lower (AHY) 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 transition state. In contrast the higher activation enthalpy
observed for peptide mimic 3 when compared to reference compounds 5 and 6 could be
the result of increased Coulomb repulsion induced by the y dihedral angle around
1530 5253

Previously, accelerated cis/irans isomerizations have been observed in model peptides
containing &-tert-butyl-proline™ or pseudo-proline(*Pro).2 In these cases a twisted
amide bond caused by the steric strain of the bulky substituents adjacent to the endocyclic
tmide results in a destabilized ground state.”*> In addition, the increased distance
between 8-C and the hetero atom such as sulfur or oxygen leads to a shortened §-C-N
bond in pseudo-prolines.’? As a consequence, dimethyl groups at the §-position come
closer to the isomerizing bond and may stabilize the transition state by the presence of the
hydrophobic alkyl group.™ Our results indicate that positioning of a polar group(s) at the
8-position of proline or in the form of sugar-proline hybrids provides an alternative route

to control the kinetics of prolyl amide cis/trans isomerization.

4.4. Conclusions

We have studied the thermodynamic and kinetic properties of a series of

polyhydroxylated g!ucose-3(S)hydroxypr01Ene—containing peptide mimics. Our study
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shows that the insertion of polar substituents capable of forming hydrogen bonds in the 8-
position of proline greatly impacts the kinetics and thermodynamics of prolyl amide
cisitrans 1somerization. DFT calculations and chemical shift temperature coefficient
measurements indicate that these changes are not due to conformational changes in the
pucker of the pyrrolidine ring but are the result of intramolecular hydrogen bonding in
water. Computational modelling of the pyrroldine ring indicates that the pyrrolidine ring
preferes a CPexo pucker. However, close insepection of the C#-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 ¢is conformation in
Gle3(SYHypH 3 allows its use as selective cis-XAA-GleProH bond inducer to chemically
introduce constraint into peptides and proteins and to test the cis-imide bond as a
structural requirement for the bioactive conformation. 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 polyol
scaffold 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 'l and C NMR spectra were taken in CD3;0D, D,0 at 500 MHz and 75 MHz,
respectively. 1D NOE experiments (40ms gaussian pulse with a 560ms mixing time) and
HSQC experiments were performed at AMXS00 Bruker. The elemental analysis was

performed by Guelph Chemical Laboratories LTD. The data from Inversion-

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 jon-exchange resin were used as supplied. Analytical thin layer
chromatography was performed on 0.20 mm silica gel 60 A plates. Flash chromatography

was performed on 40-63 um 60 A silica gel.

(1S)—2,3,4,6-Tetrahydroxy-l'-N—acetyl-S'(S)—hydroxymethylene-spiro[l,S-anhydro-
D-glucitol-1,3'-L-proline methyl ester] (3) The compound 1 (30 mg, 0.10 mmol) was
dissolved in a mixture of pyridine and acetic anhydride (1 mL, 1:1) and stirred for 12
hours at room temperature. After that, the pyridine and acetic anhydride were removed in
vacuo. The crude product was dissolved in methanol (1 mL) followed by addition of
sodium methoxide (22 mg, 0.39 mmol) and stirred for 3 hours. The solution was stirred
with Amberlite IRC-50S ion-exchange resin (H") for 15 mintues. The mixture was
filtered and filtrate was concentrated and purified by the flash column chromatography
(ethyl acetate/ methanol: 4/1) to get compound 3 as a colorless oil (30 mg, 90%) [a]p =
31.4 (¢ 1.00, MeOH); 'H NMR (500 MHz, D;0): 8 = 1.81 (s, cis, 0.53H), 2.09 (s, trans,
2.47H), 2.11-2.34 (m, both rotamers, 2H), 3.27-3.35 (m, 2H), 3.39-3.46 (m, both
rotamers, 1H), 3.50-3.66 (m, 6H), 3.67-3.72 (dd, 1H, J=12.6 Hz, J = 2.5 Hz), 3.74-3.79
(dd, rrans, 0.83H, J = 11.1 Hz, J = 5.3 Hz), 3.82-3.86 (dd, cis, 0.17H, J = 11.11 Hz, J =
5.3 Hz), 4.17-4.24 (m, both rotamers, 1H), 4.26 (s, trans, 0.81 H), 4.43 (s, cis, 0.19H);
"C NMR (75 MHz, D;0): trans-rotamer, = 25.1, 25.7, 53.4, 60.2, 61.0, 63.2, 69.6,
69.9, 70.5, 74.1, 75.0, 86.0, 171.4, 174.8; cis-rotamer, 22.0, 24.6, 53.9, 59.7, 62.2, 63.2,

69.6, 69.9, 71.3, 74.1, 75.0, 87.5, 171.9, 174.6; HRMS caled for Cy4H4NOg [M + HJ

350.1451, found 350.1462.
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(lS)-2,3,4,6-Tetrahydroxy-l'—N—acetyI—S’(R)—hydroxymethylene—spiro[I,S-anhydz'o—
D-glucitol-1,3"-L-proline methyl ester] (4) The compound 2 (35 mg, 0.11 mmol) was
dissolved in a mixture of pyridine and acetic anhydride (1 mL, 1:1) and stirred for 12
hours at room temperature. After that, the pyridine and acetic anhydride were removed in
vacuo. The crude product was dissolved in methanol (1 mL) followed by addition of
sodium methoxide (25 mg, 0.46 mmol) and stirred for 3 hours. The solution was stirred
with Amberlite IRC-50S ion-exchange resin (H") for 15 mintues. The mixture was
filtered and filtrate was concentrated and purified by the flash column chromatography
(cthyl acetate/ methanol: 4/ 1) to get compound 4 as a colorless oil (37 mg, 92%) [a]p =
63.9 (¢ 1.00, MeOH); 'H NMR (500 MHz, D;0): & = 1.86 (s, cis, 1.56H), 1.94 (dd, cis,
0.52H,J= 143 Hz, J = 10.3 Hz), 1.99-2.08 (m, 1.92H), 2.37 (dd, cis, 0.52H, J = 14.3 Hz,
J=72Hz), 248 (dd, frans, 0.48H, J = 143 Hz, J = 7.2 Hz), 3.25-3.35 (m, 2H), 3.38-
3.45 (m, 1H), 3.53-3.75 (m, 7H), 3.80-3.88 (m, 1H), 4.04 (m, cis, 0.52H), 4.14 (m, trans,
0.48H), 4.37 (s, cis, 0.52H), 4.40 (s, trans, 0.481); C NMR (75 MHz, D,0): trans-
rotamer, 21.3,29.1, 53.6, 58.8, 61.1, 63.9, 69.7, 69.9, 70.2, 74.1, 75.3,85.0,172.0, 174.9;
cis-rotamer, 21.6, 27.0, 53.7, 59.0, 61.1, 62.9, 69.8, 70.0, 71.2, 742, 75.4, 86.1, 172.0,

174.9; HRMS caled for C 4HpNOy [M + HJ", 350.1451, found 350.1456.

N-acetyl-3(S)-hydroxy-L-proline methyl ester (5). To a solution 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-dimethylformamide was added cesium

carbonate (154 mg, 0.47 mmol) and stirred for a hour at 0 °C. The reaction was quenched

- with water (3 mL) and extracted with ethyl acetate (3 x 10 mL). The combined organic
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layers were concentrated to afford the methyl ester, which was treated with a mixture of
trifluoroacetic acid and dichloromethane (v/v, I mL/1 mL) and stirred for 2 hours at room
temperature. The mixture was concentrated at vacuo to afford the intermediate NH, 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, .29 mmol) for 12
hours at room temperature. The mixture was concentrated and purified by flash
chromatography (ethyl acetate / methanol: 20 / 1) to get the compound 5 (78 mg, yield
96%). 'H NMR (500 MHz, D;0): 6 = 1.82-2.10 (both isomers, m, SH, N-amide methyl
group and y-protons), 3.50 (cis, dd, 0.43H, d-protons, J = 5.78 Hz, J = 9.40 Hz), 3.60-
3.66 (trans, m, 3.95H, methyl group of ester and &-protons), 3.68 (cis, methyl group of
ester, 0.63H), 4.24 (s, trans, 0.79H, a-proton), 4.41 (m, trans, 0.78H, f-proton), 4.47 (s,
cis, 0.21H, a-proton), 4.55(m, cis, 0.22H, f-proton); BC NMR (75 MHz, D,0): trans-
rotamer, 0 = 21.4, 32.4, 46.5, 53.0, 67.4, 73.4, 172.6, 174.0; cis-rotamer, 6 = 21.7, 30.7,
44,9, 53.9, 69.2, 74.8, 172.0, 174.2; MS (ES, [M + Nar); m/z caled for CgHsNNaO,

210.07, found 210.13.

N-acetyl-L-proline methyl ester (6). This compound is purchased from Bachem and

used without further purification. 'H NMR (500 MHz, D,0): § = 1.65-2.27 (both isomers,
m, 7H, N-amide methyl group, £ and y-protons), 3.37 (cis, m, 0.26H, &protons), 3.52
{(trans, m, 1.74H, , &protons), 3.58-3.70 (both isomers, partially overlapping, methyl

group of ester, 3H), 4.31 (m, trans, 0.87H, a-proton), 4.57 (m, cis, 0.13H, a-proton); Be

o - NMR (75 MHz, D;0): frans-rotamer, § = 21.6, 24.6, 29.6, 48.8, 53.3, 59.4, 173.3, 175.4;

cis-rotamer, § = 22.8, 24.6, 31.0, 47.0, 53.6, 61.1, 173.7, 175.0; MS (ES, [M + Na]"); m/z
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caled for CgH3NNaO; 194.08, found 194.18.

(15)-2,3,4,6-Tetrahydroxy-1 "-N-acetyl-5'(S)-hyd roxymethylene-spiro[1,5-anhydro-
D-glucitol-1,3'-L-proline methylamide] (7). (referring to the supporting information);
[a]p = 46 (c 0.8, MeOH); 'H NMR (500 MHz, D,0): § = l.'79 (s, cis, 1.15H ), 2.06 (s,
trans, 1.85H), 2.11-2.30 (m, both rotamers, 2H), 2.56 (s, trans, 1.83H), 2.61 (s, cis,
I.17H), 3.25-3.50 (m, 4.4H), 3.54-3.70 (m, 2.6H), 3.74 (dd, trans, 0.64H, J=5.1 Hz, J =
11.2 Hz),3.74(dd, ¢is, 0.36H, J = 4.7 Hz, J = 10.7 Hz), 4.12-4.25 (m, 2H); "*C NMR (75
MHz, CD10D): cis rotamer, § = 22.6, 26.7, 26.8, 61.6,62.9,64.7, 71.4 (2 carbons), 74.3,
75.6,77.3, 88.5, 171.7, 173.6, trans rotamer, & = 22.3, 25.7, 26.7,61.5,62.7,63.9,71.4

(2 carbons), 73.4,75.5,77.2, 87.2, 171.5, 173.2; HRMS caled for Ci4H;5N,04 M+ HT

349.1611, found 349.1626.

(15)-2,3,4,6-tetrahydroxy-1 "-N-acetyl-5'(R)-hydroxymethylene-spiro [1,5-anhydro-
D-glucitol-1,3"-L-proline methylamide] (8). (referring to the supporting information);
[aJo = 62.3 (¢ 0.6, MeOH); 'H NMR (500 MHz, D>0): & = 1.86 (s, cis, 2.22H ), 2.05 (s,
trans, 0.78H), 2.11 (m, cis, 0.74H), 2.25 (m, 1.26H), 2.56 (s, trans, 0.78H), 2.61 (s, cis,
| 2.22H), 3.25-3.35 (m, 2H), 3.37-3.43 (m, IH), 3.53-3.61 (m, 2.79H), 3.64-3.70 (m,

1.21H), 3.96-4.04 (m, 1H), 4.07 (s, cis, 0.74H), 4.09-4.18 (m, 1H), 4.19 (s, trans, 0.26H);

 BCNMR (75 Mz, CD;0D): cis rotamer, § = 23.1, 26.0, 26.4, 59.6, 60.7, 62.7, 71.1,

- 71.3,74.5,75.6, 77.4, 87.0, 172.9, 173.8; trans rotamer, 6 = 21.9, 28.4, 26.3, 59.3, 62.3,

63.1, 71.1, 71.6, 73.3, 75.9, 77.4, 85.5, 173.2, 173.8; HRMS calcd for C,4H,5N;04 [M +

~ HY' 3491611, found 349.1618.
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Thermodynamics. The equilibrium constants for the interconversion of the cis and
trans 1somers of 3-6 were determined by measuring the peak area of the 1H resonance for
the two isomers. Peak areas were measured with the program Spinworks 2.5.
Experiments were conducted at 298-360 K. Equilibrium constants (K. = trans/cis ratios)

were calculated directly from the peak areas.

Inversion-magnetization transfer NMR experiments were performed on Bruker
AMXS500 spectrometer equipped with selective excitation units, and 'H and broadband
heteronuclear probes. Samples of 3-6 were prepared at a concentration of 0.01 M in D,0.
The rate of prolyl peptide bond isomerization can not be detected by this method at room
temperature. Experiments were therefore conducted at elevated temperature at 356 K.
Temperature settings of the spectrometer were calibrated to within 1 °C by reference to a

glycol standard.

FT-IR spectroscopy. Samples of 3-6 were prepared at concentration of 0.10 M in D,0.
FTIR spectra were recorded on a Nicolet SPC spectrometer. Experiments were performed
at 25 °C using CaF, in a Spectra Tech circle cell. The frequency of amide I vibrational

modes was determined to within 2 cm™' .

Temperature coefficient (A3/AT) experiments: 'H-NMR spectroscopy of 17mM
solutions of 19 and 20 in 100.0% Me;SO-d; were recorded on a Bruker AMXS500 at 20

°C, and from 20 to 45 °C with increments of 5 °C. Chemical shift (§) are expressed in

~ ppm and calibrated with respect to the residual DMSO signal ('H: 2.49 ppm).
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Chapter 5

Influence of Glucose-templated Proline Hybrids on the f-turn

Conformation of the Peptide Fragment Ac-Leu-D-Phe-Pro-Val-NMe, of

Gramicidine S

Abstract:  The synthesis  of tetrapeptide-based  fturn  mimetics containing  spirocyclic
glucose-3(S)-hydroxyproline hybrids (5'R)-Glc3(S)HypHs 1 and (5'S)-Glc3(S)HypHs 2  as proline
mimetics Is presented. NMR-based conformational analysis of Ac-Lew-D-Phe-(5'R)-Glc3(S)HypHs-Val
-NMe, and  Ac-Leu-D-Phe-(5'S)-Glc3(S)HypHs-Val-NMe, demonstrates the presence of [iurn
conformations. Different turn structures were observed by changing the stereochemistry at S-position of
Glc3(S)HypHs. The major prolyl amide cis isomer of tetrapeptides Ac-Leu-D-Phe-(5'R)-Glc3(S)-Val-NMe,
1 and 13 form a type VI f-turn conformation. Whereas the major prolyl amide trans rotamer of
tetrapeptide Ac-Leu-D-Phe-(5'S)-Glc3(S)HypHs-Val-NMe, 12 conserves a similar G-turn conformation as
the Gramicidin S-based peptide fragment Ac-Leu-D-Phe-Pro- Val-NMe; 16.

5.1. Introduction

f-turns play an important role in the folding process of proteins and peptides' and are
often involved in molecular recognition processes.” f-turns consist of four consecutive
residues in a non-helical region in which the polypeptide chain folds back on itself by
nearly 180 degrees.’ f-tumns 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 S-turn mimetics have been developed to study the structural
and biological properties of peptides. In particular, the use of proline analogues is an
attractive strategy in this respect. Due to its conformational restrictions imposed by the

pyrrolidine ring, the proteinogenic amino acid proline has an exceptional tendency to act

as a turn inducer to generate reverse turn structures like S-turns and f-hairpins in peptides
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0
R"%J NH
RH’Z
o N
O----H

Figure 5.1 f-turn

and proteins.' In particular, the cis geometry of the proline N-terminal amide bond
induces the type VI fS-turn in which proline residue situates at the i + 2 position of the
peptide bend. Although type VI f-turn is a relatively rare secondary structure, it plays
important roles in protein folding.” In addition, type VI f-turn have been found in some
important recognition events of bioactive proteins. For example, a type VI S-tumn
conformation has been proposed for thrombin-catalyzed cleavage of the V; loop of HIV
gp120, a prerequisite to viral infection.® Over the years many proline analogues have
been synthesized and used for tuning the peptidyl-prolyl cis-frans isomerization in
peptides and proteins.” For instance, (25,5R)-5-tert-butylproline favors predominantly a
cis-conformation due to steric hindrance in short peptide models that adopt a VI f-turn.?
Another sterically hindered residue, the & 6-dimethylproline, has been developed as a
substitute to lock proline in the cis conformation in tripeptides.’ Azaprolines (AzPro) in
which the a-carbon is replaced by a nitrogen favor the cis isomer conformation of the
azaproline-preceding amide bond by electronic effects.'® Pseudoproline ‘Pro, containing
an oxozolidine or thiazolidine ring, exhibit very high prolyl amide cis ratios."’

Recently, the synthesis of spirocyclic glucose-3-hydroxyproline hybrids Gle3(S)HypHs

I and 2 (Figure 5.2) was reported by our group,l2 These proline analogues exhibit several
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features. The spirocyclic nature of the gluco-derived scaffold constrains the pyrrolidine

ring of proline and introduces artificial post-translational modifications (hydroxylation +

1:R! = CH,0H: R? = H
2:R'=H; R?= CH,0H

Figure 5.2 Structure of spirocyclic glucose-3(S)-hydroxyproline hybrids (Glc3(S)HypHs)

glycosylation). Chemical manipulations and derivatizations of the glucose-derived polyol
scaffold provide an opportunity to tailor the chemical, physical and pharmacodynamic
properties of Gle3(S)HypHs-containing peptides as previously shown by us."’ The
peptide mimics, Ac-Gle(3S5)-Hyp-OMe and Ac-Gle(3S)-Hyp-NHMe display interesting
conformational  properties. For example, when compared to Ac-Pro-OMe or
Ac-(35)-Hyp-OMe, (5'R)-Gle(3S)-Hyp favored the prolyl amide cis rotamer (53~75%)
with an accelerated cis/trans isomerization in water. Whereas the diastereomer
(5'8)-Glc(35)-Hyp favors the frans rotamer (62~77%) with a retarded cis/trans
isomerization in water."* 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-NMe; that forms the f-turn portion of Gramicidine S
(GS) as a model." In this peptide proline occupies the i+2 position of a S-turn. Our goal

was to study how substitution of the proline residue by Gle3(S)HypHs influences the

conformational and f-turn inducing properties.
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5.2. Results and discussion
Synthesis of MOM-protected Gle3(S)HypHs. The use of unprotected
polyhydroxylated amino acids in peptide chemistry often results in low coupling yields
and difficult purification due to their nucleophilic hydroxyl groups. To avoid this
potential complication we decided to use methoxymethyl (MOM) groups as temporary
hydroxy protection.'® The MOM protecting group is relatively small, does not deactivate
adjacent nucleophiles and can easily removed under acidic conditions.'® The building

block § was prepared from 1 through a three-step procedure (Scheme 5.1).

Scheme 5.1 Synthesis of MOM-protected Gle3(S)HypHs

1) CbzCl, NayCO»,
H,0

2) MOMCI,
CH,Cl, / DIEA (3/1)

tor2

3 Ry =CH,OMOM, R, =H  83% (2 steps)
4Ry =H, Ry = CHOMOM  72% (2 steps)

LiOH, di OMOM
iOH, dioxane COOH
MOMO

MOMO NCbz

RT Ry

5R;=CH,OMOM, R, = H  93%
6 R; = H, R, = CH,OMOM  53%

[nitially, the free imine 1 was treated with benzyl chloroformate (Cbz-Cl) and sodium

carbonate to provide the Cbz-protected carbamate followed by the indroduction of MOM

groups using N, N-diisopropylethylamine and chloromethyl methyl ether to provide
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MOM-protected intermediate 3 in good yield.'® Subsequently, lithium hydroxide-based
hydrolysis of the methylester in dioxane produced the desired acid 5 in 88% vyield.
Surprisingly, only a small portion of methyl ester (~10%) was epimerized at the o
position. The stereochemistry at the c-position of acid 5 was confirmed by converting it
into the corresponding methyl ester 3." Applying the same procedure to its diastereomer
2 resulted in extended epimerization (~1:1) at the o-position. Fortunately, the mixture of
the two acids was separated by column chromatography. The assignment of a-
stereochemistry of comrpound 6 was based on the same chemical method as previously

described for compound 5.

Synthesis of tetrapeptides 11-13. With MOM-protected building block at hand, the
synthesis of the tetrapeptide was carried out using solution-phase peptide chemistry
(Scheme 5.2). Dipeptide 7 was prepared via coupling of NH,-Val-NMe; to compound 5
(DIEA, TBTU, DMF, 80%). The N-terminal Cbz group was then removed by catalytic
hydrogenolysis in quantitative yield using [Pd(OH),, Hy, 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 of the
steric hindrance of the N-terminus, the coupling reagent PyBOP was used to improve the
yield.'® The coupling of tripeptide 9 and Fmoc-Leu-OH was carried out by using TBTU

as coupling reagent in DMF followed by a deprotection-acylation procedure to provided

MOM-protected tetrapeptide 11 in 92% yield. The same synthetic procedure was applied
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Scheme 5.2 Synthesis of tetrapeptides 11 and 12

1) NH,-Val-NMe, | oMon Yali~NMe;
DIEA, TBTU, DMF, rt.

50r6
2) Pd {OH)5, H,,
MeOH

7R; =CH,OMOM, R, =H  80%
8 R1 = H, Rz = CHzoMOM 85%

OMOMVaI—NMeQ

1) Fmoc-D-Phe-OH, DIEA
PyBOP, DMF, r.t.

— -

2) piperidine, DMF

9 Ry =CH,OMOM, Ry, =H  8gy,
10 Ry = H, R; = CH,OMOM  46%

1) Fmoc-Leu-OH, DIEA
TBTU, DMF

2) pipertdine, Ac,0, DMF

11 Ry = CH,OMOM, Ry =H  gpo;

to the synthesis of tetrapeptide 12. Similar yields were obtained in each step except for
the coupling reaction between dipeptide 8 and Fmoc-D-Phe-OH. In this case, a low yield
for tripeptide 10 was obtained and the dipeptide 8 was recovered in 45% yield.
Modifying the reaction conditions like increasing reaction time, amount of amino acid
and coupling reagent did not improve the yield. Finally, exposure of compound 11 to
acidic conditions (0.3 ¥ HCI in MeOH) resulted in complete deblocking of the MOM

protecting groups and afforded unprotected tetrapeptide 13 (Scheme 5.3) in excellent

yield (90%). Unfortunately, applying the same acidic conditions to tetrapeptide 12
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resulted in an inseparable mixture of the dipeptides 14 and 15. Very likely the hydrolysis

Scheme 5.3 Cleavage of MOM groups of 11 and 12

OH Val—NMe,
HCI, MeOH H

O 0 0
11 HO
90% HOL__ N~D-Phe—Leu—NHAC
OH
13
Val—NMe;
HCI. MeOH OH
12 0 0
83% HO + Ac—Leu-D-Phe-OH
HO NH
““—OH
14

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 cis conformation

OH
Val-NMe, OH
HO @] HO o VaI-NM82
HO D-Phe-Leu-Ac
o)
HO N~<O. HO N
o | /[ D-Phe-Leu-Ac
~H ~0OH
A

B

Figure 5.3 Rational explanation for the hydrolysis of prolyl 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).'* This

restricts the 5'-hydroxymethyl group into a geometry in which the carbonyl carbon of the
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prolyl amide can not be nucleophilically attacked by the S'-hydroxymethyl group using a
Biirgi-Dunitz trajectory,'g Whereas the major trans isomer 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 intramolecular hydrogen bond between the prolyl amide oxygen and
S-hydroxymethyl group.

The successful synthesis of unprotected tetrapeptide 13 demonstrates that MOM
protecting groups are compatible with solution phase peptide synthesis for
(O'R)-Gle3(SYHypHs 1. Whereas the high acid lability of diasterecisomer
(5'S)-Gle3(SH)HypHs 2 does currently not permit use in peptide synthesis. For reference
purposes the parent peptide 16 was also prepared by standard solution phase peptide

chemistry."

Conformational analysis of tetrapeptides 11-13 and 16 using NMR. Although the
reference peptide 16 aggregated in CD,Cl; at > 10 mM, " no aggregation was observed
for tetrapeptides 11-13 at concentrations < 50 mM in CD,Cl, or water. The lower
tendency of aggregation of glycosylated peptides has previously been reported.””

The NMR spectra of all tetrapeptides were measured at the same concentration (8 mM).
Intramolecular hydrogen bonding was evaluated by temperature coefficient experiments
in DMSO-d; or H,O/D,0 (9/1). Because exchangeable protons engaged in intramolecular
hydrogen bonds are typically not influenced by strong hydrogen-bonding solvents.”’ The

prolyl N-terminal geometry and turn structure were investigated by ROESY

. 22
experiments.
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The chemical shifts and coupling constants of the amide protons in tetrapeptides 11-13

and 16 are provided in Table 5.1.

Table 5.1 Chemical shift (&) for amide protons of tetrapeptides 11, 12, 13, 16 and
Gramicidin S in CD,Cl;, DMSO-dg and H,0/D,0 (5/1)

peptides Solvent Leu-NH Phe-NH Val-NH
8 CJatinm) 8 Camrn) 8 (CJannm)
11 CD,Cl, 6.23(8.5) 6.40(8.3) 8.20(8.3)
(cis)? DMSO-dg 7.65(9.0) 8.18(9.7) 8.12(7.5)
1 CD,Cl, 6.18(8.6) 6.61(7.7) 7.03(ND)
(trans)® DMSO-dg 7.78(8.9) 8.37(8.6) 7.69(8.2)
12 CD,Cl, ND* ND* ND*
(cis) DMSO-dg 7.65(9.0) 8.34(8.7) 7.45(7.0)
12 CD,Cly 6.88(7.7) 7.31(7.2) 6.78(8.2)
(trans) DMSO-d, 7.79(8.5) 8.27(8.9) 7.51(8.1)
13 H,0/D,0 7.98(6.6) 8.25(7.7) 9.17(8.1)
(cis) DMSO-ds 7.75(8.8) 8.04(8.8) 8.72(7.3)
13 H,O/D,0 ND* ND* ND*
(trans) DMSO-dg 7.80(9.5) 8.33(8.1) 8.39(5.9)
16 CD,Cl, ND* ND® ND*®
(cis) DMSO-dg 7.74(8.3) 8.43(8.3) 8.12(8.1)
16 CD,Cl, 7.76(7.5) 7.12(5.5) 6.85(7.0)
(trans) DMSO-dg 7.79(8.2) 8.37(7.8) 7.78(8.2)
Gramicidin DMSO-d, 8.32(9.2) 9.05(2.6) 7.21(9.7)
S (trans)”

® Cis and trans are referred to as prolyl amide rotamers; ® referred to lit. 15 and its supporting
information ; * ND = not determined

The tetrapeptide 11 containing MOM-protected (5'R)-Gle3(S)HypHs. The proline
mimetic in tetrapeptide 11 coexists as prolyl amide cis (72%) and trans (28%) in CD,Cl,,
The major prolyl amide cis isomer 1s confirmed by a long range ROESY correlation
between C*Hp.pre and C*Hs).Giexsnyprs: The presence of a turn conformation in 11 is

supported by long range ROESY correlations between the Leu-NH or the N-terminal

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 C*Hpe, and

NHpre as well as the C*Hsz)-cieasynyprs and NHyg indicating their proximity in the major

Figure 5.4 Selected "H-"H ROESY cross-peaks in CD,;Cl; (11, 12 and 16) or H,0 (13)

as well as potential hydrogen bonds from temperature coefficient experiments in
DMSQO-ds for major isomer in peptides 11, 12 and 16 and in H,O/ D,O (9/1) for major
isomer in 13.

conformer. The chemical shifts and coupling constants of the amide protons in 11 (Table

1) indicate that the cis conformer has a different folding structure when compared to
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reference peptide 16 in CD,Cl. The downfield chemical shift (& = §.20 ppm) and large
temperature coefficient value for Val-NH (Table 5.2) support that the Val-NH is involved

in an intramolecular hydrogen bonding. Therefore, a type VI [-turn conformation is

Table 5.2 Temperature coefficient values (AS/AT, ppb/K) for peptides 11 in DMSO-d;

Leu-NH Phe-NH Val-NH

cis -6.00 -8.13 -3.75
frans -4.37 -11.47 -9.40

suggested for the prolyl amide cis conformer of 11 in which the type VI Bturn is
stabilized by a 10-membered ring hydrogen bond between (C=0)ieu at i position and
NHyq at i +3 position.® This hydrogen bond is further supported by the observation that
the amide proton of Val undergoes little chemical shift changes (A6 = 0.08 ppm) when
dissolved in DMSO and CD;Cl. Due to the low concentration of trans conformer of 11
in CD,Cl, (72% cis), a full conformational analysis of the minor prolyl amide frans
isomer was not possible. However, the similar chemical shifis of the amide protons
between the trans isomer of 11 and the frans isomer of 16 supports these amide protons
have a similar chemical enviroment in CD,Cly. Furthermore, the temperature coefficient
experiments (Table 5.2 and 5.3) support that the NHy,, of both trans conformers of 11

and 16 were involved in a hydrogen bonding 1o (C=0)y,.

The tetrapeptide 12 containing MOM-protected (5°5)-Gle3(S)HypHs. The NMR

spectrum showed one major isomer (93%) in CD,Cly. The ROESY correlation (Figure 4)

between C*Hp.pre and C°H SR)-Gle3SHyphts confirmed its trans geometry. The resence of
{3'R)-Glc3{$)Hyp g b P
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a turn conformation in 12 is supperted by long range ROESY correlations between the
Leu-NH or the N-terminal acetyl group and the C-terminal dimethyl amide singlets
(Figure 5.4). Temperature coefficient experiments in DMSO-d (Table 5.3) indicate that
NH,., is involved in hydrogen bonding to the carbonyl group of valine. In addition, the
similar chemical shifts observed for the amide protons among compounds 12, 16 and GS
(Table 5.1) suggests that the f-turn conformation of 12 resembles the f-turn

conformation that occurs in GS.

Table 5.3 Temperature coefficient values (AS/AT, ppb/K) for peptides 12 and 16 in
DMSO-ds

Leu-NH Phe-NH Val-NH

12 cis -5.20 -4.80 -4.15
trans -3.90 -7.40 -8.00
16 cis -4.00 -8.00 -8.00
trans -3.92 -7.60 -6.20

Interestingly, the prolyl amide cis conformer of 12 may form a type VI f-turn structure
on the basis of chemical shift analysis and hydrogen bond pattern of amide protons

relative to the cis conformer of 11{Table 5.1). That 1s, the stereochemistry at 5'-position
(6 position) of Gle3(S)HypHs can be used to control the equilibrium constants of
cisftrans isomerization (72% cis for 11, 93% trans for 12} without disturbing the S-turn

conformation of each isomer (a type VI fS-turn for cis conformer; original S-turn for frans

conformer).

The tetrapeptide 13 containing (5'R)-Glc3(S)HypHs. The increased polarity of

unprotected tetrapeptide 13 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 cis conformation (91%) in H,O/D,O (9/1). This assignment is supported
by a ROESY correlation between C*Hppne and CHisgycieusnyprs (Figure 5.4). In
comparison with MOM-protected peptide 11 the increased cis population in 13 may be
due to the hydrogen bonding between (C=0)p.phe and 5‘-CHQOH(S:R,GICM)HYPHS.M The
long range ROESY correlations between the Leu-NH or the M-terminal acetyl group and
the C-terminal dimethyl amide singlets indicated the presence of a tumn conformation in
13 (Figure 4). Temperature coefficient experiments (Table 5.4) indicate that compound 13
exists in a type VI f-turn conformation that is stabilized by an intramolecular hydrogen

bond between the NHy, and (C=0), in its prolyl amide cis conformer.

Table 5.4 Temperature coefficient values (A6/AT, ppb/K) for peptides 13 in H,O/D,0
(9/1)

Leu-NH Phe-NH Val-NH

cis -7.23 -8.45 -4.02
trans -1.91 2772 -7.45

According to amide temperature coefficient experiments (AS/AT < -7.45 ppb/K, Table
5.4) it appears that the minor prolyl amide frans 1somer of tetrapeptide 13 is not involved
in hydrogen bonding. Due to the low concentration of the prolyl amide frans isomer it
was not possible to observe ROESY correlations between the Leu-NH or the N-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-ds. > *

As indicated above, (5'R)-Glc3(S)HypHs can efficiently increase the cis population of
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prolyl N-terminus that induces the type VI f-turn. Derivatization of the hydroxy! groups
as MOM does not affect prolyl amide cis/trans isomerization as well as type VI f-tum
conformation in tetrapeptide 11. In comparison, the MOM-protected diastereoisomer
(3°5)-Gle3(S)HypHs stabilizes the prolyl amide frans conformer resulting in a conserved
f-turn structure as observed in reference peptide 16. In conclusion, proline analogues
11-14 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 that equilibrium constant of

MOM-protected 11 is not affected by the solvent polarity and ability of the solvent to

Table 5.5 The equilibrium constant (Kyc) of 11,12, 13 and 16 in various solvents

Compd. Solvent
CD,Cl,  CD;OD  DMSO-ds DO
11 0.39 0.33 0.30 [b]
12 13.28 3.00 1.44 (o)
13 ol 0.14 0.67 0.10
16 >19.00 3.17 132 [v]

“IDetermined by 500 MHz NMR at 25 °C, error is +0.05%;
Plhot soluble.

donate a hydrogen bond. The unprotected tetrapeptide 13 also showed the absence of a
strong solvent effect. However, an increased frans population was observed in aprotic
DMSO when compared to CD30D and D,0. In contrast, peptide 12 and reference peptide

16 display a solvent effect. In this case the prolyl amide frans rotamer population is

greatly enhanced in nonpolar aprotic solvents and decreases with an increase in solvent
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polarity.

5.3. Conclusions

MOM-protected ‘Glc3(S)HypHs-based proline mimics have been successfully
incorporated into target tetrapeptides using solution phase peptide chemistry. In particular,
(5'R)-Gle3(S)HypH demonstrated its potential as a building block in peptide synthesis.
Whereas the use of its diastereoisomer (5'S)-Glc3(S)HypH is limited due to accelerated
hydrolysis of its N-terminal amide under acidic conditions.

As what we expecied, (5'R)-Glc3(S)HypH dramatically increases the cis population
(91%) of prolyl amide in water. It is an efficient type VI S-turn 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 11 and 13, the derivatization of hydroxy groups can improve the solubility
of tetrapeptides without affecting peptide folding (type VI SB-turn). 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.

In contrast, tetrapeptide 12 containing (5'S)-Gle3(S)HypH conserved a similar f-tumn
conformation to the Gramicidin S-based peptide fragment Ac-Leu-D-Phe-Pro-Val-NMe;
16. Incorporation of 12 in GS may improve the antibacterial activity of GS.

Moreover, replacement of Pro with Gle3(S)HypHs was found to reduce the aggregation
of tetrapeptides 11-13 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
General 'H and >C NMR spectra were taken in CD,Cly, CDCl3, CD;0D, D;0 at 500
MHz and 75 MHz, 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 A plates. Flash chromatography

was performed on 40-63 pum 60 A silica gel.

(15)-2,3,4,6-Tetra-O-methoxymethyl-1'-N-benzyloxycarbonyl-5'(R)-methyl
methoxymethyl ether-spiro[l,5-anhydro-D-glucitol-1,3'-L-proline methyl ester] (3)
To a mixture of compound 1 (80 mg, 0.26 mmol) and benzyl chloroformate (0.19 mL,
1.30 mmol) in water (2 mL) was added sodium carbonate (83 mg, 0.78 mmol). The
reaction was stirred for 12 hours at room temperature and extracted with ethyl acetate (5
x 10 mL). The organic layers were collected, concentrated and purified by the flash
column chromatography (ethy! acetate/ methanol: 4/1) 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 (1 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 formed in the reaction vessel. The reaction mixture was stirred in
the dark for 48 hours during which the solution gradually turned red. Afier cooling to 0
°C, saturated aqueous ammonium chloride (5 mL) was added. The contents diluted with

water and extracted with dichloromethane (3 x 10 mL). The combined organic layers

were dried (NaSQy), filtered, and concentrated. The crude product was chromatographed
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on silical gel (from ethyl acetate /hexanes (1:1) to ethyl acetate) to afford the product 3
(128 mg, 83%). [a]p= 38.4 (c 1.4, CHCL); 'H NMR (300 MHz, CDCls, two isomers):
6= 2.08-221 (m, 1H), 2.44-2.56 (m, 1H), 3.22-3.44 (m, 15H), 3.48-3.77 (m, 10H),
4.00-4.15 (m, 1.36H), 4.27 (dd, 0.64H, J= 8.9 Hz, J = 3.9 Hz), 4.42 (s, 0.64H), 4.50-4.82
(m, 10.36H), 5.00 (d, 0.64H, J = 13.0 Hz), 5.07-5.18 (m, 1.36H), 7.21-7.36 (m, 5H); 1*C
NMR (75 MHz, CDCl;, two isomers): 8 = 31.5/32.9, 52.2/52.3, 55.0-56.5 (12 carbons),
66.7/66.8, 66.8/67.4, 69.4/70.2, 70.0/70.1, 72.1 (2 carbons), 74.8 (2 carbons), 76.4/76.6,
79.7/80.4, 84.8/85.4, 96.5-98.1 (10 carbons), 127.3-128.5 (10 aromatic carbons),
136.2/136.5 (aromatic carbons), 154.4/155.2, 169.9/170.1;, HRMS (ES) caled for

CaHagNO 5 [M + H]': 662.3024, found: 662.3036.

(15)-2,3,4,6-Tetra-0-methoxymethyl-1'-N-benzyloxycarbonyl-5'(S)-methyl
methoxymethyl ether-spiro[1,5-anhydro-D-glucitol-1,3'-L-proline methyl ester] (4)
The synthetic procedure is described in SI. {a]p = 12.3 (¢ 1.1, CHCly); '"H NMR (300
MHz, CDCls, two 1somers): 6 = 2.23-2.46 (m, 2H), 3.28-3.82 (m, 25H), 3.90 (dd, 0.38H,
J=9.1 Hz, J= 4.3 Hz), 4.04 (dd, 0.62H, J = 8.9 Hz, J = 4.4 Hz), 4.16-4.31 (m, 1.62H),
4.36 (s, 0.38H), 4.46-4.84 (m, 10H), 4.91 (d, 0.62H; J=12.6 Hz), 5.14 (brs, 0.76H), 5.22
(d, 0.62H, J = 12.6 Hz), 7.23-7.38 (m, SH); *C NMR (75 MHz, CDCl;, two 1SOmers):
6= 26.8/279, 52.0/52.2, 55.2-56.9 (12 carbons), 66.8/67.0, 67.0/67.3, 68.1/68.7,
70.2/70.6, 71.9/72.0, 74.8/74.9, 76.7/76.8, 80.5/80.8, 86.0/87.0, 96.6-98.5 (10 carbons),

127.4-128.4 (10 aromatic carbons), 136.2/136.4 {(aromatic carbons), 154.6/155.1, 169.7

(2 carbons); HRMS (ES) caled for C30HagNO) s [M + H]": 662.3024, found: 662.3034.
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(lS)—Z,3,4,6—Tetra—0-methoxymethyl—l’—N-benzyloxycarbonyl—S’(R)—methyl

methoxymethyl ether~5pir0[1,S-anhydro-D—glucitol-l,3'—L-pr0ﬁne] (5) To a solution
of compound 3 (50 mg, 0.076 mmol) in dioxane (3 mL) was added 2M lithium hydroxide
aqueous solution (0.38 mL, 0.76 mmol). The reaction mixture was stirred at 60 °C for 48
hours. Afterwards the solution was cooled to room temperature and neutralized with
Amberlite IRC-508 H* ion-exchange resin. The mixture was filtered and concentrated to
afford the crude product, which was purified by flash charomatography (ethyl acetate/
methanol: 20/ 1) to get pure product 5 (45 mg, 93%). [a]p= 53.9 (¢ 1.0, CH;0H); 'H
NMR (300 MHz, CD;0D, two isomers): § = 2.15-2.27 (m, 1H, /= 13.9 Hz, /= 9.7 Hz),
2.50-2.62 (m, I1H,J=13.9Hz,J =656 Hz),3.25-3.47 (m, 1SH, partially overlapping with
solvent), 3.48-3.92 (m, 7H), 4.00-4.40 (m, 3H), 4.59-4.84 (m, 10H), 5.07-5.18 (brs, 2H),
7.27-7.43 (m, SH); “C NMR (75 MHz, CD3;0D, two isomers): § = 32.9/40.0, 55.5-57.2
(12 carbons), 67.9/68.4, 68.3 (2 carbons), 70.6/71.4, 72.8/73.3, 73.3 (2 carbons),
76.7/76.9, 77.9 (2 carbons), 81.0/81.4, 86.3/86.8, 97.6-99.8 (10 carbons), 128.4-129.6 (10
aromatic carbons), 138.2/137.8 (aromatic carbons), 156.8 (2 carbons), 174.0 (2 carbons},

HRMS (ES) calcd for CaoHagNO,s (M — HJ: 646.2711, found: 646.2723.

(18)-2,3,4,6-Tetra—O—methoxymethyl—1'-N-benzyloxycarbony¥-5’(.§)-methyl
methoxymethyl ether—spiro[l,S-anhydro—D~giucitol-1,3'—L-pmline] {6) The synthetic
procedure is described in SI. [alp= 303 (c 1.2, CH;3;0H); 'H NMR (300 MHz, CD;0D,
two isomers): & = 2.35-2.46 (brs, 2H), 3.28-3.82 (m, 23H, partially overlapping with

solvent), 4.13-4.31 (m, 2H), 4.56-4.86 (m, 10H), 5.01-5.23 (m, 2H), 7.28-7.43 (m, SH);

“C NMR (75 MHz, CD;OD, two isomers): &= 28.1/29.1, 55.5-57.4 (10 carbons),
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57.7/58.2, 68.0/68.4, 68.4/68.6, 69.3/69.8, 73.1 (4 carbons), 77.5 (2 carbons), 78.2 (2
carbons), 81.9/82.0, 87.3/88.2, 97.6-100.0 (10 carbons), 128.6-129.6 (10 aromatic
carbons), 137.8/138.0 (aromatic carbons), 156.8/157.0, 175.3 (2 carbons); HRMS (ES)

caled for Cy9HaaNO s M — H]: 646.2711, found: 646.2718.

Dipeptide  H-5'(R)-(MOM)GIcTSPro-Val-NMe, (7) The amino  acid
TFA-NH,-Val-NMe; (44 mg, 0.16 mmol) was dissolved in DMF (1 mL) and then added
to a solution of acid § (35 mg, 0.05 mmol) and N, N-diisopropylethylamine (70 uL, 0.32
mmol} in DMF (3 mL). The reaction mixture was stirred for 10 minutes at room
temperature followed by the addition of TBTU (41 mg, 0.11 mmol) and stirred 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 dried with sodium sulfate and
concentrated. The residue was purified by flash chromatography (ethyl acetate/methanol:
30/1) 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 (H,, 10 psi). The mixture was stirred for one and half hours at room
temperature and filtered, concentrated. The resulted crude product was purified by flash
chromatography (ethyl acetate/ methanol: 20/ 1) to afford the dipeptide 7 (27 mg, 80%).
[alo=27.4 (¢ 1.2, CH;0H); '"H NMR (500 MHz, CD;0D): § = 0.97 (d, 3H, J = 6.9 Hz),
1.01 (d, 3H, J = 6.8 Hz), 1.91 (m, 1H), 2.00-2.13 (m, 2H), 2.94 (s, 3H), 3.20 (s, 3H),
3.30-3.42 (m, 15H, partially overlapping with solvent), 3.46-3.69 (m, 9H), 3.85 (d, 1H, J

= 12.0 Hz), 4.55 (d, 1H, J = 5.3 Hz), 4.62-4.82 (m, 10H); °C NMR (75 MHz, CD;0D):

6 =18.8,195,31.7,31.9, 36.1, 38.1, 55.5, 55.6, 55.7, 56.6, 56.7, 57.0, 57.2, 68.5, 70.7,
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71.1,74.3,77.5,78.5,83.7,89.2,97.7,97.9,99.6,99.8, 100.1, 172.8, 174.0 ; HRMS (ES)

calcd for C23H54N30|3 [M + H]+Z 6403657, found: 640.3646.

Dipeptide H-5'(S)-(MOM)GIlcTSPro-Val-NMe; (8) The synthetic procedure is
described in SI. {o]p = 54.0 (¢ 1.0, CH;0H); 'H NMR (500 MHz, CD;0D): & = 0.95-0.97
(m, 6H), 1.78 (dd, 1H, /= 13.2 Hz, / = 6.8 Hz), 2.00-2.07 (m, 1H), 2.48 (dd, 1H, J=13.2
Hz, J= 8.2 Hz), 2.97 (s, 3H), 3.20 (s, 3H), 3.30-3.42 (m, 14H, partially overlapping with
solvent), 3.46-3.72 (m, 9H), 3.80 (s, 1H), 3.89 (d, 1H, J = 11.4 Hz), 4.57 (d, IH, J = 4.6
Hz), 4.63-4.84 (m, 10H, partially overlapping with solvent }; BC NMR (75 MHz,
CD;0D): 6= 184, 19.6, 31.9, 36.1, 36.2, 38.0, 55.4, 55.7, 55.8, 56.8, 57.0, 57.3, 58.0,
68.7,70.2, 73.0, 76.1, 78.4, 79.3, 83.4, 88.0, 97.9 (2 carbons), 799.7, 99.9, 100.2, 171.4,

173.6 ; HRMS (ES) calcd for CagHsalN3O13 [M + H]': 640.3657, found: 640.3649.

Tripeptide H-D-Phe-5'(R)-(MOM)GIcTSPro-Val-NMe; (9) To a solution of
dipeptide 7 (30 mg, 0.05 mmol)} and ¥, N-diisopropylethylaminé (43 pL, 0.23 mmol) in
DMF (3 mL) was added the D- Fmoc-Phe-OH (56 mg, 0.14 mmol) and PyBOP (73 mg,
0.14 mmo!). The mixture was stirred for 18 hours at room temperature before addition of
sodium bicarbonate {16 mg, 0.18 mmol). The resulted mixture was dilutated with water
(5 mL) and extracted with ethyl acetate (5 x 10 mL). The combined organic layers were
dried (Na;SO4) and concentrated. The crude product was purified by flash
chromatography (ethyl acetate/methanol: 20/1) to provide the Fmoc-protected

intermediate, 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 acetate/methanol: 10/1 to 6/1; TLC was charred with the
iodine} to get tripeptide 9 (29 mg, 80%). [a]p= 2.0 (¢ 0.4, CH;OH); 'H NMR (500 MHz,
CD30D, two isomers): 8 = 0.92 (d, 3H, J = 6.6 Hz), 1.04 (d, 3H, J = 7.0 Hz), 1.98-2.06
(m, TH), 2.19 (dd, 0.30H, J= 14.3 Hz, J = 7.8 Hz), 2.32 (dd, 0.70H, J= 14.0 Hz, J= 11.7
Hz), 2.40-2.47 (m, 2.80H), 2.51-2.60 (m, 1H), 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), 3.13-3.44 (m, 181,
partially overlapping with solvent), 3.49 (m, 0.30H), 3.55-3.98 (m, 6.70H), 4.22-4.91 (m,
ISH), 7.12-7.30 {m, 5H); C NMR (75 MHz, CD;OD, two isomers): 5= 19.4 (2
carbons), 19.7/19.8, 31.4/35.7, 32.5/32.6, 35.7/36.0, 38.0/38.2, 41.7/42.3, 55.4-56.9 (14
carbons), 57.1/57.8, 66.7 (2 carbons), 68.5/69.5, 72.3/73.3, 72.8/73.5, 75.9/76.2,
76.8/773, 78.3/78.9, 85.9/86.8, 97.6-99.4 (10 carbons), 127.7-130.8 (10 aromatic
carbons), 138.6/139.1 (aromatic carbon), 170.3/170.6, 173.2/173.3, 178.0/179.0; HRMS

(ES) caled for C37HgN4Oy4 [M + H]': 787.4341, found: 787.4345.

Tripeptide H-D-Phe-5'(S)-(MOM)GIcTSPro-Val-NMe;, (10) The synthetic
procedure is described in SI. [a]p=-13.2 (c 0.9, CH;0H); 'H NMR (500 MHz, CD,OD,
two isomers): 6 = 0.87-1.03 (m, 6H), 1.90-2.11 (m, 1.14H), 2.27-2.44 (m, 1.86H), 2.67
(dd, 0.14H, J = 14.9 Hz, / = 7.4 Hz), 2.78 (dd, 0.86H, J = 12.9 Hz, J = 6.1 Hz), 2.91 (s,
0.42H), 2.93 (s, 2.58H), 2.97-3.11 (m, 2H), 3.28-3.48 (m, 15H, partially overlapping with
solvent), 3.49-4.01 (m, 9H), 4.14-4.97 (m, 15H), 7.17-7.27 (m, SH); >C NMR (75 MHz,
CD;0D, trans isomer): 8 = 18.7, 19.7, 32.5, 32.9, 36.0, 38.1, 41.2, 55.4-56.7 (7 carbons),

57.8,68.9,71.7,72.7,72.9,76.2, 76.5, 79.3, 86.6, 97.6-99.4 (5 carbons), 127.7-136.6 (5

aromatic carbons), 139.1 (aromatic carbon), 170.5, 173.4, 176.8; HRMS (ES) calcd for
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C37HeNsO4 [M + H]": 787.4341, found: 787.4357.

Tetrapeptide Ac-Leu-D-Phe—S'(R)-(MOM)GIcTSPro—VaI—NMez (11) To a solution
of tripeptide 9 (25 mg, 0.03 mmol) and N N-diisopropylethylamine (29 pl, 0.16 mmol)
in DMF (3 mL) was added the Fmoc-Leu-OH (34 mg, 0.10 mmol) and TBTU (31 mg,
0.10 mmol). The mixture was stirred for 18 hours at room temperature before addition of
sodium bicarbonate (11 mg, 0.13 mmol). The resulted mixture was dilutated with water
(5 mL) and extracted with ethy! acetate (5 x 10 mL). The combined organic layers were
dried (Na,SO4) and concentrated. The ecrude product was purified by flash
chromatography (dichloromethane/methanol: 20/ I} to provide the Fmoc-protected
intermediate, which was dissolved in a mixture of piperidine and DMF (0.2 mL + 0.8 mL)
and stirred for 1 hour at room temperature. The solution was concentrated in vacuum. The
resulted mixture was dissolved in methanol (2 mL) followed by the addition of pyridine
(13 pL, 0.16 mmol) and acetic anhydride (9 pL, 0.10 mmol). The mixture was stirred for
2 hours at room temperature. The solution was concentrated and purified by flash
chromatography (methlene chloride/methanol: 25/ 1 to 15/ I; TLC was charred with the
1odine) to get tetrapeptide 11 (25 mg, 92%). [alp=-19.8 (¢ 1.15, CH;OH); '"H NMR (500
MHz, CD;0D, two 1somers): &= 0.72-1.46 (m, I5H), 1.89-1.92 (m, 3H), 2.03 (m, 1H),
2.26 (dd, 0.29H, J = 14.4 Hz, J = 8.2 Hz), 2.35 (dd, 0.71H, J = 142 Hz, J = 11.9 Hz ),
2.47 (s, 2.13H), 2.51 (dd, 0.71H, J= 142 Hz, J = 6.9 Hz), 2.68 (m, 1H), 2.83 (dd, 0.29H,
J=145Hz, /=89 Hz ), 2.92 (s, 0.87H), 3.04-3.45 (m, 19H, partially overlapping with

solvent), 3.46-3.76 (m, 4.71H), 3.84-3.89 (m, 1.71H), 3.95-3.97 (m, 0.29H), 4.05 (d,

0.29H, J = 5.2 Hz), 4.09 (dd, 0.29H, J = 10.4 Hz, J =52 Hz), 419-4.45 (m, 2.71H),
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4.54-4.84 (m, 12.71H, partially overlapping with solvent), 5.41-5.45 (m, 0.29H),
7.08-7.25 (m, SH); ’C NMR (75 MHz, CD;0D, two isomers): & = 18.5/19.3, 19.7/19.8,
21.9/22.2,22.5/22.6, 23.2/23.4, 25.7/25.8, 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), 57.3/57.6, 66.7 (2
carbons), 68.5/69.6, 72.1/73.4, 72.7/73.6, 75.6/76.5, 76.7/77.6, 80.1 (2 carbons),
85.9/86.5, 97.5-99.7 (10 carbons), 127.7-130.9 (10 aromatic carbons), 137.8/138.4
(aromatic carbon), 170.4/170.6, 172.6/172.9, 173.2/173.3, 173.8/173.9, 174.1/174.9;

HRMS (ES) caled for CasH76NsO16 [M + H]': 942.5287, found: 942.5293.

Tetrapeptide Ac-Leu-D—Phe-S’(S)-(MéM)GlcTSPro-Val-NMez (12) The synthetic
procedure is described in SI. [a]p=29.2 (¢ 0.8, CH3;0H); 'H NMR (500 MHz, CD;0D,
two isomers): & = 0.81-1.01 (m, 12H), 1.20-1.49 (m, 3H), 1.94-2.06 (m, 4H), 2.11 (dd,
0.23H, J=14.1 Hz, J = 8.8 Hz), 2.29-2.46 (m, 1.77H), 2.85-3.19 (m, 8H), 3.30-3.54 (m,
16H, 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,
14H, partially overlapping with solvent), 4.97 (d, 0.23H, J = 6.3 Hz), 5.35(dd, 0.77H, J =
8.5 Hz, J = 6.3 Hz), 7.12-7.26 (m, SH); ”C NMR (75 MHz, CD30OD, two isomers): & =
19.3/19.5, 19.6 (2 carbons), 21.8/22.5, 22.6/22.7, 23.1/23.7, 25.8/25.9, 32.1/32.2, 33.0 (2
carbons), 36.0/36.1, 37.9/38.2, 38.3/38.6, 42.0/42.5, 52.8-57.5 (18 carbons), 69.0/69.3,
11.6/71.7, 72.8 (2 carbons), 73.7 (2 carbons), 75.7/76.5, 76.0/76.7, 77.2/78.9, 86.6/88.3,
97.0-99.1 (10 carbons), 127.6-130.6 (10 carbons), 138.6 (2 carbons), 170.3/171.3,

172.3/172.6, 173.2 (2 carbons), 173.7 (2 carbons), 174.2/174.4 ; HRMS (ES) calcd for

C¢5H76N50|6 [M + H]+I 9425287, found: 942.5281.
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Tetrapeptide Ac-Leu-D-Phe-5'(R)-GlcTSPro-Val-NMe; (13) To a solution of
compound 11 (30 mg, 0.03 mmol) in methanol (I mL) was added a 6 M HCI solution
(100 uL). The mixture was stirred for 18 hours at room temperature and then
concentrated. The crude product was purified by flash chromatography (methylene
chloride/methanol: 5/1) to afford unprotected tetrapeptide 13 (20 mg, 90%). 'H NMR
(500 MHz, D;0, cis isomer): 8 = 0.63-1.32 (m, 15H), 1.90 (s, 3H), 1.94-1.99 (m, 1H),
2.30-2.46 (br, 5H), 2.74-2.79 (dd, 1H, J = 12.6 Hz, J = 12.9 Hz), 2.94-3.00 (dd, 1H, J =
17.5Hz, J=14.5Hz ), 3.17 (s, 3H), 3.44-3.53 (br, 3H), 3.64-3.87 (m, SH), 4.04-4.11 (m,
IH), 4.17-4.25 (m, 1H), 4.34-4.40 (m, 1H), 4.59 (m, 1H), 4.77 (1H, overlapping with
solvent), 7.10-7.38 (m, SH); 'C NMR (75 MHz, CD;0D,  c¢is isomer): § = 19.4, 19.7,
22.1,223,23.2,25.7,25.9,31.8,35.9,38.2, 38.5, 42.0, 53.0, 54.2, 56.6, 59.9, 60.8, 62.6,
71.0, 71.2, 73.2, 75.3, 77.3, 87.3, 127.7-130.4 (5 carbons), 138.5, 171.7, 173.1, 174.1,

174.5, 174.8; HRMS (ES) caled for Cy5HsgNsOy; [M + HJ": 722.3976, found: 722.3985.

ROESY experiments. ROESY spectra of tetrapeptides 11-13 and 16 were recorded on

AMX 500 with 256 points in 11, 2048 points in (2 and 64 scans per 12 increment.

Temperature coefficient experiments. | D '"H-NMR spectroscopy of 8 mM solutions
of 11, 12 and 16 in 100.0% Me,SO-d; and 13 in H,0/D,0 (9/1) were recorded on a
Bruker AMXS500 at 20°C, and from 20 to 45°C with increments of 5 °C, using routine

techniques. Chemical shift (8) are expressed in ppm and calibrated with respect to the

residual DMSO signal ('H: 2.49 ppm) or the TSP ('H: 0.00 ppm) in water,
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Chapter 6

Synthesis of Glucose-templated Lysine Analogs and Incorporation into

the Antimicrobial Dipeptide Sequence kW-OBn

Abstract: The synthesis of two glucose-templated (GIcT) lysine analogs GIcTK and GlcTk in which the
side chain of D- and L-lysine (k and K) is conformationally constrained via incorporation into a D-ghicose
scaffold is described Key-step in the synthesis is a high yielding, reductive ring opening of an exocyclic
glucose-derived epoxide to form a a-hydroxy methyl ester that can be converted into GlcTK and GleTk. To
demonstrate the use of these building blocks in peptide synthesis we replaced D-lysine in the antimicrobial
dipeptide sequence kW-OBn (W = L-tryptophan) and determined the antibacierial activity against various
gram-positive and gram-negative organisms. Our results show that replacement of D-lysine by unprotected

GlcTk in dipeptide kWW-OBn results in reduced antibacierial activity.

6.1. Introduction

The explosive growth of multi-drug resistant (MDR) bacteria in hospitals and the
community have led to an emerging crisis where an increasing number of antimicrobial
classes cease to be of clinical usefulness.’ Despite this growing concern, only one new
class of antibiotics, the oxazolidinones, has entered the clinic during the past two
decades.” Cationic antimicrobial peptides (AMPs) with their ability to combat MDR
bacteria have been proposed as new antibacterial agents.”™> AMPs are defined as peptides
containing a net excess of positively charged residues, approximately 50% hydrophobic

residues and a size ranging from 12 to 50 residues.® Although the mode of action of

AMPs is not fully understood, most AMPs appear to manifest their biological action by
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enhancing the permeability of lipid membranes of bacterial cells. This typically involves
initial electrostatic interactions between the positively charged basic side chains of lysine,
arginine, and ornithine to the negatively charged lipid membrane of pathogens, followed
by adoption of an amphipathic helical or B-sheet structure.®’ 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.®’
However, in vivo efficacy studies of several cationic peptide antibiotics have been
disappointing most likely due to the fact that many AMPs exhibit poor bioavailability,
susceptibility to proteolytic cleavage, and low in vivo antimicrobial activity.S Moreover,
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 cmerged as a
novel class of potential antimicrobial drug candidates.” "' In particular, the small size and
facile preparation reduce production costs while the presence of only a few amide bonds
and the low molecular weight may improve the pharmacokinetic and pharmacodynamic
properties of UAMPs.

In this respect, the potent antimicrobial activity of the dipeptide D-lysine-L-
tryptophan-OBn (kW-OBn) against Staphylococcus aureus (S. aureus), methicillin-

resistant S. aureus (MRSA), and methicillin-resistant Staphylococcus epidermidis (MRSE)

. . 9 . . . .
strains attracted our attention.” 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).'® 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 artificial glycosylation. It is noteworthy that post-translational hydroxylation of

13-15

lysine'? and arginine'” and other amino acids has been shown to enhance the
biological activity of AMPs."” Furthermore, CTLys contain the 1,3-hydroxyamine
binding motifs'® of aminoglycoside antibiotics that have been proposed to interact as
bidentate RNA hydrogen bond acceptor to the phos;ﬁhodiester backbone or Hoogsteen
face of guanosine.'® Morcover, 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 the synthesis of two glucose-templated lysines, GlcTks and GlcTKs

NH, NH, NHy
S o NH NH, o WHe
HO OH
HO—< OH OH
0 o OH s}

carbohydrate-templated lysine (K.k) CTLys wE.th 1-,3 hydr_oxyamine
lysine {CTLys) binding motif
NH; NH,

NH, NH,
O 0] b
H HO ;

%MOH H%OH
COH O 8]
D-Glucose-templated D-Glucose-templated
D-lysine (GlcTk) L-lysine (GIcTK)

Figure 6.1 Examples of carbohydrate-templated lysine analogs (CTLys) and
glucose-templated lysine analogs GlcTk and GlcTK.
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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 antimicrobial 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.'’

6.2. Results and discussion

The synthesis started with the readily available D-glucoconfigured lactone 1" (Scheme
6.1), which reacts with the enolate of methyl bromoacetate generated from lithium
bis-(trimethylsilyl)amide (LiN(SiMe3),) in tetrahydrofuran (THF) at -78 °C, to produce
the exocyclic epoxide 2 in 80% yield as a single stereoisomer. " Trimethylsilyl
trifluoromethanesulfonate (TMSOTf)-promoted reductive ring opening of epoxide 2 with
tributyltin hydride in dichloromethane at 0 °C afforded silylether 3 and alcohol § (ratio:
3:5 =13.5:1) in a combined yield of 92%. Compounds 3 and 5 were obtained as a single
diastereoisomer. Silyl ether 3 was hydrolyzed quantitatively into alcohol 5 by exposure to
irifluoroacetic acid containing wet THF. The stereochemistry at C-2 of alcohol 5 was
determined by conversion of 5 into the known benzy! ester 4" 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 benzy! 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 displacement
with sodium azide—15-crown-5 provided azide 6 in 82% isolated yield. Catalytic
hydrogenation of 6 using Pearlman’s catalyst followed by protection of the amino

function as r-butoxycarbamate provided the protected amino ester 7 in 90% yield.

0Bn OB8n OBn R
2 R
a BnO o) b BnO O RN
Bgr?o 0 = . o 0 BnO R3
0 BnO 4 OBn o
0OBn 'COsMe
1 2

OH
N3 R g o NHBoc f OBn Na
O 1 \RQ HO QO
Ho- 2 oom; 90 OCH, 8R0S OCH,
OH |
O .

OH O OBn )
{1.2:1) 7 6
8:R, = NHBoc, R, = H
9: Ry =H, Ry = NHBoc NHEmoc
h HO CH
OH o

10: Ry = NHBoc, R, = H

11: Ry =H, R, = NHBoc
Scheme 6.1 Reagents and conditions: (a) LIHMDS, BrCH,COOMe, THF, -78 C, 80%: (b) TMSOTT,
Bu;SnH, CH,Cl,, 0 °C, 72%: {c) CF;COOH, THEM,O (5:1), n, quant.; (d) i) LiOH, THF/H,0 (1:1); i)
Cs;CO;, BnBr, DMF, 1t, §9% {over 2 steps); (e) i) TEO, dry pyridine, CH,Cly rt; i} NaN;,, I5-crown-5,
CH,Cly, rt, 81% (over 2 steps); (f} 1) PA(OH),/C, H, (10 psi}, MeOH, rt; ii) (Boc),0, TEA, MeOH, 90%
{over 2 steps); (g) i) TsCl, pyridine, 0 uC-r’[, 64%; ii) NaN,, DMF, 100 r’C, 52% (8) and 43% (9); (hy i
LiOH, THE/H,0 (1:1); ii) Pd(OH),/C, H; (10 psi), MeOH, rt; iii} Fmoc-OPfp, NaHCO;, acetone/H,0 (1:1),
1t, 63% (10, over 3 steps) or 65% (11, over 3 steps).

Compound 7 served as precursor for introducing the second amino functionality into the

carbohydrate scaffold. This was achieved by selective tosylation'® of the primary hydroxy
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group using p-toluenesulfonyl chioride in pyridine followed by nucleophilic displacement
of the tosylate with sodium azide at elevated temperature in DMF. It is noteworthy that
the displacement of the primary tosylate by sodium azide does not result in epimerization
at C-2 and provides only azide 8, if the reaction is performed below 80 °C. However, we
observed substantial epimerization at 100 °C affording diastereomeric azides 8 and 9 in
53% and 42% yields, respectively. Both diastereomers can be separated by flash
chromatography. Exposure of esters 8 and 9 to basic conditions (LiOH, THF-H,0)
followed by catalytic hydrogenation using Pearlman’s catalyst [Pd(OH),—C, H,, MeOH]
and protection of the primary amino function as 9H-fluorenylmethoxycarbamate using
9-fluorenylmethyl pentafluoropheny! carbonate provided the glucose-templated D-lysine
analogs GlucTk 10 and glucose-templated L-lysine analogs GlucTK 11 in 63% and 65%
isolated yields, respectively. Building blocks 10 and 11 are suitably protected to be used
as novel lysine mimetics in solution phase peptide synthesis.

To demonstrate the use of chimeric glucose-lysine analogs in peptide synthesis, we
decided to convert azide 8 into the di-N-Boc-protected acid 13 (Scheme 6.2). This was
achieved via a three-step procedure. Reduction of azide 8 by catalytic hydrogenation
followed by protection using di--buly] dicarbonate and triethylamine in methanol
afforded the di-i-butylcarbamate-protected ester 12 in 90% yield. Saponification of ester
12 using lithium hydroxide in aqueous THF provided acid 13 in 90% yield. To study the

influence of the constrained sugar moiety and the presence of the 1,3-hydroxyamine

motifs on the bioactivity of small antibacterial peptides, we decided to incorporate acid13




147

into the amphiphilic antimicrobial dipeptide sequences kW-OBn 14 and kWNHBn. The

Nj NHBoc

HO O \HBoc a e} NHBoc b NHBoc NHBoc
HO-> oet "o OCH, HSWOH
ot o OH g OH L
8 12 13

c
HaN NH; o }
HO O H NHBoc
HO N\/U\R 4 o NHBocH 0
OH : e HO
CF,COOCH © "o (N\:/U\R
{CF, Ja it OH o :
N /4
16: R = NHBn H 14: R =NHBa
N

17: R=08Bn 15: R =08n
Boc

Scheme 6.2 Reagents and conditions: (a) i) PA(OH),/C, H, (10 psi), MeOH, rt; 1i) Boc,0, Ei;N, MeCOH,
1 (90%, over 2 steps); (b) LIOH, THF/H,0 (1:1), 0 °C, 90%; (c) TBTU, H-Trp(Boc)-NHBn, DIPEA, DMF,
tt. 77% (14) and TBTU, H-Trp(Boc)-OBn, DIPEA, DMF, 11, 83% (15); (d) TFA, CH,Cl, i, quant.

latter was selected to study how the nature of the C-terminus influences the antimicrobial
activity. Amidation of 13 was achieved by the coupling of 13 to H-Trp(Boc)-NHBn and
H-Trp(Boc)-OBn  using  2-(1H-benzotriazol-  e-lyl)-1,] ,3,3-tetra-methyluronium
tetrafluoroborate (TBTU) as coupling reagent in DMF to produce protected dipeptides 14
and 15 in 77% and 83% isolated yields, respectively. We did not observe ester formation
involving the unprotected hydroxy! groups during peptide coupling demonstrating no
need for protection of the secondary hydroxyl groups of 13 in peptide synthesis.
Exposure of dipeptides 14 and 15 to a 50% mixture of trifluoroacetic acid In

dichloromethane afforded unprotected dipeptides 16 and 17 in quantitative yields

(Scheme 6.2).

With peptides 16 and 17 in hand, we investigated the antibacterial activity of these
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peptides against various bacterial strains and compared them to the known antimicrobial
dipeptide kW-OBn 18° as well as kW-NHBn 19 (Table 6.1). in vitro antibacterial tests
were performed in collaboration with Dr. Zhanel’s laboratory at the Health Science
Center at the University of Manitoba. Our results show that replacement of lysine by
GlcTk reduces the antibactenal activity of kW-OBn by 4-32-fold against Gram-positive
coccl and 2-16-fold versus Gram-negative bacilli. It is possible that the low antibacterial
activity of dipeptide 17 is the result of decreased amphiphilicity and hydrophobicity. For
instance, substitution of D-lysine by GlcTk introduces three hydroxyl groups. This results
in significantly increased hydrophilicity of GlcTk-W-OBn when compared to kW-OBn.

Amphiphilicity and hydrophobicity are crucial for the antibacterial activity of AMPs.>”’

Table 6.1 Representative minimal inhibitory concentrations (MIC) in pg/mL for various
bacterial strains.

peptide | S. aureus® | MRSA® |  MRSE E. coli® P. aeruiginosa®
106 256 >512 128 512 >512
17 256 256 128 512 >512
18 16 64 4 32 512
19 512 512 256 512 <512

* ATCC 29213;° methicillin-resistant S. aureus (ATCC 33592);° methicillin-resistant
S. epidermidis (ATCC 14990);Y ATCC 25922 ATCC 27853.

However, other factors such as the bulkiness of the sugar fragment or the restricted

rotation of the lysine motif may also contribute to the reduced activity. Interestingly, we

observed that the nature of the C-terminus coniributes substantially to the antimicrobial




149

activity of kW-OBn. For instance, dipeptide kW-OBn exhibits strong S. aureus activity
while this activity is abolished in peptide kW-NHBn. The reasons for this peculiar

behavior are currently not understood.

6.3. Conclusions

We have developed a synthetic pathway into suitably protected glucose-templated
C-glycosidic lysine analogs with natural and unnatural C(o) configuration. The
carbohydrate scaffold induces a conformational constraint into the side chain of lysine
while, at the same time, introducing artificial post-translational modifications such as
hydroxylation and glycosylation. To demonstrate the use of carbohydrate-templated
lysine analogs in peptide synthesis and to explore the biological properties, we replaced
lysine in the antibacterial dipeptide kW-OBn by GleTk. Peptide synthesis was achieved
without the need for hydroxyl group protection. Determination of the biological activity
against various bacterial strains demonstrated that the replacement of lysine by GlcTk in
the dipeptide kw-OBn reduces strongly the antibacterial activity. Studies of the
lysinemimetic and glycomimetic properties of GleTk and GlcTK in other peptides are in

progress.

6.4. Experimental

General CH,Cl was distilled from calcium hydride. Organic solutions were

concentrated under diminished pressure at <40 °C (bath temperature). NMR spectra were
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recorded at 300 or S00 MHz for 'H and at 75 MHz for "*C. Chemical shifts are reported
relative to CHCl; (8 7.26, &, (center of triplet) 77.0 ppm) or to CH30H (83 3.35, 8¢ (center
of septet} 49.0 ppm) or to acetone as internal standard (D,0). TLC was performed on E.
Merck Silica Gel 60 F254 with detection by charring with 8% H,S04 acid. Silica gel
(0.040-0.063 mm) was used for column chromatography. Lactone 1 was purchased from
Toronto Research Chemicals. Reference peptides 18 and 19 were prepared according to the

literature procedure’ and obtained as TFA salts.

(285)-Methyl 2-trimethylsilyloxy-2-(2,3,4,6-tetra-O-benzyl-f-D-glucopyranosyl)-
Ethanoate (3) and (2S)-Methyl 2-hydroxy-2-(2,3,4,6-tetra-0-benzyl-f-D-
glucopyranosyl)-ethanoate (5) To a mixiure of epoxide 2*' (480 mg, 0.79 mmol) and
tributyltin hydride {0.84 mL, 3.15 mmol) in dichloromethane (15 mL) was added drop
wise trimethylsily] trifluoromethanesulfonate (TMSOTT, 0.42 mL, 2.36 mmol} at § °C.
The mixture was stirred for 30 min. at that temperature and quenched with saturated
sodium bicarbonate solution {15 mL). The organic layer was separated and the aqueous
phase was extracted with dichloromethane (3 x 10 mL). The combined organic layers
were dried (Na;SO4), concentrated and purified by flash column chromatography
(hexanes/ethyl acetate, 2:1) to afford 3 (388 mg, 72%) and 5 (96 mg, 20%) as a colorless
syrup. The trimethylsilyl ether 3 was converted to 5 (337 mg, quant.) by treatment with

trifluoroacetic acid (0.19 mL, 5 equiv.) in aq. tetrahydrofuran (THF/H,O 5:1) for

overnight. 3: 'H NMR (300 MHz, CDCl3): § 0.20 (s, 9 H), 3.46-3.54 (m, 1 H), 3.64 (dd,
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1H,J=92, 96 Hz), 3.68-3.85 (m, 8 H),4.55(d, 1 H,J=122 Hz),4.62(d, 1 H, J =
12.2 Hz), 4.63-4.74 (m, 3 H), 4.86 (d, 1 H, J=10.9 Hz), 4.88 (d, 1 H, J= 10.9 Hz), 4.96
(d, 1 H,J=114 Hz ), 5.00(d, 1 H, J=11.4 Hz), 7.22-7.4] (m, 20 H); BC NMR (75
MHz, CDCl): 8 0.9, 52.0, 68.8, 71.7, 73.2, 74.6, 75.0, 75.6, 77.7, 78.7, 79.9, 80.2, 87.4,
127.3-128.5 (aromatic carbons), 138.2, 138.5, 138.5, 138.6, 172.4; MS (ES+): m/z 707.42
[M+Na]+; Anal. Calcd for CagHsezOgS1: C, 70.15; H, 7.06. Found: C, 70.25; H, 7.14; 5:
[0 p=+27.0 (¢ 1.15, CHCly); 'TH NMR (300 MHz, CDCh): § 2.85 (br s, 1 H), 3.46-3.54
(m, 1 H), 3.59 (dd, 1 H, J = 8.4, 8.6 Hz), 3.63-3.72 (m, 3 H), 3.73-3.87 (m, 5 H),
4.47-4.59 (m, 3 H),4.61 (d, 1 H,J=110Hz),477(d, 1 H,J=11.0Hz),4.85(d, 1 H, J
=10.8 Hz), 4.89-4.98 (m, 3 H), 7.19-7.39 (m, 20 H); BC NMR (75 MHz, CDCly): & 52.7,
69.0, 69.6, 73.3, 75.1, 75.2, 75.6, 77.8, 78.3, 79.5, 79.5, 86.9, 127.5-128.6 (aromatic
carbons), 138.1, 138.2, 138.3, 138.6, 173.3; MS (ES+): m/z 635.13 [M+Na]"; Anal. Calcd

for C17Hs0Os: C, 72.53; H, 6.58. Found: C, 72.61; H, 6.46.

(25)-Benzyl  2-hydroxy-2-(2,3,4,6-tetra-O-benzyl-g-D-glucopyranosyl)-ethanoate
(4) LiOH (24 mg, 1.02 mmol) was added to a mixture of compound 5 (104 mg, 0.17
mmol) in THF/H,0 (3.0 mL, 1:1). The mixture was stirred at room temperature for 12 h
and formic acid in water was added 1o quench the reaction until acidic. After extraction
with ethyl acetate (5 x 20 mL), the organic layer was evaporated and the crude residue

was dissolved in DMF (3.0 mL). Cs;CO5 (72 mg, 0.22 mmol) was added 30 minutes

prior to addition of BnBr (40 pl, 0.34 mmol). The mixture was stirred at room
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temperature for 2 h and water was added. The aqueous layer was extracted with ethyl
acetate (3 x 20 mL) and the combined organic layers were dried (Na,SO,) and
concentrated. Flash column chromatography (hexanes/ethyl acetate, 4:1) yielded 4 (104
mg, 89%) as a clear oil. "H NMR (300 MHz, CDCl3): & 3.30-3.36 (m, 2 H), 3.48 (dd, 1 H,
J=1.7,11.1 Hz), 3.59-3.64 (m, 2 H),3.67(dd, 1 H,J=1.9, 8.6 Hz),3.74 (dd, 1 H, J =
8.8, 9.1 Hz), 3.83 (dd, 1 H, J = 9.1, 8.6 Hz), 4.52-4.58 (m, 3 H), 4.61 (d, 1 H, J=10.7
Hz), 4.78 (d, 1 H, J=10.9 Hz), 4.84 (d, 1 H,J = 10.9 Hz), 4.90-4.97 (m, 3 H), 5.10 (d, }
H,J=120Hz), 533 (d, 1 H, J=12.0 Hz), 7.19-7.38 (m, 25 H); ¥C NMR (75 MHz,
CDCh): & 67.3, 68.6, 69.6, 73.3, 75.1, 75.2, 75.6, 777, 78.1, 79.5, 79.6, 86.3,
127.6-128.6 (aromatic carbons), 135.3, 138.1, 138.2, 138.3, 138.6, 172.7, MS (ES+): m/z

689.44 [M+H]+; Anal. Caled for Cs3HasO5: C, 74.98; H, 6.44. Found: C, 74.93; H, 6.52.

(2R)-Methyl 2-azido-2-(2,3,4,6-tetra-O-benzyl- f-D-glucopyranosyl)-ethanoate (6)
Compound 5 (50 mg, 0.08 mmol) was dissolved in dry CH,Cl; (2.0 mL) and cooled 1o 0
°C. Pyridine (66 pL, 0.8 mmol) was added. The reaction mixture was stired for 5
minutes, and then trifluoromethanesulfonic anhydride (55 pL, 0.32 mmol) was slowly
added. The reaction mixture was stirred under 0 °C for 1 h. Water (5.0 mL) was added
followed by extraction with CH,Cl, (3 x 5 mL). The organic layer was dried (over
Na,S0,), concentrated and re-dissolved in anhydrous CH,Cl, (2.0 mL). NaN; (16 mag,

0.24 mmol) and 15-crown-5 (4 pL, 0.2 mmol) were added. The reaction mixture was

stirred at room temperature for 24 h and then water was added. The aqueous phase was
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extracted with CH,Cl, (3 x 20 mL) and the combined organic layers were dried (Na;SOyq)
and concentrated. Flash column chromatography (hexanes/ethyl acetate, 4:1) yielded
azide 6 (42 mg, 81%) as a pale-yellow oil. [0}]*p=+6.0 (¢ 0.5, CHCl3); 'H NMR (300
MHz, CDCI3) 6 3.52-3.56 (m, 4 H), 3.64 (dd, 1 H, J= 9.6, 8.6 Hz), 3.71-3.77 (m, 3 H),
380(dd, 1 H,J=94,86Hz2),3.92(dd, 1 H,J=1.9,9.4Hz),437(d, 1 H,J= 1.9 Hz),
4.55(d, 1 H,J=12.1 Hz),4.57-4.65 (m,2 H),4.69(d,1 H,J=10.6 Hz2),4.83 (d, 1 H, J
= 10.9 Hz), 488 (d, 1 H, J = 10.9 Hz), 4.93-4.97 (m, 2 H), 7.23-7.36 (m, 20 H); Be
NMR (75 MHz, CDCl3): 6 52.6, 62.8, 68.9, 73.5, 74.7,75.1, 75.6, 71.3, 718.2,79.6, 79.7,
87.1, 127.6-128.5 (aromatic carbons), 137.9, 138.0, 138.2, 138.3, 167.8; MS (ES+): m/z
660.03 [M+Na]"; Anal. Caled for C37H3oN307: C, 69.68; H, 6.16; N, 6.59. Found: C,

69.72; H, 6.21; N, 6.63.

(2R)-Methyl 2-(tert-butoxycarbonylamino)-2-(f-D-glucopyranosyl)-ethanoate (7)
Compound 6 (223 mg, 0.32 mmo!) was dissolved in MeOH (6.0 mL) and aq.
hydrochloric acid (0.5 mmol). Pearlman’s catalyst (160 mg) was added and the mixture
was hydrogenated for 6 h at atmospheric pressure. The mixture was filtered, concentrated,
and re-dissolved in MeOH (2.0 mL). Triethylamine (0.5 mL) and Boc,O (550 mg, 2.5
mmol) were added and the mixture was stirred at room temperature for 12 h. The crude
residue was concentrated and purified with silica gel column chromatography

{methanol/ethyl acetate, 1:6) to afford 10 (100 mg, 90%) as a syrup. [u]250= -29.0 (c

1.45, CH30H); 'H NMR (300 MHz, CD;0D): § 1.46 (s, 9 H), 3.07 (dd, 1 H,J=9.3,9.2
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Hz), 3.23-3.36 (m, 2 H), 3.43-3.59 (m, 3 H),3.74 (s, 3 H), 3.89(dd, 1 H,J=19,11.8
Hz), 4.66 (d, 1 H, J = <1Hz); ’C NMR (75 MHz, CD;0D): § 28.7, 52.6, 55.4, 63.6, 71.6,
72.0,79.7, 80.8, 82.2, 82.6, 158.2, 173.0; MS (ES+): m/z 352.29 [M+H]"; HRMS (ES+)

Caled for C14Ha6NOy [I\/HH]+ 352.1608. Found 352.1607.

(2R)-Methy! 2-(tert-butoxycarbonylamino)-2-(6-azido-6-deoxy-/4D-
glucopyranosyl)-ethanoate (8) and (25)-Methyl 2-(fert-butoxycarbonylamino)-2-
(6-azido-3-D-glucopyranosyl)-ethanoate (9) To a solution of compound 7 (100 mg,
0.29 mmol) in dry pyridine (8.0 mL) was added toluenesulfonyl chloride (128 mg, 0.68
mmol) and the reaction was stirred for 2 h at 0 °C, then raised to room temperature for 6
h. The solvent was removed in vacuo and then purified by gradient flash column
chromatography (ethyl acgtaie to ethyl acetate/methanol, 20:1) to afford a crude mixture
containing the 6-O-losyl-f-D-glucopyranoside derivative (92 mg, 64%). Sodium azide
(118 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 overnight. The solvent was removed in vacuo and the
residue was purified by gradient flash column chromatography (ethyl acetate to ethyl
acetate/methanol, 20:1) to afford compound 8 (36 mg, 52%) and 9 (30 mg, 43%) as a
pale-yellow oil into a ratio 1.2:1 respectively. 8: [a]®p=-15.0 (¢ 0.25, CH;0H), "H NMR
(300 MHz, CDCl3): 8 1.44 (s, 9 H), 3.32 (dd, 1 H, J=5.9,13.4 Hz),3.45(dd, 1 H,J =

3.2,9.2 Hz), 3.49-3.58 (m, 4 H), 3.70 (dd, 1 H, J=3.2,9.2),3.75 (s, 3 H), 4.00-4.16 (br s,

1 H), 4.72-4.78 (m, 2 H) , 4.88 (brs, 1 H), 5.63 (d, 1 H, J = 8.4 Hz); "C NMR (75 MHz,
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CDCls): & 28.3, 51.3, 52.6, 53.9, 70.4, 70.6, 77.9, 79.5, 80.6, 80.8, 155.7, 169.6; HRMS
(ES+) Caled for C4H,4N4NaOg [M+Na]* 399.1492. Found 399.1489; 9: {a]®p=+74.0 (¢
0.1, CH;OH); "H NMR (300 MHz, CDCly): 8 1.46 (s, 9 H), 3.25 (1, 1 H, J= 9.3 Hz), 3.33
(dd,2 H,J =62, 13.2 Hz), 3.42 (m, 2 H), 3.47 (br s, 1 H), 3.50 (m, 1 H),3.60 (t, 1 H, J =
8.9 Hz),3.76 (dd, 1 H,J=12.3,9.5 Hz), 3.80 (s, 3 H), 4.67 (dd, 1 H, J = 2.3, 8.0 Hz), 4.70
(brs, 1 H),5.57 (d, 1 H,J= 8.0 Hz); >C NMR (75 MHz, CDCls): § 28.2, 51.4, 53.0, 53.8,
69.9, 70.8, 77.2, 79.4, 80.0, 81.4, 157.4, 169.9; HRMS (ES+) Caled for Cj4HpqNsNaOg

[M+Na]* 399.1492. Found 399.1490.

(2R)-2-(tert-butoxycarbonylamino)-2-[6-deoxy-6-(9H-fluoren-9-
ylmethoxycarbonylamino)- #-D-glucopyranosyl]-ethanoic acid (10) Ester 8 (60 mg,
0.16 mmol) was treated with lithium hydroxide (21 mg, 0.96 mmol) for 1 h at 0 °C in
aqueous THF (4.0 mL, 1:1), and then acidified with formic acid (99%, 100 pL). The
solution was extracted with ethyl acetate (6 x 10 mL) and the combined organic layers
were dried (Na;SO4) and concentrated to afford crude acid (58 mg, quant.), which was
dissolved in MeOH (4.0 mL) and hydrogenated for 20 min. using 20% wt Pd(OH),/C.
The solution was filtered and the solvent was evaporated in vacuo. The solid residue was
dissolved 1n aqueous acetone (3.0 mL, 1:1) and treated with 9-fluorenylmethyl
pentafluorophenyl carbonate (91 mg, 0.24 mmol) and sodium bicarbonate (31 mg, 0.37

mmol) for 4 h at room temperature. Water (10.0 mL) was added and the aqueous layer

was extracted with ethyl acetate (6 x 10 mL). Finally, the solvent was dried (Na;SOyq) and
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concentrated. The crude product was purified by flash column chromatography
(methanol/ethyl acetate, 1:1) to afford compound 10 (45 mg, 63%) as a colorless thick
liquid. "H NMR (300 MHz, CD;0D): 6 1.43 (s, 9 H), 2.98-3.13 (m, 2 H), 3.18 (m, 1 H),
3.22-3.44 (m, 2 H), 3.62-3.80 (m, 2 H), 423 (1, 1 H, J= 6.8 Hz), 432-4.48 (m, 3 H),
7.28-7.87 (m, 8 H); "’C NMR (75 MHz, CDCl3): 6 28.9, 43.4, 48.5, 56.4, 67.8, 72.0,
73.1, 79.0, 80.4, 80.8, 83.0, 120.9-128.8 (aromatic carbons), 142.6-145.4 (aromatic

carbons), 157.7, 159.1, 169.5; MS (ES-): m/z 557.09 [M-HJ.

(28)-2-(tert-butoxycarbonylamino)-2-]6-deoxy-6-(9H-fluoren-9-
ylmethoxycarbonylamino)-f#-D-glucopyranesyl]-ethanoic acid (11) Ester 9 (40 mg,
0.11 mmol) was treated with lithium hydroxide (15 mg, 0.66 mmol) for 1 h at 0 °C in
aqueous THF (4.0 mL, 1:1), and then acidified with 99% formic acid (5 drops). The
solution was extracted with ethyl acetate (6 x 10 mL) and the combined organic layers
were dried (Na;SO4) and concentrated to afford crude acid (35 mg) which was
dissolved in MeOH (4.0 mL) and hydrogenated for 20 min. using 20% wt Pd(OH),/C.
The solution was filtered and the solvent was evaporated in vacuo. The solid residue was
dissolved in aqueous acetone (3.0 mL, 2:1) and treated with 9-fluorenylmethyl
pentafluorophenyl carbonate (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

was extracted with ethyl acetate (6 x 10 mL). Finally, the solvent was dried (Na,SO,) and

concentrated. The crude product was purified by flash column chromatography
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{methanol/ethyl acetate, 1:1) to afford compound 11 (39 mg, 65%) as a thick colorless
liquid. [0}’p +5.0 (¢ 0.7, CH30H); 'H NMR (300 MHz, CD;0D): & 1.45 (s, 9 H), 3.13
(ABq,1H,/J=93Hz),3.17-3.29 (m, 2 H), 3.35 (m, 2 H), 3.38 -3.45 (m, 2 H), 3.55-3.70
(m, 1 H), 375 (d, 1 H, J =94 Hz), 420 (t, 1 H, J = 6.9 Hz), 4.28 -4.44 (m, 3 H),
7.28-7.42 (m, 4 H), 7.65 (dd, 2 H, J= 1.6, 6.8 Hz), 7.78 (d, 2 H, J = 7.4 Hz); '*C NMR
(75 MHz, CD;0D): 6 28.8, 42.7, 48.6, 56.2, 67.9, 712, 71.7, 78.7, 80.2, 80.8, 81.5,
120.9-128.8 (aromatic carbons) 142.6-145.4 (aromatic carbons), 158.9, 159.3, 169.2; MS
(ES-): m/z 556.90 [M-H]; Anal. Caled for Cy3H3aN,04p: C, 60.21; H, 6.14; N, 5.02.

Found: C, 60.32; H, 6.19; N, 4.98.

(2R)-Methy] 2-(fert-butoxycarbonylamino)-2-[6-deoxy-6-(tert-
butoxycarbonylamino)-#-D-glucopyranosyl]-ethanoate (12) A solution of azide 8 (170
mg, 0.50 mmol) in methanol (20.0 mL) was treated with Pd(OH),/C under an atmosphere
of hydrogen for 1 hour at room temperature. The reaction mixture was filtered through
Celite, and rinsed with methanol. The filtrate was evaporated under reduced pressure to
give colorless foam (155 mg, 0.44 mmol), which was treated with di-rert-butyl dicarbonate
(193 mg, 0.88 mmel) and triethylamine (0.3 mL, 2.2 mmol) in MeOH for 4 h at room
temperature. Finally, the solvent was evaporated under reduced pressure to give colorless
liquid. The crude product was then purified by flash column chromatography
(methanol/ethy] acetate, 1:1) to afford compound 12 (183 mg, 90%) as a colorless liquid.

[a]259=+4.0 (¢ 0.75, CH;0H); 'H NMR (300 MHz, CD;0D): & 1.50 (br s, 18 H), 3.02
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(brt,1H,J=7.2Hz),3.08 (brt, 1 H,J=9.3 Hz), 3.24 (m, 1 H), 3.36 {m, 1 H), 3.50 (dd,
1H,J=1.6,10.0 Hz), 3.56 (brd, 1 H, J=9.0 Hz), 3.64 (m, 1 H), 3.78 (s, 3 H), 4.69 (br s,
1 H); *C NMR (75 MHz, CD;0D): § 28.8, 28.9, 43.0, 52.8, 55.5, 71.7, 72.9, 79.3, 80.3,
80.9, 81.0, 82.1, 158.1, 158.7, 172.0; MS (ES+): m/z 473.24 [M+Na]'; Anal. Calcd for

CigHasN2Oyg: C, 50.66; H, 7.61; N, 6.22. Found: C, 50.54; H, 7.59; N, 6.28.

(2R)-2-(tert-butoxycarbonylamino)-2-|6-deoxy-6-(fert-butoxycarbonylamino)- 3-D-
glucopyranosyl]-ethanoic acid (13) The ester 12 (80 mg, 0.18 mmol) was dissolved in aq.
THF (4.0 mL, 1:1) and treated with LiOH (26 mg, 1.07 mmol) at 0 "C. The reaction mixture
was stirred at that temperature for 1 h. After which, the mixture was acidified to pH 3 with
99% formic acid, and extracted with ethyl acetate (5 x 10 mL). The combined organic
tayers were dried (over anh. Na;SO,) and concentrated under reduced pressure to give
colorless foam which was dissolved in ethyl acetate (3.0 mL). Crystallization commenced
within an hour. After completion of crystallization, the precipitates were collected by
filtration and rinsed with ethyl acetate (2 x 2 mL) to afford 13 (70 mg, 90%) as white
crystal. Mp 205-207 C; [a]’p=-7.0 (c 0.85, CH;0H); '"H NMR (300 MHz, CD;0OD): &
1.45 (s, 9 H), 1.46 (s, 9 H),2.98 (m, 1 H),3.04 (t, 1 H,J =92 Hz), 3.15-3.22 (m, 1 H),
333 (m, 1 H),3.44 (dd, 1 H,J=1.6,10.0Hz), 3.63 (br ABq, 2 H, J = 9.6 Hz), 4.61 (br
s, 1 H); "C NMR (75 MHz, CD;0D): § 28.7. 28.8, 43.0, 55.2, 71.8, 72.9, 79.3, 80.3, 80.8

3

80.9, 82.3, 158.1, 158.7, 173.2; MS (ES+): m/z 45923 {M+Na]’; Anal. Calcd for

CisHpaNOq: €, 49.53; H, 739, N, 6.42. Found: C, 49.49; H, 7.27: N, 6.58.
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N-[(2R)-2-(tert-butoxycarbonylamino)-2-{6-deoxy-6-(fert-butoxycarbonylamino)-/
-D-glucopyranosyl]-acetyl]-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 mmol) and N, N-diisopropylethylamine (334
pl, 1.87 mmol) and stirred for 2 h at room temperature. The solvent was removed in
vacuo and the residue was purified by flash column chromatography (hexanes/ethyl
acetate, 2:1) to yield 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 1 h at room temperature. The solvent was removed in vacuo and the crude
product was purified by flash column chromatography (methanol/ethyl acetate, 1:20) to
afford the H-Trp(Boc¢)-NHBn (129 mg, 96%). To the solution of 13 (23 mg, 0.05 mmol)
in DMF (2.0 mL) were added H-Trp(Boc)-NHBn (26 mg, 0.09 mmol), TBTU (58 mg,
0.18 mmol), and N,N-diisopropylethylamine (43 mL, 0.24 mmol). The mixture was
stirred for 4 h at room temperature before removing the solvent under reduced pressure.
The crude product was purified by flash column chromatography using ethyl acetate as
eluent to afford 14 (29 mg, 77%) as a thick colorless liquid. [a]25D= -5.0 (¢ 1.0, CHCly),
"H NMR (300 MHz, CD;0D): § 1.38 (s, 9 H), 1.42 (s, 9 H), 1.69 (s, 9 H), 2.88-3.09 (m,
2 H),3.18(dd, 2 H, J = 7.6, 14.2 Hz), 3.25-3.33 (m, 2 H), 3.33-3.35 (m, 4 H), 3.36-3.48
(m, 3 H), 4.29-4.40 (m, 2 H), 4.44 (br s, 1 H), 4.84 (m, 1 H), 7.08 (brd,2 H,J= 7.0 Hz),

7.20-7.37 (m, SH), 7.52 (s, 1 H), 7.66 (brd, 1 H,J=7.6 Hz), 8.13 (brd, | H,J= 8.1 Hz);

13C NMR (75 MHz, CD;0D): § 28.5, 28.6, 28.8, 43.0, 44.1, 54.8, 72.0, 72.5, 79.0, 80.3,
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81.0, 81.1, 84.9, 116.2, 117.2, 120.2, 123.7, 125.6, 128.2, 128.3, 129.5, 131.9, 136.9,
139.3, 151.0, 158.9, 160.6, 172.2, 173.3; MS (ES+): m/z 834.17 [M+Na]"; Anal. Calcd

for C41Hs7N5012: C, 60.65; H, 7.08; N, 8.63. Found: C, 60.59; H, 7.07; N, 8.77.

N—[(2R)-2—(tert—but0xycarbony!amin0)-2-[6-(]eoxy—6-(tert-butoxycarbony]amino)-ﬂ
-D-glucopyranosyl]-acetyl]-Trp(Boc)-OBn (15) To a solution of Fmoc-Trp(Boc) -OH
(100 mg, 0.19 mmol) in DMF (5.0 mL) was added Cs,CO5 (249 mg, 0.77 mmol)
followed by addition of benzy! bromide (90 ulL, 0.76 mmol) and then stirred for 4 h at
room temperature. The solvent was removed n vacuo and the residue was purified by
flash column chromatography (hexane/ethyl —acetate, 2:1) 1o yield the
Fmoc-Trp(Boc)-OBn (107 mg, 92%). The solution of Fmoc-Trp(Boc)-OBn (107 mg,
0.17 mmol) and piperidine (0.5 mL) in DMF (2.0 mL} was stirred for 1 h at room
temperature. The solvent was removed in vacuo and the crude product was purified by
flash column chromatography (methanol/ethyl acetate, 1:20) to afford the
H-Trp(Boc)-OBn (65 mg, 95%). Compound 13 (30 mg, 0.07 mmol) was dissolved in
DMF (2.0 mL) and H-Trp(Boc)-OBn (36 mg, 0.09 mmol), TBTU (81 mg, 0.25 mmol),
and N, N-diisopropylethylamine (60 uL, 0.34 mmol) were added and then stirred for 4 h at
room temperature. The solvent was removed under reduced pressure and the crude
product was purified by flash column chromatography using ethyl acetate as eluent to

afford 15 (46 mg, 83%) as a thick liquid. [e]*’p=-32.0 (¢ 1.45, CH;0H); "H NMR (300

MHz, CD;0D): & 1.38 (brs, 18 H), 1.63 (s, 9 H), 3.00-3.15 (m, 2H),3.18(d,2H,J=
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7.0 Hz), 3.24 (br s, 1 H), 3.33-3.40 (m, 5 H), 4.89 (m, 1 H), 5.03 (s, 2 H), 7.06-7.12 (m, 2
1), 7.15-7.31 (m, 5 H), 7.40 (br s, 1 H), 7.50 (m, 1 H), 8.05 (d, 1 H, J = 8.2 Hz); Be
NMR (75 MHz, CD;0OD): 6 26.9, 273, 27.4, 27.6, 40.8, 54.6, 54.9, 66.7, 69.8,70.1, 76.8,
773,788, 79.0,79.7, 83.4, 1147, 114.8, 118.2,122.2,123.4,124.0, 1274, 127.8, 127.9,
134.5, 134.9, 149.3, 155.4, 157.1, 170.0, 171.3; MS (ES+): m/z 835.33 [M+Na]"; Anal.

Caled for CqHseN4O13: C, 60.58; H, 6.94; N, 6.89. Found: C, 60.57; H, 6.88; N, 6.93.

N—[(?.R)-Z—(amino)—2-[6-de0xy—6-amin0)-ﬁ-D-g]ueopyranosyf]-acetyl]—Trp—NHBn'
(CF;CO,H); (16) A solution of TFA/CH,Cl, (1:1, 4.0 mL) was added to the compound 14
(80 mg, 0.10 mmol) at room temperature. After 3 h, the solution was diluted with toluene
(2 x 5 mL), concentrated in vacuo, provided 16 (73 mg, quant.) as a salt. [a]zSD =-8.0 (¢
0.45, CH;0H); 'H NMR (300 MHz, D;0): & 2.52-2.74 (m, 2 H), 2.88-3.04 (m, 2 H),
3.28-3.40 (m, 2 H), 3.42-3.56 (m, 2 H), 3.70-3.77 (m, ] H), 4.32-4.41 (m, ! H), 4.45-4.54
(m, 2 H), 5.00-5.11 (m, 1 H), 7.16-7.49 (m, 8 H), 7.60-7.68 (m, 1 H), 7.78 (dd, 1 H, J =
7.8, 17.8 Hz); BC NMR (75 MHz, D,0): 5 27.9, 40.9, 43.4, 53.4, 54.8,69.4,70.8, 76.0,
76.6, 77.4, 109.0, 112.6, 118.9, 119.7, 122.3, 1251, 126.8, 127.4, 127.8, 129.1, 136.8,

137.8, 166.1, 173.3; MS (ES+): m/z 511.99 [M+H]".

N-{(2R)-2-(amino)-2-[6-deoxy-6-amin 0)-/D-glucopy ranosyl]-acetyl]-Trp-OBn’

(CF3CO,H); (17) Compound 15 (100 meg, 0.12 mmol) was treated with a solution of

TFA/CH,Cl; (1:1, 4.0 mL) at room temperature for 3 h. The volatiles were removed with
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toluene (2 x 5 mL) in vacuo and then the residue was rinsed with dry ether to afford 17
(91 mg, quant.) as a TFA-salt. [0]*’p=-16.0 (¢ 0.3, CH;0H); '"H NMR (300 MHz, D,0):
§ 2.32-2.42 (m, 2 H), 2.70-2.78 (t, 1 H, J =9.6 Hz), 3.18 (br d, 1 H, J = 14.0 Hz),
3.22-3.42 (m, 3 H), 3.48-3.60 (m, 2 H), 4.30 (br s, 1 H), 5.14 (dd, 1 H,.J= 5.7, 10.3 Hz),
5§24 (brs,2 H), 7.17 (t, 1 H,J= 7.6 Hz), 7.22 (br s, 1 H), 7.28 (1, 1 H, J = 7.6 Hz), 7.36
(dd, 2 H,J=3.8, 7.6 Hz), 7.42-7.49 (m, 3 H), 7.53 (d, 1 HJ = 8.2 Hz), 7.70(d, 1 H, J =
8.2 Hz); >C NMR (75 MHz, D,0): § 27.2, 40.9, 53.3, 53.6, 68.4, 69.3, 70.7, 76.0, 76.5,
77.5,109.1, 112.6, 118.9, 119.7, 122.4, 125.0, 126.7, 128.7, 129.1, 129.2, 135.4, 136.8,

166.2, 173.3; MS (ES, [M+Na]'); MS (ES+): m/z 513.23 [M+H]".

Determination of the MIC values for peptides 16-19. Bacterial isolates were obtained
from the American Type Culture Collection (ATCC). Isolates were kept frozen in skim
milk at -80°C until minimum inhibitory concentration (MIC) testing was carried out.
Following two subcultures from frozen stock, the in vitro activities of peptides were
determined by macrobroth dilution in accordance with the Clinical and Laboratory
Standards Institute (CLSI) 2006 g,uide!ines.22 Stock solutions of peptides were prepared
and dilutions made as described by CLSI. Test tubes contained doubling antimicrobial
dilutions of cation adjusted Mueller-Hinton broth and inoculated to achieve a final
concentration of approximately 5 x 10° CFU/ml then incubated in ambient air for 24

hours prior to reading. Colony counts were performed periodically to confirm inocula.

Quality control was performed using ATCC QC organisms.
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Chapter 7

Design and Synthesis of Glucose-templated Proline-Lysine Chimera:
Polyfunctional Amino Acid Chimera with High Prolyl cis Amide

Rotamer Population

Abstract: We describe the synihesis of two glucose-templated proline-lysine chimeras (GlcTProLysCs) that
differ in the stereochemistry of the hydroxymethylene substituent at the C-53' (C-8) position of the
pyrrofidine ring. The key synthetic step involve regioselective installation of the azide group at C-6 on the
glucose scaffold. Incorporation of these chimeras into the model peptides Ac-GlcTProLysC-NHMe and
Ac-GleTProlysC-OMe demonstrates that the stereochemistry of the hydroxymethyl substituent at the C-5'
position has a profound effect on the equilibrium constant of prolyl amide cis/trans isomerization. The
equilibrium constant K, for the peptide mimic Ac-GleTProlysC-NHMe with C-5'(R) stereochemistry was
determined to be 3.03 + (.04 while the K, for the C-5'(5} diastereomer was 0.56 + 0.04 in D;0.
Temperature coefficient experiments indicate the origin of these effects are derived from two critical
hydrogen bonds involving the C- & hydroxymethyl substituent; one to the N-terminal amide carbonyl group,

and a second to the primary amino group in the glucose moiety.

7.1. Introduction

Conformationally constrained amino acids have found wide applications as building
blocks to study and probe the bioactive conformation of peptides when binding to
receptors.” Among all naturally occurring amino acids, proline is the only amino acid

with a side chain fused onto the peptide backbone. Its cyclic structure restricts the

rotation about its ¢ dihedral angle, thereby reducing the energy difference between the
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prolyl amide cis and frans isomers. Thus, while most peptide amide bonds exist almost
exclusively in the irans form, proline has a much greater propensity to form cis amide
bonds. A variety of factors influence cis/trans isomerization of proline; these include
electron withdrawing groups attached to the pyrrolidine ring,' non* interaction,” Ar-Pro
interactions® and steric effects’ and pucker conformation.” In particular, incorporation of
bulky substituents into the &position of proline has been shown to enhance the prolyl
amide cis population significantly. Cis/trans isomerization of proline plays an important
role in the formgtion of secondary structures in peptides and proteins because proline
induces a reversal in backbone conformation resulting in the formation of reverse turns
and disruption of helices and sheets in proteins. Besides the occurrence of proline in
B-turns, proline-rich sequences also exist as extended helices® (polyproline-1 and
polyproline-11) and antimicrobial peptides.9 Furthermore, proline undergoes
post-translational modifications to form 4-(R)-hydroxyprolines, which are known to
contribute to the enhanced stability of the polyproline-1I conformation 1n both
collagenous proteins and peptides,q and plant cell wall g]ycoprote%ns.10

Proline analogues displaying the characteristics of other amino acids are referred to as
proline-amino acid chimera, and have been used to study the spatial requirements for
receptor affinity and biological activity of both natural amino acids'""? and peptides.”'”
For example, f-substituted-prolines such as 3-cmboxyproline,1]a 3—pheny}proline16 and

3-di-methylproline'” combine amino acid side-chain functionality with proline

conformational rigidity. In these cases, replacement of the natural amino acids in peptides
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by proline-amino acid chimeras provided better understanding of the bioactive
conformations of peptides binding to receptors.”']5 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 ofien required in drug discovery and
lead optimization. Polyfunctional proline-amino acid chimera may overcome these
drawbacks.

Our concept for developing such polyfunctional proline-amino acid chimera was
derived from glycosyl amino acids (GAAs) which are defined by an ¢-amino acid group
[CH(NH,;)CO,H] either directly attached or carbon-linked to the anomeric carbon of a
carbohydrate scaffold.'® The relative rigidity of the pyran ring combined with the
polyfunctional nature of the carbohydrate scaffold has inspired the design of unusual and
conformationally constrained amino acids and novel peptidomimetics.lg While there are
many examples of C-glycosylglycine, -alanine, -serine, and -asparagine,]8a few
proline-based GAAs exist."”

We report here on the design, synthesis of spirocyclic glucose-templated proline-lysine
chimeras (GlcTProLysCs) and describe their properties in peptide mimics. Bicyclic
GlcTProLysCs combine the molecular features of ghicose (pyran-based polyol) with the
unique characteristics of proline or 3-hydroxyproline and L-lysine (Figure 7.1). The
characteristics of the lysine side chain including relative length and presence of amino

function are presented on the pyrrohidine ring and are further constrained by

incorporation into the 6-amino-6-deoxy-D-glucose scaffold. In order to control the prolyl
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amide cis/trans isomerization we were interested in developing GlcTProLysC analogs
that contain substituents at the &position of proline. Previous studies have shown that
bulky substituents at the &position (including S-terf-butyl pro}ine7 and &,6-dimethyl
proline3) enhance the prolyl amide cis isomer population. In addition, chemical
manipulations and derivatization of the polyol scaffold provides an opportunity to adjust
the chemical, physical and pharmacodynamic properties of proline-containing peptides.;ZO
This may provide a novel tool to functionalize extended helical structures including PPI
and PP2.2' Moreover, incorporation of polyhydroxylated amino acids have been shown to
induce novel secondary structures in small peptides. For instance, incorporation of
unprotected sugar amino acids into small peptides such as gramicidin S*? and opioid
pf;ptides23 have prohibited the formation of the targeted secondary structural motif.
Instead, unusual turn structures were stabilized by intramolecular hydrogen bonds
between sugar hydroxyl groups and the peptidic amide backbone.®* Similar effects may

also be observed with GlcTProLysC.

Figure 7.1 Glucose-templated proline-lysine chimera (GlcTProLysC)
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7.2. Results and discussion

The synthesis (Scheme 7.1). started with the known compounds 1 and 2 which were
previously prepared by our group (see chapter 3)."" Initially, compounds 1 and 2 were
exposed to catalytic hydrogenolysis condition using Pearlman’s catalyst. The resulting
N-debenzylated imine was protected using di-tert-butyl dicarbonate and triethylamine in
methanol to afford the carbamates 3 and 4 in 90% and 62% yield respectively without
acyl migration. The azido group in compounds 3 and 4 was installed by a standard
two-step procedure: first, selective activation of the primary hydroxy) group as sulfonate
ester, followed by nucleophilic substitution with sodium azide in DMF at 80 "C, produced

azides 5 and 6 in excellent yields.

Scheme 7.1 Installation of the azide function at the C-6 position.

1) Hp, Pd(OH),, HO o)
8n0O ¥ HCL 8h HO

HO
NBn  2)TEA, Boc,O, 1h NBoc
Ry Re R,

1: R1 = CHQOAC, R2 = H 3 R1 = CHQOAC, R2 =H (90%)
2: Ry = H, Ry = CH0Ac 4 Ry = H, Ry = CH0AC (62%)

1:

1) TsCl, pyriding, 12 h

2) NalN3, DMF, 80°C,
MeOH,12 h

- Ry = CHp0AC, Ry = H (92%)
R, = H, Ry = CHoOAC (94%)
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Azides 5 and 6 served as starting materials for incorporation into the peptide mimics
9-12, which were used to study the thermodynamic properties of cis/trans isomerization
of the glucose-templated proline-lysine chimera. In addition, we selected peptide esters 9
and 10 bearing a C-terminal methyl ester as well as methyl amides 11 and 12 as peptide
mimics to study how the nature of the C-terminal group affects N-terminal prolyl amide
isomerization.

Peptide esters 9 and 10 were prepared from azides 5 and 6 using the synthetic route

outlined in Scheme 7.2. Deprotection of the N-Boc group in 5 and 6 with trifluoroacetic

Scheme 7.2 Synthesis of peptide mimics 9-12.

Nj o

o g 1 TFAIGHCl, (1/3). 1h HOD OMe
2} AcyO, pyridine, 18 h HO NAc
3) NaOMe, MeOH, 4 h, R "R,

7: R4 = CH,0H, Ry = H (96%)

8: Ry = H, Ry = CH,OH {80%)
Hy Pd(OH), HCI
MeOH, 20 mins,

f.
o

9: Ry = CH,0H, R; = H (quant.)
10: R4 = H, Ry = CH,OH {guant )

1) NH,Me, EtOH, 18 h

718 >
2) H, Pd(OHY), HCI,

MeOH, 20 mins

11- Ry = CH,OH, R, = H (93%)
12: Ry = H, R, = CH,0OH (95%)




170

acid followed by acetylation using pyridine and acetic anhydride and O-deacetylation
using sodium methoxide in methanol produced azides 7 and 8 in 96% and 80% yield,
respectively. Attempts to perform selective N-acylation failed and produced complex
reaction mixtures. Catalytic hydrogenation of azide 7 and 8 using Pearlman’s catalyst
produced peptide esters 9 and 10 in quantitative yield. The N'-methylamides 11 and 12
were prepared from azides 7 and 8 through a two-step procedure: first, methyl esters 7 or
8 were treated with a concentrated methylamine solution in ethanol to afford
N'-methylamide intermediates. Subsequently, the azido function was reduced by catalytic
hydrogenation to produce peptide mimics 11 and 12 in 93% and 95% yield, respectively.
The assignments of N-lerminal geometry for model peptides 9-12 were made on the
basis of nOe experiments in DO (Figure 7.2). For example, selective 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-terminus in {rans isomer 10b. Moreover, selective inversion of the
methyl group of N-terminus in 10b showed interproton effects to H-5' (4.54% nQOe) and
H-6' (3.80% nOe). Similar experiments were performed to assign the cis/trans isomers n
compounds 9, 11 and 12.
In addition, we observed that the BC NMR chemical shifts of the C”"atom of the trans
rotamer in compounds 9-12 were high field shifted (0.75-1.02 ppm) relative to the cis

isomer in water. This is consistent with previous observations made by Lubell and

co-workers’ on other proline-containing peptide mimics and may serve as a diagnostic
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tool to assign the trans isomer in cases where nOe-experiments do not allow assignment

g H H._4.54%
3.80%

10a 10b

cis trans

Figure 7.2 Assignment of cis and trans isomers in compound 10 in D;0 using 1D nOe
experiments. The same experiments were used to assign the cis/trans isomers in
compounds 9, 11 and 12.

due to spectral overlap.
The equilibrium constants K¢, for compounds 9-12 are shown in Table 7.1. Our results
indicate that compounds 9 and 11 display a higher cis isomer population relative to their

C-5' diastereoisomers 10 and 12, respectively. It appears that the stereochemistry at C-&

Table 7.1 Cis population (%) and equilibrium constant K¢ of compounds 9-12 in D,0

Compds 9 10 11 12

cis(£3%) 55 19 75 36

Ka#0.04) 122 023 303 056

has a profound effect on the equilibrium of isomerization. Also, the cis prolyl amide

population in esters 9 and 10, was generally lower than N'-methylamides 11 and 12.

Taylor and co-workers have proposed that the frans conformation of esters is stabilized
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relative to amides as a result of increased electron donation from the oxygen lone pair of

the N-terminal amide carbonyl group to the antibonding orbital of the proly! C-terminal

carbony! group (Figure 7.3).2

/ B OCH,
e
QY O

Figure 7.3 n—7* interaction (looking down C°-N bond)

Effect of pH Since compound 9-12 have an jonizable amino group, we were interested
to study the influence of the ijonization state on Kyc. Previous studies have indicated that
jonizable groups in proximity to the imide backbone can influence thermodynamics of

prolyl amide cis/trans isomerization.”® We selected three buffer ranges: pH = 2.6, 7.4 and

Table 7.2 pH Effect on K¢, for Compounds 11 and 12 in D,0

Compds pD

2.6 74 124

11 (£0.04) 3.03 303 270

12 (:0.04) 0.61 056 0.1

12.4, to examine the pH effect on the isomerization of 11 and 12 (Table 7.2). Our study

shows that the prolyl N-terminal amide cis/irans ratio is not affected by pH and the
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observed changes are within the experimental error. Molecular modeling suggests that the
large distance of the ionizable amino function from the imide function is responsible for

the absence of a pH effect.

Conformational analysis of compounds 11 and 12. The relatively large coupling
constants for J3, J34 and Jas (> 9.2 Hz) indicate a 4C| conformation of the pyranose ring
in 11 and 12. The conformation of the piperidine ring is expected to be CP-exo based on
previous studies using 3(S)-hydroxyproline-containing peptide mimics.?’  This
conformation places the endocyclic oxygen substituent in an axial position.?’” In this
conformation the pyrrolidine ring will be stabilized by gauche interaction and a
stabilizing G(C’-H)—>G*(Cﬂ-0) interaction. This conformation is further supported by
characteristic long range “W” coupling constants (J ~ 1.0 Hz) between H-2'¢q and H-4'¢,

in both compounds of 11 and 12 (Figure 7.4).

gauche
interaction

Figure 7.4 Pyrrolidine conformation in compounds 11 and 12.

In order to explain the different cis/irans ratio in compounds 11 and 12 we considered

intramolecular hydrogen bonding, which can be studied by calculating the temperature
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coefficients (AS/AT) of key exchangeable protons.”® Previous studies have shown that
(AS/AT) > -3.0 ppb/deg are a diagnostic tool for the detection of intramolecular
H-bonding.”® The 1D spectra of compounds 11 and 12 were analyzed between 25 to 45
°C in 5-deg steps in DMSO-d to determine the temperature coefficients (Table 7.3). Our

results indicate that the protons associated with NH,-6, OH-6" and NHMe exhibit the

Table 7.3 Temperature coefficients (AS/AT, ppb/K) for compounds 11 and 12 in
DMSO-dq

HO-2 HO-3 HO-4 NH;-6 HO-6' NHMe

cis -9.07 (2] f2] 2.44"% 380 -2.44]
11 trans  -8.93 (e} [2] 2.44% 478 -3.02

cis -8.09 -6.90 -4.10 -0.92 -3.29 -2.68
12 trans  -7.76 -6.80 -4.20 -0.92 2.76 -3.26

" not determined; ™ overlapped with NHMe.

highest temperature coefficient values suggesting that these protons are involved in
intramolecular H-bonding in compounds 11 and 12. The low {A8/AT) values observed for
OH-2 and OH-3 reflect high solvent exposure of these hydroxyl groups while the relative
high value for OH-4 in 12 may indicate some H-bond interaction with one of the nitrogen
lone pairs on NH;-6. The relative high and nearly identical (A8/AT) values observed for
the methyl amide proton in structures 11a, 11b, 12a and 12b supports the notion that this

“proton is engaged in hydrogen bonding to N-terminal carbonyl group in cis/frans isomers

of both compounds 11 and 12. Moreover, the higher (A8/AT) value for the NH;-6 in
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compound 12 when compared to diastereomer 11 suggests that the amino group in 12 is
involved in stabilization of the frans 1somer 12b and the destabilization of the ¢is isomer

12a relative to 11a and 11b. A similar trend is observed for the OH-6’ position. Isomers

12a and 12b exhibit higher (A8/AT) values when compared to isomers 11la and 1ib
suggesting that OH-6" is involved in stabilization of the trans isomer 12b relative to 11b.

Taken together these results support the notion that compound 12 is stabilized by an

intramolecular hydrogen bond (6'-OH---NH,-6) that is absent in 11. The hydrogen bond
(OH-6'---NH;-6) competes with the H-bond (6'-OH --- O=C(N)CHj3) of the cis isomer

12a resulting in a lower cis population of 12a relative to 11a (Figure 7.5).

12a cis (36 + 3%) 12b {rans (64 + 3%)
Figure 7.5 Suggested intramolecular H-bonds based on temperature coefficient
experiments for compounds 11 and 12

7.3. Conclusions
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We have developed a synthetic route to two spirocyclic GleTProLysCs that differ in the
stereochemistry of the hydroxymethyl substituent at the C-5’ position of the pyrrolidine
ring. In order to study the thermodynamic properties of prolyl amide cis/trans
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 in both peptide mimics has a profound effect on the
equilibrium constant. For example, incorporation of GlcTProLysC with “R” configuration
at C-5' dramatically increased the cis population {75%) of Ac-GlcTProLysC-NHMe in
water, whereas a smaller augment cis population (34%) was observed in GlcTProLysC
with “S” configuration at C-5'. Temperature coefficient experiments indicate that the
hydroxymethyl group at C-5' (S} 1s involved in H-bonding with the 6-NH; and vice versa.
In contrast, the same hydrogen bond is absent in the diastereomer with C-5 (R)
stereochemistry. Taken together our results suggest that the cis isomer ratio in peptide
mimic Ac-GlcTProLysC-NHMe having a -5 (S) hydroxymethyl substituent is
decreased by competing H-bonding effects between 6-OH---O=C(N)CH; and
6'-OH---6-NH;.

Our work shows for the first time that polar groups capable of H-bonding in
polyhydroxylated spirocychic proline analogs can play important roles to control the
thermodynamics of prolyl amide cis/trans isomerization. In particular, polar groups such

as a hydroxymethyl group introduced at the &positon of proline are expected 1o increase

the prolyl N-terminal amide cis isomer in peptides via H-bonding to the N-terminal amide
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carbony! group. Previous studies have shown that amino acid residues possessing side
chains with hydrogen-bond acceptor and donor moieties are able to stabilize turn

: . 293
conformations when adjacent to proline. 2:30

As a result we expect that incorporation of
GlcTProLysC in bioactive peptides may induce similar effects. We are currently studying

the lysine- and proline- mimetic effects of GlcTProLysC in f-turn-forming peptides.

7.4. Experimental

(1.5)-1'-N-tert-butoxycarbonyl-5'(R)-methylenehydroxy acetate-spiro[1,5~anhydro
-D-glucito}-1,3’-L-proline methyl ester] (3) To a mixture of 1 (100 mg, 0.13 mmol) and
Pd(OH), (40mg, 20 % wt on charcoal) in methanol (10 mL) was added the solution of
hydrochloride (250 pl. of 1M HC! solution, 0.25 mmol) and stirred under H; (15 psi) for
8 hours at room temperature. The catalyst was removed by filtration and the solvent was
removed under the vacuum. The unprotected product was treated with triethylamine (53
ul, 0.38 mmol) and di-tert-butyl dicarbonate (56 mg, 0.25 mmol) in methanol (2 mL)) for
I hour at room temperature. The solvent was removed under vacuum. The crude product
was purified by flash column chromatography (CH,Cl,/ MeOH: 7/ 1) to get 3 (51 mg,
90%). [a]p = 68.4 (c 1.3, MeOH); 'H NMR (300 MHz, CD;0D, two isomers): o = 1.45 (s,
9H), 2.09 (s, 3H), 2.13-2.44 (m, 2H), 3.27-3.46 (m, 3H, partially overlapping with
methanol peaks), 3.57-3.86 (m, 6H), 4.06 (m, 1H), 4.23 (s, 1H), 4.31-4.45 (m, 1H),

4.53-4.67 (m, 1H), BC NMR (75 MHz, CD;0D, two isomers): & = 20.9 (2 carbons),

28.56/28.63 (6 carbons), 29.2/29.7, 52.9 (2 carbons), 56.2/56.3, 62.8 (2 carbons),
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66.0/66.4, 71.2 (2 carbons), 71.4/71.8, 71.5 (2 carbons), 75.9/76.0, 77.3 (2 carbons),
81.8/82.3, 86.2/86.7, 155.6/156.2, 172.0/171.8, 172.7/172.8; HRMS (ES) caled for

C1oH31NNaO; [M + Na]" 472.1795, found 472.1783.

(15)-1'-N-tert-butoxycarbonyl-5'(S)-methylenehydroxy acetate-spiro[l,5—-anhydro
-D-glucitol-1,3'-L-proline methyl ester| (4) (The detailed procedure was described in
supporting information). [a]p = 15.7 (¢ 1.35, MeOH); 'H NMR (300 MHz, CD50D two
tsomers): & = 1.43 (s, 9H), 2.09 (s, 3H), 2.14-2.42 (m, 2H), 3.24-3.50 (m, 3H, partially
overlapping with methanol peaks), 3.50-3.87 (m, 6H), 4.04-4.63 (m, 4H); ’C NMR (75
MHz, CD30D, two isomers): & = 20.8 (2 carbons), 25.5/ 26.1, 28.5/28.7 (6 carbons), 53.0
(2 carbons), 57.2/57.3, 62.6/62.8, 65.8/65.9, 71.2 (2 carbons), 71.35 (2 carbons),
71.8/71.4, 75.8/75.9, T77.0/77.1, 81.9/82.3, 88.4/87.4, 1558/ 156.1, 172.1/171.6,

172.6/172.4; HRMS (ES) calcd for CgH3; NNaOy; [M + Na]+ 472.1795, found 472.1788.

(15)-6-Azido-6-deoxy-1'-INV-fert-butoxycarbonyl-5'(R)-methylenehydroxy  acetate
-spiro[1,5-anhydro-D-glucitol-1,3’-L-proline methyl ester] (5) To a solution of
compound 3 (40 mg, 0.09 mmol) in pyridine (1 mL) was added p-tolunesulfonyl chlornde
(42 mg, 0.22 mmol) and stirred for 12 hours at room temperature. The mixture was
concentrated and purified by flash column chromatography (CH,Cl,/ MeOH: 10/ 1) to

provide tosyl ester, which was treated with sodium azide (116 mg, 1.8 mmol) in DMF

(1.5 mL) and stirred at 80 °C for 12 hours. The mixture was filtered, concentrated and
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purified by flash column chromatography (CH;Cly/ MeOH: 15/ 1) to get 5 (38 mg, 92%).
[a]p =31.5 (¢ 1.35, MeOH), "H NMR (300 MHz, CD30D, two isomers): 8 = 1.44 (s, 9H),
2.10 (s, 3H), 2.14-2.48 (m, 2H), 3.18-3.49 (m, 4H, partially overlapping with methanol

peaks), 3.58-3.77 (m, 5H), 4.01-4.17 (m, 1H), 4.21 (s, 1H), 4.32-4.48 (m, 1H), 4.52-4.64

(m, 1H); >C NMR (75 MHz, CD;OD, two isomers): § = 20.9 (2 carbons), 28.6 (6

carbons,), 29.0/29.6, 52.6/52.8, 53.0 (2 carbons), 56.2/56.4, 66.2/66.4, 71.] (2 carbons),
71.4/711.9, 72.4/72.8,75.2/75.4, 77.0/77.1, 81.8/82.3, 86.4/87.0, 155.8/156.3, 171.6/171.7,
172.7/172.8; HRMS (ES) caled for CioH3oNs NaOjp [M + Na]” 497.1860, found

497.1849.

(15)-6-Azido-6-deoxy-3'-N-terf-butoxycarbonyl-5'(S)-methylenehydroxy  acetate
—spiro[1,5-anhydro-D-glucitol-1,3'-L-proline methy! ester] (6) (The detailed procedure
was described in supporting information). [a]p = 29.1 (¢ 0.7, MeOH); "H NMR (300
MHz, CD30D, two isomers): § = 1.45 (s, 9H), 2.09 (s, 3H), 2.14-2.48 (m, 2H), 3.23-3.44
(m, 3H, partially overlapping with methanol peaks), 3.50-3.78 (m, 6H), 4.06-4.34 (m,
3H), 4.39-4.63 (m, 1H); B3C NMR (75 MHz, CD30D, two isomers): & = 20.8 (2 carbons),
25.6/26.2, 28.5/28.6 (6 carbons,), 53.0 (2 carbons), 53.0/53.1, 57.2 (2 carbons), 65.7/65.9,
71.1 (2 carbons), 71.9/71.5, 72.2/72.3, 74.7/74.8, 76.7/76.8, 82.0/82.4, 88.8/87.8,
155.8/156.1, 171.9/171.4, 172.6/172.4; HRMS (ES) caled for Cy9H3oNsNaOyg [M + Na]"

497.1860, found 497.1852.
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(15)-6-Azido-6-deoxy-1'-N-acetyl-5'(R)-hydroxymethylene-spiro|[1 ,5-anhydro-D
~glucitol-1,3’-L-proline methyl ester] (7) The compound 5 (30 mg, 0.063 mmol) was
dissolved in a mixture of dichloromethane and trifluoroacetic acid (1.5 mL /0.5 mL) and
stirred for 1 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. Afier that, it was dissolved in a
solution of sodium methoxide in methanol (0.1 M, 2 mL) and stirred for 4 hours at room
temperature followed by the neutralization with Amberlite IRC-508 1on-exchange resin
(H"). The mixture was filtered and filtrate was concentrated and purified by the flash
column chromatography (ethyl acetate / methanol: 6 / 1) to get compound 7 (22 mg,
96%). lalp = 19.2 (¢ 0.75, MeOH}, "H NMR (300 MHz, CD;0D_ two isomers): & =
1.82 (s, 1.74H), 2.04 (s, 1.26H), 2.05-2.49 (m, 2H), 3.06-3.34 (m, 4H, partially
overlapping with methanol peaks), 3.49-3.94(m, 7H), 4.04-4.16 (m, 1H), 4.20 (s, 0.58H),
4.42 (s, 0.42H); '°C NMR (75 MHz, CD;0D, two isomers). § = 22.8/21.6, 27.7/29.7,
52.8/52.7, 53.6/53.2, 60.6/60.1, 64.9/65.6, 71.1 (2 carbons), 72.6/71.1, 72.6/72.8,
75.4/75.7, 76.9/77.0, 87.5/86.4, 171.6/171.9, 173.6 (2 carbons); HRMS (ES) calcd for

C14H»NsNaOg [M + NaJ" 397.1335, found 397.1351.

(15)-6-Azido-6-deoxy-1"-N-acetyl-5'(S)-hydroxymethylene-spiro{1 ,5-anhydro-D

-glucitol-1,3"-L-proline methyl} ester] (8) (The detailed procedure was described 1n

supporting information). [a]p = 46.5 (¢ 0.55, MeOH); "H NMR (300 MHz, CD;0D_two
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isomers): & = 1.77 (s, 1.09H), 2.08 (s, 1.91 H), 2.15-2.41 (m, 2H), 3.23-3.68 (m, 10H,
partially overlapping with methanol peaks), 3.79(dd, 0.64 H, J= 528 Hz, J = 10.95 Hz),
3.96-4.23 (m, 2.36H); *C NMR (75 MHz, CD;0D, two isomers): § = 22.04 (22.48),
26.54 (25.35), 52.97 (53.14), 53.13 (53.46), 61.52 (61.38), 64.76 (63.61), 71.14 (71.19),
72.03 (72.44), 72.27 (73.01), 74.68 (74.73), 76.71 (76.62), 87.40 (88.99), 170.78 (171.20),
173.56 (173.50); HRMS (ES) caled for C4HpNsNaOg [M + Na]® 397.1335, found

397.1348.

(15)-6-Amino-6-deoxy-1'-N-acetyl-5'(R)-hydroxymethylene-spiro[1,5-anhy dro-D
-ghacitol-1,3'-L-proline methy] ester] HCI salt (9) To a solution of 7 (20 mg, 0.053
mmol) and Pd(OH); (20 mg, 20 % wt on charcoal) in methanol (5 mL) was added the
solution of hydrochloride (800 pL of 1M HCI solution, 0.08 mmol) and stirred under H;
(15 psi) for 20 minutes at room temperature. The catalyst was removed by the regular
filtration and the solvent was removed under the vacuum to afford pure product 9 (20 mg,
quant.). [a]p = 65.2 (¢ 0.5, MeOH}); "H NMR (500 MHz, D,0, two isomers): & = 1.86 (s,
cis, 1.68H), 1.98 (dd, cis, 0.56H, J = 10.39 Hz, J = 14.57 Hz), 2.04-2.09 (m, trans, 0.441
+ 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 Hz, J = 14.62 Hz), 2.98 (m, 1H), 3.19-3.37 (m, 3H), 3.59-3.67 (m, SH), 3.68-3.74
(m, 1H), 3.81-3.88 (m, 1H), 4.00-4.07 (m, cis, 0.561), 4.11-4.18 (m, irans, 0.44H). 4.42

(s, cis, 0.56H), 4.44 (s, trans, 0.44H); >C NMR (75 MHz, D,0): cis, 8 = 22.2, 26.7, 40.5,

53.5, 58.5. 62.4, 69.2, 69.7, 70.7, 71.2, 74.4, 86.2, 171.4, 174.4; trans, § = 20.9, 28.8,
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40.4, 53.2, 58.4, 63.5, 69.2, 69.7, 69.8, 70.9, 74.4, 85.1, 171.4, 174.5; HRMS (ES) calcd
for C14HsN,0g [M + H)7 349.1611, found 349.1623.
(18)—6—Amino-6—de0xy—1’-N-acetyl-s'(S)—hydroxymethy]ene-spiro[1,S—anhydro-l)

~ghicitol-1,3"-L-proline methyl ester] HCl salt (10) (The detailed procedure was
described in supporting information). [a]p = 24.3 (¢ 0.55, MeOH); '"H NMR (500 MHz,
D,0 two isomers): & = 1.93 (s, cis, 0.60H), 2.21 (s, trans, 2.40H), 2.29-2.46 (m, 2H),
3.20-3.59 (m, SH), 3.63-3.82 (m, SH), 3.85-3.94 (m, 1H), 4.33-4.41 (m, 1H), 4.43 (s,
trans, 0.8H), 4.62 (s, 0.2H); °C NMR (75 MHz, D;0):  cis, 8 = 21.8, 25.0, 40.2, 53.6,
595, 62.3, 69.3, 69.6, 70.5, 71.2, 74.2, 87.6, 171.4, 174.4; trans, 8 = 21.3, 25.9, 39.9,
53.2,59.7, 63.2, 69.3, 69.5, 70.3 (2 carbons), 74.2, 86.3, 170.8, 174.5; HRMS (ES) calcd

for C14HysN,05 [M + H]" 349.1611, found 349.1618.

(lS)-G-Amino—6-deoxy—1’—N—acetyi-S'(R)-hydroxymethylene—spiro[l,S-anhydro—D
-glucitol-1,3'-L-proline methyl amide] HCI salt (11) To a solution of methylamine in
ethanol (37% wt, 1 mL) was added compound 7 (15 mg, 0.04 mmol) and stirred for 18
hours at room temperature. The mixture was concentrated and purified by flash column
chromatography (dichloromethane/methanol: 2/1) to quantitatively afford C-terminal
methy! amide intermediate, which was dissolved in a solution of Pd(OH); (15 mg, 20 %
wt on charcoal ) and 1 M hydrochloride acid solution (80 L, 0.08 mmole). The mixture

was stirred under H; (15 psi) for 20 minutes at room iemperature The catalyst was

removed by the regular filtration and the solvent was removed under the vacuum to
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afford pure product 11 (14 mg, 93%). [a]p = 54.8 {c 0.35, MeOH); '"H NMR (500 MHz,
D,0 two isomers): & = 2.02 (s, cis, 2.24H), 2.21 (s, trans, 0.76H), 2.27 (dd, cis, 0.75H, J
= 11.31 Hz, J = 14.27 Hz), 2.35-2.44 (m, 1H), 2.53 (dd, rrans, 0.25H,J=6.17 Hz, J =
14.11 Hz), 2.67-2.83 (m, 3.75H) 2.98-3.05 (m, 0.75H), 3.25 (dd, 0.25H, J= 11.31 Hz, J =
1427 Hz ), 3.30-3.39 (m, 1.25H), 3.41-3.56 (m, 2H), 3.68-3.77 (m, 1.75H). 3.83 (dd,
trans, 0.25H, J = 1.81 Hz, J = 12.43 Hz), 4.09-4.36 (m, 3H); B¢ NMR (75 MHz, D,0):
cis, §=27.2,30.1,30.8, 46.5, 62.9 (2 carbons), 64.5, 74.6, 76.0, 77.4, 80.1, 90.3, 176.5,
179.6; trans, 25.9, 30.8, 32.1, 46.4, 62.8, 63.0, 66.0, 74.5, 75.9, 76.5, 78.4, 89.0, 176.6,

179.6; HRMS (ES) calced for Cy14HaN307 [M + H]+ 348.1771, found 348.1759.

(15)-6-Amino-6-deoxy-1 '_N-acetyl-5'(S)-hydroxymethylen e—spiro|1,5-anhydro-D
-glucitol-1,3"-L-proline methyl amide] HCI salt (12) (The detailed procedure was
described in supporting information). [a]p = 19.2 (¢ 0.40, MeOH); "H NMR (500
MHz, 1,0, two isomers): & = 1.80 (s, cis, 1.08H), 2.08 (s, trans, 1.92H), 2.16-2.32 (m,
2H), 2.56 (s, trans, 1.92H), 2.62 (s, cis, 1.08H), 3.09-3.54 (m, 6H), 3.62-3.68 (m, 1H),
3.76 (dd, trans, 0.64H, J = 5.26 Hz, J = 11.50 Hz ), 3.83 (dd, cis, 0.36 H, J=4.60 Hz, J =
11.04 Hz), 4.19 (s, trans, 0.641), 4.21-4.30 (m, 1.36H); B¢ NMR (75 MHz, D;0): cis,
=26.7,30.1,31.2,45.1, 64.6, 67.3, 74.3, 74.6,75.5, 77.4,79.4,92.6,175.5,179.2; trans,

§ = 26.5, 31.0 (2 carbons), 44.9, 64.7, 68.2, 743, 74.5, 752, 76.6, 79.4, 91.4, 175.0,

179.1; HRMS (ES) caled for CiaHaeN;07 [M + H]' 348.1771, found 348.1766.
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Measurement of equilibrium constant: The calculation was based on the integration
of well-resovled peaks of the p-protons, N-terminal methyl group and e-proton in 'H

NMR.

Temperature coefficient (A3/AT) experiment: 1 D "H-NMR spectroscopy of 16mM
solutions of 24 and 25 in 100.0% Me,SO-d,, were recorded on Bruker AMXS500 at 25 °C,
and from 25 10 44 °C with increments of 5 °C, using routine techniques. Chemical shift (8)
of hydroxyl and amino groups are expressed in ppm and calibrated with respect to the
residual DMSO signal ('"H: 2.49 ppm). The chemical shift change (A8) at different

temperature was calculated with respect to the chemical shift of hydroxyl and amino

groups at 25 °C.
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Chapter 8

Conclusions and Future Prospects

8.1. General Conclusions
We have successfully synthesized three types of carbohydrate-templated amino acid

building blocks: Glc(3S5)-Hyp, GlcTK (or GlcTk) and GlcTProLysC (Figure 8.1). These

OH 9 " NH, O
HO Q OH 2 NH HO 0O
HO Howz O3 OH
HO{  NH HO COOH HO| NH
HO
OH OH
Glc(3S)-Hyp GlcTK {or GlcTk) GlcTProLysC

Figure 8.1 Carbohydrate-templated amino acids

novel C-glycosyl amino acids exhibit unique structural and conformational properties
including induction of conformational constraint, artificial post-translational
modifications, control of the kinetics and thermodynamics of prolyl amide cis/trans
1somerization and generation of amino acid side chain diversity. Of particular note is the
discovery that the stereochemistry of the hydroxymethyl substituent at C-& of proline
greatly effects prolyl amide cis/trans isomerization. For instance, (5'R)-Glc(3.5)-Hyp

increases the cis rotamer population (74 + 3%) of model peptide Ac-Gle3(S)Hyp-N'-CH;

in water. In addition, when compared to reference peptide mimics Ac-Pro-OMe and
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Ac-3(S)Hyp-OMe the study shows a (5-24)-fold acceleration in k. and 4y By
comparison, a (13-16)-fold decrease is observed for its epimer (5'S)-Glc(35)-Hyp in water.
NMR studies and DFT calculation support the notion that hydrogen bonds between the
polar hydroxymethylene group and prolyl N-terminal carbonyl group or OH-6 of the
glucose scaffold are in part responsible for these interesting properties.

MOM-protected proline mimetics Gle3(S)}-Hyp differing in the stereochemistry of the
hydroxymethyl substituent at C-8(Pro) were incorporated into the 3-turn inducing peptide
sequence [Leu-D-Phe-Pro-Val] of gramicidine S to produce tetrapeptide
Ac-Leu-D-Phe-[Glc3(S)-Hyp]-Val-NMe,. NMR-studies on the MOM-protected as well
as the unprotected tetrapeptides indicate that the tetrapeptides form S-turn conformation
in dichloromethane (MOM-protected) and water (unprotected), respectively.
Incorporation  of  (5'R)-Gle3(S)-Hyp increases the «cis rotamer population
(MOM-protected: 75% cis in dichloromethane; unprotected: 91% cis in water) and
induces a type Vla f-turn. In comparison, tetrapeptide contaiming MOM-protected
(5'S)-GlIc3(S)-Hyp shows a higher prolyl amide trans ré’[amer population (93%) 1n
dichloromethane and retains the f-turn conformation of the unmodified reference peptide.
Attempts to prepare unprotected tetrapeptide Ac-Leu-D-Phe-[(5°5)Glc3(S)-Hyp]-
Val-NMe, failed due to decomposition under acidic conditions.

In a different project carbohydrate-templated lysine analogs (GlcTK and GlcTk) were

synthesized. Both amino acids conformationally constrain L- (K} or D-lysine (k). The

goal of this project was to prepare analogs of the ultrashort, antibacterial dipeptide
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kW-OBn. Biological evaluation of these dipeptide analogs demonstrates that replacement
of lysine by GlcTk in the dipeptide kw-OBn reduces antibacterial activity. It 1s possible
that the Jow antibacterial activity of dipeptide GlcTkW-OBn is the result of decreased
amphiphilicity and hydrophobicity which are crucial for the antibacterial activity of
antimicrobial peptides. In addition, 1 observed that the nature of the C-terminus
contributes substantially to the antimicrobial activity of kW-OBn. For instance, dipeptide
kW-OBn exhibits strong S. aureus activity while this activity is abolished in peptide
kW-NHBn.

Finally, we have developed a synthetic route to two glucose-templated proline lysine
chimeras (GleTProLysC) and explored their conformational properties by incorporation
into peptide mimics. Conformational analysis of peptide mimics Ac-GleTProLysC-OMe
(NHMe) demonstrate that both exhibit nearly identical prolyl amide cis/trans rotamer
populations when compared to Ac-Gle3(S)-Hyp-OMe (NHMe) in water. Apparently,
replacement of hydroxyl group by an amino function at C-6 of glucose does not affect

thermodynamics of proly) amide cis/trans isomerization.

8.2. Future Prospects
8.2.1. Gle(3S)-Hyp
Although the Glc(3S)-Hyp-based proline mimics display interesting conformational

properties that will find use to explore the bioactive conformation of peptides, broad

applications of this peptidomimetic is currently limited by a lengthy 9-step synthetic
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procedure. Future applications of these building blocks will depend on the development
of faster and more efficient synthetic routes to these building blocks.

In order to better understand the roles of the carbohydrate moiety and the C-§
hydroxymethyl group on prolyl amide cis/trans isomerization the present study should be
extended. The following reference compounds including glucose-templated proline
analogue 1 and proline analogues 2 and 3 would enable to differentiate between the

sugar- and hydroxymethyl-effect (Figure 8.2).

OH COOMe COOMe
O
Hao COOMe NH CNH
HO NH :
OH TOH
1 2 3

Figure 8.2 Proline mimics 1-3

To further demonstrate the use of carbohydrate-templated proline analogs as
peptidomimetics incorporation of (5'R)-Glc3(S)-Hyp into the opoid peptides
endomorphine-1, Tyr-Pro-Trp-PheNH; and endomorphine-2, Tyr—Profhe-PheNHz,
'could be attempted. These tetrapeptides play an important role in analgesia. However,
the possibility of using native opioid peptides as analgesics is generally invalidated by
their limited resistance towards enzymatic hydrolysis in  vivo. For instance,

endomorphine-1 is easily degraded by peptidases, such as dipeptidyl peptidase 1V (DPP

1V), which appears to be a major physiological regulator for some neuropeptides,
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regulatory peptides and circulating hormones. Recent studies indicate that the cis-isomer

amide of proline 1s essential for bioactivity.? Moreover, replacement of proline by proline
mimics play a crucial role in in vivo peptide stability, due to the fact that the activity of

DPP IV is particularly directed towards the degradation of proline-containing peptides.®

8.2.2. Hydrophobic GIcTK and GlcTk

As mentioned above, the reduced antimicrobial activity of dipeptide GleTk-W-0OBn
may be due to the presence of the unprotected hydrophilic ghicose moiety. Attachment or
decoration of hydrophobic groups on the glucose scaffold in GlcTk or GlcTK could be a
way to enhance its biological activity. Selective debenzylation’ could be used to prepare

the benzyl-protected GlcTk 5 or GlcTK 6 (Figure 8.3).

OBn

0 N3 1) TsOH, ACQO Bnow
BhnO x> | e - BnO
Bnm N TCoOMe

Bno  COOMe 5)k,Cc0o5 MeOH

4
NHBOC ypEmoc NRBOC NHEmoc
e e e - BBOO O + BnO O H
n BnO
N COoOH \S-CcooH
5 6

Figure 8.3 Modified Synthetic plan to prepare hydrophobic lysine analogues S and 6

8.2.3. Stabilization of PPI Helix Using (5'R)-GleTProLysC

The left-handed polyproline Il (PPII) helix is recognized as an important peptide
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conformation in biological systems.S However, the related right handed polyproline I (PPI)
helix, in which proly! amide has a cis geometry is less studied due to the low propensity
of proline and hydroxyproline to populate this conformation. As an efficient 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 with conformational PPI preference. In
addition, {5'S)-GlcTProLysC-containing homooligomers could be used to functionalize

the PPIl conformation. Similar studies could be initiated with the corresponding

Gle3(S)-Hyp building blocks.
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Chapter 9

Supporting Information
9.1. SI for Chapter 3
9.1.1. "H NMR and ®C NMR spectrum
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9.1.2. 1D nOe spectrum for compound 4
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1D nQOe spectrum for compound 5
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9.2. SI for Chapter 4

9.2.1. Synthetic procedure for compounds 7 and 8

(18)-2,3,4,6-Tetrahydroxy-l "-N-acetyl-5 '(S)-hydroxymethylene-spiro[ 1,5-anhydro-D-
glucitol-1,3"-L-proline methylamide] (7). Compound 3 (25 mg, 0.07 mmol) was
dissolved in a solution of methylamine in absolute ethanol (4 mL, 33% wt), which is
purchased from Aldrich, and stirred for 18 hours at room temperature. The mixture was
concentrated and purified by the flash column chromatography (dichloromethane/

methanol: 2/1) to get compound 7 as a colorless oil (23 mg, 95%)

(18)-2,3,4,6-Tetra hydroxy-1'-N-a cetyl-5'(R)-hydroxym ethylene-spiro[1,5-an hydro-

D-glucito]-l,3’-L-pro]ine methylamide] (8). Compound 4 (30 mg, 0.09 mmol) was
dissolved in a solution of methylamine in absolute ethanol (4.5 mL, 33% wt) and stirred
for 18 hours at room temperature. The mixture was concentrated and purified by the flash

column chromatography (dichloromethane/ methanol: 2/ 1) to get compound 8 as 2

colorless oil (28 mg, 93%)
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9.2.2 'H and *C NMR spectra for compound 3-8 in D,O
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Compound 5
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Compound 6
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9.2.3. Assignment of cis and frans rotamers of compounds 3,4, 7 and 8 through 1D
nQOe experiments

Compound 3 in CDs0D

COXCH;
4

C(O)CH] cis

el




cis

C(O)CH3 cis

Y
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Different Chemical shift of C-2 {a-carbon) for cis and trans rotamers of compound 3 in

CD;0D (HSQC)
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Compound 3 in D,O

1D nOe spectrum
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Compound 4 in CD;0D

'H NMR spectrum

1D nOe spectrum
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Different chemical shift of C-2' (a-carbon) for cis and rans rotamers of compound 4 in

CD;0D (HSQC)
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Compound 4 in D,O

1D nOe spectrum
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Different chemical shift of C-2' (a-carbon) for cis and trans rotamers of compound 4 in

D,0O (HSQC)
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Compound 7 in D,O

1D nOe spectrum
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Compound 7 in CD;0D

1D nOe spectrum

HO CONHMe 0.95%

H2Icis
,ﬁ (NH)CH3 g5 (CO)CH3 45
A )
—— . S eI
b
1
PFM {=d 612 ' 4JD 3‘8 ' 315 3?4 312 350 | 2!5 2;5 ?'5 2.‘2 ' 2'0 i.%_ll 1.’5 - ”lE
O
N H CH3
HO— — "
6|
5.73%
H
. , 0
H® trans H® trans trans 3.89% (CO)CH;4 trans
N, Mo Pat P
S V
!
= = E
i r: T T T T T T
PP 44 47 40 38 35 34 32 i 28 26 2 QI? ! 20
|




229

Compound 8 in D,0O

1D nOe spectrum
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9.2.4, Magnetization transfer NMR experiments were performed on Bruker AMX500
spectrometer, equipped with selective excitation units and a triple resonance ('H, '’C,
BNy 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 of proton {rans- and cis-isomer signals were
done with Gaussian pulses centered on resonance +12.5 Hz. Relaxation time was 15 s (3),
12's (4), 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 of 3-6 were prepared at concentration of 0.01 M in D,0. Here, selective
inversion of the protons for each compound was different due to their different well-
resolved 'H peaks. i.e. The methyl group of prolyl amide (trans) for compound 3, the axil
HY (cis) for compound 4, o-proton for compound 5 and 6 were selectively inversed. 'H
NMR spectroscopy was used in preference to *C NMR since over the course of an
experiment, the signal/noise ratio is much higher for 'H than *C, and heating effects
caused by decoupling for °C causes uncertainty in the temperature of the sample.

The time-dependent magnetization transfers of the cis (Mc(t)) and frans (My(t)) NMR
signals as a function of the inversion transfer time (t) were simultaneously fit to equations
1 and 2 (Alger and Prestegard, 1977; Mariappan and Rabenstein, 1992) below for
compounds 3-6 using Mathematica (v. 5.0). In the following pulse sequence, the 'H one

isomer resonance such as frans is selectively inverted using a shaped pulse. Its recovery

during t is determined by its intrinsic T, magnetization transfer to and from the cis
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resonance, and the T of the ¢is resonance:

(x)sel---wmmmnm- | /2(X,y.-X.~y)---acquire

The resonances of the trans and cis isomers show the following time dependences:

Mi(®) = ()Mt 1/t expa ) + (e2)( 1) Aot 1/ )exp(ha*t) + Mope—moemeeee 1

Mi(t) = (ci)exp(hi*t) + (cadexp(ha*1) + Mgpm-n-mmmmmm 2

Ty and Ty, are the longitudinal relaxation times of the resonances in the absence of
exchange.

Tc and t, are the lifetimes of the cis and trans ‘conformers and k. and k, are the
corresponding rate constants.

Tc and 1, are the effective relaxation times of the cis and trans resonances when
relaxation and exchange are both occurring and are defined below in terms of T}, and .,
Ty,and 1,

A1 and X, are related to the time constants Te, Tty Tie, and Ty, and are defined below.

¢y and ¢ are defined below.

My and M,, are determined experimentally from the magnetization measured after S T,
periods for the cis and trans resonances, respectively.

Mathematica then calculates 1, from Te; Moo, and My, 88: 1, = T, * Mto/Mc,,

Thus, kee = 11, kie = 111/, Koy = Mi/Meo 111, = (The * t( e + Tio), T = (T, * T 1, +
Ty)

M=) (A mey (Um)HUUne ) m) 12)- @Y (1) 5 )-

((Vrey*(1/))))1/2)
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22=(0.5)* (-(1/ti ) H111)- (Tt H 1)) 2)- () (((Ha)* (1 )))-
((1/re)*(1/tonn1/2)

€2 = (1(@))* -2 * (e i+ (11160 * (Moe-Mco) H(Mo- M)

¢1 = Mor-Mo-Co

All experimental data for each compound at different temperature were fit by using

Mathematica 5.0 to give the following inversed and inversion-recovery fitting curves:
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Figure 1. Inversed N-amide methyl group (trans) for compound 3 at 83°C in D,0O
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Figure 2. Inversion-recovery of N-amide meth
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Figure 3. Inversed N-amide methyl group (trans) for compound 3 at 86°C in D,0O
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Figure 4. Inversion-recovery of N-amide methyl group (cis) for compound 3 at 86°C
in DzO
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Figure 5. Inversed N-amide methyl group (trans) for compound 3 at 89°C in D,O
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Figure 6. Inversion-recovery of N-amide methyl group (cis) for compound 3 at 89°C in
DO
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Figure 7. Inversed N-amide methyl group (frans) for compound 3 at 91°C in D,0O
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Figure 8. Inversion-recovery of N-amide methyl group (cis) for compound 3 at 91°C in
D,0
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Figure 9. Inversed N-amide methyl group (irans) for compound 3 at 93°C
in D,0
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Figure 10. Inversion-recovery of N-amide methyl group {cis) for compound 3 at 93°C in
D,0
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Figure 11. Inversed 3-position axial proton (cis) for compound 4 at 46°C in D,0
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Figure 12. Inversion-recovery of non-inversed 3-position axial proton (trans) for
compound 4 at 46°C in D,0O
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Figure 13. Inversed §-position axial proton (cis) for compound 4 at 52°C in D,0
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Figure 14. Inversion-recovery of non-inversed d-position axial proton (trans) for
compound 4 at 52°C in D,0
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Figure 15, Inversed 8-position axial proton (cis) for compound 4 at 57°C in D,0
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Figure 16. Inversion—recovery of non-inversed 8-position axial proton (trans)
compound 4 at 57°C in D,0
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Figure 17. Inversed 8-position axial proton {cis) for compound 4 at 62°C in D,0
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Figure 18, Inversion-recovery of non-inversed 8-position axial proton (trans) for
compound 4 at 62°C in D,0
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Figure 19. Inversed 8-position axial proton (cis) for compound 4 at 67°C in D,0
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Figure 20. Inversion-recovery of non-inversed 8-position axial proton (trans) for
compound 4 at 67°C in D,0O
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Figure 21. Inversed 8-position axial proton (cis) for compound 4 at 83°C in D,0
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Figure 22. Inversion-recovery of non-inversed 8-position axial

proton (irans) for
compound 4 at $3°C in D,0
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Figure 23. Inversed a-proton (frans) for compound 5 at 62°C in D,0
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Figure 24. Inversion-recovery of a-proton (cis) for compound 5 at 62°C in
D,0
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Figure 25. Inversed o-proton (trans) for compound 5 at 73°C in D,O
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Figure 26. Inversed a-proton (cis) for compound 5 at 73°C in D,0
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Figure 27. Inversed a-proton (trans) for compound 5 at 78°C in D,0O
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Figure 28. Inversed a-proton (cis) for compound 5 at 78°C in D,0O




Intensity

Intensity

T T T ¥ g —

0 5 10 15 20 25 30 35 40 45
Mixing time (s)

Figure 29. Inversed a-proton (frans) for compound 5 at 83°C in D,O
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Figure 30. Inversed a-proton (trans) for compound 5 at 83°C in D,O
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Figure 31. Inversed a-proton (cis) for compound 5 at 89°C in D,O
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Figure 32. Inversed a-proton (frans) for compound 5 at 89°C in DO




Intensity

Intensity

249

30

T T

0 5 10 15 20 25 30 35

Mixing time (s)

Figure 33. Inversed a-proton (trans) for compound 6 at 62°C in D,0O

T ¥ T

0 5 10 15 20 25 30 35

Mixing time (s)

40 45

Figure 34. Inversed a-proton (cis) for compound 6 at 62°C in D,0
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Figure 35. Inversed a-proton (trans) for compound 6 at 67°C in D,0O
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Figure 36. Inversed a-proton (cis) for compound 6 at 67°C in D,O
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Figure 37, Inversed a-proton (frans) for compound 6 at 73°C in D,0O
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Figure 38. Inversed @-proton (cis) for compound 6 at 73°C in D,0
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Figure 39. Inversed a-proton (trans) for compound 6 at 78°C in D,O
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Figure 40. Inversed o-proton (cis) for compound 6 at 78°C in D,0
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Figure 41. Inversed a-proton (1rans) for compound 6 at 83°C in D,0
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Figure 42. Inversed o-proton (cis) for compound 6 at 83°C in D,0




Table 1. Data for inversion-magnetization transfer experiments

Temp. (°C) 93 91 89 86 83 81 78 73 67 62 57 52 46

Temp. (K) 366 364 362 359 356 354 351 346 340 335 330 325 319

3  k, 0494 0400 0324 0255 0.182 - - - - . - . .
k. 0208 0.169 0.135 0.107 0076 - - - - - - - -

4 ke - - - - 16.186 - - - 47240 2.984 1.592 0.966 0.554
ki - - - - 19820 - - - 5.118 3.125 1549 1.184 0.679

5 k, - - 4347 - 2.634 - 1.669 1.053 -  0.363 - - -
ki - - 1.632 - 1.022 - 0.610 03% - 0.139 - . -

6 k, - - - - 2.947 - 1.812 L.111 0.666 0.386 - - -
ki - - - - 0.818 - 0.497 0295 0.177 0.102 - - -

1254



AH AS? , AG” were calcul

Compd

255

Table 2. Equations for Eyring plots

Equation

Cis-trans y=-13.15x + 29.34
3 Trans-cis y=-13.30 x + 28.88

Cis-trans y= 096 x + 24.86
4 Trans-cis y=-9.85 x + 2473

Cis-trans y=-10.86 x + 25.58

Trans-cis

=-10.83 x +24.54

Cis-trans y = -11.04 x + 26.18

Trans-cis y =-11.33 x + 257N

ated by the following equations:

AHF, AST, AG* were calculated by the following equations:

AH = Slope x R x 1000, A (AHY) = (ASlope) x R

AS* = (Intercept — Ln(ks/)) x R,

AG? = Al - TAS?

R=83145. ky=1.381 103

MAGT) =AM + TA(AS?)

(5)

JK', h=6.626 10

Slope + SE Intercept + SE
-13.15+0.08 29.33+0.22
-13.30+0.08 28.88+0.22
-9.96 + 0.06 24.86+0.18
-9.85+0.08 24.73+0.26
-10.86 + (.12 25.58 £ 0.35
-10.83+0.13 24.54 4 0.38
-11.04 £ 0.04 26.18+0.13
-11.33 £ 0.05 2571 +0.15

3)
MASH) = (Alntercept) x R (4)

8.2.5. Thermodynamics. The equilibrium constants for the interconversion of the cis and

frans isomers of 2-5 were determined by measuring the peak area of the 11 resonance for

the two isomers.

Experiments were conducted at 298-360 K. Equilibrium constants (K.

Peak areas were measured with the program Spinworks 2.5.

= Iransicis ratios)

Table 3. Data for various temperature NMR experiments

LnK(UC) values for compounds 3-6 at various temperatures

Temperature (°C) 93

91

89 86

83

31 718 73

67

62 51 41 30 25

Temperature (K) 346 364 362 359 3

36

354 351 346

340

335 324 314 303 298

T X 10° 2.732 2.747 2.762 2.786 2.809 2.825 2.849 2.890 2.941 2.985 3.086 3.185 3.300 3.356
3 0.788 - 0859 . 0.900 . - 0.952 - - L105 1.211 - 1.335
4 - 0136 - .0.144 0172 - L0203 -0.246 -0.236 -0.248 -0.283 -0.294
5 - - 1.258 1.286 - 1316 1.348 . 1.40] 1.442 1562 . 1.586
6 - - - 1.330 - 1.361 1394 1.428 1.463 1.526 1.581 1.639 1.664

LnK (V) values for R Ac-3(S)-GIcPr0»OMe(3),Ac-3(R)-GlcP

ro-OMe(4) Ac-3(S}-OH-Pro-OMe (5) and Ac-Pro-OMe (6)
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were calculated directly from the peak areas.

Table 4. Van't Hoff plots for Ky,

Compd Equation Slope = SE Intercept + SE
3 y=0.838x-1.475 0.838 +0.033 -1.475 £0.010
4 y=-0.247 x +0.527 -0.247 + 0.028 0.527 £ 0.085
5 y=0.546 x - 0.242 0.546 £0.014 -0.242 + 0.042
6 y = 0.607 x - 0.36} 0.607 £ 0.019 -0.361 + 0.060

AH’, AS°, AG® were calculayed by the following equations:

AH® = slope x R x 1000, A(AH) =Aslope x R

AS® =intercept x R,  A(AS°) =Aintercept x R

AG®=AH® - TAS®

8.2.6. FT-

(R=183145) (6)
(7

AAG®) =A(AH®) + TA(ASY) (8)

IR spectroscopy. Samples of 3-6 were prepared at concentration of 0.10 M in

D,0. FTIR specira were recorded on a Nicolet 5PC spectrometer. Experiments were

performed at 25 °C using CaF, in a Spectra Tech circle cell. The frequency of amide 1

vibrational modes was determined to within 2 cm™

Figure 43.

Amide-E
vabralioral
mode

¢

A Pon
3 - : A

7 £ A

! i IsS f; Ey
4 R N 2 R . A

\‘\\ ¥ i."‘\‘ BT S :‘/ 3
Y £ Z
5 | f Vo)
. . : ;5: IR
8

6

1800 1750

17060
Wevenurmber (cm 1)

FT-IR spectra of amide-I (C=0) vibrational mode for compounds 3-6.
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8.2.7. Temperature coefficient (AS/AT) experiment: 1 D '"H-NMR spectroscopy of
17mM solutions of 3 and 4 in 100.0% Me;SO-dg were recorded on Bruker AMXS500 at 20
°C, and from 20 to 45 °C with increments of °C, using routine techniques. Chemical

shift () are expressed in ppm and calibrated with respect to the residual DMSO signal

("H: 2.49 ppm).
0.05
|
01 X HO-2
A HO-3
-0.05 - A HO-4
z m HO-6
2 01 o HO-&
3
-0.15 -
0.2
-0.26 4 - . 4 : i ——
18 23 28 33 38 43 48

Temperature { °C}

Figure 44, Temperature dependence of hydroxyl proton resonances of the cis isomer of
Ac-37(R)-GlcPro-OMe (3) in DMSO-dj.
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Figure 45. Temperature dependence of hydroxy! proton resonances of the rans isomer of




Ac-3’(R)-GlcPro-OMe (3) in DMSO-d.
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Figure 46. Temperature dependence of hydroxyl proton resonances of the cis isomer

of Ac-3°(R)-GlcPro-OMe (4) in DMSO-d,.
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Figure 47. Temperature dependence of hydroxyl proton resonances of the frans isomer of
Ac-3’(R)-GlcPro-OMe (4) in DMSO-d.
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9.2.8. Computational methods (The data were provided by Dr. Schreckenbach’s
group)

A computational approach was used for detailed structural assignments and
determination of the conformational distributions 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. Specifically, 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 spéce 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-

314G(d, p) optimizations as implemented in the GAUSSIAN 03 program package’. 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/6-31+G(d, p) minima in water at the same level of theory using
Tomasi’s Polarized Continuum Model (PCM). This led to only 355 and 258 real local
minima for compounds 3 and 4, respectively. The remaining structures either had large
imaginary frequencies, which were very difficult to avoid, or the structures were difficult
to converge. When the SCF convergence behavior for structures with convergence
problems was checked by analyzing the energy change for each iterative step, it was
found that there is no dramatic change in their energy from one step to the next.
Moreover, these structures are at a higher energy level compared to the collected
conformers, which suggests that they are relatively unimportant for our total analysis.
Thus, such structures were discarded afier repeated attempts to reach convergence had
failed.

Using the B3LYP optimized geometries in water, the total free energies of each
conformer were calculated. The total free energies were subsequently used to determine
the cis/trans ratio of the local minima according to a Boltzmann distribution (Boltzmann
statistics) calculated at 25°C. In Tables 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 least 0.5%, according to the Boltzmann distribution. For each
conformer, we provide the total energy, statistical weight, as well as various torsion

angles (key geometry parameters.) The calculated dipole moment has been included for

future reference since it has a strong influence on the free energy of solvation.




TABLE 5. Backbone torsion angles, endocyclic torsion angles, and conformational distribution of cis-trans isomers of compound 3, which are optimized at
the B3LYP/6-31+G(d) level of theory in the water.

Dipole
B3LYP/6-31+G(d) moment
b Backbone Torsion Angles and Endocyclic Torsion Angles *
H,O (a.u.) Conformer In H,0

Conformers ;IE‘(I)lt;a:gy Free Distrrilbutio o' P w o P 7 7 5 Py

Conformer! -1279.15805900 4.70017076 5.1329 175253 -64.198 153.736 177.502 28915 -34.773 26.879 -8.378 -13.164
Conformer2 -1279.15797400 4.29548658 5.68068 174.849 -63.973 153.458 177.498  29.437 -34.414 25.781 -6.852 -14.482
Conformer3 -1279.15786500 3.82710817 7.6872 175.55 -61.41 -28.681  -179.498  27.616 -33.469 26.027 -8.356 ~12.356
Conformer4 -1279.15761700 2.94297812 8.8327 175.706 -61.659 -28.731  -179.405  28.154 -34.144 26.603 -8.633 -12.497
Conformers -1279.15749700 2.59170305 9.6162 175.751 -61.884 -28.605 -179.79  28.405 -34.608 27.1 -8.983 -12.439
Conformer6 -1279.15748700 2.56439600 5.7266  175.486 -61.371 -28.421  -178.709  27.881 -33.682 26.107 -8.272 ~12.569
Conformer7 -1279.15748500 2.55896921 6.6757 174.313 -64.422 153.418 177.149  30.688 -34.505 24.71 -4.861 -16.547
Conformer8 -1279.15744600 2.45541259 6.9431 174.809 -63.748 153.48 177.554  29.199 -34.614 26.354 -7.622 ~13.835
Conformer9 ~1279.15733500 2.18304566 7.5057  176.059 -61.619 -29.02  -179.011 27,947 -34.48 27.349 -9.547 -11,775
Conformer10 -1279.15718900 1.87025420 120112 177.627 -67.256 154.625 176.597  27.487 -33.487 26314 -8.613 -12.088
Conformerl] -1279.15718800 1.86827423 10.7905 -10.903 -63.708 154.37 177.909  31.884 -34.728 23.936 -3.193 -18.36
Conformer]2 -1279.15716100 1.81560020 7.8150 174.055 -64.29 153.729 177.029 30.79 -34.36 24.383 -4.444 -16.879
Conformer]3 -1279.15711000 1.72012283 7.2059 175399 -61.183 -29.02  -179.311 28.093 -33.767 26.084 -8.126 12,779
Conformerl 4 -1279.15705000 1.61420453 7.5512  -10.713 -64.058 153.755 177.811 31.792 -34.917 24.354 -3.726 -17.943
Conformer!3 -1279.15704400 1.60397824 7.5835 -10.972 -63.957 154.078 177.621 31.89 -35.01 24,411 -3.721 -18.01
Conformerl 6 -1279.15700800 1.54396672 113666 177.548 -66.781 154.711 177.005 27.948 -33.772 26.306 -8.315 -12.573
Conformer17 -1279.15696000 1.46742941 8.3907 -10.68 -62.642 -27.379  -177.946  30.963 -34.117 23.815 -3.727 -17.428
Conformer!8 -1279.15685100 1.30742140 5.3364  -10.749 -63.601 153.891 177.725 31.447 -34.857 24.607 -4.229 -17.401
Conformer19 -1279.15682900 1.27730691 7.4783  175.365 -61.205 -29.374  -178.796  28.155 -33.865 26.186 -8.187 -12.779
Conformer20 -1279.15674100 1.16362742 87979 175.163 -61.389 -28.169  -179.668 28332 -34.102 26.377 -8.261 12,856
Conformer21 -1279.15672900 1,14893052 6.7307 -9.63 -62.972 «27.043 -177.84  30.548 -34.302 24.547 -4.794 -16.464

19C




Conformer22 -1279.15669700  1.11063994 10.8316 -1.733 70.669  153.388  177.641 33395 -35.71 23.807  -2.004  -20.045
Conformer23 -1279.15669000  1.10243549 9.4318 178559  -64.409 27738  -179.68  26.06  -33.108 2707 -10.435 9.993
Conformer24 -1279.15668300  1.09429164 3.8631 -9.77 6277 27496  -177.25 30428  -34.185 24488  -4.807  -16378
Conformer25 -1279.15666800  1.07704254 10.8443  -1.876 71231 153371 177594 33.611  -35.857 2382 -1.878 2026
Conformer26 -1279.15665800  1.06569446 5.4082 -9.889 6233 -27.827 -177.096  30.101  -33.876 2428 -4.792 -16.197
Conformer27 -1279.15664700  1.05334962 10.8863  170.248 .56.04  -29.592 -178.56 26461  -35.759  30.851 -14.224 -7.808
Conformer28 -1279.15663300  1.03784461 83676 169.778  -59.198  153.487  176.826  28.366 362 29719 11737 -10.635
Conformer29 -1279.15661600  1.01932360 45373 175556  -60.875  -29.808 -178.657 27.684  -33.658 2629  -8.615 -12.196
Conformer30 -1279.15660500  1.00751591 101026  177.233 66961 154345 176976  27.794 -33.45 25.946  -8.031 -12.662
Conformer31 -1279.15658100  0.98222629 5.4440 174626  -64.115 15195 175367 30.419  -34.763 25.404 -5.81 15,773
Conformer32 -1279.15656400  0.96469783 14.3113  -3.291 70535 153.12 17754  33.483 3436 21596 0389 21651
Conformer33 -1279.15655600  0.95655772 10.1262 169,712 5597 -20.472  -178.615 26,193 -34.77I 29.505 -12.975 8.458
Conformer34 -1279.15654500  0.94547711 8.5806 165447  -53.435  -20.854 -178.172  25.884  -34.453 29298  -12.975 -8.285
Conformer3s -1279.15654300  0.94347629 10.1153 175362  -61.039  -28.822 -178.998 27718  -33.497 26 -8297  -12419
Conformer36 .1279.15649400  0.89575709 93623 166,129  -53.33¢  -30.287 -178.387  25.099  -34.786 3063 -14.909 -6.521
Conformer37 -1279.15644400  0.84955111 104472 178.633  -63.984  -28.88 -178.987 25955  -33.168  27.273  -10.711 9,749
Conformer38 -1279.15643900  0.84506368 8.4195 -9.329 62914  27.107 -178.164 30355  -34.682 25333 -5.75 -15.738
Conformer39  1279.15642200 0.82998297 9.1869 164495  -56344 152993 17697 2809  -36.156 2988 -12072 10264
Conformer40 -1279.15642100  0.82910430 10,1977 171.153 56406 29716 -177.731 25545  -35246 30974  -14.96 -6.759
Conformer4| -1279.15638400  0.79723914 9.6697 165788  -53.402  -30.686 -177.616 25705  -34.994 304 -14.258 7,327
Conformerd?2 -1279.15636600  0.78218295 97219 175.849  -61.72 28977 -179.497 28244 34288 26771  -8.747 12481
Conformer43 -1279.15636400  0.78052769 84203 -9.462 62976 -27.188  -177.981 30484  -34.706 25239  -5.549 -15.954
Conformer44 -1279.15632300  0.74735630 9.7530 165.884  -53.481 3046 -177.374  25.903 -35.11 30379 -14.095 -7.55
Conformer4s -1279.15628600  0.71863299 112931 170369  -56.445  -29.143 -178.101 25724  -34.231 29.135  -12.9 821
Conformerd6 -1279.15628300  0.71635303 13.8887 -3.24 70.809  153.498  177.347  33.778  -34.389 21342 0.857 2213
Conformerd? -1279.15627900  0.71332434 79777 171237  -56.629  -29.889 -177.841 25746  -35368 30976  -14.84 -6.959
Conformer48 -1279.15625400  0.69468300 13.8661 -3.404 71.046  153.163  177.505  33.693  -34.427 21477 0671 -21.966
Conformer49 .1279.15624900  0.69101360 7.1810  -11.075 63.19 28213 -177.649 31159  -33.869 23237  -2.969 -18.044

b
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Conformer50 -1279.15624600 0.68882127 9.3977 163.635 -56.031 153.751 176.631 28.087 -35.191 28.346  -10.447 -11.319
Conformer51 -1279.15621300 0.66515990 4.8429 -9.645 -62.458 -27.128  -177.416 30.071 -33.976 24.521 -5.094 -15.955
Conformer52 -1279.15621000 0.66304959 8.3825 176.054 -61.66 -28.593  -179,731 27.959 -34.37 27.172 -9.35 -11.914
Conformer53 -1279.15619500 0.65259808 11.2403 -3.017 -71.674 153.034 177.422 34.082 -34.889 21.823 0.551 -22.121
Conformer54 -1279.15617400 0.63824214 6.6183 165996 -53.495 -30.433 -177.748 25711 -35.112 30.56 -14.43 -7.214
Conformer55 -1279.15069300 0.63756646 2.8566 176.006 -41.743 132.539 178.252 -5.605 -14.717 29.215 -34.55 -25.528
Conformers6 -1279.15614100 0.61631819 7.9141 178.168 -63.316 -28.592  -178.828 25.386 -32.416 26.629 -10.42 -9.571
Conformer57 -1279.15614000 0.61566571 8.3052 -11.703 -64.354 153.877 177.66 32,655 -34.57 22.943 -1.625 -19.854
Conformer58 -1279.15610900 0.59577806 9.0827 165.159 -53.272 -30.275  -177.498 25.87 -34.411 29,246 -12.924 -8.307
Conformer59 -1279.15607500 0.57470371 10.3456 165.331 -53.511 -29.889 -177.981 25.949 -34.447 29.227  -12,867 -8.384
Conformer60 -1279.15606900 0.57106285 7.5206 -10.037 -62.966 -27.543  -177.851 30.931 -34.588 24.616 -4.611 -16.84
Conformer61 -1279.15605800 0.56444775 11.9053  165.703 -53.206 -29.521  -177.935 25342 -34.881 30.585 14715 6,792
Conformer62 -1279.15604300 0.55555047 11.3924 165.649 -53.595 -29.54 -178.976  25.893 -35.017 30236 -13.973 -7.642
Conformer63 -1279.15599500 0.52801080 8.9909 170.236 -56.546 -29.551  -177.579  25.492 -34.176 29.308 -13.26 -7.839
Conformer64 -1279,15598100 0.52023862 6.9900 -1.77 -70.445 -28.226 -177.256 32.8 -35.235 23.58 -2.187 -19.525
Others* <0.5
Total Population Distribution

Cale.(%) Exp. (%)
Total Cis Isomers 29.15 23
Total Trans Isomers 70.85 77

*angles are in degrees,

® units in Debye (D). The relative electronic energies and the relative free energies are in

Hartrees. The population distributions were calculated using the Boltzmann statistical weights at 25 °C, including all conformers. In the property table,
only those conformers are included that contribute 0.5% or more.
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Conformer50 -1279.15624600 0.68882127 9.3977 163.635 -56.031 153.751 176.631 28.087 -35.191 28.346  -10.447 -11.319
Conformer51 ~-1279.15621300 0.66515990 4.8429 -9.645 -62.458 -27.128  -177.416 30.071 -33.976 24.521 -5.094 -15.955
Conformers2 -1279.15621000 0.66304959 8.3825 176.054 -61,66 -28.593  -179.731 27.959 -34.37 27.172 -9.35 -11.914
Conformer53 -1279.15619500 0.65259808 11.2403 -3.017 -71.674 153.034 177.422 34.082 -34.889 21.823 0.551 -22,121
Conformer54 -1279.15617400 0.63824214 6.6183 165,996 -53.495 -30.433  -177.748 25711 -35.112 30.56 -14.43 -7.214
Conformer5s ~1279.15069300 0.63756646 2.8566 176.006 -41.743 132.539 178.252 -5.605 -14.717 29.215 -34.55 -25.528
Conformer36 -1279.15614100 0.61631819 7.9141 178,168 -63.316 -28.592  -178.828  25.386 -32.416 26.629 -10.42 9.571
Conformers7 -1279.15614000 0.61566571 83052 -11.703 -64.354 153.877 177.66 32.655 -34.571 22,943 -1.625 -19.854
Conformer58 -1279.15610900 0.59577806 9.0827 165.159 -53.272 -30.275  -177.498 25.87 -34.411 29.246  -12.924 -8.307
Conformer59 -1279.15607500 0.57470371 10.3456 165.331 -33.511 -29.889  -177.981 25.949 -34.447 29.227  -12.867 -8.384
Conformer60 -1279.15606900 0.57106283 7.5206 -10.037 -62.966 -27.543  -177.851 30.931 -34.588 24.616 -4.611 -16.84
Conformer61 -1279.15605800 0.56444775 11.9053  165.703 -53.206 -29.521  -177.935  25.342 -34.881 30.585 -14.715 -6.792
Conformer62 -1279.15604300 0.55555047 11.3924  165.649 -53.595 -29.54  .178.976 25.893 -35.017 30.236  -13.973 -7.642
Conformer63 -1279.15599500 0.52801080 8.9909 170.236 -56.546 -29.551 -177.579 25,492 -34.176 29,308 -13.26 -7.839
Conformer64 -1279.15598100 0.52023862 6.9900 -1.77 -70.445 -28.226  -177.256 32.8 -35.235 23.58 -2.187 -19.525
Others* <0.5
Total Population Distribution

Calc.(%) Exp. (%)
Total Cis Isomers 29.15 23
Total Trans Isomers 70.85 77

*angles are in degrees,
Hartrees. The population distributions were calculated using the Bolt

® units in Debye (D). The relative electronic en

only those conformers are included that contribute 0.5% or more.

ergies and the relative free energies are in
zmann statistical weights at 25 °C, including all conformers. In the property table,
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TABLE ¢6: Backbone torsion angles, endocyclic torsion angles, and conformationa] distribution of cis-trans isomers of compound 4, which is optimized at
the B3LYP/6-3 1+G(d) leve] of theory in the water

B3LYP/6—31+G(d) mor;:ent

Backbone Torsion Angles and Endocyclic Torsion Angles °

H20 (a.u.) Conformer In H20

Conformers I’f:“(!)liarlgyFree Distribution o' p w © P 7 P 7 Y

Conformer| -1279.15838500 4.15042264 10.9153 4031  -81347 154316 176.927 32683 37378 2719 -6.035 -16.964
Conformer2 -1279.15837300 4.09800180 11.0304 4297 -80.845 1548338 177.406 32539 37457 27450 -6.399 -16.641
Conformer3 -1279.15835700 4.02913580 4.9618  -170.077 85486 154199 177.889 32851 -33.196  20.473 1.061 -21.596
Conformerd -1279.15822100 3.48858953  10.13710 3.902 .82.254 154.02  177.165 32.835  -37.137 26661 -5.391 -17.464
Conformers -1279.15808700 3.02696829 6.5048 .172.554 -82.246 154897 178.008 59.846 30292 18116 2.039 -20.834
Conformer6 ~1279.15801200 2.79580419 10.9310 3.878 -79.31 154,78 177.459 31.566  -36.457 26859 -6.415 -16.019
Conformer7 -1279.15800500 2.77515118 10.9293 3926 78782 153.309 177.545 3L75 236739 27.139 -6.59 -16.015
Conformer§ -1279.15796200 2.65158775 12.5069 4.344 81073 154.429 176.76 32373 37373 27468 -6.520 -16.447
Conformer9 -1279.15795800 2.64037702 6.5169  _172.448 -82.232 154292 179.353 30499 30342 18961 1.836 -20.648
Conformer10 -1279.15791500 2.5228144] 7.8114 1720017 -81.541  154.684 178.19 30.176 -29.97  18.004 1.879 -20.468
Conformerl 1 -1279.15781500 2.26925765 5.1614  .170.53 -86.917 153504 | 77.346 33.723  -33.628 20387 1.719 -22.572
Conformer12 -1279.15772300 2.05855481 13.7801 42 79496 154916 176,881 31871 -37.151 27642 -7.035 -15.814
Conformeri3 -1279.15770400 2.01753998 8.3455 3512 81193 28105 -177.812 32.361 -36.72  26.42] -5.464 -17.112
Conformer14 -1279.15767700 1.96065755 5.1522  .170.208 -86.394 153.9] 177.6 33493 33659 20655 1.279 -22.147
Conformer] 5 -1279.15756000 1.73212807 9.7505 12.897 9114 154666 177338 32641 33236 20844 0.606 21173
Conformerl6 -1279.15752900 1.67617568 9.7577 12757 .90.437 154.79  177.186 32551 -33.191 20854 0.538 -21.074
Conformer}7 -1279.15742100 1.49498874 7.5951 4217 79003 27526 . 77.594 31.29 -36.44 27,064 -6.843 -15.553
Conformerl§ -1279.15738000 1.43145372 8.4981 4245 -80.608  .28347 . 77.15 31629 -36.286 26438 -5.955 -16.34]
Conformer19 127915737900 1.42993829 8.7994 4,529 -82.05  152.85%8 175.989 32.954 37887  27.9s -6.464 -16.866
Conformer20 -1279.15736500 1.40885000 72791 _170.052 -84.046 27779 4 79.098 32501 32811 2023 1.031 -21.333
Conformer21 -1279.15734600 1.38081915 8.5042 3915 -80.778  .28379 -177.398 31934 36576 26.506 -5.929 -16.544
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Conformer22 -1279.15732300 1.34758590 5.9159 4935  -78.149 -27.92  -177.228 31.189  -37.028 28.108 -8.014 -14.737
Conformer23 -1279.15721800 1.20574339 6.8370 12555  -90.425  154.631  177.253 32497 -32985  20.554 0.81 -21.207
Conformer24 -1279.15721400 1.20064559 7.6057 4.62  -80.305  -28.143 -177.458 32.019  -37.135  27.458 -6.787 -16.038
Conformer25 -1279.15720500 1.18925420 5.9903 3.744  -80.935  -28.491 -177.344 32.074 -36.59  26.508 -5.756 -16.736
Conformer26 -1279.15714100 1.18925420 9.3605 4276  -77.968  -27.479 -177.297 31.037 36672 2767 -7.642 -14.882
Conformer27 -1279.15713400 1.10309683 8.0443 12.314  -90.783 153222  177.425 33.237  .34.026  21.54 0.256 -21.331
Conformer28 -1279.15712300 1.09031872 6.3277 -171.984  -81.833 154.82  178.388 30,76 -31.456  19.83 0.343 -19.863
Conformer29 -1279.15711100 1.07654773 7.4730  -170.08  -83.735  -28.796 -178.569 32.442 33185  20.865 0.318 -20.84
Conformer30 -1279.15708100 1.04287641 11.0267 12.45  -90.565 154.9  177.356 32.588  -33.336  21.051 0.357 -20.977
Conformer31 -1279.15706700 1.02752556 5.6968  -171.645  -79.531 -26.81  -179.607 30,626 -31.461  19.90] 0.15 -19.636
Conformer32 -1279.15701000 0.96732360 9.6433  -170.626 -84.75  154.602  177.906 32.227 23233 19.761 1.395 -21.428
Conformer33 -1279.15700700 0.96425464 9.6433 4865  -79.122 28789 -176.825 31377 -36.812  27.568 -7.32 -15.299
Conformer34 -1279.15695%00 0.91645474 9.2865 -169.534  -84.422  -27.317  -179.049 32379 33319 21.169 -0.052 -20.571
Conformer33 -1279,15695800 0.91548452 6.7779 -171.356  -82.268  153.853  179.034 31428 -32.728  21.177 -0.623 -19.657
Conformer36 -1279.15689600 0.85729458 8.6034 .170.132  -85.569  153.411 -179.818 32.805  -33.005 20.231 1.281 -21.716
Conformer37 -1279.15688700 0.84916081 12.0283 3.931  -82.023 153.88 177.72 33.075 -37.619  27.186 -5.76 -17.401
Conformer38 -1279.15686200 0.82696965 5.6947  -171.096  -82.727  154.418 177761 31.508 -33.04  21.605 -1.014 -19.463
Conformer39 1279.15684500 0.81221184 9.3748 11.487  -91.737  154.783 177.15 32743 232909  20.221 1.309 -21.674
Conformerd0 -1279.15679100 0.76705854 7.3595  -170.138  -85.506  154.067 178.014 33.061  -33.416 2064 1.023 -21.699
Conformer4 ] -1279.15678100 0.75897656 5.8700 -171.742  -82.677 154286  177.643 31.176  -31.666 19.763 0.694 -20.348
Conformer42 -1279.15670000 0.69657383 7.6156  -169.538 -83.9 28409 -178.713 32,12 -33.097  21.07 0.119 -20.361
Conformerd3 -1279.15668100 0.69657383 8.3135  -171.35  -80.052  -26.936 -179.325 3015 -31.243  20.044 -0.33 -19.024
Conformerd4 -1279.15667000 0.67478699 9.6358 4.091  -B1.838 154139  177.361 32967  -37.581 27.244 -3.904 -17.226
Conformer43 -1279.15666100 0.66838481 12.3637 11,538 -90.866  155.267 177.139 32629 -32.982  20.448 0.998 -21.406
Conformerd6 -1279.15659500 0.62590100 0.0037 -169.576  -83.957  -27.802 -179.535 32477 -33.131 20,735 0.47 -20.97
Conformerd7 -1279.15655300 0.59613546 13.8152 3956  -B1.412 153.965  177.561 32,564 -37.37 2729 -6.205 -16.792
Conformer48 -1279.15653600 0.58549704 12.9746 3.907  -82.207  154.239  177.143 32,742 -37.114 26,736 -5.529 -17.326
Conformer49 -1279.15653200 0.58302160 10.3246  -171.452  -84225  154.551  178.295 31992 -32.045 19.589 1.414 -21.303
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Conformer50 -1279.15650500 0.56658391 9.3459  -170.544 -84.891 154.554 177.422 32.29 -32.307 19.654 1.548 -21.559

Conformer51 -1279.15649400 0.56002069 10.4355 3,759 -82.204 -27.891  -178.006 327 -36.942 26448 -5.26 -17.46
Conformer52 -1279.15645600 0.53792720 12.3176 11.31 -91.845 154.642 176.438 32.758 -32.898  20.179 1.352 -21.704
Conformer53 -1279.15645200 0.53565288 10.2786  -171.622 -83.652 154,359 178.253 31.855 -31.854 19.37 1.568 -21.317
Conformers4 -1279.15643200 0.52442471 5.4632 12.852 -89.47 -28.305 -178.455 32.443 -33.58 21.54 -0.319 -20.44
Conformer53 -1279.15641700 0.51615831 15.1406 4236  -81.741  153.895  177.438 32.835  -37.567 27.355 -6.103 -17.018
Others* <0.5
Total Population Distribution

H,0 (%) Exp. H,0 (%)
Total Cis Isomers 57.75 53
Total Trans Isomers 42.25 47

"angles are in degrees, ° units in Debye (D). The relative electronic energies and the relative free energies are in
Hartrees. The population distributions were calculated using the Boltzmann statistical weights at 25 °C, including all conformers. In the property table,
only those conformers are included that contribute 0.5% or more.

99¢C
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Hydrogen Bonds: The most stable conformers were studied for interna] hydrogen
bonding. For the hydrogen bonding characterization, we used a <2.5A bond length cutoff

to ensure that only strong hydrogen bonds were selected.” We increased the bond

types of hydrogen bonds in those conformers of compounds 3 and 4 that contribute to a
population distribution greater > 0.5% (Table 1-2). For compound 3, the first major
hydrogen bond exists between OH-6' and OH-6 (6'-OH------- OH-6). The average
hydrogen bond distance is ~ 1.9A. This hydrogen bond was found in prolyl amide trans
conformers 10, 16, 23, 30, 37 and 56 (Table 5). The second type of hydrogen bond in
compound 3, exists between OH-6 and N-terminal carbonyl (6'-OH------- O=C-N) and is
found in the c¢ig conformers only. Conformers 22, 25, 32, 46, 48, 53, and 64 possess this
hydrogen bond (Table 5). The bond distance of this hydrogen bond is ~ 1.8A. In
addition, a third type of hydrogen bond is found between OF-2 and the C-terminal
carbony] (2-OH---O=C'-C°‘) with a bond distance of 1.9A. This hydrogen bond was
found in only one out of 43 trans conformers.

For Compound 4, the first major hydrogen bonding exists between 6"-OH and the N-
terminal carbonyl (6’-OH---O=C’-N) and the bond distance is ~ 1.8 A. These conformers
with this kind of hydrogen bond are conformers 1, 2,4,6,7,8, 12,13, 17, 18, 19, 21, 22,
25, 33, 37, 44, 47, 48, 51, and 55 (Table 6). All these above-mentioned twenty-one
conformers favor a cis prolyl amide structure. The second hydrogen bond exists between

6'-OH and the C-terminal carbonyl (CS-CHZ-OH--—O=C’- C% and is found in both cis and

Irans conformations. The conformers with this kind of hydrogen bond that favor the cis
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prolyl amide structure are conformers 15, 16, 23, 30, 39, and 52 and the conformers that
favor the frans structure are also conformers 3,5, 10, 32, 36, 40, 49, 50, and 53 (Table 6).
The bond distance of this hydrogen bonding is ~ 1.9 A.

Figure 47 shows the most stable cis/trans prolyl amide conformer for compound 3

while the most stable cis/trans prolyl amide conformer for compound 4 is shown in

Figure 48.

Figure 47. The most stable conformers of compound 3: the most stable cis conformer is
shown on the left while the most stable trans conformer is shown on the right. In these
two conformers no intramolecular hydrogen bond was identified

Figure 48. The most stable conformers of compound 4: the most stable cis conformer is
shown on the left while the most stable trans conformer is on the right. The
intramolecular hydrogen bonds between 6'-OH O=C-N (cis isomer) and 6'-OH
0=C-C* are indicated
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9.3. SI for Chapter 5,

9.3.1. Synthetic procedure for 4, 6, 8, 10,12
(15)-2,3,4,6-Tetra-O-meth oxymethyl-1 '-N-benzyloxycarbonyl-s'(s)-m ethyl

methoxymethyl ether—spiro{1,S-anhydre-D-qucito!—1,3'-L-pro]ine methyl ester] (4) To a
mixture of compound 2 (90 mg, 0.29 mmol) and benzyl chioroformate (0.21 mL, 1.45 mmol)
in water (2 mL) was added sodium carbomate (93 mg, 0.88 mmol). The reaction was stirred
for 12 hours at room temperature and extracted with ethyl acetate (5 x 10 mL). The
organic layers were collected, concentrated and purified by the flash column
chromatography (ethyl acetate/ methanol: 4/1) to get Cbz-propected intermediate (106
mg, 83%). Which was treated with 3 mL dichloromethane and cooled in an ice bath under
nitrogen atmosphere, diisopropylethylamine (1 mL) was added dropwise, followed by a
careful addition of chloromethyl methy! ether (0.71 mL, 9.36 mmol). A significant amount of
white smoke formed in the reaction vessel. The reaction mixture was stirred in the dark
for 48 hours during which the solution gradually turned red. After cooling to 0 °C,
saturated aqueous ammonium chioride (5 mL) was added. The contents diluted with
water and extracted with dichioromethane (3 x 10 mL). The combined organic layers
were dried (NaSOy), filtered, and concentrated. The crude product was chromatographed

on silical gel (from ethyl acetate /hexanes (1:1) to ethyl acctate) to afford the product 4

(125 mg, 72%).
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(15)-2,3,4,6-Tetra-0O-m ethoxymethyl-1 '-N-benzyloxycarbonyl-5'(s)-m ethyl
methoxymethyl ether-spiro[],S-anhydm-D-g!ucitol-l,3 '-L-proline] (6)
To a solution of compound 4 (100 mg, 0.15 mmol) in dioxane (3 mL) was added 2M lithium
hydroxide aqueous solution (0.76 mL, 1.5 mmol). The reaction mixture was stirred at 60
°C for 48 hours. Afterwards the solution was cooled to room temperature and neutralized
with Amberlite IRC-50S H* ion-exchange resin. The mixture was filtered and
concentrated to afford the crude product, which was purified by flash charomatography

(ethyl acetate/ methanol: 20/ 1) to get pure product 6 (51 mg, 53%).

Dipeptide H-5'(5)-(MOM)GIcTSPro-Val-NMe, (8) The amino acid TFA-NH,-Val-
NMe; (44 mg, 0.16 mmol) was dissolved in DMF (1 mL) and then added to a solution of
acid 6 (35 mg, 0.05 mmol) and N, N-diisopropylethylamine (70 uL, 0.32 mmol) in DMF
(3 mL). The reaction mixture was stirred for 10 minutes at room temperature followed by
the addition of TBTU (41 mg, 0.11 mmol) and stirred 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 dried with sodium sulfate and concentrated. The residue was
purified by flash chromatography (ethyl acetate/methanol: 30/1) to afford the Chz-
protected intermediate, which was dissolved in cthyl acetate (5 mL) and treated with
Pd(OH); (20 mg, 20% wt on charcoal) under hydrogenation condition (H,, 10 psi). The

mixture was stirred for one and half hours 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 the dipeptide 206 (28 mg, 85%).

Tripeptide H-D—Phe-s’(S)-(MOM)G!cTSPro-Va]-NMe; (10) To a solution of dipeptide
8 (50 mg, 0.08 mmol) and N, N-diisopropylethylamine (72 pL, 0.38 mmol) in DMF (3 mL)
was added the D- Fmoc-Phe-OH (93 mg, 0.23 mmol) and PyBOP (122 mg, 0.23 mmol). The
mixture was stirred for 18 hours at room temperature before addition of sodium
bicarbonate (27 mg, 0.30 mmol). The resulted mixture was dilutated with water (5 mL) and
extracted with ethyl acetate (5 x 10 mL). The combined organic layers were dried
(NaySOy) and concentrated. The crude product was purified by flash chromatography
(ethyl acetate/methanol: 20/1) to provide the Fmoc-protected intermediate, which was
dissolved in a mixture of piperidine and DMF (0.2 mL + 0.8 mL) and stirred for 1 hour at
room temperature. The solution was concentrated and purified by flash chromatography
(ethyl acetate/methanol: 10/1 to 6/1; TLC was charred with the iodine) to get tripeptide 10

(28 mg, 46%).

Tetrapeptide Ac-Leu-D-Phe-S'(S)-(MOM)G!cTSPro-Val—NMeg (12) To a solution of
tripeptide 10 (30 mg, 0.04 mmol} and », N-diisopropylethylamine (35 pL, 0.19 mmol) in
DMF (3 mL) was added the Fmoc-Leu-OH (41 mg, 0.12 mmol) and TBTU (37 mg, 0.12
mmol). The mixture was stirred for 18 hours at room temperature before addition of

sodium bicarbonate (13 mg, 0.16 mmol). The resulted mixture was dilutated with water (5

mL) and extracted with ethyl acetate (5 x 10 mL). The combined organic layers were
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dried (Na;SO;) and concentrated. The crude product was purified by flash
chromatography (dichloromethane/methanol: 20/1) to provide the Fmoc-protected
intermediate, which was dissolved in a mixture of piperidine and DMF (0.2 mL + 0.8
mL) and stirred for 1 hour at room temperature. The solution was concentrated in
vacuum. The resulted mixture was dissolved in methano] (2 mL) followed by the addition
of pyridine (16 pL, 0.19 mmol) and acetic anhydride (11 pL, 0.12 mmol). The mixture was
stirred for 2 hours at room temperature. The solution was concentrated and purified by

flash chromatography (methylene chloride/methanol: 25/ 1 to 15/'1; TLC was charred

with the iodine) to get tetrapeptide 12 (29 mg, 90%).




9.3.2. 'H and *C NMR spectrum

Compound 3
OMOM

MOMO 0
MOMO

MOMO

CO,Me
NCbz
OMOM

274

8 g H a 3 g
a 4 H & s
T T T ¥ T N T T T i i
PRI 72 &8 54 50 56 52 &8 44 40 36 32 28 24
&g B3 BREEzIsEi: FLERELIE g sS3s2s 883
3 23 BRASEEERL §535333:% = EINY ooy ER
N | L T CONREL I e

T
PPM 3700




275

COQME
NCbz
~OMOM

OMOM
0

Compound 4

o

W

et

24

28

32

38

40

44

T
43

52

56

60

64

68

72

PEM

PP
Lasa st =
o
LR
oLrers

oeezoct
worwes 7

Txton

1100

T
200

1400 1300

T
1500




276

Compound 5

OMOM ,

MOMO O  COH |

MOMO |

MOMO NCbz ) g
/ {

| | |

|

H

i

|

|

f

——

OMOM {

F . ]
il LY |
¥ o LA Y i N
AN d{][r’u v Ll{ ~ ’\\ L\_/' A, "‘"‘J‘J i )
D = ; T ~
‘j\/’J i — Vs
3 =
3 3 g ; :
T T T T T T T T T " YTy T T Y T
PPM 12 68 64 60 56 52 48 a4 40 36 32 28 24 20
BIAGRIRERY: ¥ % @ ZEE 5%
H BERRERREERE = = 2 TS =3
i P HH Il

| iy

e —

t WJ&MHM'\&L .- wmmuJ'. o

méW%W%%WAWMm' DR

T
700

T
€00

1500

i 1 N
1400 1300

1200

100

1000




277

Compound 6 /
OMOM
MOMO Q  COH

MOMO
MOMO NCbz g

~OMOM

if R 1fgEeiEs EE EgEEGE ipIRis =3 i
B 55 RRES=RZ TEFERES 5 8% TIFERR Rngzsgm T £E
4 Ny B SN M S Y 3 4

Lol i)

T ————
1£0.0 1300 1200 110.0 1000 i} 800 0¢ 60.0 50.0 400




Compound 7

278

] 1
! A s
ll.{' 1
k .HJU{JI\ { , !{_ A kj/' wrdh 1y
I < —— £y 9\7_,/:\4/?‘—1 A Ev’ki; '\/L/
H B H S ] g i i
H H 5 EH ~ H
T T T [ T T i T N 7 T 13 T T 3 T 3 T T T T T
PPM 54 52 50 4B 48 44 42 40 38 36 34 312 38 28 26 24 22 20 18 16 14 12 e
s 2en 58% 5SSEEsAT g HE)
i3 stERE I 0§ 331 P8Ry BERSiEC 5 i3
EE 833 T 2 =2¢ XZfg nnx3asz B =5
i Y L T N ¥ [
'
il L‘!\’-\\M»’}‘JJ I L [ = J |
T ¥ T T - ¥ T N 1 T H 1 T T H 4 3 ¥ T 13
PEM 1700 1800 1500 1200 130.0 1200 110.0 100.0 0.0 500 700 50.0 00 00 00 %0 ©0




279

Compound 8

| . |

e i ‘*"NU | i
L*Ll M f _‘HC-‘\/ J JU | ), ey A J} LH
| : o = S = ZRE e
|
3 g 2 g H 8 H g 3
i T T T % S T . T T T =5 N ~ T T
g PPM 46 44 42 40 E¥:] 36 3 2 0 28 25 24 2 20 18 16 1.4 12 10
3

i Enig : & 382 B3 9h5RRyn fgnENissan £i

£z Sgzs H g 22 F PR LahR2ZE TRITTEIRAER & T

] )] I N R R R e A e L ¢

T i E ¥ T T i T
PR 1700 1600 1500 1400 1300 120.0 oo




Compound 9

280

/
s i I E
- i / - L 1)
L £ ke i LA
f"L’lL qu\ LI _P'tii;f‘)li_‘)‘ﬁ,/(“ AT T L - '“-v__"jj 5
<= T e N e e e e
: : I ;
A e A L. S 1~ B L e
= 72 68 64 58 52 a8 44 0 £} 32 25 24 20 15 12
§ 83§ FERETEREL:
T EREEEYS
(AR e

(—

PPt 1760 1600 150.0




Compound 10
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9.3.3. ROESY spectrum for tetrapeptides 11-13 and 16
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2D ROESY Spectrum for 12
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2D ROESY Spectrum for 13
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2D ROESY Spectrum for 16
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9.4. SI for Chapter 6

9.4.1. '"H and ®C NMR
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9.5. SI for Chapter 7

9.5.1. Synthetic procedure for compounds 4, 6, 8, 10, 12

(lS)-l'—N-tert—butoxycarbonyi-s'(S)-methy!enehydroxy acetate-spiro[1,5-anhydro -
D-glucitol -1,3'-L-proline methyl ester] (4) To a mixture of 2 (100 mg, 0.13 mmol) and
PA(OH), (40mg, 20 % wt on charcoal) in methanol (10 mL) was added the solution of
hydrochloride (250 uL of 1M HCI solution, 0.25 mmol) and stirred under Hy (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 with
triethylamine (53 pL, 0.38 mmol} and di-tert-butyl dicarbonate (56 mg, 0.25 mmol) in
methanol (2 mL) for 1 hour at room temperature. The solvent was removed under the
vacuum. The crude product was purified by flash column chromatography (CH,Cl, /

MeOH: 7/ 1) to get 4 (35 mg, 62%)

(1S)-6-Azid0-6-deoxy-1'-N-tert-butoxycarbonyl-S'(S)-methyienehydroxy acetate -
spiro[1,5 -anhydro-D-glucitol-1,3'-L-proline methyl ester] (6) To a solution of
compound 4 (40 mg, 0.09 mmol) in pyridine (1 mL) was added p-tolunesulfonyl chloride
(42 mg, 0.22 mmol) and stirred for 12 hours at room temperature. The mixture was
concentrated and purified by flash column chromatography (CH,Cl, / MeQH: 10/ 1) to
provide tosyl ester, which was treated with sodium azide (116 mg, 1.8 mmol) in DMF

(1.5 mL) and stirred at 80 °C for 12 hours. The mixture was filtered, concentrated and

purified by flash column chromatography (CH,Cl,/ MeOH: 15/ 1) to get 6 (39 mg, 94%).
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(1.5)-6-Azido-6-deoxy-1 '-N—acetyl-S’(S)-hydroxymethylene—spiro[l,S-anhydro-D-
glucitol-1,3'-L-proline methyl ester] (8) The compound 6 (30 mg, 0.06 mmol} was
dissolved in a mixture of dichloromethane and trifluoroacetic acid (1.5 mL/ 0.5 mL) and
stirred for 1 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
temperature followed by the neutralization with Amberlite IRC-50S ion-exchange resin
(H"). The mixture was filtered and filtrate was concentrated and purified by the flash
column chromatography (ethy! acetate / methanol: 6/ 1) to get compound 8 (18 mg,

80%).

{(15)-6-Amino-6-deoxy-1 '-N-acetyl-5'(S)-hydroxymethylen e-spiro{1,5-anhydro-D-
glucitol-1,3'-L-proline methyl ester] HC1 salt (10) To é solution of 8 (20 mg, 0.05
mmol) and Pd(OH); (20 mg, 20 % wt on charcoal) in methanol (5 mL) was added the
solution of hydrochloride (800 pL of 1M HCI solution, 0.08 mmol) and stirred under H,
(15 psi) for 20 minutes at room temperature. The catalyst was removed by the regular
filtration and the solvent was removed under the vacuum to afford pure product 10 (20

mg, quant.).

(15)-6-Amino-6-deoxy-1 r-N-acetyl-5'(S)-hydroxym ethylene—spiro[1,5-anhydro-D-

glucitol-1,3'-L-proline methyl amide] HCI salt (12) To a solution of methylamine in

ethano! (37% wt, 1 mL) was added compound 8 (15 mg, 0.04 mmol) and stirred for 18
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hours at room temperature. The mixture was concentrated and purified by the flash
column chromatography (dichloromethane/methanol: 2/1) to quantitatively afford C-
terminal methyl amide intermediate, which was dissolved in a solution of PA(OH), (15
mg, 20 % wt on charcoal ) and 1 M hydrochloride acid solution (80 pL, 0.08 mmol). The
mixture was stirred under H (15 psi) for 20 minutes at room temperature The catalyst

was removed by the regular filtration and the solvent was removed under the vacuum to

afford pure product 12 (15 mg, 95%).
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9.5.2. "TH NMR and *C NMR spectrum

Compound 3

OH
HO ¢} CO,Me .
HO
HO NBos
i OAc

AT
FA
‘\/\)\./ T S
18 2 s } ;
T T T T T l T T T T | —
PP 56 52 48 4.4 40 5 a2 28 16 12

2EE} iz 3% ZEGERREREY  H@ds g
EEsx EE] 85 dugyegeesd RREE RE
Lyl N ooy M} i

—
y
{
>

i N 3 ’ T ¥ T T T T 13 7 N - ¥ N N
PPht 168.0 1500 1400 1300 1200 100 1000 %00 800 700 60.0 500 400 30.0




303

Compound 4

OH

HO Q COMe

HO
HO NBoc

~0Ac

g e g i g g
2 2 H H 2 H
T T T T 7 " T ’ T T T " T " T i T ¥ T T 1 T T
PPM 52 48 4.4 40 36 32 28 24 20 16 1.2 08

158 088
Vi BA

aipoge

—— anDIE

— B2

T T ¥ T T ¥ T 13 T T T T T T T T T * v T T ¥ T
PPN 170.6 1600 1500 140.0 1200 1200 1100 1000 0.0 8040 700 €0.0 500 400 0o 200 100




Compound 5

304

;
Ny
HO o} COMe
HO
HO NBoc
OAc -
o
[
/ f
]
3
/ J
4 i S
I oy MUYy pam ,.JL
— \v; \.“”;’ s i T 5 ~ LY} . Vi\;l’j—__,,,x_‘:*l//).\
: 3 3 Pk : ]
T T T ) T T 1 T T 3 T T T T T 3 T ) T T T
46 44 42 40 s 6 34 a2 30 28 28 24 22 20 18 16 54 12 10

PeM

~ 1an
1887078

2
A

o i)

H
H

hgetakat s

T T
PPM 700 160.0

T
100




Compound 6

305

Ny
HO O CO Me
HO
HO NBoc
=\0Ac
/‘
i_.‘

/ f h

- L7 i1 /|

| IJ Ol |

i b 1 il d [

j%\ “Wﬁt ;’U‘l Aif \i\j’g L _} (/ iijj \

e en b e N Y - AR AN S
) L e e W e
§ £ 2 H g §
T ¥ T = T lﬂ T i = T + T H H T T = T H T ¥ i T = T T T
PPM 48 46 44 42 40 38 a6 34 32 10 28 26 24 22 20 8 18 14 1.2 1.0 [iX:] 08 04

LI &g H §egiz
gdz: ] 3 2Afz &
| N t Vil

T T T
1200 1100 1000 EQC

T
600

500

00




306

Compound 7
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Compound 11
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Compound 12
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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 11
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4 CHs

HO—_
6 H 573

3.55%

H® HE (CO)CH;

5558
3579
T
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9.5.4. Preparation of buffer solution:

Table 1. Preparation of buffer solution

pD=12.6 pD=74 pD=12.4
D,0 1.2 mL 1.2 mL 1.ZmL
Na,HPO4 12H,0 - 32.6 mg 14 mg
1.0 M HCl 32ul 29 ulL -
1.0 M NaOH - - 42 ul,
KCi 15.5 mg - -
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