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Résumé
Les acides aminés hétérocycliques peuvent servir d'outils dans les études des relations
structure-activité (RSA). IlIs peuvent également jouer le role d'initiateurs de structure secondaire
peptidique. L'incorporation d'unités d'acides aminés hétérocycliques dans des peptides peut limiter
la flexibilité, améliorer l'affinité¢ de liaison au récepteur, améliorer la sélectivité et augmenter
I’activité. Parmi les acides aminés hétérocycliques, les prolines substituées, les a-amino-o-
lactames et les dérivés d'acides aminés indolizidine-2-one ont montré une utilité significative.

Cependant, leurs synthéses restent difficiles.

Divers acides amings insaturés ont déja été synthétisés a I'aide de réactions Sn2' catalysées
par le cuivre de zincate a partir de dérivés de -iodoalanine sur des halogénures allyliques, tels que
le (Z)-1,4-dichlorobut-2-¢éne, le 3-chloro-2-(chlorométhyl)prop-1-éne et (£)-1,3-dichloroprop-1-
¢ne. En utilisant les oléfines résultantes comme synthons, une variété d'acides aminés
hétérocycliques substitués ont maintenant été préparés via les déplacements d'halogénures et
oxydations d’oléfines. Par exemple, le 2-N-(Boc)amino-4-(chlorométhyl)hexénoate a été utilisé
dans les déplacements d'halogénures pour synthétiser la 4-vinylproline (4-Vyp), la 4-
vinylornithine (4-Von) et le y-vinyl-o-amino-d-lactamines. De plus, des azélates de diamines
insaturées ont été utilisés pour synthétiser des dérivés d'acides aminés 6-hydroxyméthyle et 5- et
7-hydroxy indolizidine-2-one (I?aa) par des voies comportant une oxydation des oléfines. Des
études par rayons X ont démontré que les résidus 6-hydroxyméthyle et 7-hydroxy I%aa peuvent
imiter la géométrie du squelette des résidus centraux des tours 3 de type 11 idéal. Le remplacement
du résidu I*aa d'un puissant modulateur de la prostaglandine-Fa, (récepteur PGF2q) (FP) par les

homologues substitués en position 5, 6 et 7 a été effectué pour étudier les influences des



substituants et la géométrie du squelette sur les effets inhibiteurs sur la contractilité myométriale

chez modéles de souris.

Une passerelle prometteuse pour la préparation de différents acides aminés hétérocycliques
a été ouverte en utilisant des acides aminés insaturés comme synthons de départ. Dans ces voies,
l'oléfine a servi comme moyen d’élargir la diversité des groupes fonctionnels sur les systémes
cycliques. L'acceés a une variété de systémes cycliques substitués a élargi la boite a outils pour

étudier les structures peptidiques a 'aide d'acides aminés hétérocycliques substitués.

Mots-clés: Catalyse au cuivre, proline 4-substituée, 4-vinylproline, o-amino-6-lactame v-
substitué, acide aminé azabicyclo[X.Y.0Jalkanone, indolizidin-2-one, iodolactonisation,

prostaglandine F2o, naissances prématurées.



Abstract
Heterocyclic amino acids can serve as tools in structure-activity relationship (SAR) studies.
They can also act as peptide secondary structure initiators. Incorporation of heterocyclic amino
acid units into peptides can limit flexibility, improve receptor binding affinity, enhance selectivity,
and augment potency. Among heterocyclic amino acids, substituted prolines, a.-amino-d-lactams,
and indolizidine-2-one amino acid derivatives have shown significant utility; however, their

syntheses remain challenging.

Various unsaturated amino acids have previously been synthesized using copper catalyzed
SN2’ reactions of the zincate from B-iodoalanine derivatives onto allylic halides, such as (Z)-1,4-
dichlorobut-2-ene,  3-chloro-2-(chloromethyl)prop-1-ene, and (£)-1,3-dichloroprop-1-ene.
Employing the resulting olefins as building block, a variety of substituted heterocyclic amino acids
have now been prepared by routes featuring halide displacements and olefin oxidation. For
example, 2-N-(Boc)amino-4-(chloromethyl)hexenoate was employed in halide displacements to
synthesize 4-vinylproline (4-Vyp), 4-vinylornithine (4-Von) and y-vinyl-o-amino-d-lactams.
Moreover, unsaturated diamino azelates were employed to synthesize 6-hydroxymethyl and 5- and
7-hydroxy indolizidine-2-one amino acid (I’aa) derivatives by routes featuring olefin oxidation.
X-ray studies have demonstrated that 6-hydroxymethyl and 7-hydroxy I’aa residues can mimic the
backbone geometry of the central residues of ideal type II’ B-turns. Replacement of the I%aa residue
of a potent prostaglandin-Fa, (PGF24) receptor (FP) modulator by the 5-, 6- and 7-substituted
counterparts was performed to study the influences of substituents and backbone geometry on

inhibitory effects on myometrial contractility in mouse models.

A promising gateway for preparing different heterocyclic amino acids has been opened by

employing unsaturated amino acid building blocks. In these routes, the olefin has served as a means

iv



for adding functional group diversity onto the ring systems. Access to a variety of substituted ring
systems has expanded the toolbox for studying peptide structures using substituted heterocyclic

amino acids.

Keywords: Copper catalysis, 4-substituted proline, 4-vinylproline, y-substituted-a-amino-o-
lactam, azabicyclo[X.Y.0]alkanone amino acid, indolizidin-2-one, iodolactonization,

prostaglandin Faq, preterm birth.
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1.0 Introduction

1.1 Peptides and applications

Peptides serve roles in many biological functions. More than 7000 naturally occurring
peptides have been identified in the human body.! Among biological activities, peptides participate
as regulators of transduction, heart rate, food intake, and growth.!?> Over the last two decades,

3

peptides have emerged as important tools in several fields including medicine,® cosmetics,*

materials science, *and agriculture. ©

The field of peptide therapeutics started with the treatment of type 1 diabetes using insulin,
which was isolated from animal pancreases in 1922.7 Currently, metabolic diseases and oncology
are major areas focussed on the use of peptide based therapeutics. For example, the long-acting
insulin Lantus ™ (Sanofi) for treating diabetes, and the peptide-based prostate cancer treatment
Lupron ™ (Abbott) gained respectively US $7.9 billion in 2013 and US $2.3 billion in 2011 from
global sales.® Relative to small molecules and biological therapeutics, peptide medications have
taken 5% of the global market.” The peptide drug market was valued at US $32.1 billion in 2020.°
Demand for peptide drugs is likely to increase due to their diverse biological activities, high

potency and low cytotoxicity.

1.2. Limitations of peptides as therapeutics

In spite their growing market and approvals in various therapeutic indications, limitations
restrict the use of peptides as drugs. Drawbacks inherent in the physical and chemical properties
of peptides include: a) low oral bioavailability, b) low metabolic stability, ¢c) low membrane
permeability, d) short half-life and e) lack of selectivity.!” Many of these limitations are due to the
intrinsic flexibility of the polypeptide chain.!” In addition, other factors, such as aggregation,

denaturation, and limited surface adsorption, may restrict peptide absorption in vivo.'!
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1.3. Peptide secondary structures

Polypeptides in solution and in proteins adopt common motifs stabilized by hydrophobic
collapse and intramolecular hydrogen bonding which restrict the backbone conformation.'? The
term secondary structure is used to characterize such motifs, among which the most common are
a-helices, B-strands and B-turns. The backbone dihedral angles (¢, v, and o, Figure 1.1) serve to
define the geometry of such secondary structures, which play important roles in the recognition
and activity of peptides. The @ dihedral angle of the peptide bonds that links amino acid residues
is typically constrained to a value around 180°, due to amide resonance. Side chain orientation is
similarly specified using the torsion angle  and can also influence peptide biology.'* As discussed
below, the relevance of such polypeptide conformations for biological activity is a key element in

the design of molecules that can mimic peptide shape and function.

AP

Figure 1.1. Peptide backbone dihedral angles ¢, v, and o, and side chain torsion angle

\p1o

The a-helix is the most common secondary structure in peptides and proteins. a-Helices
account for more than 40% of the conformations of natural polypeptides.'* The B-strand is the
second most abundant secondary structure.'* a-Helices and B-strands are respectively stabilized
by hydrogen bonds within the same peptide strand and between adjacent strands.'> Turn
conformations are the third most prominent secondary structure in peptides and account for 25%

of all structural motifs.'® B-Turns create a loop in the peptide strand that positions the a-carbons
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of the first (i) and fourth (i +3) residues at a distance of less than 7A.!” A 10-membered hydrogen

bond may exist between the N-H and C=0 of the i and i + 3 residues (Figure 1.2).

R i+2

+2
Ri+1 /+1 Wf(/éz

Figure 1.2. B-Turn peptide secondary structure

B-Turns are sometimes referred to as reverse turns.!® They are key structural motifs in
biological processes implicating protein-protein interactions.'* B-Turns have been classified

according to the values of their central residue ¢ and y dihedral angles (Figure 1.2 and Table

1.1).18

Table. 1.1. B-Turn types and their central residue (i+1 and i+2) dihedral angles

Type of secondary structure ¢ deg | v, deg | 4% deg | % deg

I -60 -30 -90 0
r 60 30 90 0
II -60 120 80 0
r 60 -120 -80 0
B-turns Vlal -60 120 -90 0
VIa2 -120 120 -60 0

v -61 10 -53 17

VIb -135 135 -75 160

VIII -60 -30 -120 120
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1.4. Peptide mimicry

Peptides

(6] H (@]
N,
O/HNﬁj\”/j /K‘\NH o
NH j/ HO” N\ ™ <|7

Peptidomimetics

NH,

B-o-Glucose based Somatostation 14
peptidomimetic, 1.3

NH,

Somatostatin 14, 1.1

HO

Ho -

Bicyclo[2.2.2]octane, 1.4

S/
e e
. N\)J\N/\H/N\_)J\N OH
o) H o = H_ o

Met-enkephalin, 1.2

(@]
Z
<
Iz
oI

Figure 1.3. Mimicry of whole peptides by small molecule peptidomimetics'®*

To overcome limitations for applications in drugs, medicinal chemists have pursued designs
of molecules that mimic the form and function of peptide structures. Such peptidomimetics can
replicate bioactive conformers, enhance metabolic stability and improve receptor affinity and
selectivity.?! In notable examples, entire peptides have been replaced by small molecule mimics. '’

For example, B-D-glucose derivative 1.3 (Figure 1.3) was created as a mimic of the cyclic
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tetradecapeptide hormone somatostatin-14 (1.1, somatotrophin release inhibiting factor, SRIF),
which exhibits inhibitory activity on the release of growth hormone, gastric acid and insulin.??
Biological evaluation demonstrated that B-D-glucose derivative 1.3 exhibited lower binding
affinity (ICso 15 mM) to AtT20-cells expressing SRIF receptors compared to the parent peptide
1.1 (0.83 nM).2 At higher concentrations, B-D-glucose derivative 1.3 exhibited binding affinity
and antagonized the neurokinin-1 (NK1) receptor for substance P (SP).>* Moreover,
bicyclo[2.2.2]octane 1.4 was conceived by the Merck laboratories in Montréal as a peptide mimic
of the naturally occurring opioid pentapeptide Met-enkephalin 1.2 and shown to have analgesic
properties.?® Bicyclo[2.2.2]octane 1.4 exhibited lower binding affinity (ICso of 225 nM) compared

to Met-enkephalin 1.2 (ICso of 9.0 nM) in a *H-naloxone competition assay.>

1.5. Covalent constraint in peptide mimic design
Restriction of the flexibility of linear peptides to specific conformers such as B-turns can
improve receptor binding affinity.?® The introduction of heterocyclic motifs into linear peptides

has enhanced binding affinity and potency. Such heterocycles could act as pharmacophores as well

as stabilize particular secondary structures in polypeptides (Figure 1.4).%

Proline (Pro) |i o) ﬁ e Oﬁ)‘R
a-Amino-3-lactam HN—

(AdD Indolizidin-2-one amino acid

(1%aa)

Figure 1.4. Examples of heterocycles that constrain peptide conformation
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A common approach for peptide mimicry entails joining specific portions of the peptide
using covalent constraints which favour specific conformers. For example, the natural amino acid
proline restricts the peptide backbone to specific orientations. In proline, the side chain and amine
are cyclized in a pyrrolidine ring which constrains the ¢ dihedral angle to values around —60°.%8
Proline is favoured at the i+1 and i+2 position of B-turn conformations in peptides. In the natural
antibiotic Gramicidin S (1.5, Figure 1.5), proline adopts the i+1 position of a type II’ B-turn.!®*
Moreover, several peptide-based pharmaceutical products possess proline components, such as in

the angiotensin converting enzyme (ACE) inhibitor Lisinopril 1.6.3%3!

H O
0 NH,
N N\/[(N N
O =
I-‘\I H2N'(CH2)3H “\\\Ph O
N oy NH, O TN s

f H (HC)s O 07N HO.C A
: \ HN—
\ N N N O —\
ol H \ﬂAﬂJi CO,H
© o 1.6, Lisinopril
ACE inhibitor

1.5, Gramicidin s
Antibiotic

Figure 1.5. Importance of proline in turn conformation and as therapeutic drug in small molecule

Cyclization of an amino acid side chain to the amine of the C-terminal residue in a peptide
introduces an a-amino-lactam residue which restricts the y dihedral angle. a-Amino lactams of
different ring sizes have served as a conformationally rigid dipeptide surrogates in the study of
various biologically active peptides.’? For example, a series of a-amino lactam dipeptides were
used in the development of inhibitors of interleukin-13 (IL-1p) converting enzyme (ICE), which
cleaves a precursor protein to provide the proinflammatory cytokine.** Targeting the treatment of

inflammatory diseases such as arthritis, the tetrapeptide acetal 1.7 (L-709,049) was shown to
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inhibit ICE with 0.0046 mM activity against the murine ICE. Towards the synthesis of small
molecule ICE inhibitors, the N-Ac-Tyr-Val-Ala portion of peptide 1.7 was replaced with rigid
dipeptides possessing 5-7-membered N-(Cbz)amino-lactams (e.g., 1.7a-e, Figure 1.6).>* The 5-
and 6-membered a-amino-lactams 1.7a-c¢ had reduced inhibitory activity (>10, 3.7, 37.0 mM
respectively) against ICE relative to the linear tetrapeptide 1.7. In the case of azepinones 1.7d and
1.7e better inhibitory activity (1.68 and 0.186 mM respectively) was demonstrated than 5- and 6-

membered counterparts.

Cyclization

X
Y
I O ——— CbzHN I
o)
N
© o
H  oH

1.7, L- 709,049
1.7 a, X =bond, R=H

b, X = bond, R = Me
¢, X=CH,,R=H

d, X=(CHj),, R=H
e, X =(CH,),, R =Me

Figure 1.6. Role of different ring size lactams in ICE inhibitors

The combination of proline-like and lactam constraints in a dipeptide has been used to create
azabicyclo[X.Y.0]alkan-2-one amino acid residues, which restrict the central  and ¢ dihedral
angles of the neighbouring residues.’® Azabicyclo[X.Y.0Jalkanone amino acids have been
similarly used to restrain the backbone conformation of biologically active peptides in analogs
with improved selectivity and potency.>> Contingent on backbone stereochemistry

azabicyclo[X.Y.0]alkan-2-one amino acid residues can mimic the central residues of type 11" -
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turn secondary structures as demonstrated by X-ray crystallography and NMR spectroscopy

(Figure 1.7).

H
.
N Y /@ m
s OF g CO,H CO,H
Azabicyclo[4.3.0]alkanone (35, 6R 95)-1.8 38 65,95)-1.8

Figure 1.7. Azabicyclo[4.3.0]alkan-2-one amino acids

+2
+20
H ¢+2 _ Ri*3
N R/+3
LN o
N S B S LA =
H/Nf . H— f . 0
) H
Ri R’ ’?l/

Figure 1.8. B-Turn secondary structure in I*aa

Azabicyclo[4.3.0]alkan-2-one amino acid residues, so called indolizidin-2-one amino acids
(I%aa) are among the most well studied of this class of dipeptide surrogates. A combination of o-
amino §-lactam and proline moieties, the I?aa residue can similarly restrict the y and ¢ backbone
dihedral angles upon introduction into biologically active peptides. Contingent upon
stereochemistry, I%aas residues can fold peptides into B-turn secondary structures (Figure 1.8).35-3
For example, nociceptin/orphanin FQ 1.9 is a linear neuropeptide which acts as an agonist and
binds (Ki 0.10 nM) on the opioid receptor like 1 (ORL1) receptor.’” The application of the I*aa

residue as a rigid dipeptide provided hexapeptide 1.10, which retained binding affinity (Ki 44 nM)

on hORLI in Chinese hamster ovary cells (Figure 1.9).%
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EANwN¢£E¢NwN¢£:¢ ﬁﬁ; J¢¢ i

O~ "NH,
NH2 NH2
1.9, Nociceptin

Figure 1.9. Application of ?aa residue to synthesize a mimic of the linear peptide Nociceptin

1.5.1. I*aa analog synthesis

The synthesis of the parent I*aa structure was first accomplished by a diastereoselective
approach employing the Schollkopf alkylation of bis-lactim 1.11 with diiodide 1.12 (Scheme 1.1).
Hydrolysis provided diaminoazelate 1.13 as a separable mixture of diastereomers in the ratio of
16:8:1.% A mixture of Cbz-I*aa-OMe diastereomers 1.14 was obtained by ketal cleavage, reductive
amination under hydrogenation conditions, lactam cyclization and amine protection. Column
chromatography afforded Cbz-1aa-OMe diastereomers (35,65,95)-1.14 (34%), (3R,6R,9R)-1.14

(4%), and racemic of 1.14 (28%).*°

10
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c) EtOH/HCI
H;CO I | . d) Hy, PA/C, 1t, 14 h
| |N a) n-BulLi, -78 °C, 81% CO,Me CO;Me ) CbzCl, Na,COs5
N ocH, + b) 0.25 N HCI, CH,Cl,/H,0 y NWNH THF/H,0
o~ o rt, 2 h, 75% 2 o Yo 2 ) 0.4 N NaOH in MeOH
/ \/
1.11 1.12 (S,5)-1.13 (64%)
(R,S)-1.13 (32%)
(R,R)-1.13 (4%)
d H H
N .
CszN’g(\Q ¥ CbzHN® q@ + CszN\"g(\'D
(33,63,98)—1.14 (34%) racemic of 1.14 ( 28%) (3R,6R,9R)—1.14 (4%)

Scheme 1.1. Schéllkopf alkylation approach to I°aa diastereomers

Selective synthesis of the parent I?aa diastereomers with control over ring fusion
stereochemistry was later achieved by a route employing glutamic acid as chiral educt (Scheme
1.2).* Claisen condensation of N-(PhF)glutamate diester 1.15a and 1.15b, ester hydrolysis and
decarboxylation provided symmetrical 5-oxo azelate 1.16a and 1.16b after purification with
overall yields of 75% and 51%, respectively. Two pathways were used to convert azelates 1.16
into protected I°aa analogs. In a reductive amination approach, hydrogenation of di-tert-butyl 5-
oxo azelate 1.16a using Pd/C in 9:1 EtOH:AcOH gave a 5-substituted proline intermediate. Ester
cleavage in 6N HCI, esterification and lactam formation using MeOH/HCI, followed by (Boc).O
protection and chromatography afforded respectively diastereomeric (35,65,95)- and (3S,6R,9S)-
Boc-I?aa-OMe [(3S,6S5,95)- and (3S,6R,95)-1.17] in 67% and 2% overall yields. A similar route
using dimethyl azaelate 1.15b provided respectively (35,65,95)- and (3S5,6R,9S5)-1.17 in 81% and

2% overall yields.

11
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CO,Me o 7) NaBH,, MeOH OMs
1) NaN(SiMes),, THF 8) MsCl, DMAP, Et;N
2)2 i
) 2M NaOH, Dioxane, A RO,C CO,R CH,Cl,, A RO,C CO,R
PhFHN™ "COZR H H
NHPhF  NHPhF NHPhF  NHPhF
1.15a, R = Bu ]
1.15b, R = Me 1.16a, R = tBu, R' =H (75%) 1.19a
1.16b, R = Me, R' = H (51%)
3) H,, Pd/C
4) 6N HCI
5) MeOH'HCI
6) (Boc),0, EtsN NHPhF
H H CO.R
+ N
RHN’;;’Q RHN@ PhFN
o CO,Me 0 COyMe CO,R

R = Boc, (35,65,95)-1.17 (67%) R = Boc, (3S,6R,95)-1.17 (2%)

1.20a,R = 9
R=H, (35,65,95)-1.18 R =H, (35,6R,95)-1.18 a, R = tBu (88%)

3) Hy, Pd/IC

4) 6N HCI

5) MeOH'HCI

6) (Boc),0, EtzN

BocHN
o) COzMe

(35,65,95)-1.17 (66%)

Scheme 1.2. Claisen condensation and intramolecular mesylate displacement approaches to I’aa

diastereomers

Alternatively, (35,65,95)-Boc-I?aa-OMe [(3S5,65,95)-1.17] was prepared as a single
diastereomer by a route featuring intramolecular displacement of mesylate 1.19a, which was
obtained by reduction of 5-oxo azelate 1.16a using NaBH4 and activation with methanesulfonyl
chloride (Scheme 1.2). The resulting 5-substituted proline 1.20a was converted to I?aa (35,6S,95)-
1.17 by a route similar to that described above involving hydrogenolytic cleavage of the PhF

protection, tert-butyl ester cleavage, esterification and (Boc).O protection .*°

1.6. Side chain mimicry
The addition of functional groups onto the proline-like, lactam and azabicyclo[4.3.0]alkan-

2-one amino acid ring systems has been explored to provide analogs that constrain both the

12
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backbone and side chains of peptide structures.’’ Contingent on location, ring size and
stereochemistry, such functional groups can enhance binding affinity of the peptide analogs by
improving interactions with sites on the receptor. In the interest of studying structure-activity
relationships of peptides, a variety of methods have been developed for the synthesis of such

conformationally constrained peptidomimetics.*

1.6.1. Substituted prolines

The pyrrolidine ring in proline moiety is key structural motif for initiation of secondary
structures in proteins and biologically active peptides. Moreover, the cyclic nature of proline (1.21)
has impacted on the activity of peptide therapeutic drugs.*! Proline residues have been designed
with substituents at each of the different ring positions. Substituents can give rise to conformational
changes with respect to endo and exo ring puckering as well as N-terminal amide (prolyl amide)

cis and trans isomers.*?

Substituted prolines, such as 4-hydroxyproline, have been isolated as components of
natural products.* For example, the a-substituted quaternary amino acids are useful scaffolds in
peptides to improve the resistance against chemical and enzymatic degradation.** (2R)-Methyl
proline 1.21b is a key intermediate in the synthesis of Veliparib which is an anti-cancer drug
(Figure 1.10).* The method involving self-reproduction of chirality, which was developed by
Seebach, has been used to add substituents to the 2-position of proline (e.g., 1.21a and 1.21c-

1.21).46

Among the 3-substituted prolines, 3-methyl examples (3R)-1.21g and (35)-1.21j are found
respectively in the natural products Bottromycin A2, which was isolated from Streptomyces
species,*’” and Roseotoxin B from the fungus Trichotheceum roseum.*® Both cis- and trans-3-

hydroxy prolines (1.21h and 1.21Kk) are fragments of the cyclic peptide antibiotic Telomycin from

13
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Streptomyces species,* and cis- 3-amino proline 1.21i was isolated from the mushroom Morchella

esculenta (Figure 1.10).%°

Among the 4-substituted prolines, 4-oxoproline 1.211 is a component of Actinomycin X
which was isolated from Streptomyces chrysomallus and exhibits potent activity against
methicillin-resistant Staphylococcus aureus (MRSA).°! After the discovery from a gelatin
hydrolysate in 1902, (2S,4R)-trans-4-hydroxyproline (1.21m) was shown to be a component of
collagen.>? Isomeric (25,4S)- and (2R,4R)-cis-4-hydroxyproline (1.21n and 1.210) have been
respectively shown to be components of the cytotoxic lipopentapeptide Majusculamide D and

the cyclic depsipeptide antibiotic Viridogrisein (Figure 1.10).>*

R4

H
CO,H

(25)-1.211, R* = Oxo N
(2S,4R)-1.21m, R* = OH .
(2S,4S)-1.21n, R* = OH gg;:z:ﬂ 23 - ga
4 — - ) -
GRARAORIOH T N maan -,
5L/ CoH ~ (3511.21i, R® = Me
H (35)-1.21k, R® = OH

(S)-Proline

2
R5@~002H 1.21 [O&

H

-1.21a, R2 = Me

-1.21b, R? = Me

-1.21¢, R? = CH,CON(CH3),

(5R)-1.21p, R® = Me (28)
(2R)
(2R)
(2R)-1.21d, R? = allyl
(2R)
(2R)

(5S)-1.21q, R® = CO,H

-1.21e, R2 = Bn
-1.21f, R? = CH,N(CH3),

Figure 1.10. Proline derivatives with different ring substituents*6-47-50-51-54.55-56
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Finally, 5-methylproline (1.21p) is a component of the chromodepsipeptide antibiotic
Actinomycin Zs isolated from the Streptomyces fradiae.>® trans-5-Carboxylproline (1.21q) was
isolated from the seaweed Schizymenia dubyi (Figure 1.10).>¢ In sum, nature has created an

abundant variety of substituted prolines.

Among the most well studied of substituted prolines, those with 4-position substituents are
in abundance due primarily to the significance of natural (2S,4R)-trans-hydroxyproline.®’ 4-
Hydroxyproline (Hyp) is a secondary structure initiator in collagen, a triple helix coiled-coil
peptide structure. The importance of collagen in the extracellular matrix found in connective
tissues has evoked the synthesis and use of 4-substituted prolines to explore factors influencing

the stability and activity of this most abundant mammalian protein.*?

N
A o OA
trans

X = OH, F, methyl, tert-butyl

exo endo

Figure 1.11. Steric and stereoelectronic factors can affect the ring pucker and prolyl amide isomer

equilibrium of 4-substituted prolines

4-Substituted prolines alter the exo and endo ring puckering by steric and stereoelectronic

effects contingent on structure and stereochemistry (Figure 1.11).° Sterically bulky groups, such
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as methyl, zert-butyl, on the same or opposite face of the pyrrolidine ring as the a-carboxylate

favor respectively the exo and endo puckering.’®> Electron withdrawing groups, such as fluorine

and hydroxyl substituents, on the same or opposite face of the pyrrolidine ring as the a-carboxylate

cause stereoelectronic effects such that the endo and exo puckering are respectively favoured.®’

Hyperconjugation from interactions in the gauche conformation between the electron withdrawing

group and ring nitrogen favour the respective ring puckering contingent on stereochemistry. In

addition, the frans amide bond was adopted by exo ring pucker and in the other case, cis amide

bond was stabilized by endo ring pucker.*> Similarly, the endo/exo ring puckering of prolines

prefers to have dihedral angle values of ¢ =—75°-60° and y = 164°/152° respectively.*

1.6.2. Synthesis of 4-substituted prolines
COQMB

R

KHMDS, THF _ phrIHN" >CO,Bu

. -78°C
1) (CH3)sSICI, EtsN, Pb(NO3), fosMe (4RS)-1.24, R = CH3, 94%
CO,Me 9-bromo-9-phenylfluorene, CHCl3, f (4RS)-1.25, R = propyl, 81%
84%

PhFIHNY “CO,tBu COyMe
2) OtBu
H,NT > CO,H )\ PR J\ 1.23 CN
NS
N~ N
H

Methyl glutamate LITMP, THF
BrCH,CN, 62% PhFIHN” CO,tBu
1.22 CH,Cly, 75%
(4RS)-1.26
COzMe
R
R Zj\ (45)-1.27, R = CHg, 21%
(4S)-1.28, R = propyl, 49%
PhFIHN" >CO,tBu N” TCO02BU 421129, R = CH,CN, 56%
(4R)-1.24, R = CHs _ PhFI
(4R)-1.25, R = propyl 1) LiAIH,, THF
(4R)-1.26, R = CH,CN  2) PPhg, CBry, THF
DIPEA R
y,e O\ (4R)-1.27, R = CH3, 59%
R N CO,tBu (4R)-1.28, R = propyl, 50%
i (48)-1.29, R = CH,CN, 60%

PhFIHN™ "CO,tBu

(4S)-1.24, R = CH;4
(4S)-1.25, R = propyl
(4S)-1.26, R = CH,CN

Scheme 1.3. Synthesis of protected 4-alkyl prolines®?
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Many approaches to make 4-substituted prolines have been pursued due in part to the
importance of 4-substituted prolines in nature*’ and as conformation controlling elements.*> Many
of these syntheses employ 4-hydroxyproline as chiral educt.’! Alternatively, glutamic acid was
employed as chiral educt in the synthesis of 4-alkyl (25,4R)- and (2S5,4S)-proline derivatives
(Scheme 1.3). The N-9-phenylfluorenyl (PhF) glutamate diester 1.23 was selectively deprotonated
to form the y-ester enolate using KHMDS. Alkylation at the y-position afforded separable mixtures
of diastereomers 1.24-1.25. Pyrrolidine formation was achieved by a cyclization sequence
featuring reduction of the y-ester using lithium aluminium hydride followed by intramolecular
nucleophilic substitution using PPh; and CBr4, which provided 4-substituted prolines 1.27-1.29.%2
Inspired by this application of an alternative amino acid other than 4-hydroxyproline as chiral
educt for making 4-substituted prolines, in Chapter 2, we reported a synthesis of enantiomerically

pure 4-vinylprolines using serine as chiral educt.®

1.6.3. Substituted a-amino lactams

R5
R4
5 4
NH
RHN NH RHN
0] 0]
(5R)-1.30e, R® =OH (35,45)-1.30¢, R* = biphenyl

(55)-1.30f, RS = OH (35,4S)-1.30d, R* = o-chlorophenyl

R6
6
3
NH R 3 NH
RHN RHN
o 0
(3S,65)-1.30g, R® = CO,Et 1.30a, R® = CF,H
(3S,6R)-1.30h, R® =CF, 1.30b, R3 = CF,4

(3R,6R)-1.30i, R® =CF,

Figure 1.12. Substituted Adl derivatives®7
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Like prolines, a-amino lactams have been modified with various ring substituents for
various applications.®* In peptides, substituted o-amino lactams offer potential to restrain both the
backbone and side chain of amino acid residues in secondary structures, such as pB-turns.®> The
synthesis and importance of substituted o-amino y- and e-lactams have been reviewed.5®¢
Examples of the corresponding substituted a-amino o-lactam (Adl) residues include 3-
difluoromethyl analog 1.30a. Ring opening of 5-lactam 1.30a provided a-difluoromethylornithine
(DFMO), which has been used to treat African sleeping sickness as well as to remove unwanted
facial hair.®® 3-Trifluoromethyl Adl 1.30b has been used in the core of thalidomide analogs.® 4-
Substituted Adl derivatives 1.30c-d have served as constrained phenylalanine analogs in the
synthesis of renin inhibitors.”’ 5-Hydroxy Adl diastereomers 1.30e-f exhibit anthelmintic
activity.”! 6-Ethylcarboxylate 1.30g was synthesized as a turn mimic,’? and 6-trifluoromethyl Adl

analogs 1.30h-i have been studied as thalidomide derivatives (Figure 1.12).7

Substituted Adl analogs have also been used to study biologically active peptides.*? For
example, 4,5-dihydroxy oa-amino-6-lactam was used to replace the serine residue of the cytostatic
cyclic peptide Stylostatin 1 (1.31, Figure 1.13) from the marine sponge Stylostella aurantium sp.”
Incorporation of the substituted Adl residue limited the corresponding w dihedral angle.”” In
studies against K-652 leukemia cells, Adl surrogate 1.32 retained growth inhibitory activity (Glso
3.59 mM) similar to Stylostatin 1 (1.31, 3.42 mM) indicating the biologically active conformer of

the natural peptide.”®
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0]
N HN Cyclization \)\Y{
0 HN AN, o
0 0 © l/) \OH
O ol
O
N._0O
o ©
NH N
H NH

1.31, (Stylostatin 1)
1.32, [(AdI)-Stylostatin 1]

Figure 1.13. Substituted oi-amino-8-lactam analog of natural cyclic peptide’®

1.6.4. Synthesis of substituted a-amino-5-lactams

) TMSCI/MeOH 3) DMAP, (Boc),0 MeO,C 4) DIBAL-H, Et,0

CO,H
HO,C™ " %" 2) EtgN, (Boc),0, MeOH _ Meo C/\rCOZM CHZCN 78 °C
—_—
NH, 80% over two steps NHBoc quantitive yield (Boc)oN CO,Me 74%
L- rti id
aspartic aci 1.34 1.35
1.33
6) Al(Hg) OH i
5) CH3NO,, THF comMe  THFHzO :
H CO,Me  Tetramethylguanidine 2Vie :
W ylg OZNW I B NH and NH
O  N(Boc), 79% OH N(Boc), 68%  (Boo)N (BoclN
1.37 © ©
1.36 . (3S,5S)-AdI-1.38 (3S,5R)-AdI-1.38
(3:2)

Scheme 1.4. Synthesis of y-substituted Adl derivatives’’

Substituted Adl analogs have been used to study the angiogenetic inhibitory activity of
thalidomide.”® In an example of the synthesis of substituted Adl analogs, 5-hydroxy Adl
diastereomers were synthesized from L-aspartate semialdehyde 1.36 by nitroaldol reaction and
reductive cyclization (Scheme 1.4). Separation of the mixture of diastereomers gave SR- and 5S-

hydroxy Adl 1.38 in 2:3 ratio.”®
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1.6.5. Substituted indolizidin-2-one amino acids (I?aa)

RHN
0 CO,Me

(5R,6R)-1.39i, R® = |, R = Fmoc

(5R,6R)-1.39j, R® = CH,Ph, R = Boc

(5S,6R)-1.39k, R% = CH3, R = Boc

( )-

55,6R)-1.391, RS = CH,0H, R =Boc H R’
H 7
4 i N
R T BocHN
O 002R1

RHN
o CO,tBu
1.39e: R* = CH,0OH, R = H
1.39f: R* = CH,N3, R = Cbz
1.39g: R*=Ph,R = Ac
1.39h: R* = Me, R = Ac

(6S,7R)-1.39n, R” = CH3, R' = Me
(6S,75)-1.390, R” = CH,Ph, R' = Me
(6S,7R)-1.39p, R” = CH,Ph, R' = Me
(6R,7S)-1.399, R” = CH,Ph, R' = Me
(6S,7R)-1.39r, R” = CH,OH, R' = Me
(6R,7R)-1.39s, R” = (CH,),0TBDMS,
R'=1tBu

(6R,7S)-1.39¢, R” = (CH,),0OH, R" = tBu
§—R® (6R,75)-1.39u, R” = (CH,),N5, R" = tBu

RHN N
0 COR CbzHN .
- _ . CO,R
(3R,6R)-1.39a, R®=Ph,R=H, R" = Bu o
(3R,6R)-1.39b, R® = 1-Naphthyl, R=H, R' = tBu  (6S,8R), 1.39v, R® = Ph, R" = Et
(3R,6R)-1.39¢, R® = 2-Naphthyl, R=H, R" = tBu  (6S,85)-1.39w, R® = CO,CH3, R = Bn
(3R,6R)-1.39d, R® =Ph, R=Ac, R' = H (6R,8R)-1.39x, R® = CO,CH3, R' =Bn

Figure 1.14. Importance of ring substituents on *aa®*%>

Ring substituents on I’aa residues can influence ring puckering and backbone
conformation within the heterocycle.’® The therapeutic utility of indolizidine-2-one 1.8 and
substituted variants as peptide mimics has been demonstrated in the synthesis of thrombin
inhibitors,” and ligands of the prostaglandin F20,% integrin,®! cholecystokinin and opioid receptors
(Figure 1.14).%2 Computational analysis of 3-substituted azabicyclo[4.3.0]alkanones 1.39a-c
suggested utility as conformationally constrained B-turn mimics.®* The Phe-Pro dipeptide mimic
1.39d exhibited inhibitory activity on thrombin in in vitro studies.’* Constrained mimics of the

Arg-Gly-Asp (RGD) sequence were prepared using 4- and 7-substituted

20



Chapter 1

azabicyclo[4.3.0]alkanones 1.39e-f and 1.39t-u and employed as integrin receptor ligands towards
tumor blocking avp3 and avB5 receptor subtype anatgonists.®>8! 4-Substituted I>aa analogs 1.39g-
h were synthesized by stereoselective radical cyclization of substituted proline derivatives.%® 5-
lIodo I%aa 1.39i was used in the synthesis of prostaglandin-F2« (PGF24) receptor (FP) modulators
that delay preterm birth.’” Other 5-substituted I’aa derivatives 1.39j-1 have been synthesized by
using approaches featuring Claisen condensation of glutamate derivatives.’®* Conformational
analysis of 6,7-disubstituted cyclohexyl analog 1.39m in model amides found potential to adopt
minimum energy inverse y- and type II’ B-turns.”® 7-Substituted I*aa derivatives 1.39n-r were also
synthesized using the Claisen condensation approach.®®#° 7-Silyloxyethyl I’aa 1.39s was prepared
from a 3-allyl pyroglutamic acid derivative and used in conformationally constrained peptide
mimics.”! 8-Phenyl and 8-carboxy I°aa analogs 1.39v-x were prepared to serve as constrained

mimics of Ala-Phe and Ala-Asp dipeptides.®>%?

1.6.6. Synthesis of substituted indolizidin-2-one amino acids

| Z cl, uc_y?’ Ph
TBTU,DIEA CI'
; + CHyCl, 72% PCyg
RENT COH RZ-” CO,Me —————» co,Me —— >

CH,Cl,, reflux
1= 2%12,
R" = Fmoc, 1.40 R2 = Dmb, 1.41 75%

R?=H, 1.42 R2= Dmb, 1.43
RZ=H, 1.44

I H
N 1) 1:1 TFA/CHCl, N~ and
R™N ' moc FmocHN
R? 2) |, THF, reflux
Ho oRCome 2" o  COzMe 5 COyMe
0,
R2 = Dmb, 1.45 47% 26%
R? = H,1.46 (3S,5R,6R,95)-1.47 (35,55,65,95)-1.47

Scheme 1.5. 5-Iodo substituted indolizidin-2-one amino acids synthesis®?
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Among the various approaches for the synthesis of indolizidine-2-one amino acids, ring-
closing metathesis and transannular cyclization (RCM-TC) has provided a variety of heterocycles
having different ring sizes by employing different w-olefin amino acid derivatives (e.g., 1.40 and
1.41-1.42, Scheme 1.5).>** Coupling of the w-olefin amino acid derivatives using TBTU and
DIEA gave various amides (e.g., 1.43 and 1.44), which were employed in RCM using Grubb’s 1*
generation catalyst to synthesize different lactams (e.g., 1.45-1.46). lodoamination and
transannular cyclization of N-substituted lactam 1.45 gave 5-substituted I%aa derivative
(3S,5R,6R,95)-1.47 in 86% yield as a single diastereomer (Scheme 1.5). Unsubstituted lactam 1.46
gave respectively diastereomers (35,5R,6R,95)-1.47 and (35,5R,6S5,95)-1.47 in 47% and 26%
yields. 5-Iodo I%aa diastereomers 1.47 have been employed in the synthesis of prostaglandin-F2o.

receptor (FP) modulators.®’

1.7. Copper catalyzed allylic substitution by Sn2’ reaction

Transition metal catalyzed asymmetric allylic alkylation is a useful transformation for C-
C bond formation in the synthesis of chiral molecules. Among enantioselective allylic
substitutions, palladium catalyzed reactions have been well studied,’>® but are less common using

non-stabilized nucleophiles (pKa > 25).”

SN2 R
N o
— R1/\)\R2
a-substitution
M 1.49
I a Cu cat.
R1’\)\R2
B R'M
1.48 ~
SNZ'
R' = alkyl, aryl, vinyl, allyl —_— R1J\/\R2
M = Li, MgX, Ti(OR)3, ZnX Y .
Y = Cl, Br, OC(O)R, SO,Ph y-substitution
1.50

Scheme 1.6. Copper catalyzed allylic substitution may occur by Sx2 and Sx2° pathways®>’
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Allylic substitutions have two possible reaction pathways (Scheme 1.6). The nucleophile
can directly attack the leaving group at a-position carbon in an Sn2 approach. Alternatively, the
nucleophile can attack the y-carbon with double bond migration and leaving group displacement.
Regioselective copper-catalyzed allylic substitution was achieved using dialkylzinc nucleophiles
and allylchloride electrophiles.”® Although no enantioselectivity is typically observed using
organozinc reagents,” enantioselective asymmetric allylic substitution has been achieved using
phosphoramidite ligands.!? The mechanism of the copper catalyzed Sx2’ reaction pathway entails
initial formation of copper metal t-complex 1.55 upon reaction with allylic halide 1.54 (Scheme
1.7).1%! Oxidative addition on the y-carbon forms c-complex 1.56. Reductive elimination of copper
provides Sn2’ product 1.57. Regioselectivity depends on the ligands attached to copper. Electron-
withdrawing ligands favor SN2’ product 1.57. On the contrary, if X is an electron releasing ligand,

Sn2 product 1.59 may be formed.

X zn,1 CuBrDMS ©
R —>2 [ R/an :| ubr > lR_CUI_X I
1.51 1.52 153
[ R-Cu'—X ] R X Oxidative R Reductive
RN %CU/'\ addition “ou X elimination jR\/
! — Z
1.54 R ¢l ol R1J\/ —CuX RT ™7
n—complex 1.56 X = Cl. Br y-substitution
1.55 1.57
R
Reductive R « e \Cu'x
elimination = aiky |
RIX"R RV\/\(I)/U'” —
- -CuX X
a-substitution 158
1.59

Scheme 1.7. Copper catalyzed Sx2’ reaction mechanism!'?!
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1.8. Synthesis of unsaturated amino acids

Unsaturated amino acids are important building blocks for the synthesis of heterocyclic
amino acid derivatives.”* Strategies to synthesize enantiomerically pure unsaturated amino acids
have been developed using L-serine as an inexpensive chiral educt.®* B-Iodoalaninate 1.61 was
previously synthesized in 60% overall yield from L-serine 1.60 in a three-step method featuring
esterification, amine protection and alcohol substitution using the Appel reaction (Scheme 1.8).!%2
Copper catalyzed Sn2’ reactions have previously reacted the zincate from (-iodoalanine 1.61 onto
various allylic halides to provide different unsaturated amino acid analogs.!%*!%* The utility of such

unsaturated amino acid building blocks has however been rarely explored in the synthesis of

heterocyclic amino acid derivatives.

=
N3

GP-N” "CO,CH;
(25,45)-1.64, PG = Boc, 80%  (2S,4R)-1.64, PG = Boc, 80%

' NaNj, DMF, 80 °C ‘
=

Cl
and

GP—N” "CO,CH;
(25,45)-1.63, PG = Boc, 30%  (25,4R)-1.63, PG = Boc, 42%

1) SOCl,, MeOH CIﬂCI
2) (Boc),0, Et3;N CuBrDMS, DMF
CH3CN | ¢
oH 3) Ph3P, Imidazole zn, 1, Znl CuBrDMS
I, CH,Cly DMF DMF H3CO,C CO,CH3
Ji ——————>GP—N" CO,CH ———> _ Y
H,N” >CO,H H GP-N" "CO,CHy NH NH
lodoalanine, 1.61
L-Serine, 1.60 60% of overall yield Organozincate, 1.62 PG PG
1.65, PG = Boc, 64%
CI\/\/CI

CuBrDMS, DMF

H3CO,C y N CO,CH3
ﬁlH NH
PG PG

1.66, PG = Boc, 56%
1.67, PG = CbZ, 63%
1.68, PG = Fmoc

Scheme 1.8. Synthesis of unsaturated amino acid derivatives
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1.9. Aims and objectives of the thesis research

The application of heterocyclic amino acids and dipeptides has significant utility for
studying peptides to understand conformation-activity relationships. Enantioselective syntheses of
unsaturated amino acids has been achieved by copper catalyzed Sn2’ reaction of the zincate from
B-iodoalanine 1.61.!19%:19%104 The aim of this thesis research was to develop effective synthetic
approaches for converting unnatural amino acid derivatives into different heterocyclic amino acids
and dipeptides. As demonstrated in the following chapters, access has been opened to prepare 4-
substituted prolines, a-amino-y-substituted-6-lactam, and 5-, 6-, and 7-substituted fused bicyclic

systems.

In Chapter 2, syntheses are described for preparing 4-vinylprolines (4-Vyp) and 4-
vinylornithines (4-Von, 1.64). The copper catalyzed Sn2’ reaction of the zincate from J3-
iodoalanine 1.61 onto (Z)-1,4-dichlorobut-2-ene provided separable diastereomers of (25,45)- and
(2S,4R)-2-N-(Boc)amino-4-(chloromethyl)hexenoates ~ 1.63. Intra- and intermolecular
displacements of halides 1.63 gave access to 4-Vyp and 4-Von. The utility of 4-Vyp has previously

been demonstrated by the synthesis of tricyclic peptide mimic o-helix inducers.!

In Chapter 3, 5-vinyl a-amino-d-lactam (Adl) analogs were prepared from 4-Von 1.64.
The 5-substituted Adl analogs offer potential to place amino acid side chains in an extended trans
y-orientation within a B-turn conformation. With ultimate interest in their use to study biologically
active peptides possessing glutamate and glutamine residues, effective methods were developed

for the assembly, oxidation and functionalization of 5-vinyl Adl diastereomers.!%

Chapters 4 and 5, describe the syntheses of 5-, 6-, and 7-substituted I%aa residues by using

diamino azelates 1.65 and 1.66 as olefin precursors. The copper catalyzed Sn2’ reaction of the

25



Chapter 1

zincate from [-iodoalanine 1.61 onto 3-chloro-2-(chloromethyl)prop-1-ene and (F)-1,3-
dichloroprop-1-ene gave respectively diamino azelates 1.65 and 1.66. Different oxidative
cyclization methods were explored successfully to deliver 6-hydroxymethyl and 5- and 7-hydroxy
I2aa analogs, which have been employed in the study of prostaglandin-F2o. receptor modulators

that can delay labor.

In sum, effective methods have been developed for the synthesis of a spectrum of
substituted prolines, a-amino-6-lactams, and indolizidin-2-one amino acids. These heterocyclic
amino acids offer potential to restrict backbone and side chain dihedral angles in peptides to study
conformation-activity relationships responsible for biological activity. The biomedical application
of the substituted indolizidin-2-one amino acids was illustrated by the synthesis of modulators of
the prostaglandin-F2a receptor which exhibited inhibitory activity on myometrial contraction. In
view of the utility of these heterocyclic peptide mimics and the methods for their synthesis, this

thesis offers a range of useful tools and approaches for peptide-based medicinal chemistry.
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2.0. Context

2.01. Importance of proline

Proline (Pro, 1.21) is a non-essential proteogenic heterocyclic amino acid.! Employed in
the synthesis of proteins, proline restricts the conformations of polypeptide bonds to favour
particular secondary structures.> An important component of collagen, proline is vital for many
physiological processes.® Proline deficiency in humans causes soft tissue damage and slower

healing.*

Among proline containing drugs, Captopril (2.01) was the first orally available
angiotensin-converting enzyme (ACE) inhibitor used as an antihypertensive agent to treat high
blood pressure and heart failure.> Enalapril (2.02)° and Ramipril (2.03)” were subsequently
designed by modifications of Captopril retaining the proline core structure for ACE inhibition
(Figure 2.01).
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Figure 2.01. Proline and proline containing ACE inhibitors
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Among 4-substituted prolines, 4-hydroxyproline (Hyp, 1.22m) is a key component in

collagen (Figure 2.02).8 4-Hydroxyproline is prepared by post-translational modification featuring

oxidation of proline.’ The repeating combinations of proline, 4-hydroxyproline and glycine

account for the stability and twist of the collagen triple helix.” Consequently, 4-fluoroproline

diastereomers (2.07 and 2.010) have been important building blocks in studies of the folding and

conformation of collagen analogs.'°

N N CO,H
H H H

1.22m, R* = OH, Hyp 2.08, R* = CH; 2.011

2.04, R* = CH, 2.09, R* = CH,OH
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Figure 2.02. 4-Substituted proline derivatives
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4-Alkylprolines are found in several natural and synthetic products. cis-4-Methyl-L-proline
(2.08) is found in a number of peptide antibiotics including Leucinostatins A, B, C, and D, which
were isolated from Paecilomyces strains (Figure 2.02).!' trans-4-Methyl-L-proline (2.04) is a

12 and

component of the antibiotic Monamycin, which was isolated from Streptomyces jamaicensis,
has also been isolated from young green apples.'* 4-Methylene-DL-proline derivatives (e.g., 2.011)
have been identified in the seeds of the loquat tree.'* cis-4-Hydroxymethyl-L-proline (2.09) has
been identified in many apple species, such a Malus pumila,'®> Pyrus communis'® and Afzelia
bella,"” from which trans-4-carboxy-L-proline (2.06) was also characterized.!” trans-4-Ethyl-L-
proline (2.05) is a component of the depsipeptide antibiotic Mycoplanecin A.!® Moreover,
Lincomysin (2.016) and Clindamycin (2.017) are a class of antibiotic drugs containing 4-n-
propylproline and exhibit activity against streptococcal, pneumococcal and staphylococcal

infections.'®

4-Alkenylprolines have also exhibited interesting activity alone and inside peptide analogs.
Kainic acid (2.013)*° and Domoic acid (2.014),>' and the related Acromelic acid (2.015),%* all
exhibit neuroexcitatory and antiparasitic activities. 4-[(Z)-Prop-1-enyl]proline (2.012) is a
component of the Hormaomycin antibiotics from Streptomyces griseoflavus, which are active
against Gram negative and positive bacteria and which induce production of aerial mycelia (Figure

2.02).%

The vital role in human health and the interesting biological activities of 4-substituted
prolines make them important synthetic targets. 4-Hydroxyproline serves commonly as a chiral
educt in the synthesis of other 4-substituted proline analogs. Although the (2S5,4R)-isomer of 4-
hydroxyproline is abundant in natural peptides such as collagen, other stereoisomers are less

readily available. In the interest of providing access to a variety of 4-substituted proline analogs
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with opportunity to make all possible stereoisomers, my research has focused on the synthesis of

4-vinylprolines (2.022).

4-Vinylproline had previously served as a key building block in synthesis of oa-helix
inducing scaffold 2.024 (Scheme 2.01).2* The synthesis of the 4-vinylproline building block was
achieved in 12% overall yield and 7 steps from trans-(2S,4R)-hydroxyproline (1.22m). The helical
nucleator 2.024 was subsequently prepared by a sequence featuring coupling of 4-vinylproline

2.022 to 5-vinylproline 2.023, ring closing metathesis, and protecting group manipulations.?*

HO

“,

. 1) SOCl, MeOH, RT  HO, 3) TsCl, EN, CH,Cl, NG
O‘co y 15 h, 99% & RT, 15 h, 88% Z_>‘
2 N~ ~COzMe N~ CO:Me

N

b 2) (Boc),0, EtsN, MeCN 4) NaCN, DMSO
1.22m RT, 15 h, 98% Boc 80 °C, 5 h, 94% Boc
2.018 2.019
7) TEMPO
5) DIBALH, CH,Cl, HOw O 6 ph,PMeBr, BuLi = PhI(OAC), =
-78°C (3 RT OH  MeCN/H,0
B ——
62% NBoc 32% N N~ COzH
° 2,020 ° Boc 76% Boc
. 2.021 2.022, 4-Vyp
e trans-5-vinylproline U H
_>1 COMU, Et(iPr),N = 1)30 mol% Grubbs Il = /~—
CH3CN catalyst, PhCHa, A, 59% y
N~ YCO,H -~ " N y 3 > N
Boc 61% CO,tBu  2) TFA, CH,Cly; N
B 2 , 212 CO,H
2,022 °¢ 0 Fmoc-Cl, NaHCO3, Fmoc O
: 2.023 H,0, THF, 87% 2.024, a-helix inducer

Scheme 2.01. Synthesis of 4-vinylproline and a-helix inducer

Seeking an improved gateway to 4-vinylproline 2.022 and other 4-substituted prolines for
research in peptide mimicry, effective syntheses of enantiomerically pure (25,4R)- and (25,45)-4-
vinylproline diastereomers (25,4R)- and (25,45)-2.022 have been conceived using L-serine as
chiral educt.”® Critical for the synthesis of 4-vinylprolines 2.022 was the copper catalysed Sx2’

reaction of (Z)-1,4-dichlorobut-2-ene with the organozinc reagent derived from B-iodoalanine
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1.61.2 The SN2’ reaction provided enantiomerically pure linear 2-N-(Boc)amino-4-
(chloromethyl)hexenoates (2S5,4R)- and (25,45)-1.63 without diastereoselectivity. Improved
selectivity may be achieved by using a phosphoramidite ligand in the presence of copper catalyzed
asymmetric allylic substitution.?® However, these conditions were not explored, due in part to
interests in both diastereomers. In addition to 4-vinylproline, 4-vinylornithine derivatives (25,4.5)-

and (25,4R)-1.64 were prepared by intermolecular chloride displacement with azide ion.

In sum, the copper catalyzed Sn2’ approach offered access to the synthesis of 4-
vinylproline and 4-vinyl ornithine analogs. These residues can be used as building blocks for the
synthesis of peptide mimetics, as illustrated by the synthesis of a-helix nucleator.?* The olefin
function offers potential as a handle for diversification to provide other 4-substituted prolines as
well as azabicyclo[X.Y.0]alkanone amino acids for introduction into biologically relevant

peptides.?”*®
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2.1. Abstract

Enantiomerically pure 4-vinylproline (Vyp) was synthesized by a five-step approach from
N-(Boc)iodo-alanine (2.2) featuring copper-catalyzed Sx2' substitution of the corresponding
zincate onto (Z£)-1,4-dichlorobut-2-ene to prepare methyl 2-N-(Boc)amino-4-
(chloromethyl)hexenoate (1.63). Intra- and intermolecular displacement of the chloride
provided respectively Vyp and methyl 2-N-(Boc)amino-4-(azidomethyl)hexenoate (1.64)

suitable for the synthesis of constrained peptide analogs.

P
H

H
*5 steps
N-Boc-B-iodoalaninate
%2 steps
/\/\KCOZMG /j/\rCOZMe
> NHBoc * NHBoc
Ny~ N3

2.2. Introduction

4-Substituted prolines are natural products, peptide components and useful building blocks
for a variety of applications (Figure 2.1).1"® For example, prolines with methyl, hydroxymethyl,
carboxy and methylene 4-position substituents have been isolated from various fruits and seeds.’
4-Hydroxyproline is a key component of collagen.®'° Moreover, various peptides exhibiting
antibiotic, anticancer and immunosuppressant activities contain prolines bearing alkyl,'! alkenyl,'?
aryl,'® amine,'* and thio!>!® 4-position substituents. 4-Cyclohexylproline is a component of the

angiotensin converting enzyme (ACE) inhibitor Fosinopril, which is used to treat hypertension and

chronic heart failure.!® In addition, synthetic peptides possessing prolines with fluoride, amine,
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guanidine and various alkyl oxide 4-position substituents have exhibited improved activity,

cellular uptake and cell-penetrating ability.!”

HO, %‘
QcozH [N_>‘COZH N~ CO.H
H H H
(28.4R)1.22m] [(25.45)2.1] [(2S,4R)-2.1]

Figure 2.1. 4-Substituted proline derivatives

Natural (2S,4R)-4-hydroxproline (Hyp) is the principle starting material for the synthesis
of enantiopure 4-substituted prolines.?!?> Unnatural Hyp stereoisomers are however relatively
unavailable and expensive, dictating more laborious synthetic routes to procure 4-substituted
analogs. In the light of modern methods for olefin modification, 4-vinylproline (Vyp) offers an
interesting but rarely used alternative starting material for 4-substituted proline assembly. For
example, incorporation of (25,4R)-Boc-Vyp-OH into a peptide and olefin metathesis was used to
prepare an a-helix inducing N-cap bridged-tricyclic diproline analogue.'? The traditional strategy
for the synthesis of (25,4R)-Boc-Vyp-OH from (25,4R)-Hyp demanded however seven steps to
deliver the target in 12% overall yield.?® Herein, (25,4S)- and (25,4R)-Vyp-OH were obtained in
five steps in 22% and 31% overall yields respectively.

Considering copper catalyzed coupling of various organometallic reagents with allylic
halides has given selective Sx2' reactions,?’ the reaction of (Z)-1,4-dichlorobut-2-ene with the
zincate of N-(Boc)iodo-alanine 1.61 has now been explored to provide 2-(Boc)amino-4-
(chloromethyl)hexenoate 1.63. The resulting chloride 1.63 has proven to be an effective precursor
for the synthesis of enantiopure (25,45)- and (2S,4R)-Vyp [(25,4S5)- and (2S5,4R)-2.1]. Moreover,
chloride displacement with azide has provided (2S5,4S)- and (2S,4R)-2-N-(Boc)amino-4-

(azidomethyl)hexenoates [(25,4S5)- and (2S5,4R)-1.64]. In the context of our program in peptide
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mimicry, Vyp (2.1) and 1.64, both represent readily assembled w-olefin amino acids for the

synthesis and application of constrained frameworks.?8-3

2.3. Results and Discussion

(25)-N-(Boc)lodoalanine 1.61 is a commercially available enantiopure precursor,
which can be prepared on multiple-gram scale from L-serine in three steps.’!* > Treatment
of'iodide 1.61 with zinc and iodine in DMF provided the corresponding zincate which was
reacted with (Z)-1,4-dichlorobut-2-ene in the presence of catalytic copper(I) bromide
dimethyl sulfide complex (Scheme 2.1). After aqueous workup and chromatography on
silica gel, (25,45)- and (2S5,4R)-2-N-(Boc) amino-4-(chloromethyl)hex-5-enoates [(25,4S5)-
and (25,4R)-1.63] were obtained respectively in 30 and 42% yields on 2 g scale. Although
various conditions and chiral catalysts have been employed to achieve stereoselectivity in
the Cu-catalyzed addition of organometallic reagents to allylic halides, sulfonates and

phosphates, >

no attempts were made to improve diastercoselectivity, because both
isomeric chlorides are expected to have value in our research program using w-unsaturated
amino acids for the synthesis of peptide mimics.?®3* 3¢ In addition, in contrast to routes
from Hyp, effective access to the enantiomeric series is expected by employing D-serine
in the sequence.

4-Vinylprolines (2.1) were respectively synthesized from chlorides 1.63 by
intramolecular cyclization. Although attempts to cyclize carbamate 1.63 to methyl N-Boc-
4-vinylprolinate 2.2 failed using bases such as sodium hydride and K>CO3, after Boc group
removal with HCl gas in DCM, cyclization of amine hydrochloride was achieved

effectively using K>COs; and silver nitrate.  Subsequent, protection with di-tert-

butyldicarbonate delivered respectively (25,4S5)- and (25,4R)-Boc-Vyp-OMe (25,4S)- and
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(25,4R)-2.2 in 80% and 82% yields from 1.63 in a one-pot synthesis. Finally, (25,45)- and (25,4R)-
Vyp [(25,4S5)- and (25,4R)-2.1] were respectively prepared as the hydrochloride salts by hydrolysis
of Boc-Vyp-OMe (2.2) using 6N HCl in 1,4 dioxane in 90% yields. Ion exchange chromatography
provided the respective zwitterions as crystalline solids.

BocHN CO,Me
1.61

Zn, I, DMF, CuBr-DMS,
(2)-CICH,CH=CHCH,CI

¢ i

= =
Cl '/,//CI
+
BocHN™ “CO,CHjg BocHN™  "CO,CH3
(2S,4S)-1.63 (30%) (2S5,4R)-1.63 (42%)

1) HCI (g), CH,Cl,
2) K2003, AgNO3

3) (Boc),0
[N_>‘COZCH3 }N_)‘COZCH:,,
Boc Boc
(2S,45)-2.2 (80%) (2S,4R)-2.2 (82%)

l 6N HCI, 1,4-dioxane, 80 °C l

O‘COZH hCOQH

N N
H H
(25,45)-2.1 (90%) (2S,4R)-2.1 (90%)

Scheme 2.1. Synthetic strategy to make 4-vinylproline
The enantiomeric purity of aminohexenoates 1.63 was ascertained after conversion to
diastereomeric dipeptides by coupling respectively to L- and D-N-(Boc)alanine using TBTU, HOBt
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and N-ethylmorpholine in DCM (Scheme 2.2). Although clean dipeptides were obtained
using the above conditions, employment of HBTU under similar coupling conditions gave
trace amounts of Boc-Ala-Vyp-OMe due to acylation after intramolecular cyclization.
Examination of the diastereotopic methyl ester singlets at 3.208 and 3.222 ppm in the 'H
NMR spectra of (2°S, 45)- and (2°R, 45)-2.4 in C¢D¢ and incremental additions of the
opposite diastereomer to determine the limits of detection demonstrated a >99:1 dr for both

peptides. Hence aminohexenoates 1.63 are assumed to be of >98% enantiomeric purity.

=
Cl
D- or L-Boc-Ala-OH,
. TBTU, HOBt,
CI"'H3"N™ "CO,CHj,4 EtN(CH,CH,),0, CH,Cl,
2S,45)-2.3
(25,4S) =
Cl
o)
BocHN
OCHN.% N™ CO,CH,
CH3 H

(2'S,2S,4S)- and (2'R,2S,4S)-2.4 (>99:1 dr)
Scheme 2.2. Enantiomeric purity analysis of (25,45)-2.4 by synthesis and analysis of

diastereomeric dipeptides

With enantiopure aminohexenoates 1.63 in hand, chloride displacement was briefly
explored to demonstrate potential for preparing novel m-unsaturated amino acids. (25,4S5)- and
(25,4R)-Methyl 2-N-(Boc)amino-4-(azidomethyl)hex-5-enoates [(25,4S)- and (25,4R)-1.64] were
respectively synthesized by treating the corresponding chlorides 1.63 with sodium azide at 80 °C
(Scheme 2.3). Considering the orthogonal azide and olefin functionality, amino acids 1.64
represent intriguing building blocks for exploring peptide cyclization by approaches such as
copper-catalyzed azide alkyne cycloaddition (CuACC) reactions,’” and olefin metathesis.*® The

application of azido olefin 1.64 in such chemistry may be feasible considering w-unsaturated
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azides have been employed in sequential CuACC / ring closing metathesis protocols for

constructing fused and bridged triazoles,?” and that olefin metathesis has been used to release

40, 41

azide-containing sugars from solid supports, and to prepare azido sphingolipid analogs.*!

= =

cl ., Cl
BocHN™ “CO,CH, BocHN™ “CO,CH,
(25,4S)-1.63 (2S,4R)-1.63

)_
l NaNs, DMF, 80 °C l

= =
N3 "’//N?’
BocHN” CO,CH; BocHN” CO,CH;
(25,4S)-1.64 (80%) (2S,4R)-1.64 (80%)

Scheme 2.3. Synthesis of azides 1.64

The relative stereochemistry of the cis and trans Vyp diastereomers (25,4R)- and (2S,4S)-
2.5 (Supporting information) were assigned using NOESY spectroscopy, which indicated a long-
range transfer of magnetization between the C2 (4.54 ppm) and C4 (3.17 ppm) proton signals of
the cis-isomer. In contrast, the NOESY spectrum of the frans diastereomer exhibited transfer of
magnetization only between neighboring protons on the same face of the pyrrolidine ring.
Furthermore, hydrolysis of methyl ester (25,4R)-2.2 gave (2S,4R)-Boc-Vyp-OH, which exhibited

identical spectroscopic properties as previously reported.'?

2.4. Conclusion

Enantiomerically pure vinylprolines 2.1 and 4-azidomethyl-2-aminohex-5-enoates 1.64
were respectively prepared in five and two steps from commercially available L-iodoalanine 1.61.
Copper catalyzed Sn2' reaction of the zincate from 1.61 onto (Z)-1,4-dichlorobut-2-ene provided

effective access to separable 4-chloromethyl-2-aminohex-5-enoate diastereomers 1.63, which may
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serve in the synthesis of various w-olefin amino acids by way of chloride displacement chemistry.
Application of w-unsaturated amino acids 2.1, 1.63 and 1.64 offers potential for synthesizing

constrained peptide analogs presently under investigation.

2.5. Experimental Section

2.5.1. General Methods: Unless otherwise specified, non-aqueous reactions were performed
under an inert argon atmosphere, glassware was flame dried under argon or stored in the oven and
cooled under inert atmosphere prior to use. Anhydrous solvents (DCM and DMF) were obtained
by passage through solvent filtration systems (Glass Contour, Irvine, CA) and transferred by
syringe. After aqueous workup, organic reaction mixtures were dried over anhydrous Na;SOs,
filtered, and rotary-evaporated under reduced pressure. Flash chromatography was performed on
230—400 mesh silica gel.** Thin-layer chromatography (TLC) was performed on alumina plates
coated with silica gel (Merck 60 F254 plates), and visualized by UV absorbance or staining with
potassium permanganate solutions. Melting points were obtained on a Buchi melting point B-540
apparatus and are uncorrected. Specific rotations, [a]p values, were calculated from optical rotation
measurements at 25 °C in CHCls or MeOH at the specified concentrations (¢ in g/100 ml) using a
0.5-dm cell length (1) on a Anton Paar Polarimeter, MCP 200 at 589 nm, and calculated by the
general formula: [a]p? = (100 x a)/(1 X ¢). Accurate mass measurements were performed on an
LC-MSD instrument in electrospray ionization (ESI-TOF) mode at the Université de Montréal
Mass Spectrometry facility. Sodium adducts [M + Na]® were used for empirical formula
confirmation. Nuclear magnetic resonance spectra ('H, '*C, COSY, HSQC, NOESY) were
recorded on Bruker 400, 500 and 700 MHz spectrometers. 'H NMR spectra were referenced to
CDCl; (7.26 ppm), CD3OD (3.31 ppm) or C¢Ds (7.16 ppm) and *C NMR spectra were measured

in CDCl3 (77.16 ppm), CD3OD (49.0 ppm), or CsDs (128.06 ppm) as specified below. Coupling
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constant J values were measured in Hertz (Hz) and chemical shift values in parts per million (ppm).
In cases of carbamate isomers, 'H and '*C NMR signals of the minor isomers are respectively
presented in brackets and parentheses. Infrared spectra were recorded in the neat on a Perkin Elmer
Spectrometer FT-IR instrument and are reported in reciprocal centimeters (cm™).

2.5.2 Synthetic experimental conditions and characterization data of compounds:

(285,4R)- and (25.,4S5)-Methyl 2-N-(Boc)amino-4-(chloromethyl)hex-5-enoates (1.63)

In a 100-mL round bottom flask, fitted with three-way tap, CuBreDMS (160 mg, 0.8 mmol, 0.13
equiv) was weighed, dried gently with a heat gun under vacuum until the powder changed color
from white to light green, placed under argon, treated with dry DMF (4 mL), followed by cis-2-
butene-1,4-dichloride (980 mg, 7.8 mmol, 1.3 equiv, pre-filtered through a plug of silica gel), and
cooled to —15 °C. In a second 100-mL round bottom flask with side arm and 3-way tap, zinc dust
(1.2 g, 18.2 mmol, 3 equiv) was weighed, treated with iodine (50 mg, 0.18 mmol, 0.03 equiv) and
heated with a heat gun under vacuum for 10 min. The flask was allowed to cool, flushed with
nitrogen, evacuated, and flushed again with nitrogen (3 x), cooled to 0 °C, treated dropwise with a
solution of N-(Boc)-3-iodo-L-alanine methyl ester (1.61, 2 g, 6.1 mmol, prepared from serine
according to ref. 15b) in dry DMF (4 mL), allowed to warm to rt, and stirred for 1 h, when TLC
analysis indicated full consumption of the iodide ((Ry= 0.7) and organozinc reagent (Ry=0.2), 2:1
petroleum ether/EtOAc). Stirring was stopped, the excess zinc powder was let settle and the
supernatant was transferred dropwise via syringe (care being taken to minimize the transfer of
zinc) into the flask containing the copper catalyst at —15°C. The cooling bath was removed, and
the mixture was stirred at rt overnight, diluted with ethyl acetate (35 mL) and stirred for 15 min.
The reaction mixture was transferred to a separating funnel and diluted with ethyl acetate (50 mL).

The organic phase was washed successively with 1 M Na>S,0; (35 mL), water (2 x 35 mL) and
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brine (70 mL), and dried. The volatiles were removed to afford a residue that was purified by
chromatography using 4-6% EtOAc in hexane as eluent. First to elute was (25,45)-1.63 (530 mg,
30%) as light green liquid. (25,45)-1.64:Ry= 0.52 (1:9 EtOAc/hexanes, 3 times eluted, visualized
with KMnOu); [a]p*® —20.4 (¢ 1, CHCl3); '"H NMR (700 MHz, CDCls) § 5.68-5.74 (m, 1H), 5.19-
520(d, 1H,J=1.4),5.17-5.18 (d, 1H, J=3.2), 5.09-5.10 (br, d, 1H, J=6.7), 4.37-4.38 (d, 1H,
J=6.9),3.75 (s, 3H), 3.59-3.62 (m, 1H), 3.51-3.54 (m, 1H), 2.55-2.58 (m, 1H), 2.11-2.15 (m, 1H),
1.72-1.76 (m, 1H), 1.46 (s, 9H); *C{'H} NMR (175 MHz, CDCls) § 173.0, 155.3, 137.7, 117.8,
80.2, 52.4, 51.5, 48.1, 42.0, 34.9, 28.1; FT-IR (neat) vmax 3368, 2979, 1742, 1707, 1502, 1438,
1391, 1365,1160, 1032 cm™'. HRMS (ESI-TOF) m/z [M+Na] * calcd for C13H22CINOsNa 314.1130
found 314.1130. Second to elute was (25,4R)-1.63 (740 mg, 42%), which solidified on standing:
R/=0.45 (1:9 EtOAc/hexanes, 3 times eluted, visualized with KMnOs); [a]p* 0.2 (c 1, CHCl3);
'"H NMR (700 MHz, CDCls) § 5.66-5.71 (m, 1H), 5.25-5.26 (d, 1H, J=10.3), 5.22-5.25 (d, 1H, J
=17.2),4.91-4.93 (m, 1H), 4.33-4.34 (d, I1H,J=6.5), 3.75 (s, 3H), 3.55-3.56 (m, 1H), 3.46-3.48
(m, 1H), 2.55-2.56 (m, 1H), 1.87-1.89 (m, 2H), 1.46 (s, 9H); '*C{'H} NMR (175 MHz, CDCl;) &
173.4,155.4,137.0, 119.0, 80.1, 52.5, 51.6, 48.5, 42.7, 35.1, 28.4; FT-IR (neat) vmax 3392, 2979,
1735, 1712, 1516, 1438, 1392, 1366, 1304, 1285, 1223 cm!; HRMS (ESI-TOF) m/z [M+Na] *
calcd for C13H22CINO4Na 314.1130 found 314.1140.

(25,45)-N-Boc-4-Vinylproline [(2S5,4S5)-2.2]

A solution of (25,4S5)-methyl 2-(Boc)amino-4-(chloromethyl)hex-5-enoate [(25,45)-1.63, 2.0 g,
6.87 mmol] in DCM (20 mL) was treated with HCI gas bubbles for 3 h, when TLC showed
complete conversion of starting material (Ry=0.45 (100% EtOAc visualized with KMnOg). Argon
was bubbled into the mixture to purge excess HCI for 15 min. The reaction mixture was treated

with K>COs (4.74 g, 34.3 mmol, 5 equiv) and AgNOs (0.93 g, 5.5 mmol, 0.8 equiv), stirred for 36
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h, treated with (Boc)>O (1.8 g, 8.2 mmol, 1.2 equiv), and stirred for 2 h. The reaction mixture was
filtered through a pad of silica gel (0.5 cm height x 7 cm diameter), which was washed with DCM.
Evaporation of the filtrate and washings under reduced pressure gave a residue that was purified
by chromatography using 5-7% EtOAc in hexane as eluent. Evaporation of the collected fractions
afforded (25,4S5)-Boc-Vyp-OMe [(25,45)-2.2, 1.4 g, 80%] as pale-yellow liquid: Ry = 0.25 (1:9
EtOAc/hexanes, visualized with KMnOs); [a]p>® —34.8 (¢ 0.54, CHCI3); 'H NMR (700 MHz,
CDCl): (1:2 mixture of carbamate isomers) 6 5.69-5.75 (m, 1H), 5.05-5.14 (m, 2H), [4.39-4.40
(m, 1H)], 4.28-4.30 (m, 1H), 3.77-3.79 (m, 1H) [3.75 (s, 3H,)], 3.74 (s, 3H), [3.70-3.72 (m, 1H)],
3.17-3.20 (t, IH, J=8.9) [3.10-3.13 (t, 1H, J=9.3)], 2.93-3.01 (m, 1H), 2.07-2.13 (m, 2H), [2.00-
2.05 (m, 1H)], [1.47 (s, 9H)], 1.42 (s, 9H); *C{'H} NMR (175 MHz, CDCls): & 173.5/(173.3),
(154.3)/153.6, 137.5, 116.1, 80.5, 58.9/(58.6), (52.2)/52.0, (51.3)/50.9, (41.3)/40.3, 36.5/(35.7),
(28.4)/28.3; FT-IR (neat) vmax 2976, 1747, 1697, 1390, 1198, 1178, 1160 cm™'; HRMS (ESI-TOF)
m/z [M+Na] * caled for C13H2:1NO4Na 278.1363, found 278.1356.
(28,4R)-N-Boc-4-Vinylproline [(25,4R)-2.2]

(2S5,4R)-Boc-Vyp-OMe [(2S,4R)-2.2] was synthesized as described for (25,45)-2.2 using (2S,4R)-
1.63 (4.0 g, 13.7 mmol), and purified by chromatography on silica gel (5-7% EtOAc in hexane),
which gave a pale-yellow liquid (2.9 g, 82%). Ry = 0.25 (1:9 EtOAc/hexanes, visualized with
KMnOs); [a]p* —104.0 (¢ 0.54, CHCI3); '"H NMR (500 MHz, CDCls): (1:2 mixture of carbamate
isomers) 6 5.70-5.79 (m, 1H), 5.12-5.15 (d, 1H,J=16.9), 5.06-5.09 (dd, 1H, J=4.6,10.3 ), [4.29-
4.32 (t, 1H, J = 8.5)], 4.22-4.25 (m, 1H), 3.78-3.84 (m, 1H), [3.75 (s, 3H)], 3.74 (s, 3H), [3.69-
3.73 (m, 1H)], 3.17-3.22 (m, 1H), 2.74-2.88 (m, 1H), 2.40-2.46 (m,1H), 1.74-1.83 (m, 1H), [1.47
(s, 9H)], 1.42 (s, 9H); BC{'H} NMR (125 MHz, CDCls): & 173.5/(173.3), (154.1)/153.4,

(137.2)/137.0, 116.3 /(116.2), 80.1/(80.0), 59.3/(58.8), (52.1)/51.9, (51.6)/51.1, (42.5)/41.7, 36.9
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/(36.0), (28.4)/28.2; FT-IR (neat) vmax 2977, 1750, 1697, 1393, 1157, 1113 cm™ HRMS (ESI-
TOF) m/z [M+Na] * caled for C13H21NOsNa 278.1363, found 278.1356.

(25,45)-4-Vinylproline [(25,45)-2.1]

A solution of (25,4S5)-Boc-Vyp-OMe [(25,45)-2.1, 250 mg, 0.98 mmol] in 1,4-dioxane was treated
with 6N HCI, heated to 80 °C for 2 h, cooled, and washed with ethyl acetate. The aqueous layer
was lyophilized to provide hydrochloride salt (170 mg, 98%) as a pale-yellow gum. [a]p® — 4.4 (c
0.5, CHCl3); 'H NMR (400 MHz, CD30D) § 5.79-5.88 (m, 1H), 5.22-5.29 (d,1H, J = 17.2), 5.19-
5.22(d, IH, J=10.4), 4.50-4.53 (m, 1H), 3.57-3.62 (m, 1H), 3.11-3.16 (t, 1H, J=9.7), 3.02-3.16
(m, 1H), 2.40-2.46 (m, 1H), 2.24-2.32 (m, 1H); *C{'H} NMR (125 MHz, CD;0D) § 171.7, 136.7,
118.1, 60.2, 51.1, 42.0, 35.3; FT-IR (neat) vmax 3377, 2938, 1727, 1644, 1216, 1143 cm™'; HRMS
(ESI-TOF) m/z [M+H] * caled for C7H12NO» 142.0863, found 142.0856. The hydrochloride salt
was purified by ion-exchange chromatography on Dowex-50WXS8 resin hydrogen form
(prewashed with 2M HCI, followed by water until neutral effluent), eluting with ammonia. Freeze-
drying of the collected fractions gave 126 mg (91% yield) as off white solid: mp = 228-230 °C, Ry
= 0.64 (3:1:1 tert-BuOH/AcOH/H,0, visualized with KMnOa4); [o]p?® — 54.2 (¢ 0.7, MeOH); 'H
NMR (500 MHz, CD30D) 6 5.74-5.81 (m, 1H), 5.20-5.24 (dt, 1H, J=1.2, J=17.2), 5.13-5.16
(dt, 1H,J=1,J=10.4),4.04-4.07 (dd, 1H, J=4.1,J=9.3), 3.52-3.55 (m, 1H), 2.88-3.01 (m, 2H),
2.32-2.36 (m, 1H), 2.09-2.15 (m, 1H); C{'H} NMR (125 MHz, CD;0D) § 173.9, 137.0, 117.6,
62.2,51.0,42.4,36.4.

(285,4R)-4-Vinylproline [(25,4R)-2.1]

Synthesized as described for (25,45)-2.1, which gave hydrochloride salt (165 mg, 95% yield) as
gum: [o]p>> —6.1 (c 0.5, CHCl3); 'H NMR (400 MHz, CD;0D) § 5.77-5.86 (m, 1H), 5.25-5.30 (d,

1H, J = 17.1), 5.18-5.20 (d, 1H, J = 10.4), 4.45-4.49 (m, 1H), 3.51-3.59 (m, 1H), 3.11-3.18 (m,
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2H), 2.62-2.69 (m, 1H), 1.94-2.02 (m, 1H); *C{'H} NMR (125 MHz, CDs0D) § 169.9, 135.2,
116.9, 59.4, 49.6, 41.9, 34.4; FT-IR (neat) vmax 3388, 2922, 1731, 1645, 1453, 1420, 1223 cm';
HRMS (ESI-TOF) m/z [M+H]" caled for C7Hi12NO: 142.0863, found 142.0862. Purified by Ion-
exchange chromatography as described for (25,4S5)-2.1 above gave (25,4R)-2.1 (125 mg , 91%
yield) as off white solid: mp = 218-220 °C, Ry= 0.64 (3:1:1 tert-BuOH/AcOH/H>0, visualized
with KMnOu); [a]p® — 12.4 (¢ 0.5, MeOH); '"H NMR (500 MHz, CDsOD) § 5.75-5.82 (m, 1H),
5.17-5.21 (dt, 1H,J=1.1,J=17.1),5.08-5.10 (dt, 1H, J=1.0,J=10.4), 3.93-3.96 (m, 1H), 3.33-
3.36 (m, 1H), 3.01-3.10 (m, 1H), 2.91-2.99 (m, 1H), 2.47-2.53 (m, 1H), 1.77-1.83 (m, 1H);
BC{'H} NMR (125 MHz, CD;0D) § 174.9, 137.8, 117.2, 62.8, 51.2, 44.3, 37.1

(25,45-Methyl 2-amino-4-(chloromethyl)hex-5-enoate hydrochloride [(2S5,45)-2.3]

A solution of carbamate (25,45)-1.63 (200 mg, 0.69 mmol) in DCM (5 mL) was treated with HCI
gas bubbles for 3 h, and concentrated under reduced pressure to afford hydrochloride (25,4R)-2.3
(156 mg, 100%) as off-white solid: mp 146-148 °C; [a]p?® —15.2 (c 0.5, CHCI3); 'H NMR (500
MHz, CDCl3) ¢ 8.87 (br, s, 3H), 5.70-5.77 (m, 1H), 5.34-5.37 (d, 1H, J=17.1), 5.24-5.26 (d, 1H,
J=11.0), 4.18-4.21 (m, 1H), 3.83 (s, 3H), 3.65-3.69 (m, 1H), 3.56-3.59 (m, 1H), 2.89-2.95 (m,
1H), 2.38-2.43 (m, 1H), 2.15-2.23 (m, 1H); *C{'H} NMR (125 MHz, CDCl;) § 169.7, 136.7,
119.5, 53.3, 51.3, 48.3, 41.5, 32.4. FT-IR (neat) vmax 2847, 1743, 1644, 1583, 1504, 1437, 1222
cm™'; HRMS (ESI-TOF) m/z [M+H] * caled for CsHisCINO2 192.0786, found 192.0794.
(2S,4R)-Methyl 2-amino-4-(chloromethyl)hex-5-enoate hydrochloride [(25,4R)-2.3] was prepared
from carbamate (25,4R)-1.63 (200 mg, 0.687 mmol) as described for hydrochloride (25,45)-2.3 to
afford hydrochloride (25,4R)-2.3 as off-white solid (156 mg, 100%): mp 150-152 °C; [a]p> —24
(c 0.5, CHCI3); '"H NMR (500 MHz, CDCls) & 8.98 (br, s, 3H), 5.71-5.77 (m, 1H), 5.57-5.60 (dd,

1H, J=1.0, 17.1), 5.33-5.35 (dd, 1H, J= 1.3, 10.3), 4.06-4.07 (m, 1H), 3.85 (s, 3H), 3.62-3.70 (m,
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2H), 3.07-3.12 (m, 1H), 2.31-2.37 (m, 1H), 2.19-2.20 (m, 1H); 3C{'H} NMR (125 MHz, CDCl;)
0170.0, 136.1, 120.8, 53.5, 51.6,48.9,41.4, 33.1; FT-IR (neat) vmax 2860, 1747, 1581, 1505, 1438,
1283, 1214 cm!; HRMS (ESI-TOF) m/z [M+H] * caled for CsH;sCINO, 192.0786, found
192.0793.

(2°S,25,45)-Methyl N-(Boc)alaninyl-2-amino-4-(chloromethyl)hex-5-enoate [(2°8,25,45)-
2.4]

A stirred solution of N-Boc-L-alanine (83 mg, 0.44 mmol, 1 equiv) in DCM (5 mL) was treated
with TBTU (141 mg, 0.44 mmol, 1 equiv) and HOBt (60 mg, 0.44 mmol, 1 equiv), stirred for 10-
15 min, treated with N-ethylmorpholine (76 mg, 0.66 mmol, 1.5 equiv) and hydrochloride (25,4S)-
2.3 (100 mg, 0.44 mmol), and stirred overnight. The reaction mixture was partitioned between
water and DCM. The organic layer was separated, dried over NaxSO4 and concentrated under
reduced pressure to a residue which was examined for diastereomeric purity by evaluation of the
methyl ester singlet (3.208 ppm) with that of the (2°R)-diastereomer (3.222 ppm). Incremental
additions of the (2’R)- into the (2°S)-isomer established the limits of detection at 1%. Subsequent
purification by column chromatography using 14-16% EtoAc in hexane eluent to afforded peptide
2.4 (125 mg, 78%) as colourless liquid. Rr= 0.50 (3:7 EtOAc/hexanes, 3 times eluted, visualized
with KMnO4); [a]p? —11.8 (¢ 1, CHCI3); '"H NMR (400 MHz, C¢Ds) § 6.54-6.56 (d, 1H, J = 7.84),
5.49-5.58 (m, 1H), 5.04-5.08 (d, 1H, J=17.2), 4.97-4.99 (d, 1H, J=10.4), 4.91 (br, s, 1H), 4.71-
4.77 (m, 1H), 4.03-4.10 (m, 1H), 3.35-3.40 (m, 1H), 3.21-3.22 (d, I1H, J=5.16),3.20 (s, 3H), 2.41-
2.49 (m, 1H), 2.07-2.04 (m, 1H), 1.52-1.59 (m, 1H), 1.40 (s, 9H), 1.06-1.08 (d, 3H); *C {'H} NMR
(100 MHz, C¢Ds) 6 172.0,171.9, 155.0, 137.4,116.6, 79.2,51.4,49.8,47.7,41.5, 34.2, 29.8, 28.0,
17.5; FT-IR (neat) vmax 3307,2979, 1742, 1659, 1163 cm™!; HRMS (ESI-TOF) m/z [M+Na] " calcd

for C16H27CIN2OsNa 385.1501, found 385.1504
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(2°R,25,45)-Methyl N-(Boc)alaninyl-2-amino-4-(chloromethyl)hex-5-enoate [(2°R,25,4S5)-
2.4]

(2'R,25,45)- 2.4 was synthesized, analyzed and later purified as described for (2'S,25,45)-2.4 from
hydrochloride (25,4R)-2.3 (100 mg, 0.44 mmol): off-white solid (122 mg, 76%); Ry= 0.50 (3:7
EtOAc/hexanes, 3 times eluted, visualized with  KMnOs); [a]p>® —41.4 (¢ 1, CHCl3); 'H NMR
(400 MHz, C¢Dg) 6 7.07-7.09 (br d, 1H, J =5.2), 5.49-5.58 (m, 1H), 5.17-5.18 (brd, 1H, J=3.2),
5.02-5.07 (d, 1H, J=17.1), 4.97-5.00 (d, 1H, J=10.3), 4.74-4.80 (m, 1H), 4.27-4.30 (br, t, 1H, J
=17.1), 3.34-3.38 (m, 1H), 3.25 (s, 3H), 3.15-3.23 (m, 1H), 2.42-2.50 (m, 1H), 2.09-2.18 (m, 1H),
1.57-1.66 (m, 1H), 1.42 (s, 9H), 1.16-1.18 (d, 3H, J = 6.9); 3C{'H} NMR (100 MHz, C¢D¢) &
172.7,172.6,155.9, 138.2, 117.4, 79.6, 51.8, 50.4, 48.1, 42.1, 34.5, 30.2, 28.4, 18.1; FT-IR (neat)
vmax 3380, 2980, 1748, 1703, 1663, 1570, 1527, 1207, 1161 cm™'; HRMS (ESI-TOF) m/z [M+Na]
* caled for C16H27CIN205Na 385.1506, found 385.1501.

Methyl (25,45)-4-(azidomethyl)-2-((tert-butoxycarbonyl)amino)hex-5-enoate [(2S5,4S5)-1.64]
A solution of methyl (25,45)-2-((tert-butoxycarbonyl)amino)-4-(chloromethyl)hex-5-enoate 1.63
(50 mg, 0.171 mmol) in N,N-dimethylformamide (2.5 mL) was treated with sodium azide (33 mg,
0.515 mmol, 3 equiv), heated at 80 °C overnight, cooled, and poured into water. The mixture was
extracted with ethyl acetate. The combined organic layer was washed with water (4 X 5 mL), dried
with sodium sulfate, and evaporated to a residue that was purified by column chromatography
using 6-8% EtOAc in hexane as eluent to provide azide (2S5,4R)-1.64 (41 mg, 80%) as a colourless
liquid. Ry = 0.44 (1:9 EtOAc/hexanes, 3 times eluted, visualized with KMnOu); [o]p®® —1.39 (c
0.6, CHCl3); 'H NMR (500 MHz, CDCl3) § 5.64-5.71 (m, 1H), 5.18-5.22 (m, 2H), 5.10-5.11 (d,
1H,J="7.4),4.35-4.39 (m, 1H), 3.75 (s, 3H), 3.30-3.47 (m, 2H), 2.44-2.51 (m, 1H), 1.96-2.01 (m,

1H), 1.68-1.73 (m, 1H), 1.46 (s, 9H); 3C{'H} NMR (125 MHz, CDCl3) & 173.0, 155.3, 138.0,
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117.9, 80.2, 55.1, 52.5, 51.6, 40.3, 34.9, 28.1; FT-IR (neat) vmax 3358, 2978, 2095, 1742, 1708,
1503, 1365, 1159 cm™'; HRMS (ESI-TOF) m/z [M+Na] * calcd for C13H22N4OsNa 321.1533,
found 321.1537.

Methyl (25,4R)-4-(azidomethyl)-2-((tert-butoxycarbonyl)amino)hex-5-enoate [(25,4R)-1.64]
Azide (2S5,4R)-1.64 was synthesized from (25,4R)-1.63 (50 mg, 0.171 mmol) using the protocol
for (25,45)-1.64 to provide colourless liquid (41 mg, 80%): Ry=0.34 (1:9 EtOAc/hexanes, 3 times
eluted, visualized with KMnOa); [a]p?® —13.09 (c 0.8, CHCl3); 'H NMR (500 MHz, CDCl3) &
5.63-5.68 (m, 1H), 5.23-5.27 (m, 2H), 4.92-4.94 (m, 1H), 4.26-4.34 (m, 1H), 3.76 (s, 3H), 3.31-
3.35 (m, 1H), 3.24-3.28 (m, 1H), 2.43-2.50 (m, 1H), 1.81-1.90 (m, 1H), 1.72-1.77 (m, 1H), 1.46
(s, 9H); *C{'H} NMR (125 MHz, CDCl;) & 173.3, 155.3, 137.2, 118.9, 80.1, 55.5, 52.4, 51.5,
40.7, 35.0, 28.3; FT-IR (neat) vmax 3357, 2978, 2096, 1707, 1510, 1437, 1391, 1365, 1159 cm!;
HRMS (ESI-TOF) m/z [M+Na] " calcd for C13H22N404Na 321.1533, found 321.1536.
(25,45)-Methyl 4-vinylprolinate hydrochloride [(2S5,45)-2.5]

A solution of (25,4S5)-methyl N-Boc-4-vinylprolinate 2.2 (50 mg, 0.196 mmol) in DCM (20 mL)
was treated with HCI gas bubbles for 2h and concentrated under reduced pressure to afford
hydrochloride (2S,45)-2.5 as off-white solid (38 mg, 100%). [a]p* —1.53 (c 0.8, CHCI3); 'H NMR
(500 MHz, CDCI3) 6 10.99 (br, s, 1H), 9.31 (br, s, 1H), 5.71-5.78 (m, 1H), 5.20-5.23 (d, 1H, J =
17.0), 5.16-5.18 (d, 1H, J = 10.3), 4.59-4.60 (m, 1H), 3.83 (s, 3H), 3.81-3.82 (m, 1H), 3.18-3.22
(m, 1H), 3.01-3.09 (m, 1H), 2.39-2.44 (m, 1H), 2.18-2.27 (m, 1H); *C{'H} NMR (125 MHz,
CDCl) 6 169.2, 134.8, 118.1, 58.9, 53.6, 49.6, 40.7, 34.6; FT-IR (neat) vmax 2954, 2825, 2673,
2541, 2446, 1744, 1644, 1595, 1443, 1388, 1353, 1330, 1289, cm™'; HRMS (ESI-TOF) m/z [M+H]
* caled for CsH14NO» 156.1019, found 156.1023.

(25,4R)-Methyl 4-vinylprolinate hydrochloride [(2S5,4R)-2.5]
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Hydrochloride (25,4R)-2.5 was synthesized from (25,4R)-2.2 (50mg, 0.196 mmol) using the
protocol for (25,45)-2.5 to afford off-white solid (38 mg, 100%): [a]p*> —16.5 (¢ 0.8, CHCl3); 'H
NMR (500 MHz, CDCI3) 6 5.68-5.75 (m, 1H), 5.20-5.23 (d, 1H, J=17.1), 5.15-5.17 (d, 1H, J =
10.3),4.53-4.56 (t, 1H, J=8.7), 3.85 (s, 3H), 3.68-3.72 (m, 1H), 3.28-3.30 (t, 1H, J=10.9), 3.12-
3.22 (m, 1H), 2.58-2.64 (m, 1H), 1.93-2.00 (m, 1H); "*C{'H} NMR (125 MHz, CDCl;) § 169.0,
134.5, 118.2, 58.8, 53.5, 50.0, 41.9, 34.8; FT-IR (neat) vimax 3388, 2920, 2852, 2695, 2527, 2418,
1745, 1647, 1583, 1483, 1411, 1381, 1356, 1265 cm™'; HRMS (ESI-TOF) m/z [M+H] * calcd for

CsH14NO2 156.1019, found 156.1021.
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3.0. Context
3.01. Lactams

o-amino-lactams are conformationally constrained building blocks, which are commonly
used in the synthesis of biologically active peptide analogs to enhance potency and selectivity. For
example, the incorporation of a-amino-y-lactam (Agl, 3.01), so called “Freidinger-Veber lactam”,
into Luteinizing Hormone-Releasing Hormone (LH-RH) analog 3.03 gave 8.9 times enhanced
potency relative to the parent system.! a.-Amino-8-lactams (Adl, 3.02), the six-membered ring
counterparts of Freidinger-Veber lactams, have been used less commonly. Notably, introduction
of a six-membered lactam into methionine-enkephalin analog 3.04 gave higher activity than the

related 5- and 7-membered y- and e-lactam analogs (Figure 3.01).?

R1 4 ° 6
N ~p2
H R RLH 21N\R2
o o)

a-amino-y-lactam

Adl a-amino-d-lactam
(Agh) (Adl)
3.01 3.02

OH

0]
H;QNJ\Arg-Pro-GIy-NHz /5)
GIu-HisTrp-Ser-Tyr—” = H
LT TR -
[AgI®]-LH-RH

Exhibited 8.9 times more potency than parent system
[(3R)-Ad|2]-Met-enkepha||n

Exhibited 10% activity than the other rings
3.04

3.03

Figure 3.01. y- and 6-Lactams and their analogs

Unsubstituted Adl residues (3.02) can be readily obtained from cyclization of ornithine and
employed in conformationally constrained peptidomimetics. More challenging to synthesize,
substituted Adl analogs have exhibited biological activity and received attention in drug discovery
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(Figure 3.02). For example, glorin (3.013) and glorinamide (3.014) are natural chemoattractant
peptide derivatives containing Adl residues.’ Insect kinin analogs were synthesized using 3,6-
disubstituted Adl residue 3.05.* 3-Methyl [(3R)-Adl], 4-silyloxy and 5-hydroxy Adl residues 3.06-
3.08 have been used as building blocks in the synthesis of thalidomide metabolites exhibiting

antiangiogenic and teratogenic properties.> 7

o~

TBDMSO QCOZEt
NPMB  pri— ?Q j? BOCN

38 68) 1.30g

(3R- AdI) -3.06 307 (3S,5R)-3.08, R = OH, R" = Boc
(3S,5R)-3.09, R=0H,R"=H
3.010,R=oxo,R'=H

2 NHso3

(0] H2N
Sulphostin-3.011 TFA HN H, BnOzS o
3.012 3.013, Glorin: X =0
Serine protease inhibitor 3.014, Glorinamide: X = NH
CVS 1862
NH; HN

o M—NH

HN HoN
(0] _
RENSVAAN Vel
H MeO (0]
N\)J\N\\\ o (0] Ph
: 0] N—
0 z H 0 MeO
l NH OH racemic form-3.016
H,N o) AdI thrombin inhibitor
Streptopeptolin-3.015

Figure 3.02. a-Amino-d-lactam (Adl) residues in small molecule and peptide analogs

Constrained Ala-Gly dipeptide analogs were synthesized using (3S,5R)-Adl 3.09 and 5-

oxo-Adl 3.010 analogs.® Similarly, 6-substituted ethyl-3-amino-2-piperidone-6-carboxylate
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(35,65)-1.30g was incorporated into peptides as a constrained dipeptide analog.” Fused bicyclic
systems featuring Adl components, such as thiaindolizidin-2-one 3.012, have also been prepared

for use as rigid dipeptide residues in structure-activity relationship (SAR) studies.°

Enzyme inhibitors have also featured substituted Adl residues. For example, Sulphostin
3.011 is naturally occurring dipeptidyl peptidase IV inhibitor isolated from Streptomyces sp.!' A
6-hydroxy Adl 3.015 residue is present in the peptide Streptopeptolin, which was isolated from the
extract of Streptomyces olivochromogenes and shown to exhibit inhibitory activity against

Chymotrypsin.'? Substituted Adl 3.016 inhibited thrombin and blood coagulation .'?

3.02. Application of lactams in conformational analysis
The introduction of Adl residues into peptides has been used to study relationships between
conformation and biological activity. For example, Adl residues have been substituted for the

central leucine in tripeptide 3.017 (L-Pro-L-Leu-Gly-NH>, PLG, Figure 3.03), which is a
modulator of dopamine receptors derived from the C-terminal fragment of oxytocin.!®!
Application of (R)-Adl gave tripeptide 3.018, which adapt a type II B-turn possessing a y 2 torsion
angle of 108° and exhibited enhanced binding affinity towards the dopamine receptors compared
to the linear tripeptide PLG. On the other hand, (S)-Adl tripeptide 3.019 adopted a type II’ B-turn

conformation which possessed a 12 torsion angle of —156° and exhibited no detectable dopamine

receptor affinity. !>
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ﬁl E%f N, = O* 3 N%NHZ

3.018 3.017-PLG 3.019
R =H or Boc Type Il B-turn R =H or Boc
Constrained analogue of PLG Constrained analogue of PLG
T Il B-t
y’jf_ 1B08le Type II' B-turn
i w? = -155.6°

Figure 3.03. Conformational analysis of PLG using a-amino-3-lactams

3.03. Synthesis of a-amino-3-lactam analogs

The conformational constraint induced by a-amino-0-lactam (Adl) residues offers
interesting potential for studying structure-activity relationships of biologically active peptides.
Since the pioneering synthesis of Adl-Gly dipeptide 3.022 from ornithine 3.020 by Freidinger and
Veber (Scheme 3.01-A),'® a number of methods have been developed to prepare functionalized
analogs of the parent structure featuring various substitution patterns.*>’* Among strategies for
the addition of substituents onto Adl residues, modification at the 5-position offers potential to
prepare constrained variants of certain amino acids known to occupy the i + 1 position of B-turns:

e.g., Glu, Gln, Lys, Arg and Met.!”

Towards the synthesis of 5-substituted Adl derivatives, 5-hydroxy and 5-oxo Adl residues
3.028 and 3.026 were respectively prepared by a route featuring the coupling of the zincate 1.62,
which is derived from B-iodo alanine 1.61, and N-(Cbz)glycine phenylthioester 3.023 to provide a
common y-keto ester intermediate 3.024 in 49% yield (Scheme 3.01). Diastereoselective reduction
of ketone 3.026 with L-selectride followed by lactam formation gave 5-hydroxy Adl 3.028.°
Alternatively, y-keto ester 3.024 was converted to 5-oxo-o-amino-d-lactam 3.026 by a route
featuring methyl ester hydrolysis and carboxylate activation as pentafluorophenyl ester 3.025,

followed by hydrogenolysis of the Cbz protecting group and lactam cyclization.® Although alcohol
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3.028 and ketone 3.026 may respectively serve as accesses to other 5-substitued Adl residues, the
low overall yields to make these precursors motivated the development of an alternative approach

to 5-substituted Adl derivatives.

A)
H,, Pd/C, MeOH
H,0,AcOH H
NHCbz 20, :
OHC-COOH N._-COzH 0
DMF, 55 °C N_ _CO,H
BocHN” CO,H BochiN ~
2 BocHN CO,H 0
3.020 3.021 (54%) 3.022 (94%)
Boc-Orn(Cbz)-OH AdI-Gly
B)
2) 1N NaOH, MeOH
Cbz o | 0°C,1h o
Znl . HN 1) Pd(dba)3/P(o-toI)3 N—Cbz 3) DCC, CeroH‘ N—Cbz
L 0°Ct, 5h
BocHN™ "COCH;  prs X0 BocHN™ "CO,CHj; BocHN” ~CO,C4Fs
3.024 (499
1.62 3.023 (49%) 3.025 (83%, from 2 steps)
L-selectride, THF
78°C.2h H,, Pd/C, MeOH
oH rt, 1.5 h

o}
3.027 (459
3.028 (15%) (45%)
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rt, 24 h \I\;O)ﬁ Q
N~ -
BocHN BocHN" NHCbz
NH
BocHN

o}
3.026 (79%)

Scheme 3.01. Synthesis of Adl and substituted Adl derivatives

Chapter 3 relates our publication “Constrained Glu-Gly and GIn-Gly dipeptide surrogates
from y-substituted a-amino-d-lactam synthesis”. This publication was included in a Special Issue:
Tribute to Professor Louis A. Carpino. A pioneer of peptide science, Professor Carpino developed
several amine protecting groups and coupling reagents for solution and solid phase peptide
synthesis including the tert-butyloxycarbonyl (Boc) and 9-fluorenylmethoxycarbonyl (Fmoc)
groups, and well as the reagents  7-aza-1-hydroxybenzotriazole = (HOAL),

tetramethylfluoroformamidinium hexafluorophosphate (TFFH) and [(7-azabenzotriazol-1-yl)oxy]
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tris(pyrrolidino) phosphonium hexafluorophosphate (PyAOP).!%192021 For protection of the
guanidine side chain of arginine residues, Professor Carpino invented the 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl group (Pbf) group.?? Moreover, Professor Carpino
introduced protecting groups that could be removed using Michael addition approaches, such as
the 1,1-dioxobenzo[b]thiophene-2-ylmethyloxycarbonyl (Bsmoc).2* In our contribution to this
tribute, the Boc group invented by Professor Carpino serves in the synthesis of constrained

dipeptide analogs for the mimicry of the central residues of B-turn conformations.

As mentioned, the Adl-Gly dipeptide adopted type Il and II” conformations contingent on
lactam stereochemistry.?* Moreover, 5-position substituents on the Adl lactam could mimic the
side chains of amino acids that commonly situate in such turn conformers, among which GIn-Gly
and Glu-Gly are very common in protein structures.!” A plan to synthesize such dipeptide turn

mimics was considered based on oxidation of a 5-vinyl Adl precursor.

Employing 4-vinylornithine 1.64 which was described in Chapter 2, a route to 5-vinyl Adl
analog 3.10 was developed featuring azide reduction, cyclization, and N-alkylation of the resulting
lactam. The utility of the olefin moiety for introducing side chain diversity was demonstrated in
the synthesis of constrained glutamate and glutamine analogs by oxidation to the corresponding
carboxylic acid and subsequent coupling to prepare the amide. Considering the abundance of Glu-
Gly and GIn-Gly residues in nature, this method offers an effective entry into these constrained
mimics of backbone and side chain topology for conformational analysis of various biologically

active peptides.
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3.1. Abstract

Conformationally rigid a-amino-o-lactam surrogates of Glu-Gly and GIn-Gly dipeptides
have been synthesized from a-amino-y-vinyl-3-lactam precursors. A reductive cyclization protocol
from the respective (4R)- and (45)-2-N-(Boc)amino-4-(azidomethyl)hexenoates gave d-lactams,
which were converted to the corresponding dipeptide surrogates by N-alkylation with methyl
bromoacetate. The utility of these a-amino-y-vinyl-6-lactam building blocks was demonstrated
by olefin oxidation and peptide coupling to prepare constrained Glu and Gln residues.

R — Diversification
element

* O
3 steps N
OMe —= BocHN \)J\OH

NHBoc (0]
Covalently constrained
turn mimic

3.2. Introduction

In peptide science, a-amino-d-lactams (Adl) residues (e.g., 3.1-3.8, Figure 3.1) have
received less attention than their y-lactam Agl counterparts.! Specifically, the Adl-Gly dipeptide
has exhibited interesting effects on conformation? and biology.® For example, cyclo-[(S)-Adl-Gly]s
exhibited equal ability as cyclo-(Ala-Sar); to inhibit methane production in the fermentation of
rumen stomach fluid.* Replacement of the Gly>-Gly? dipeptide in methionine-enkephalin with (R)-
Adl-Gly gave analog 3.8 with 2—10% activity and greater potency than the corresponding y- and
g-lactam counterparts and their configurational isomers.’ In the development of inhibitors of
angiotensin converting enzyme, Adl-Gly served to explore the structural requirements for binding
of Enalapril.® In studies of dopamine receptor allosteric modulators, Pro-(R)-Adl-Gly-NH;
enhanced agonist binding and supported an active type II B-turn conformation, but the

corresponding (S)-Adl analog was inactive.”® Replacement of the D-Phe-Pro residue by (S)-Adl-
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Gly in thrombin inhibitors (e.g., 3.7) enhanced selectivity and oral bioavailability.” In a design of
potential dimerization inhibitors of HIV1-protease, attachment of adipic acid to the N-terminal of
Adl-Gly-Asn-Phe-OH provided access to analogs with activity against wild type HIV1 in the uM
range.'”

The utility of Adl residues has also led to the synthesis of ring substituted analogs to mimic
both the backbone and side chain geometry of p-turns and other peptide

ILI2I3,1415,16,17.18.19.20.21 Ror example, 3-benzyl substituted Adl residues were synthesized

structures.
and shown to mitigate chymotrypsin-catalyzed proteolysis in peptide analogs.'"!” In the study of
the hematopoiesis regulating tetrapeptide Ac-Ser-Asp-Lys-Pro-OH, 4-carboxy-Adl was employed
as a constrained Asp surrogate.'® Aliphatic and aromatic 4-position substituents have been installed
on Adl-Xaa analogs to mimic Trp-Gly, Ile-Gly, Phe-Gly and Phe-Leu residues,'*?%?! which have
been respectively employed in renin inhibitors,?! and shown by NMR experiments and molecular
modeling calculations to adopt y-turn and distorted type II PB-turn geometry contingent on
stereochemistry and structure.?! 5-Amino-, 5-hydroxy-6-carboxy- and 5-methylthio-Adl residues
have respectively been prepared as constrained diaminobutyric acid (Dab),'? Ala-Ser,'* and Met
analogs.'*!> The latter were pursued to develop inhibitors of hepatic glutathione transport.!*!> In
addition, Adl derivatives with fused rings, such as indolizidine-2-one** and quinolizidinone®?
amino acid analogs (e.g., 3.4 and 3.5), and with spirocyclic** systems (e.g., 3.6), all have been used

to mimic B-turns and to study peptide ligands of various receptors.?%%-26
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OH NH2 = H o3 H 5 =
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3.8: [AdI?]-Met-enkaphalin
Figure 3.1. a-Amino-d-lactam (Adl) residue derivatives

In light of the broad utility of such constrained dipeptides and methods for &-lactam

27.28.293031.32 yersatile approaches to install ring substituents onto Adl residues merit

synthesis,
development for exploring the importance of backbone and side chain function and geometry in
peptide recognition. The synthesis of y-vinyl Adl residues is herein reported and used to synthesize
Glu-Gly and GlIn-Gly surrogates 3.1 and 3.2 to demonstrate the versatility of the double bond
substituent as a handle for installing side chain diversity.

The GIn-Gly and Glu-Gly sequences, both are common in peptides and proteins. For
example, GIn-Gly is a frequent component of transglutaminase donor substrates.** Four Glu-Gly
units are found in the tumor suppressor protein tazarotene-induced gene 1.>* Two Glu-Gly units
are present in the long acting human glucagon-like polypeptide-1 analogue and antidiabetic drug
Taspoglutide (Hoffmann-La Roche).> The N-terminals of several scorpion B-toxins, such as
centruroides suffusus suffusus toxin II terminate in the H-Lys-Glu-Gly-Tyr sequence.*¢ In addition,
the peptide hormones, growth hormone-releasing hormone and secretin, both contain a Gln-Gly
unit.”-3
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Analysis of X-ray data of type II turn conformations has demonstrated the preference for
Gly at the i+2 position, as well as the statistically significant preferences for Glu and more
preferably Gln at the i+1 position.** Considering that Adl-Gly has been shown to favor type II and
I’ turn geometry contingent on amino-lactam stereochemistry,”’ the placement of a y-carboxylate
(y-carboxamide) residue on the d-lactam residue may furnish building blocks well suited for
mimicry of the active conformers of Glu-Gly and GIn-Gly peptides. Effective methods for
synthesizing the corresponding suitably protected 5-(HO2C)-, 5-(H2NOC)- and 5-(vinyl)AdI-Gly
analogs 3.1-3.3 have now been achieved in the interest of using these surrogates to explore various

biologically active peptides in the future.

3.3. Experimental section

3.3.1. General Methods: Unless otherwise specified, non-aqueous reactions were performed
under an inert argon atmosphere, glassware was flame dried under argon or stored in the oven and
cooled under inert atmosphere prior to use. Anhydrous THF was obtained by passage through a
solvent filtration system (Glass Contour, Irvine, CA) and transferred by syringe. After aqueous
workup, organic reaction mixtures were dried over anhydrous Na>SOs, filtered, and rotary-
evaporated under reduced pressure. Flash chromatography was performed on 230—400 mesh silica

1.* Thin-layer chromatography (TLC) was performed on alumina plates coated with silica gel

ge
(Merck 60 F254 plates), and visualized by UV absorbance or staining with potassium
permanganate solution and bromo-cresol green solutions. Melting points were obtained on a Buchi
melting point B-540 apparatus and are uncorrected. Specific rotations, [a]p values, were calculated
from optical rotation measurements at 25 °C in CHCI3; or MeOH at the specified concentrations (c

in g/100 ml) using a 0.5-dm cell length (1) on a Anton Paar Polarimeter, MCP 200 at 589 nm, and

calculated by the general formula: [a]p® = (100 x a)/(1 X ¢). Accurate mass measurements were
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performed on an LC-MSD instrument in electrospray ionization (ESI-TOF) mode at the Université
de Montréal Mass Spectrometry facility. Sodium adducts [M + Na]" were used for empirical
formula confirmation. Nuclear magnetic resonance spectra (‘H, '3C) were recorded on a Bruker
500 MHz spectrometer. 1H NMR spectra are referenced to CDCls (7.26 ppm). '*C NMR spectra
were measured in CDClz (77.16 ppm) as specified below. Coupling constant J values were
measured in Hertz (Hz) and chemical shift values in parts per million (ppm).

3.3.2. Synthetic experimental conditions and characterization data of compounds:

(3S,5R)-Boc-(5-carboxy)AdI-Gly-OMe [(5R)-3.1]
Acid (5R)-3.1 was prepared from olefin (5R)-3.11 (250 mg, 0.8 mmol) using the protocol

described below for the synthesis of acid (55)-3.1. Evaporation of the collected fractions afforded
acid (5R)-3.1 as a white solid (172 mg, 65% yield): mp = 145-148 °C Ry=0.22 (1:9 MeOH/DCM,
visualized with bromo cresol green), [a]p?® —11.6 (¢ 1.3, CHCI3); 'H NMR (500 MHz, CDCl3) §
5.7-5.69 (d, 1H, J = 5.2), 4.48-4.45 (m, 2H), 3.98-3.82 (m, 2H), 3.77 (s, 3H), 3.53-3.49 (dd, 1H,
12.2, 6.1), 3.15 (s, 1H), 2.87 (s, 1H), 1.93-191 (d, 1H, J = 9.8), 1.46 (s, 9H); *C{'H} NMR (125
MHz, CDCl3) 6 177.9, 170.6, 169.3, 156.1, 80.5, 52.3, 48.9, 48.7, 48.0, 36.6, 29.5, 28.3; HRMS
(ESI-TOF) m/z [M+Na] " calcd for C14H22N>O7Na 353.1319, found 353.1322.

(35,55)-Boc-(5-carboxy)AdI-Gly-OMe [(5S5)-3.1]

A 50 mL single-necked round bottom flask was equipped with stir bar, and charged with
NalOg4 (856 mg, 4 mmol, 5 equiv.), followed by H20O (4 mL). After stirring for 10 min, the mixture
was treated with RuCl3-3H>O (18 mg, 0.08 mmol, 0.1 equiv.), followed by CH3CN (2.5 mL). The
reaction mixture color turned red orange. After stirring vigorously for 10 min, the reaction mixture
was treated slowly with a solution of olefin (5S)-3.11 (250 mg, 0.8 mmol) in CH2ClL (2.5 mL).
After stirring 1h, the reaction mixture turned dark brown, a light yellow solid precipitated, and
TLC showed complete disappearance of (5S)-3.11 and formation of a polar product. The reaction
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was diluted with CH>Cl> (15 mL) and quenched with saturated NH4Cl solution (10 mL). The layers
were separated. The aqueous layer was extracted with CH>Cl> (10 mL X 2) and EtOAc (10 mL X
2). The organic layers were combined, dried over anhydrous Na>SQOs, filtered and evaporated under
reduced pressure. The residue was purified by flash chromatography using 1% MeOH in
dichloromethane. Evaporation of the collected fractions afforded acid (55)-3.1 (145 mg, 55%
yield) as off-white solid: mp = 118-120 °C, Ry= 0.22 (1:9 MeOH/DCM, visualized with bromo
cresol green), [a]p® —30 (c 1.1, CHCl3); 'H NMR (500 MHz, CDCl3) § 5.62 (br s, 1H), 4.21-4.16
(m, 3H), 3.76 (s, 3H), 3.66-3.63 (m, 2H), 3.07 (s, 1H), 2.81 (s, 1H), 1.88 (s, 1H), 1.46 (s, 9H);
BC{'H} NMR (125 MHz, CDCls) 6 178.3, 169.9, 169.0, 155.9, 79.8, 52.3, 50.6, 48.9, 41.9, 39.2,
30.3, 28.4; HRMS (ESI-TOF) m/z [M+Na] " caled for C14H22N>,O7Na 353.1319, found 353.1325.

(3S,5R)-Boc-(5-carboxamide)Adl-Gly-OMe [(SR)-3.2]

A solution of carboxylic acid (5R)-3.1 (100 mg, 0.3 mmol) in N-methyl-2-pyrrolidone (1
mL) was treated with NH4Cl (32.4 mg, 0.6 mmol, 2 equiv) followed by N,N,N',N'-tetramethyl-O-
(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU, 146 mg, 0.45 mmol, 1.5 equiv.) and N-
methyl morpholine (153 mg, 1.5 mmol, 5 equiv.). After stirring overnight at room temperature,
TLC analysis showed complete disappearance of carboxylic acid (5R)-3.1 and formation of a less
polar product. The reaction mixture was diluted with H>O. The mixture was extracted with ethyl
acetate (5 mL X 3). The organic layers were combined, dried with anhydrous Na>SOs, filtered and
evaporated under reduced pressure. The residue was purified by column chromatography using
5% MeOH in DCM as an eluent. Evaporation of the collected fractions gave amide (5R)-3.2 (55
mg, 55% yield) as light yellow solid: mp = 180-182 °C, Ry= 0.6 (1:9 MeOH/DCM, visualized
with KMnOs), [a]p?® —28.4 (¢ 1, CHCIl3); "H NMR (500 MHz, CDCl3) § 6.82 (s, 1H), 5.65 (s, 1H),
5.49 (s, 1H), 4.28-4.25 (d, 1H, J=16.2), 4.17-4.14 (m, 2H), 3.81-3.76 (m, 4H), 3.59-3.55 (dd, 1H,

J=12.7,5.8),3.03-2.99 (m, 1H), 2.77-2.72 (dt, 1H, J=12.9, 5), 2.11-2.05 (dt, 1H, J=13.0, 6.4),
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1.47 (s, 9H); 13C<{1H}> NMR (125 MHz, CDCls3) ¢ 173.9, 170.1, 169.8, 155.9, 80.0, 52.5, 49.2,
48.8,48.1,37.9, 30.2, 28.3; HRMS (ESI-TOF) m/z [M+Na] " calcd for C14H23N306Na 352.1479,
found 352.1485.

(3S,5R)-Boc-(5-vinyl)Adl-Gly-OH [(5R)-3.3]

Acid (5R)-3.3 was prepared from ester (5R)-3.10 (50 mg, 0.16 mmol) using the protocol
described below for the synthesis of acid (55)-3.3. Evaporation of the collected fractions afforded
acid (5R)-3.3 as white solid (42 mg, 87%): mp = 135-138 °C, Ry = 0.2 (3:7 MeOH/DCM,
visualized with KMnOs), [o]p®® —2.4 (c 1.4, CHCl3); '"H NMR (500 MHz, CDCls) & 5.93-5.86 (m,
1H), 5.53 (brs, 1H), 5.24-5.18 (m, 2H), 4.35-4.27 (m, 2H), 4.07-4.03 (m, 1H), 3.49-3.42 (m, 2H),
2.87-2.83 (m, 1H), 2.37-2.29 (m, 1H), 2.00-1.94 (m, 1H), 1.47 (s, 9H); *C{'H} NMR (125 MHz,
CDCI3) 6 171.8, 171.0, 155.8, 137.7, 116.3, 79.9, 52.1, 49.0, 48.7, 34.8, 32.7, 28.3; HRMS (ESI-
TOF) m/z [M+Na] " calcd for C14H22N20sNa 321.1420, found 321.1420.

(35,55)-Boc-(5-vinyl) AdI-Gly-OH [(55)-3.3]
A solution of ester (55)-3.10 (50 mg, 0.16 mmol) in a 1:1 H>O: dioxane mixture (2 mL)

was treated with LIOH'H>O (7 mg, 0.16 mmol), and stirred for 4 h, when TLC analysis showed
complete disappearance of (55)-3.10 and formation of a more polar product. The volatiles were
evaporated. The reduced volume was washed with EtOAc (5 mL). The layers were separated. The
aqueous layer was acidified with 1M HCI to pH 4 and extracted with EtOAc (10 mL x 3). The
organic extractions were combined, washed with brine, dried with anhydrous Na;SOs, filtered and
evaporated to provide acid (55)-3.3 (39 mg, 81% yield) as a white solid: mp = 162-165 °C, R/=
0.2 (3:7 MeOH/DCM, visualized with KMnOx), [a]p* —18.8 (¢ 1.2, CHCl3); 'H NMR (500 MHz,
CDCl) 6 5.78-5.71 (ddd, 1H, J=17.2, 10.4, 6.9), 5.53 (br s, 1H), 5.19-5.12 (m, 2H), 4.34-4.30
(d, 1H, J=17.3), 4.20-4.19 (m, 1H), 3.96-3.92 (d, 1H, J=17.7), 3.39-3.36 (m, 1H), 3.34-3.29 (t,
1H,J=11.2) 2.81 (brs, 1H), 2.50 (brs, 1H), 1.75-1.68 (m, 1H), 1.47 (s, 9H); *C{'H} NMR (125
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MHz, CDCl3) 6 171.7, 170.4, 156.2, 137.2, 116.3, 79.9, 53.9, 51.4, 49.2, 36.5, 33.8, 28.3; HRMS
(ESI-TOF) m/z [M+Na] * calcd for C14H22N20sNa 321.1420, found 321.1424.

(35,5R)-a-Amino-y-vinyl-3-lactam [(5R)-3.9]

Lactam (5R)-3.9 was prepared from 4-vinylornithine (4R)-1.64 (1.0 g, 3.3 mmol) using the
protocol described below for the synthesis of lactam (5S5)-3.9. Evaporation of the collected
fractions gave an off-white solid (600 mg, 75% yield): mp = 105—-107 °C, Rr=0.25 (100% EtOAc,
visualized with KMnOs), [a]p*® —44.1 (¢ 1, CHCl3); 'H NMR (500 MHz, CDCls) § 6.33 (s, 1H),
5.93-5.86 (ddd, 1H,J=17.1, 10.5, 6.5), 5.43 (s, 1H), 5.23-5.17 (m, 2H), 4.2 (s, 1H), 3.45-3.41 (m,
1H), 3.28-3.24 (m, 1H), 2.75-2.71 (m, 1H), 2.4-2.37 (m, 1H), 1.92-1.86 (m, 1H), 1.47 (s, 9H);
BC{'H} NMR (125 MHz, CDCl3) § 171.8, 155.7, 137.8, 116.0, 79.7, 48.5, 44.9, 35.3, 32.7, 28.3;

HRMS (ESI-TOF) m/z [M+Na] " calcd for C12H20N203Na 263.1366, found 263.1363.

(35,55)-a-Amino-y-vinyl-8-lactam [(55)-3.9]

To a solution of (2S5,45)-4-(azidomethyl)-2-((tert-butoxycarbonyl)amino)-hex-5-enoate
[(45)-1.64, 1.0 g, 3.3 mmol, prepared according to reference 40] in an ethanol (10 mL) and water
(10 mL) mixture, NH4Cl (0.45 g, 8.3 mmol, 2.5 equiv.) and Zn powder (0.33 g, 5.0 mmol, 1.5
equiv.) were added. After stirring vigorously at room temperature for 6-7 h, TLC of the reaction
mixture showed complete disappearance of starting material [(Ry=0.34 (1:9 EtOAc/hexanes)] and
appearance of a more polar product [3.9, Ry/=0.25 (EtOAc)]. Ethyl acetate (30 mL) and ammonium
hydroxide (13 M, 5 mL) were added to the reaction mixture, which was transferred to a separatory
funnel. The organic layer was separated, washed with brine, dried over Na,SOs, filtered and
evaporated under reduced pressure to a residue, which was purified by flash chromatography using
60-80% EtOAc in hexanes as eluent. Evaporation of the collected fractions gave lactam (55)-3.9

(600 mg, 75% yield) as off-white solid: mp = 112—-114 °C, Ry= 0.25 (100% EtOAc, visualized
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with KMnOs), [a]p® —62.3 (c 1.1, CHCls); 'H NMR (500 MHz, CDCl3) § 6.01 (s, 1H) 5.78-5.72
(ddd, 1H, J= 17.2, 10.4, 6.8) 5.43 (s, 1H), 5.17-5.10 (m, 2H), 4.12-4.10 (m, 1H), 3.41-3.37 (m,
1H), 3.1-3.13 (t, 1H, J = 11.3), 2.78-2.70 (m, 1H), 2.59-2.57 (m, 1H), 1.63-1.56 (m, 1H), 1.47 (s,
9H); '3C{'H} NMR (125 MHz, CDCl3) 5 171.1, 155.9, 137.7, 115.9, 79.8, 51.2, 46.8, 36.7, 33.9,
28.6; HRMS (ESI-TOF) m/z [M+Na] * caled for C12H20N203Na 263.1366, found 263.1371.

(3S,5R)-Boc-(5-vinyl)Adl-Gly-OMe [(5R)-3.10]

Dipeptide ester (5R)-3.10 was prepared from lactam (4R)-3.9 (0.5 g, 2.03 mmol) using the
protocol described below for the synthesis of ester (55)-3.10. Evaporation of the collected fractions
gave dipeptide ester (5R)-3.10 as colorless liquid (460 mg, 71%): Ry= 0.53 (7:3 EtOAc/hexanes,
visualized with KMnOy), [a]p*® ~19.8 (¢ 3, CHCl3); '"H NMR (500 MHz, CDCl;3) § 5.95-5.88 (ddd,
1H,J=17.2,10.5, 6.7), 5.41 (br s, 1H), 5.25-5.18 (m, 2H), 4.28-4.25 (d, 2H, J = 17.8), 4.09-4.06
(d, 1H, J=17.8), 3.77 (s, 3H), 3.42-3.41 (d, 2H, J = 6.5), 2.88-2.84 (m, 1H), 2.42-2.36 (m, 1H),
1.96-1.89 (ddd, 1H, J=13.3, 10.7, 6.8), 1.47 (s, 9H); *C{'H} NMR (125 MHz, CDCl3) § 170.5,
169.3, 155.6, 137.9, 116.2, 79.6, 52.2, 51.8, 48.7, 34.9, 32.7, 28.3, 27.8; HRMS (ESI-TOF) m/z
[M+Na]" calcd for C15H24N20sNa 335.1577, found 335.1589.

(35,55)-Boc-(5-vinyl) AdI-Gly-OMe [(55)-3.10]
A solution of lactam (55)-3.9 (0.5 g, 2.0 mmol) in dry THF (5 mL) was cooled to —78 °C,

treated slowly with a solution of LIHMDS in THF (1.0 M, 5.2 mmol, 2.5 equiv.), stirred for 30
minutes, treated dropwise with methyl bromoacetate (0.48 g, 3.1 mmol, 1.5 equiv) and allowed to
warm to 0 °C with stirring. After 2 h, TLC analysis showed complete disappearance of (55)-3.9
and formation of a new less polar product. The reaction mixture was quenched with saturated
NH4Cl solution, stirred for 20-30 min, diluted with ethyl acetate (15 mL), and partitioned. The
organic layer was washed with brine, dried over Na>SOg, filtered and evaporated under reduced

pressure to a residue, which was purified by flash chromatography using 30-40% EtOAc in

91



Chapter 3

hexanes as eluent. Evaporation of the collected fractions gave dipeptide ester (5S)-3.10 (470 mg,
72% yield) as a colorless liquid. Ry= 0.53 (7:3 EtOAc/hexanes, visualized with KMnOx), [o]p?® —
31.4 (¢ 1.2, CHCI3); "H NMR (500 MHz, CDCl3) § 5.78-5.71 (ddd, 1H, J=17.2, 10.4, 6.9), 5.41
(brs, 1H), 5.18-5.11 (m, 2H), 4.29-4.25 (d, 1H, J=17.2), 4.24-4.17 (m, 1H), 3.95-3.92 (d, 1H, J
=17.2)3.77 (s, 3H), 3.39-3.35 (ddd, 1H, J=11.5, 6.0, 1.5), 3.30-3.26 (t, 1H, J=11.2), 2.87-2.77
(m, 1H), 2.6-2.58 (d, 1H, J = 10), 1.69-1.64 (t, 1H, J = 12.4), 1.47 (s, 9H); C{'H} NMR (125
MHz, CDCl3) 6 169.9, 169.1, 155.9, 137.5, 116.1, 79.7, 53.7, 52.2, 51.5, 48.9, 36.5, 34.0, 28.3;
HRMS (ESI-TOF) m/z [M+Na] * calcd for C1sH24N>OsNa 335.1577, found 335.1572.
3.4. Results and Discussion

Protected 4-vinylornithine (Von) 1.64 was previously synthesized in 5 steps from serine
by a route featuring a copper-catalyzed Sn2' reaction onto (Z)-1,4-dichloro-2-butene using the
zincate derived  from  N-(Boc)iodo-alanine, which  yielded  2-(Boc)amino-4-
(chloromethyl)hexenoate, followed by chloride displacement with azide ion.*® Employing (4R)-
and (45)-Von 1.64, (5R)- and (55)-a-amino-y-vinyl-d-lactams 3.9 were respectively synthesized
by a reductive cyclization strategy (Scheme 1). Initially, azide 1.64 was reduced using Staudinger
reaction conditions employing triphenylphosphine in THF/H,0O.*' However, removal of residual
triphenylphosphine oxide complicated purification of lactam 3.9. Purer (5R)- and (55)-a.-amino-
y-vinyl-0-lactams 3.9 were effectively prepared in 75% yields respectively by reduction of the

corresponding azide 1.64 using zinc and ammonium chloride in an EtOH:water solution.*
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N3
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(5R)-3.3: R = CH,CO,H = L > (5S)-3.3: R = CH,CO,H
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Scheme 3.1. Synthesis of a-amino-y-substituted-d-lactams

With &-lactams 3.9 in hand, the glycine residue was installed by N-alkylation using
LiHMDS and methyl bromoacetate.’ Dipeptides (5R)- and (55)-3.10 were obtained in 71% and
72% yields after purification by column chromatography. Saponification of glycinates (5R)- and
(55)-3.10 using LiOH in a dioxane:water mixture followed by 1M HCI workup provided acids
(5R)- and (55)-3.3 in 87% and 81% yield, respectively.?

In principle, acids 3.3 may be introduced into peptides prior to olefin modification. To
demonstrate the utility of the double bond on the lactam ring as a handle for the installation of
different functional groups, carboxylic acid and amide moieties were prepared to provide
constrained Glu-Gly and GIn-Gly dipeptides 3.1 and 3.2, respectively (Scheme 3.2). Oxidation of
olefins (5R)- and (55)-3.10 was performed using RuClz and NalO4 in a mixture of acetonitrile,

water and dichloromethane to afford carboxylic acids in constrained Glu-Gly derivatives (5R)- and
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(55)-3.1 in 65% and 55% yields after flash column chromatography.** Constrained Gln-Gly
derivative (5R)-3.2 was subsequently prepared in 55% yield from acid (5R)-3.1 by coupling to
NH4Cl using TBTU and N-methyl morpholine in N-methyl pyrrolidone followed by

chromatographic purification.*

RuCls, NalO,
CH3CN:H20:CH2CI2
\)J\ BocHN \)J\OCH3
BocHN OCH3
3 10

5R)31 X = OH (65%)

NH4CI, TBTU

NMM, NMP
(5R)-3.2: X = NH, (55%)

SN
RUC|3, NaIO4
CH3CN:H20:CH2CI2
BocHN \)J\OCH3 BocHN’Q \)J\OCH3
3 10

5S -3.1 (55%)

Scheme 3.2. Synthesis of Glu-Gly and GIn-Gly dipeptides
3.5. Conclusion

Commencing with enantiomerically pure 4-vinylornithine diasteromers (4R)- and (4S)-
1.64, (5R)- and (55)-Boc-(5-vinyl)Adl-Gly-OH dipeptides 3.3 were assembled in three steps and
46% and 44% overall yields. Oxidation of the 5-vinyl substituent and subsequent coupling of
ammonium chloride to the resulting carboxylate gave access to constrained Glu-Gly and Gln-Gly
mimics 3.1 and 3.2. In light of the relevance of such dipeptide sequences at the central residues of
B-turns, the potential for Adl-Gly analogs to adopt turn conformations, and the abundance of Glu-
Gly and GIn-Gly moieties in biologically active peptides, this effective method for accessing these

conformationally constrained surrogates should find broad utility for the study of biologically
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active peptides. Efforts to study Adl dipeptides 3.1-3.3 in various peptides are ongoing in our

laboratory and will be presented in due time.
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Chapter 4: 6-Hydroxymethyl Indolizidin-2-one Amino Acid Synthesis, Conformational
Analysis, and Biomedical Application as Dipeptide Surrogates in Prostaglandin-F2«

Modulators
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4.0. Context

4.01. Indolizidin-2-one amino acids (I?aa)

H H
4 s 6 78 N
3 1N 9
H,N" Y H,N
o  CO.H o  COoH
(3S,6R,95)-1.8-12aa (3S,6S,95)-1.8-1%aa

The utility of peptide drugs may be compromised by conformational flexibility leading to
rapid metabolism and poor selectivity.! Preorganization of a peptide into a single biologically
active conformer may ideally enhance receptor selectivity and binding. As previously mentioned,
heterocycles such as the pyrrolidine in proline and the lactam in Adl residues can limit
conformational flexibility, improve binding affinity, and enhance potency. Combining the
attributes of proline and Adl residues, indolizidine-2-one amino acid (I’aa) analogs restrict
multiple dihedral angles in the peptide backbone contained within the azabicyclo[X.Y.0]alkanone
ring system.> Contingent on backbone stereochemistry, I?aa residues can mimic type II’ B-turn

conformations as demonstrated by X-ray diffraction and NMR spectroscopic studies.’

In structure-activity relationship (SAR) studies of peptide leads,” substituted I*aa analogs
have been used to rigidify peptide conformation to elucidate biologically relevant backbone and
side chain geometry.® In the context of the present research, I*aa residues have been used to study
the SAR of prostaglandin-F2a (PGF2a) receptor (FP) modulators towards the development of

tocolytic (labour delaying) agents to inhibit preterm birth (PTB).*>

Worldwide, nearly 3.1 million neonatal deaths are attributed to complications associated

with PTB.® Moreover, preterm infants may suffer long-term health and developmental problems,
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such as respiratory impairment, blindness, deafness, and cognitive challenges. In 2005,
hospitalization costs associated with preterm birth in the USA was estimated to be $26.2 billion.”
There were a half million preterm births in the USA in 2008.% Globally, PTB is a major healthcare

concern driving development of efficient tocolytic (labour delaying) drugs.’

Currently available tocolytics are ineffective and associated with side effects.” Efforts to
develop novel tocolytics have shifted focus towards new mechanisms of actions.!® Among such
novel points of intervention, interest has focused on prostaglandin, interleukin and somatostatin
receptors.!? Agonists of FP have been used to regulate the estrus cycle and induce labor in pregnant
farm animals.!! Moreover, FP knockout mice fail to go into labour even after uterine contractions
are induced with oxytocin.!> Modulators of FP were pursued as tocolytic agents to prolong labor

by suppressing uterine contractions.’

4.02. Application of fused bicycles on modulators of FP

The linear all D-amino acid peptide 4.01 was initially shown in a model of PGF2q-induced
porcine ocular micro vessel contraction to inhibit prostaglandin activity by more than 80% with
an ICso of 340 nmol/L (Figure 4.01).” Subsequently, peptide 4.01 reduced myometrial contractions
induced by PGF2 on mouse uterine tissue ex vivo.” Conversion of peptide 4.01 to a peptide mimic
lead compound was achieved by respectively replacing the N-terminal H-p-Ile-D-Leu-Gly-D-His
tetrapeptide and the C-terminal D-Lys with a phenylacetyl-7-benzyl-I’aa moiety and a
benzylamide. The resulting mimic 4.03 exhibited > 25-fold potency compared to peptide 4.01 on
the PGF2q-induced porcine ocular micro vessel contraction assay with an ICso of 13.6 nmol/L.
Subsequent refinements in which the 7-benzyl-I>aa was replaced by the parent (35,6S5,95)-1%aa, and
the C-terminal D-citrullinyl-D-aspartyl benzyl amide was exchanged for (25)-3-pyridylalaninyl-
(35)-B-homophenylalanine gave the FP modulator 4.06 (PDC113.824), which exhibited 98%
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inhibition of porcine vasomotor response induced by PGF2. with an ICso of 1.1 nmol/L.” Further
examination demonstrated that Iaa derivative 4.06 delayed labour up to 40 h in a PGF2«-induced

PTB mouse model.'?

Subsequent SAR studies demonstrated that analogs possessing the corresponding
(3R,6R.,9R)-Iaa residue (e.g., 4.04 and 4.05) exhibited no activity on PGF2q-induced myometrial
contractions (Figure 4.01). Modification of the ring fusion stereochemistry gave (3S5,6R,95)-1°aa
diastereomer 4.06 which exhibited significantly reduced activity, which was one-third that the
(35,6R,9S)-isomer 4.06 at 10 uM.> Relative to the (35,6R,9S5)-1%aa diastereomer, the flatter A>-I*aa
analog 4.010 gave improved activity, but exhibited only half the activity of (35,65,95)-1?aa analog
4.06 at 1 puM. Furthermore, replacement of the (35,65,95)-1aa moiety in 4.06 with the
corresponding indolizidine-9-one amino acid (I’aa) and quinolizidine-2-one amino acid (Qaa)
residues provided isomer 4.07 and homologue 4.08 which lacked inhibitory activity on PGF2-

induced myometrial contractions.'?
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Figure 4.01. Application of various ring systems in the synthesis of tocolytic FP modulators

Efforts were subsequently made to use substituted I?aa residues to improve labour delaying

activity.’ For example, (6R,7R)- and (6S,7R)-7-hydroxy I?aa derivatives (6R,7R)- and (6S,7R)-4.09

were synthesized and exhibited no effect on PGF2q-induced uterine contractions.’

5-Substituted

A’-1?aa analogs 4.011-4.014 were synthesized by way of 5-iodo *aa derivative.” Among the 5-

substituted A-I*aa analogs, only the phenyl derivative 4.011 exhibited about 30% of the activity

of (35,65,95)-12aa analog 4.06, the others exhibited no effect on PGF2q-induced myometrial

contractions.’
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4.03. Conformational analysis of fused bicycles

The SAR obtained with various bicycles indicates the importance of stereochemistry, ring
puckering and substituents for activity. The backbone dihedral angles within certain fused
bicycles, such as I’aa, I°aa and Qaa residues, may be inferred from the X-ray analyses of the
corresponding N-protected esters 4.015-4.020 (Figure 4.02). Note, the synthesis and dihedral
angles values of 4.020 are reported in Chapter 4. In contrast to exocyclic torsion angles, the internal
wand ¢ dihedral angles are presumed to be relatively unaffected by protection and crystal packing
forces. The internal dihedral angles fall within a wide range around the values of the central

residues of an ideal type II” B-turn conformation (/"' =—120° £ 56, ¢2 =—80° = 128).

¢i+2Ri+2
R|+1 HN
N HN
RN T Yo 3{&")” TR
Y O¢ 2 o-~
common I*aa ideal type II' B-turn
(W, 472) (Y"1 = -120°, 42 = -80°)
H H H
I BocHN
N N N
BocHN CbzHN o
o COyMe o COyMe COzMe
(35,65,95)-4.015 (35.6R,95)-4.016 (25,6R,85)-4.017
_176° —78° 1520, _69° -141°, -34°
H
N
Co,Bn Boc
O CO,Bu 25N CO,Me CO,Me
) (3S,6R,7R,95)-4.019
(38,611?,1008) 4;018 1425 640 (35,65,95)-4.020 (3S,6R,95)-4.020
~163%, +48 -156°, 61° -151°, -73°

-152°, -64°
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Figure 4.02. Backbone dihedral angles of I’aa, I’aa and Qaa residues ascertained by X-ray

analyses and ideal type II’ B-turn geometry

The active parent FP modulator (35,65,95)-4.06 is related to (35,65,95)-Boc-1’aa-OMe
(4.015), the X-ray structure of which possesses values of y/"! = —176° and ¢*? = —78°. Such
backbone geometry may be assumed to be important for biological activity. The X-ray structure
of the (3S,6R,9S)-diastereomer (35,6R,95)-Cbz-1*aa-OMe [(3S5,6R,95)-4.016] has torsion angles
(¥ =-152° and ¢"*? =—69°), which deviate from those of (35,65,95)-4.015. Reduced biological
activity of the corresponding peptide mimic 4.06 may likely be due to such subtle changes in
backbone orientation. In the case of the X-ray structures of I’aa and Qaa esters 4.017 and 4.018,
the ¥/"! and ¢*? values are significantly different, which may explain the absence of activity on

myometrial contractions exhibited by their peptide mimic counterparts 4.07 and 4.08.

In Chapter 4, the synthesis and X-ray data is described for 6-hydroxymethyl I?aa analogs
4.020. Examination of the dihedral angles of the 6-hydroxymethyl analogs illustrates that their
geometry is respectively similar to values found in the parent structure (35,6R,95)-Cbz-1>aa-OMe
[(3S,6R,95)-4.016].!* The synthesis and examination of activity of peptide mimic analogs
possessing these 6-hydroxymethyl I?aa residues was pursued to study the influences of backbone

topology and substituent on ability to inhibit myometrial contractility.

4.04. Objective of Chapter 4

Continuing the effort towards more potent FP modulators for use as tocolytic agents, we
have synthesized 6-substituted I%aa derivatives.!* The copper catalyzed Sx2’ reaction of two
zincates derived from [-iodoalanine 1.61 onto allylic dihalide has provided unsaturated

diaminoazelate 1.65, which was previously discussed in Chapter 1.!* 6-Hydroxymethyl I’aa
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derivatives were synthesized from symmetrical azelate 1.65 by a route featuring epoxidation,
intramolecular oxirane ring opening to provide separable proline derivatives and lactam
formation.'* Subsequently, the 6-hydroxymethyl I°aa residues were introduced into analogs of FP
modulator (35,65,95)-4.06 and examined for effects on PGF2q-induced myometrial contractions.
In sum, Chapter 4 presents the synthesis, peptide chemistry and biomedical application of 6-
hydroxymethyl I%aa derivatives in the search of prostaglandin F2o receptor modulators for

delaying preterm birth.
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4.1. Abstract

6-Hydroxymethyl indolizidin-2-one amino acids were synthesized in ten steps from L-
serine by intramolecular ring-opening of a symmetrical epoxide and lactam formation. X-ray
analyses indicated the bicycles replicated ideal peptide type II’ B-turn central dihedral angle
geometry. Inside a prostaglandin-F»a receptor modulator, the 6-hydroxymethyl analog retained

inhibitory activity on myometrial contractility.

/

s O
: NH
Ph  Ph N
N \“"K/COZH
BocHN . .
o CO,CH, (6S,95)-4.4 : Inhibitory activity

(35.65.95)-4.020 on myometrial contractility.

4.2. Introduction

In peptide-based drug discovery, indolizidine-2-one amino acid (I?aa) isomers (e.g., 4.1,
Figure 4.1) and ring-substituted derivatives (e.g., 4.020 and 4.2) act as discerning probes and
privileged scaffolds in structure-activity relationship (SAR) studies to evolve leads to
peptidomimetic prototypes [e.g., (65)-4.3]."> A myriad of synthetic methods have been used to
introduce substituents at various positions along the I%aa ring system to develop enzyme inhibitors
and receptor ligands.'"'® For example, thrombin inhibitor potency and selectivity were improved
through the synthesis and applications of 3-benzyl and 3,5,7-trisubstituted I1?aa cores.®’ 4-
Hydroxymethyl, 4-azidomethyl, 7-carboxymethyl and 7-guanidinylethyl I?aas have been used to

develop high binding avp3 and avB5 integrin receptor ligands.>*"!* In addition, 8-phenyl and 8-
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carboxy I%aa analogs act as constrained Ala-Phe and Ala-Asp dipeptides, the latter serving in a

hybrid cholecystokinin-opioid peptide mimic.'!:!?

RB
N CO,CH,4
BocHN O BocHN O
(3S,6R,95)-4.1: R® = H (35,65,95)-4.1: Ré = H

(3S,6R,95)-4.020: R® = CH,OH  (3S,6S,95)-4.020: R® = CH,OH

0
L /
Ph\\
BocHN o CO,H
' (68)—4.3. Ré=H

(3S,6S,95)-4.4: R® = CH,OH

Figure 4.1. Parent and 6-substituted indolizidin-2-one amino acid (I’aa) derivatives with
embedded quaternary centers

Among I%aa locations, the ring fusion 6-position has only once been functionalized to the
best of our knowledge in 6,7-cyclohexylindolizidinone 4.2.'* Although the challenge of preparing
quaternary centers may account in part for the absence of such I%aa analogs (e.g. 4.2), a single 6-
position appendage may impose milder effects on conformation, in contrast to groups at other
locations which may have significant consequences on ring puckering and alter backbone dihedral
angle geometry within the bicycle as shown by X-ray analyses.>*!>® Ability to introduce a
relatively large substituent without influencing backbone orientation has utility for discriminating
effects on conformation from those caused on receptor engagement. '’

The quest for a streamlined synthesis of 6-substituted I?aa analogs has now been fulfilled.
6-Hydroxymethyl I?aa analogs (6R)- and (65)-4.020 have been made, studied by X-ray

crystallography, and introduced into a biologically active peptide mimic. Substitution of
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hydroxymethyl diastereomers for the central (3S,6S,95)-1%aa core of prostaglandin-Fa« (PGF24)
receptor (FP) modulator PDC113.824 [(65)-4.3)]*""*? has revealed SAR for inhibiting PGF2e-

induced myometrial contractility.

4.3. Results and Discussion

6-Hydroxymethyl Boc-1?aa-OMe diastereomers (6R)- and (65)-4.020 were pursued with
the future intent to modifying the alcohol for introducing other substituents onto the heterocycle
skeleton. Inspired by the use of symmetric 2,8-diaminoazelates (e.g., 4.5) in syntheses of I?aa
systems (e.g., 4.1),'>'7 5-methylenyl 2,8-di-N-(Boc)aminoazelate (1.65) was assembled
effectively from L-serine in four steps by the Jackson laboratory route featuring double Sn2’
additions of the zincate derived from methyl B-iodo N-(Boc)alaninate onto 2-chloromethyl-3-
chloroprop-1-ene (Scheme 4.1).>* Iodoamination of olefin 1.65 with I, and NaHCO3 in MeCN at
—20°C gave a separable 3:1 mixture of (5R)- and (55)-iodomethyl prolines 4.6,'*** but spiro-cycles
4.7 resulted from Boc group removal using HCI in dichloromethane (DCM). Spiro-cycles (5R)-
and (55)-4.7 are members of the bicyclic diamine class, which has garnered interest due to

intriguing properties as conformationally restricted scaffolds.?>-’
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+ (6S,9R)-4.10 (35%)

Scheme 4.1. Synthesis of 6-hydroxymethyl Boc-I*aa-OMe 4.020

Alternatively, epoxidation of olefin 1.65 using m-CPBA in CH>Cl, gave C2 symmetric
oxirane 4.10 in 89% yield after chromatography. Intramolecular ring opening of epoxide 4.8 and
cyclization were accomplished by employing Lewis acid activation using BF3'Et2O in CH>Cl; at
—78 °C to give (5R)- and (55)-5-hydroxymethyl prolines 4.9 which were separated and isolated by

chromatography in 29% and 40% yields, respectively. 6-Hydroxymethyl I?aa diastereomers (6R)-
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and (65)-4.020 were prepared in 64% and 61% overall yields from prolines (5R)- and (55)-4.9,
respectively, using a three-step sequence featuring Boc group removal with HCI gas in CH2Clo,
lactam formation on treatment of the hydrochlorides with Ets;N in MeOH at reflux, and amine
protection with (Boc)20 in CH>Clb.

The relative stereochemistry of the ring fusion carbon of Iaa diastereomers (6R)- and (6.5)-
4.020 was determined by X-ray analyses of crystals grown from mixtures of CH>Cl> and hexanes
(Figure 4.2). Stereochemical assignments of prolines 4.6 and 4.9 were inferred from those of 4.020.
X-ray analysis of esters (6R)- and (65)-4.020 indicated that the peptide backbone dihedral angles
within the bicyclic scaffolds replicated those of an ideal type I’ B-turn (! = —-120° and ¢ = —
80°, Figure 4.2).° Contingent on the relative stereochemistry, the 6-position substituent had
inconsequential and considerable effects on the backbone dihedral angles compared to those of the

parent I%aa system.
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Figure 4.2. Depictions of X-ray structures of (35,6R,95)- and (35,6S,95)-Boc-(6-HOCH:)I?aa-
OMe diastereomers (top left and top right respectively). X-ray determined backbone dihedral angle
values of related I?aa systems and ideal type II” B-turn.>15-18:20

X-ray-derived intracyclic dihedral angle [/*! and ¢*?] differences were contingent upon
configuration and ring substituent location in related I?aa systems possessing consistent L,L (S,S)-
dipeptide backbones. Upon, comparison of I%aa systems, the dihedral angles about exocyclic
amine and carbonyl groups were not considered, because they may be more easily perturbed by

protection and crystal packing forces. In comparison with the unsubstituted (35,6R,95)-Cbz-1°aa-

OMe [(6R)-4.016],'® 6-hydroxymethyl analog (6R)-4.020 had similar dihedral angles (/! =—152
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+ 1° and ¢"? = —69 + 4°). More pronounced changes in y/"'and ¢*? values were respectively
observed in 5-iodo and 7-benzyl counterparts 4.11 and 4.12, respectively, likely due to effects on
ring puckering.»'® Compared to parent (3S5,65,95)-4.1,"5 (6S)-hydroxymethyl substituted 1%aa
diastereomer (65)-4.020 had pronounced dihedral angle differences (/™! = 176 +20° and ¢ =
—78 + 17°), which were more prominent than those in the lactam and proline rings of 5-iodo and
7-hydroxymethyl I?aa analogues 4.13 and 4.14, respectively.>!”

The conformational preferences of hydroxymethyl I°aa diastereomers (6R)- and (65)-4.020
offer interesting potential for exploring the geometrical requirements for peptide activity.
Moreover, the alcohol appendage may engage in molecular recognition events by providing a
partner for hydrogen bonding and metal chelation. To validate utility in peptide-based medicinal
chemistry, hydroxymethyl I?aa diastereomers (6R)- and (65)-4.020 were employed to replace the
indolizidin-2-one amino acid moiety in the prostaglandin-Fa« (PGF2qa) receptor (FP) modulator
(65)-4.3.2! An inhibitor of myometrial contractions, I2aa peptide (65)-4.3 has delayed parturition
in a murine model of preterm labor by a mechanism involving allosteric modulation of FP and
biased signalling.?!?> In a program that aims to inhibit preterm birth and improve neonatal
outcomes, I2aa peptide (65)-4.3 is a lead for developing tocolytic (labor-suppressing) agents.
Attempts to modify the stereochemistry and to add ring substituents to the I?aa residue of peptide
(6S5)-4.3 have, however typically produced inactive and less potent analogs.!*?!>2 For example,
inversion of the I?aa residue ring fusion stereochemistry from 65 to 6R in 4.3 weakened the ability
to diminish the mean tension induced by PGF2, on spontaneous myometrial contractions to
approximately one-third at 10 uM.'* Similarly, replacement of the I%aa residue in (65)-4.3 with
(6R,7R)- and (6S,7R)-7-hydroxyl I’aa counterparts abolished activity in the myometrial

contraction assay.'* Peptide (65)-4.3 is thus a stringent model for examining the utility of 6-
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substituted I?aa analogues. 6-Hydroxymethyl analogues 4.4 were prepared for comparison with FP

modulator (65)-4.3.

HCI'H-Pal-hPhe-OBn
HO

HO (4.15),
TBTU, DIEA, CH,Cl,
BocHN N BocHN
o o

N
CO,H 0
HN
(6R)-4.10
0
Ph\ NH 7\
COan
1 HCI, CH,Cl, (6R.95)-4.16
. (BnCO),0, (35%)
(i-Pr);NEt, CH,Cly
5 CO,R

H,, Pd/C, (6R98)417 R = Bn (33%)
EtOH (6R,9S)-4.4: R = H (57%)

Scheme 4.2. Synthesis of 6-hydroxymethyl I%aa peptide (6R,95)-4.4 synthesis by representative
protocol for assembly of diastereomers 4.4

The syntheses of 6-hydroxymethyl I?aa analogues 4.4 commenced with saponification of
esters 4.020 using LiOH in aqueous dioxane (Scheme 4.1). Acid (6R)-4.10 was uneventfully
prepared, but epimerization occurred during saponification of ester (6S5)-4.020 providing
diastereomeric acids (65,95)- and (65,9R)-4.10 which were separated by column chromatography.
Although epimerization during saponification of parent ester (35,65,95)-4.1 was minimized by
controlling hydroxide ion stoichiometry,'> similar conditions, and use of NaOH and CaCl, in i-
PrOH/H,0,? all gave significant acid (6S,9R)-4.10, which was assigned by esterification of each
diastereomer independently using iodomethane and K>CO3 in DMF to obtain (65,95)-4.020 and

(65,9R)-4.020, the latter eluted more rapidly on HPLC than the (95)-diastereomer.
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. (BnCO0),0, DIEA CH,Cl,

&w@ﬁ

49%

oo R co
Ph Ph 2 Ph Ph 2
(6S,9S)-4.17: R = Bn —| H,, Pd/C, [~ (6S,9R)-4.17: R = Bn
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Scheme 4.3. Synthesis of hydroxymethyl I?aa peptides (65,9R)- and (65,95)-4.4

Diastereomeric acids (6R,95)-, (65,95)- and (65,9R)-4.10 were independently converted to
peptides (6R,95)-, (65,95)- and (6S5,9R)-4.4, respectively, by coupling to (S,5)-pyridinylalaninyl-
B-homophenylalanine benzyl ester (4.15)*? using TBTU and N,N-diisopropylethylamine (DIEA)
to afford peptides 4.16. After Boc group removal with HCI gas in CH2Clz, amine acylation with
phenylacetic anhydride and DIEA in CH2Cl» gave benzyl esters 4.20. Hydrogenolytic cleavage of
ester 4.17 using H> and Pd/C in EtOH provided 4.4 as illustrated for the (6R,95)-4.4 isomer in
Scheme 4.2 and for (65,95)-, and (65,9R)-4.4 in Scheme 4.3). Purification by preparative HPLC
gave peptides (6R,995)-, (65,9R)- and (6S5,95)-4.4, respectively, in > 95% purity as assessed by LC-
MS in two different solvent systems.

The activity of peptides 4.4 was examined in an ex vivo contraction assay.'**"> The mean
tension of spontaneous contractions of mouse myometrial tissue after treatment with PGF2, was

measured using a digital polygraph system in the presence and absence of peptide 4.4 (1 uM and

10 uM). Among the three tested diastereomers, only peptide (6S,9S)-4.4 exhibited significant
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activity at 1 uM and 10 uM (Figure 4.3A). The (6R,9S5)- and (6S,9R)-diastereomers did not show
significant effects on PGF2.-induced contraction at both concentrations (Figure 4.4).
A Bl 1M 10 uM

100 - 20 4
'.:|.

. % inhibition
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\;\. s 3 <
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Figure 4.3. A) Effects of (6-HOCH,)I?aa peptide (65,95)-4.4 (1 and 10 mM) on the increase in
myometrial mean tension induced by PGF2q ((0.1 uM, presented as % of baseline). B) Relative
effects of peptide diastereomers 4.4 (1 and 10 mM) vs parent (6S)- and (6R)-I1?aa peptides 4.3 on
PGFza-induced myometrial contraction (presented as % inhibition of PGF2«-induced mean tension
increase).

The inhibitory action of peptides 4.4 on the increase in mean tension induced by PGF2,
was compared with that of parent peptide (65)-4.3 and ring fusion diastereomer (6R)-4.3 as
positive controls (Figure 4.3B). Relative to FP modulator (65)-4.3, (65,95)-4.4 exhibited between
22 and 28% activity at both measured concentrations. Diastereomer (6R)-4.3 was active only at 10
4M and exhibited approximately one-third of the activity of FP modulator (6S5)-4.3. The (6R)-6-

hydroxymethyl analogue was inactive at both concentrations (Figure 4.4).
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Figure 4.4. Effects of diastereomeric (6-HOCH:)-1%aa peptides 4.4 (1 and 10 uM) on the increase
in mean tension induced by PGF2a (%) in myometrial tissue

Influences on biological activity from ring substituents may arise from a combination of
the conformational change in the I?aa backbone dihedral angle geometry and direct interactions
with the receptor. In this light, the modicum of difference of dihedral angle geometry in the X-ray
structures of I%aa esters (6R)-4.020 and (6R)-4.016 may offer potential to separating the influence
of substituent on backbone topology from effects on activity due to receptor interaction. The
backbone dihedral angles of Boc-1’aa-OMe (6R)-4.016 are similar to those in 6-hydroxymethyl
counterparts (6R)- and (65)-4.020, but differ from ester (65)-4.1 (Figure 4.2). The decrease in
activity upon addition of a 6-hydroxymethyl substituent onto FP modulator (65)-4.3 may likely be
due to a shift in conformational preference, particularly because of the similar activity between
(65,95)-4.4 and (6R)-4.3. On the contrary, similar backbone dihedral angles of esters (6R)-4.020
and (6R)-4.015 suggest that the loss of activity in placing a 6-hydroxymethyl substituent on (6R)-

4.3 may likely be due to added steric interactions with the receptor.
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4.4. Conclusions

Novel 6-substituted indolizidin-2-one amino acid (I’aa) derivatives have been effectively
synthesized to study the impact of the ring fusion substituent on bicycle conformation and
biological activity. Enantiomerically pure 6-hydroxymethyl indolizidin-2-one amino esters
(3S,6R,95)- and (35,65,95)-4.020, both were synthesized in five steps and 17% and 22% yields,
respectively, from azelate 1.65 as a readily obtainable precursor derived in four steps from L-
serine. Examination of the X-ray structures of the hydroxymethyl esters demonstrated that (6R)-
and (65)-4.020, both replicated the central dihedral angles of type II’ B-turns with backbone
geometry similar to that of parent I%aa ester (6R)-4.015 but significantly different from that of (65)-
4.1. Installment of a 6-hydroxymethyl group on the (35,6S,95)-I1?aa residue in FP modulator (6S)-
4.3 gave (35,65,95)-4.4, which exhibited approximately one-quarter of the activity of the parent
structure likely due to conformational changes on the peptide backbone. Considering their
effective synthesis, potential to modify the 6-hydroxymethyl substituent to prepare other side chain
functional groups, knowledge gleaned from X-ray crystallographic analyses of the conformers of
esters 4.020 and retained activity upon modification of the I*aa residue 6-position in the relatively
stringent biologically active peptide (65)-4.3, 6-hydroxymethyl indolizidin-2-one amino acids
represent valuable tools for studying peptide chemical biology.
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Chapter 5: Constrained Dipeptide Surrogates: 5- and 7- Hydroxy Indolizidin-2-one Amino

Acid Synthesis from Iodolactonization of Dehydro-2,8-Diaminoazelates
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5.0. Context
5.01. Synthesis of substituted indolizidin-2-one amino acids (I>aa)

In the introduction to Chapter 4, the importance of the indolizidine-2-one core for the
synthesis of FP modulators was discussed as a key innovation in the design of novel tocolytic
agents to delay preterm birth (PTB). Pursuing research to address this unmet medical need,' other
substituted I%aa residues have been synthesized for introduction into the lead FP modulators to
explore their activity on PGF2q-induced myometrial contractions. Chapter 5 describes our efforts

towards the synthesis 5- and 7-hydroxyindolizidine-2-one amino acids.

Previously, 5- and 7-hydroxyindolizidine-2-one derivatives were synthesized from 5-iodo
’aa derivative 5.01. Iodide elimination using EtsN and CH3CN gave enamine 5.02. Allylic
oxidation of enamine 5.02 using SeO: and tert-butyl hydroperoxide gave separable mixtures of 7-
and 5-hydroxy isomers 5.03 and 5.04 in 22% and 28% yield, respectively.? The olefin of 7-hydroxy
A’-I*aa 5.03 was reduced using NaCNBH3 to provide a mixture 7-hydroxy I%aa diastereomers
(3S,6R,7R,95)-4.019 and (3S5,6S,7R,95)-5.05 in 44% and 26% yield, respectively (Scheme 5.01).
Both 7-hydroxy I’aa diastereomers were incorporated respectively into tetrapeptides (6R,7R)- and
(6S,7R)-4.09, which as discussed in Chapter 4 proved inactive in inhibiting PGF2q-induced

myometrial contractions.?
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Scheme 5.01. Synthesis of (6R,7R)- and (6S,7R)-7-hydroxy I*aa derivatives
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5.02. Conformational analysis of fused ring systems

The SAR studies of FP modulators was discussed in Chapter 4. Briefly, various bicycles
such as I%aa, I’aa and Qaa residues 4.015-4.018 were synthesized, but few exhibited significant
activity. The dihedral angle values inside model bicycles have been used to predict conformations
responsible for activity as discussed in Chapter 4.>* For example, the absence of activity exhibited
by 7-hydroxy I%aa analog (6R,7R)-4.09 may be due to a combination of backbone geometry and
the effect of the alcohol substituent. The X-ray structure of (35,6R,7R,95)-4.019 had dihedral angle
values (/"' = —142° and ¢*? = —64°) which deviated more significantly than those of the
unsubstituted (35,6R,9S5)-diastereomer (35,6R,95)-4.016 from those of the parent (3S5,65,95)-

isomer (35,65,95)-4.015 found in the most active FP modulator (35,6S5,95)-4.06 (Figure 402).>*

In Chapter 5, the synthesis and X-ray data are described for 7-hydroxy I’aa analog
(35,65,75,95)-5.06. Examination of the dihedral angles of the 7-hydroxy I°aa analogs indicated
similar to values as those found in the parent system (35,6S,95)-Boc-I’aa-OMe [(35,6S,95)-
4.015].° The synthesis and examination of activity of peptide mimic analogs possessing 5- and 7-
hydroxy I%aa residues merits pursuit to study the influences of backbone topology and substituent

on ability to inhibit myometrial contractility.

5.03. Objective of Chapter S

Continuing the effort towards more potent FP modulators for use as tocolytic agents, we
have synthesized of 5- and 7-substituted I°aa derivatives.> The copper catalyzed Sn2’ reaction of
two zincates derived from [-iodoalanine 1.61 onto allylic dihalide has provided unsaturated
diaminoazelate 1.66, which was previously discussed in Chapter 1.° Diaminoazelate 1.66 was

converted into 5- and 7-hydroxy I%aa derivatives by routes featuring iodolactonization,
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intramolecular Sx2 displacement and lactam formation.’ Applications of 5- and 7-hydroxy I’aa
residues in the study of FP modulators are currently in progress and will be report in due time. In
sum, Chapter 5 presents effective methods for synthesizing substituted indolizidine-2-one amino

acid derivatives which have potential utility for biomedical applications.

5.04. References

1) Blencowe, H.; Cousens, S.; Oestergaard, M. Z.; Chou, D.; Moller, A.-B.; Narwal, R.; Adler, A.;
Garcia, C. V.; Rohde, S.; Say, L. National, regional, and worldwide estimates of preterm birth
rates in the year 2010 with time trends since 1990 for selected countries: a systematic analysis and

implications. Lancet. 2012, 379, 2162-2172.

2) Mir, F. M.; Atmuri, N. P.; Bourguet, C. B.; Fores, J. R.; Hou, X.; Chemtob, S.; Lubell, W. D.
Paired utility of aza-amino acyl proline and indolizidinone amino acid residues for peptide
mimicry: Conception of prostaglandin F2a receptor allosteric modulators that delay preterm birth.

J. Med. Chem. 2019, 62, 4500-4525.

3) Bourguet, C. B.; Goupil, E.; Tassy, D.; Hou, X.; Thouin, E.; Polyak, F.; Hébert, T. E.; Claing,
A.; Laporte, S. A.; Chemtob, S. Targeting the prostaglandin F2a receptor for preventing preterm

labor with azapeptide tocolytics. J. Med. Chem. 2011, 54, 6085-6097.

4) Goupil, E.; Tassy, D.; Bourguet, C.; Quiniou, C.; Wisehart, V.; Pétrin, D.; Le Gouill, C.; Devost,
D.; Zingg, H. H.; Bouvier, M. A novel biased allosteric compound inhibitor of parturition
selectively impedes the prostaglandin F2a-mediated Rho/ROCK signaling pathway. J. Biol. Chem.

2010, 285, 25624-25636.

132



Chapter 5

5) Mulamreddy, R.; Lubell, W. D. Constrained Dipeptide Surrogates: 5-and 7-Hydroxy
Indolizidin-2-one Amino Acid Synthesis from Iodolactonization of Dehydro-2, 8-diamino

Azelates. Molecules 2022, 27, 67.

133



Chapter 5

Article 4: Constrained Dipeptide Surrogates: 5- and 7- HydroxyIndolizidin-2-one Amino

Acid Synthesis from Iodolactonization of Dehydro-2,8-DiaminoAzelates

Ramakotaiah Mulamreddy, William D. Lubell*

Département de Chimie, Université de Montréal, C.P. 6128 Succursale Centre-Ville, Montréal

H3C 3J7 QC, Canada.

Molecules 2022, 27, 67.

134



Chapter 5

5.1. Abstract

The constrained dipeptide surrogates 5- and 7-hydroxy indolizidin-2-one N-(Boc)amino
acids have been synthesized from L-serine as a chiral educt. A linear precursor A*-unsaturated
(25,85)-2,8-bis| N-(Boc)amino]azelicacid was prepared in five steps from L-serine. Although
epoxidation and dihydroxylation pathways gave mixtures of hydroxy indolizidin-2-one
diastereomers, iodolactonization of the A*-azelate stereoselectively delivered a lactone iodide from
which separable (55)- and (7S5)-hydroxy indolizidin-2-one N-(Boc)amino esters were synthesized
by sequences featuring intramolecular iodide displacement and lactam formation. X-ray analysis
of the (75)-hydroxy indolizidin-2-one N-(Boc)amino ester indicated that the backbone dihedral
angles embedded in the bicyclic ring system resembled those of the central residues of an ideal

type II’ B-turn indicating potential for peptide mimicry.

5.2. Introduction
In peptide science, conformationally constrained dipeptides serve effectively as tools for
structure—activity relationship studies to identify biologically active conformers.!® Among

3 stereoelectronic,* and

approaches for creating constrained dipeptides that employ steric,”
covalent constraints,'>?! the use of azabicyclo[X.Y.0]alkanone amino acids offers unique
potential for locking the polyamide backbone into specific orientations that may mimic natural
secondary structures such as B-turns. Among such bicyclic systems, the azabicyclo[4.3.0]alkanone
amino acids, so-called indolizidine-2-one amino acid (I*aa) analogs and their ring-substituted
derivatives (e.g., 5.1-5.3, Figure 5.1), are among the most studied for utility in dissecting the

backbone geometry and side chain alignment responsible for peptide activity towards the

development of receptor ligands (e.g., 5.4) and enzyme inhibitors (e.g., 5.5-5.7).% %!
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Several synthetic methods have been developed to introduce substituents at the 5- and 7-
positions along the I’aa ring system (Figure 5.1).>' For example, 5-hydroxy-5-phenyl I%aa
analogs were synthesized by diastereoselective photochemical cyclization of carbamate-protected
B-benzoylalaninyl prolinates.!* A 5-chloro methyl I?aa derivative was synthesized by the treatment
of phthalimido allylglycinyl 5-methoxyprolinate with TiCls in 64% yield."* Furthermore, 5-
hydroxymethyl, 5-azidomethyl, 5-formyl, 5-carboxy, 5-benzyl, 7-hydroxymethyl, 7-
hydroxypropyl, 7-azidopropyl and 7-benzyl, as well as 5,7-dibenzyl I’aa derivatives were all
synthesized diastereoselectively by routes featuring, respectively, intramolecular displacements
and reductive aminations of 4-substituted 5-methanesulfonyl and 5-keto 2,8-diaminoazelates to
form 5-substituted prolines, which reacted in lactam cyclization.!®!?> Furthermore, 5-iodo I*aa
diastereomers were respectively prepared by transannular iodolactamization of hexahydro-1H-
azonines."” lodide elimination afforded the corresponding A’-indolizidine-2-one, which was
subsequently arylated at the 5-position by oxidative Heck chemistry.'6 In addition, 7-hydroxyethyl,
7-azidoethyl, 7-carboxymethyl, and 7-guanidinylethyl I?aas have been synthesized from routes

d, 17,22

commencing with allylation of glutamic aci and utilized in a program towards the

development of oyBs and o.fs integrin receptor ligands.'®
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5.7: R = 1-cyclohexenyl

Figure 5.1. Indolizidine-2-one amino acid (Boc-I*aa-OH) isomers 5.1, 5- and 7-hydroxy I%aas 5.2
and 5.3, methyl ester counterparts 5.8 and 5.9, and biologically active 5- and 7-substituted *aa

NK-2 ligand 5.4 and thrombin inhibitors 5.5-5.7.

The Hanessian laboratory has played an instrumental role in demonstrating the value of 5-
and 7-substituted I%aa residues in the study of biologically active peptide receptors.!”! For
example, 5-benzyloxy I%aa 5.4 was designed by Hanessian and shown to be a weak but selective
antagonist of the tachykinin NK-2 (neurokinin-2) receptor.!” Furthermore, 3,5,7-trisubstituted
I*aas 5.5-5.7 were designed, synthesized, and shown to act as potent thrombin [Factor IIa] and
Factor VIla inhibitors exhibiting selectivity over plasmin and Factor Xla.?® Substituted I*aa
peptides 5.4-5.7 were respectively synthesized from pyroglutamate by routes featuring the
addition of 2-trimethylsilyloxy furan onto an iminium ion intermediate, followed by lactone to
lactam ring expansion to obtain the corresponding 5-hydroxy 9-silyloxymethyl indolizidine-2-
one.!”2! Subsequent installation of the amine and alkyl substituents at the 3-position and
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hydroxymethyl group oxidation at the 9-position gave the 3-azido indolizidine-2-one 9-
carboxylate counterparts, which were introduced into the peptide mimic structures.'*! Validating
their utility for peptide-based medicinal chemistry, the herculean research of the Hanessian
laboratory has illustrated the necessity for effective synthetic routes to access 5- and 7-substituted
I?aa residues.

Streamlined syntheses of 5- and 7-hydroxy indolizidine-2-one N-(Boc)amino acids 5.2 and
5.3 are now reported by methods employing L-serine as a chiral educt. Motivated by the research
of the Jackson laboratory in which (2S,85)-1,9-dibenzyl A*-2,8-bis[N-(Boc)amino]azelate was
prepared by the copper-catalyzed Sn2' reaction of the zincate derived from N-(Boc)-B-iodo alanine
benzyl ester onto (E)-1,3-dichloroprop-1-ene,>* a series of related A*-2,8-diaminoazelates were
synthesized and studied in different olefin oxidation chemistries to prepare intermediates towards
the hydroxy indolizidine-2-one structures. Among different oxidation approaches yielding access
to 5-hydroxy and 7-hydroxy I?aa derivatives, useful routes to (35,5S,6S5,95)-5.2 and (35,6S,75,95)-
5.3 were conceived by way of diastereoselective iodolactonization chemistry inspired by the
seminal research of the Bartlett laboratory.?*
5.3. Results and Discussion

Initially, 5- and 7-hydroxy indolizidine-2-one N-(Boc)amino esters 5.8 and 5.9 were
pursued by pathways featuring a ring opening of 4-oxiranyl-2,8-diaminoazelates. Oxiranes 5.10a-
¢ were synthesized by epoxidation of A*-2,8-diaminoazelates 1.66-1.68, which were respectively
prepared from (£)-1,3-dichloroprop-1-ene by copper catalyzed Sx2' additions of zincates derived
from methyl B-iodo alaninates 1.61a—c protected with Boc,?> Cbz,?® and Fmoc groups?’ (Scheme
5.1). Although the 15 Hz coupling constant suggested the formation of the E-trans olefins 1.66

and 1.67, without the corresponding Z-cis isomer, NOESY experiments were performed to confirm
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the double-bond geometry. The E-geometry of olefins 1.66 and 1.67 was ascertained by NOESY
experiments in which the long-range through-space transfer of magnetization was observed,
respectively, between the vinyl C4 (5.38 and 5.35 ppm) and allylic C6 protons (2.09 and 2.07 ppm)
and between the vinyl C5 (5.51 and 5.48 ppm) and allylic C3 protons (2.47 and 2.50 ppm) (Scheme
5.1). No nuclear Overhauser effect was observed between the two vinyl protons nor between the

two sets of allylic protons.

Zn, l,, DMF  PG-HN, _CO,CH;
trans-CICH,CH=CHCI
' CuBr-DMS, DMF

CO,CH Ar, O/N, rt
2 3 I r AN
HN-PG CO,CHj
1.61
HN-PG
PG = a, Boc; b, Cbz; ¢, Fmoc 1.66, PG = Boc (56%)

1.67, PG = Cbz (63%)

PG-HN,, _CO,CH; PG-HN,, _CO,CHj,

m-CPBA
CH,Cl, +
Ar, O/N, rt
CO,CH;4 CO,CH3,
HN-PG HN-PG

(2S,4R,5R,8S)-5.10 (25,45,55,85)-5.10
5.10a, PG = Boc (84%)
5.10b, PG = Cbz (76%)
5.10c, PG = Fmoc (82% from 1.61c)

Scheme 5.1. Synthesis of protected epoxides 5.10

Previously, epoxidations of N-Boc and N-Cbz allyl- and homoallyl-glycine esters with m-
chloroperbenzoic acid (m-CPBA) in dichloromethane had given 1:1 diastereomeric mixtures of
the corresponding oxiranes, which were inseparable by chromatography.?®3° The C3-protons of
benzyl (25,4RS)-2-(Boc)amino-3-(2-oxiranyl)propionate was reported to exhibit a doubling of
signals in the '"H NMR spectrum.?® The appearance of multiple sets of signals for the two possible

isomers was similarly observed in the spectra of inseparable epoxide diastereomers 5.10a—c and
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validated by COSY spectra of the Cbz and Fmoc analogs 5.10b and 5.10c¢ in which through-bond
couplings between two sets of C3-protons with two overlapping downfield a-(C2)-proton signals
were observed. Oxiranes 5.10a—c¢ were thus obtained as 1:1 diastereomeric mixtures, which were
used in the subsequent chemistry.

Based on the successful synthesis of 6-hydroxymethyl I?aa diastereomers in which 5-
hydroxymethyl prolines were prepared from a related C2 symmetric oxirane using Lewis-acid
activation with BF3Et20 in DCM at —78 °C,’! similar conditions were employed for the
intramolecular ring-opening of epoxide 5.10a (Scheme 5.2). Multiple isomers of the material with
amolecular ion corresponding to proline 5.11 and hydroxyproline 5.12 were obtained from oxirane
5.10a likely by endo and exo ring openings by the attack of the two different carbamate-protected
nitrogen.?®3233 Considering that the isomeric mix could be due, in part, to carbocation
intermediates formed under the Lewis acid conditions, a method to remove the Boc group without
the ring opening of the epoxide was attempted featuring heating oxirane 5.10a in water at reflux.>*
Deprotection of the Boc group, intramolecular epoxide ring opening, and lactam formation all
occurred upon treating 5.10a with boiling water. Amine protection with di-tert-butyl dicarbonate
and triethyl amine in dichloromethane, however, afforded four isomers of 5- and 7-hydroxy *aa
esters 5.8 and 5.9, which were observed by LCMS in a 1:1:1:1 ratio. Employing Cbz-protected
epoxide 5.10b, hydrogenolytic cleavage of the carbamate using hydrogen and palladium-on-
carbon in ethanol commenced an epoxide ring opening and lactam formation sequence, which was
followed by Boc protection as described above to afford four isomers of 5.8 and 5.9, which were
observed in a 1:5:5:1 ratio by HPLC. The improvement in selectivity may be due to a favored exo-
tet-like ring opening of the epoxide diastereomers by the free amine, which when generated at a

lower temperature reacted to favor the proline instead of the hydroxyproline counterparts.®>* In
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spite the possibility of improved regioselectivity in the oxirane ring opening, the route (Scheme
5.2) was, however, deemed inefficient due to the complications engendered from the lack of

diastereomeric selectivity in the epoxidation of olefins 1.66-1.67.

PG-HN,, _CO,CHj BocHN,, _CO,CH3 BocHN,, _CO,CHj;
BF5+Et,0
CH,Cl,, —-78°C on
Ar, 3-4 h o +
CO,CH3 BocN BocN
uN.pG ~1) Hz, Pd\C, EtOH CO,CH; } 0,CH,
5.10a: PG = Bocn N 5.11 512
5.10b: PG = Cbz 2) EtsN, (Boc),0
CH,Cly, rt HO
1) H,0, A, O/N
2) Et3N, (Boc),0 HO \ CO,Me COMe
CH20|2, rt _ + N
- o ]
NHBoc NHBoc
5.8 5.9

Scheme 5.2. Syntheses of 5- and 7-hydroxy Boc-I?aa-OMe 5.8 and 5.9 from epoxide 5.10

Prompted by earlier success using transannular iodolactamization to prepare

15,35

azabicyclo[X.Y.0]alkan-2-one ring systems, > and related iodoamination protocols for preparing

iodomethyl pyrrolidines and piperidines,*® 38 A*

-diaminoazelate 1.66 was subjected to iodine and
NaHCOs3 at —20 °C (Scheme 5.3). The ring opening of the iodonium intermediate by one of the
two carbamate-protected nitrogen appeared to be a method for selectively obtaining proline 5.13
instead of the azetidine counterpart; however, a mixture of diastereomeric iodolactones 5.14 was
also produced as a competing side product. Considering the lactone as a potential means for
differentiating between the two carboxylates, dihydroxylation of A*-diaminoazelate 1.66 was
performed using osmium tetroxide and N-methylmorpholine N-oxide (NMO) in aqueous acetone

to provide hydroxylactone 5.15 as a mixture of diasteromers.’® Mesylate 5.16 was obtained by

methanesulfonation of hydroxylactone 5.15 using methanesulfonyl chloride and triethylamine in
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dichloromethane. Mesylate 5.16 was converted to hydroxy I?aa analogs 5.8 and 5.9 by a three-step
sequence featuring proline formation after Boc group removal with HCI gas bubbles in
dichloromethane, lactam cyclization upon treatment of the hydrochloride salt with triethylamine
in methanol at reflux, and amine protection with di-fert-butyl dicarbonate in dichloromethane. The
HPLC chromatogram of the products from this sequence exhibited four peaks with molecular ions
corresponding to 5- and 7-hydroxy Boc-I?aa-OMe isomers 5.8 and 5.9 (Scheme 5.3) in a 1:1:1:1
ratio.

BOCHN/,' C02CH3

0Os0Oy4, NMO
2:1 (HSC)2COZH20
OIN, rt
X
CO,CHs
HBoc NHBoc
02‘/Na 2005,'[ t3 1) HCI (g), CH4Cl,, 3 h, rt
- o 2) EtsN, CH30H, A, O/N
3) (BOC)ZO, Et3N
CO,CH3 CO,CHj4 CHZC|2 o
BocHN:! BocHN! -
COZMe CO,Me
BocN
CO,CH3 NHBoc NHBoc NHBOC
513 5.14

Scheme 5.3. Strategies featuring iodoamination and dihydroxylation of A*-diaminoazelate

Different mixtures of 5- and 7-hydroxy Boc-I?aa-OMe diastereomers 5.8 and 5.9 likely
arose from a combination of a lack of facial selectivity in the epoxidation and the dihydroxylation
of olefin 1.66 and competing nucleophilic attack from both nitrogen of diamino azelate epoxide
5.10 and methanesulfonate 5.16. The loss of stereochemical integrity may also arise from

competing Sn1 processes due to the epoxide ring opening prior to pyrrolidine formation. Intrigued
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by the production of iodolactone 5.14 as a side product from the iodoamination strategy, an
iodolactonization approach was considered because of the high facial selectivity achieved on

simpler y,3-unsaturated carboxylic acids.?*40:4!

After saponification of diester 1.66 with lithium hydroxide in aqueous dioxane,
dicarboxylic acid 5.17 was treated with cesium carbonate and iodine in an ice-cold acetonitrile
solution (Scheme 5.4). Analysis by LCMS demonstrated a major peak with a molecular ion
corresponding to lactone 5.18. Subsequent treatment with iodomethane and potassium carbonate
in DMF furnished the corresponding methyl ester tetrahydrofuran-2-one (1'R,55)-5.14 after
chromatography in 55% yield from diacid acid 5.18. Attempts to perform the iodolactonization
without a base gave a product mostly from the loss of Boc protection. Employing the same three-
step sequence described above to convert methane sulfonate 5.16 into esters 5.8 and 5.9, iodide
(1'R,55)-5.14 was transformed into separable 5- and 7-hydroxy I%aa esters (55,65)-5.8 and (6S,75)-
5.9 in 42% and 34% overall yields, respectively. Subsequent saponification of esters (55,65)-5.8

and (6S,75)-5.9 gave, respectively, the acids (55,65)-5.2 and (6S,75)-5.3 in 64% and 78% yields.
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Scheme 5.4. Synthesis of 5- and 7- hydroxy I°aa derivatives 5.2 and 5.3

5.4. Assignment of regiochemistry and stereochemistry of 5- and 7-hydroxy I?aa esters

The configuration of the ring fusion and hydroxyl group carbons of the 5- and 7-hydroxy
I%aa esters 5.8 and 5.9, as well as the alcohol position on the ring system, were all assigned based
on two-dimensional NMR spectroscopic experiments. The locations of the indolizidine-2-one ring
protons were initially assigned by COSY experiments in which through-bond couplings were used
to trace the sequence from the downfield shifted carbamate NH to the C9 hydrogen. Subsequently,
heteronuclear single quantum coherence (HSQC) spectroscopy was used to correlate the protons
linked to similar carbons. The B-protons on the same face as the C3 carbamate and C9 carboxylate
appeared generally upfield of their a-counterparts due to anisotropic effects caused by the latter

functional groups.*> Finally, relative configurations were ascertained (Figure 5.2) based on
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NOESY experiments in which the observed through-space transfers of magnetization were used

to correlate the stereochemical assignments.

(5S,65)-5.8 (6S,7S)-5.9

Figure 5.2. Strong (solid double-tipped arrows) and weak (dotted lines) through-space transfer of

magnetization used to assign relative stereochemistry of (55,65)-5.8 and (65,75)-5.9

The ring fusion protons (3.88 and 3.74 ppm) of 5- and 7-hydroxy Boc-I’aa-OMe (55,6S)-
5.8 and (6S5,75)-5.9 were respectively assigned the S stereochemistry based on nuclear Overhauser
effects (nOe) with the C4p and C8 protons (1.99 and 1.84 ppm) and with the C3 proton (4.13
ppm, Figure 5.2). No long-range through-space transfer of magnetization was observed for the
protons on the alcohol-bearing carbons. In the case of (65,75)-5.9, the relative nOe between the
C7 proton was stronger for the C8a proton (2.35 ppm) compared to that of the C8f proton (2.15
ppm). The stereochemical assignments for Boc-(7-OH)I?aa-OMe (6S,75)-5.9 were confirmed by
X-ray analysis as discussed below.

The configurations of the hydroxyl group in Boc-(5-OH)I?aa-OMe (55,65)-5.8 and the
iodolactone of tetrahydrofuran-2-one (1'R,55)-5.14 were based on the latter serving as a common
intermediate for both the former and Boc-(7-OH)I?aa-OMe (6S,75)-5.9. The stereochemistry of

the ring-fusion and alcohol carbons are respectively derived from the inversion on nitrogen attack
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of the iodide and retention on the lactone opening during synthesis of the bicycle. Although the
order of attack of the iodine and carboxylate may proceed by a traditional iodonium intermediate
(Scheme 5.4),%* and by a more concerted nucleophile-assisted alkene activation mechanism,* the
stereochemical outcome of iodolactone (1'R,5S5)-5.14 arises from the attack of iodine by the face

of the olefin on the opposite side of the proximal carboxylate of A*-azelate 5.17 (Scheme 5.4).

The relative configurational assignments for 7-hydroxy Boc-I?aa-OMe (6S,75)-5.9 were
confirmed by X-ray analysis of crystals grown from a dichloromethane-in-hexanes mixture (Figure
5.3). Two conformers differing primarily by the carbamate orientation were present in the unit cell
and connected by an intermolecular hydrogen bond from the 7-hydroxyl group donor to the lactam
carbonyl oxygen acceptor. Examination of the backbone dihedral angles embedded in the I?aa ring
system (/"1 —172° and ¢"?—78°; y*! —175° and ¢"* —71°) of the conformers in the X-ray structure
of the 7-hydroxy analog (6S,75)-5.9 indicated a close relation to those of the central residues of an
ideal type II’ B-turn (/"' =120° and ¢*? —80°),* and to that of the methyl ester of the parent *aa
counterpart (65)-5.18 (/"1 —176° and ¢*?—78°, Figure 5.4).* Relative to the values in the crystal
structure of Boc-1?aa-OMe (65)-5.18, the ¢ dihedral angle was apparently less influenced by the
smaller 7B-hydroxy substituent than the 7a-hydroxymethyl substituent in Boc-(7-HOCH,)I?aa-

OMe (5.19, /"1 =175° and ¢**—68°).!!

Figure 5.3. Depictions of conformers in the X-ray structure of (65,75)-5.9
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Figure 5.4. X-ray-determined backbone dihedral angles of related I°aa systems and an ideal type

I B-turn! 4445

5.5. Experimental section

5.5.1 General Methods:

Anhydrous solvents (CH3CN, DMF, (CH3)>CO, CH>Cl,, and CH30H) were obtained by
passage through solvent filtration systems (GlassContour, Irvine, CA, USA). All reagents from
commercial sources were used as received: lodine was purchased from Aldrich (USA) and solvents
were obtained from Fisher Chemical. The N-(Boc)-, (Cbz)-, and (Fmoc)-3-iodo-L-alanine methyl
esters 5.10a—c were respectively prepared according to the literature methods reported in
references [25-27]. Purification by silica gel chromatography was performed on 230—400 mesh
silica gel; analytical thin-layer chromatography (TLC) was performed on silica gel 60 F254
(aluminum sheet) and visualized by UV absorbance or staining with KMnO4. Melting points are
reported in degree Celsius (°C), uncorrected and obtained using a Mel-Temp melting point

apparatus equipped with a thermometer on the sample that was placed in a capillary tube.
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Spectroscopic 'H and '3C NMR experiments were recorded at room temperature (298 K) in CDCls
(7.26/77.16 ppm), DMSO-ds (2.5/39.56), and CD3OD (3.31/ 49.0 ppm) on Bruker AV (500/125,
and 700/175 MHz) instruments using an internal solvent as the reference. Spectra are presented in
the Supporting Information. Chemical shifts are reported in parts per million (ppm), and coupling
constant (J) values in Hertz (Hz). Abbreviations for peak multiplicities are s (singlet), d (doublet),
t (triplet), q (quadruplet), q (quintuplet), m (multiplet), and br (broad). Certain '*C NMR chemical
shift values were extracted from HSQC spectra. High-resolution mass spectrometry (HRMS) data
were obtained on an LC-MSD instrument in electrospray ionization (ESI-TOF) mode by the Centre
Régional de Spectrométrie de Masse de I’Université de Montréal. Either protonated molecular ions
[M + H]" or sodium adducts [M + Na]" were used for empirical formula confirmation. Infrared
spectra were recorded in the neat on a Perkin Elmer Spectrometer FT-IR instrument, and are
reported in reciprocal centimeters (cm™!). The X-ray structure was solved using a Bruker Venture
Metaljet diffractometer by the Laboratoire de diffraction des rayons X de I’Université de Montréal.
Specific rotations [o]p were measured at 25 °C at the specified concentrations (¢ in g/100 mL)
using a 0.5 dm cell on a PerkinElmer Polarimeter 589 instrument and expressed using the general
formula [a]p®® = (100 x a)/(d x ¢).

5.5.2 Synthetic experimental conditions and characterization data of compounds:

(3S,5S,68S,9S5)-3-N-(Boc)amino-5-hydroxy indolizin-2-one-9-carboxylic acid [(3S,55,6S5,95)-
5.2]

A 0 °C solution of ester (35,55,65,95)-5.8 (15 mg, 0.046 mmol) in 1,4-dioxane (0.5 mL)
was treated with a IN solution of LiOH (1.9 mg, 0.046 mmol, 1 equiv.). The cooling bath was
removed. The reaction mixture was warmed to room temperature with stirring overnight, at which

time TLC indicated the consumption of the starting material. The volatiles were evaporated under
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reduced pressure. The residue was partitioned between H>O (5 mL) and ethyl acetate (5 mL). The
aqueous phase was acidified with 1N HCI to pH 3 and extracted with ethyl acetate (3 x 10 mL).
The organic extractions were combined, dried with Na>SQs, filtered, and concentrated under
vacuum to afford (3S,55,6S5,95)-5.2 (9 mg, 64%) as a white foam; [a]p* —10.2 (¢ 0.32, CHCl3); 'H
NMR (500 MHz, CDCI): 6 5.39 (s, br, 1H), 4.71 (s, 1H), 4.39 (s, br, 1H), 4.29-4.28 (m, 1H),
3.84-3.80 (m, 1H), 2.6-2.52 (m, 1H), 2.39-2.33 (m, 2H), 2.26-2.20 (m, 1H), 2.05-2.02 (m, 1H),
2.0-1.95 (m, 1H), 1.67-1.63 (m, 1H), 1.47 (s, 9H); C{'H} NMR (125 MHz, CDCl3) § 172.0,
167.3, 147.3, 80.5, 64.0, 60.0, 35.2, 32.0, 30.0, 28.3, 26.1, 23.0; FT-IR (neat) vmax 3328, 2919,
1702, 1521, 1449, 1362, 1208, 1166, 1050, 1031cm'; HRMS (ESI-TOF) m/z [M + Na]" calcd for
C14H22N206Na 337.1370, found 337.1374.

(3S,6S,7S,9S)-3-N-(Boc)amino-7-hydroxy indolizin-2-one-9-carboxylic acid [(3S,6S,7S5,95)-
5.3]

A 0 °C solution of ester (35,685,75,95)-5.9 (150 mg, 0.46 mmol) in 1,4-dioxane (5 mL) was
treated with a 1N solution of LiOH (19.2 mg, 0.46 mmol, 1 equiv.). The cooling bath was removed.
The reaction mixture was warmed to room temperature with stirring for 3 h, at which time TLC
indicated the consumption of the starting material. The volatiles were evaporated under reduced
pressure. The residue was partitioned between H>O (10 mL) and ethyl acetate (5 mL). The aqueous
phase was acidified with 1N HClI to pH 3 and extracted with ethyl acetate (3 x 10 mL). The organic
extractions were combined, dried with Na,SOy, filtered, and concentrated under vacuum to afford
(35,65,75,95)-5.3 (112 mg, 78%) as a white solid: mp 105-106 °C; [a]p>® —19.13 (c 0.23, CHCl3);
'H NMR (500 MHz, CD30D): § 4.460-4.43 (dd, J = 9.3, 4.3 Hz, 1H), 4.26-4.24 (m, 1H), 4.22—
4.17 (m, 1H), 3.76-3.72 (m, 1H), 2.47-2.41 (m, 1H), 2.21-2.18 (d, J = 14.2 Hz, 1H), 2.15-2.07

(m, 2H), 1.87-1.82 (m, 2H), 1.48 (s, 9H); *C{'H} NMR (125 MHz, CD;0OD) § 174.0, 170.0,
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156.6, 79.1, 71.2, 62.3, 57.2, 50.0, 37.0, 27.3, 27.0, 19.0; FT-IR (neat) vmax 3325, 2922, 1697,
1523, 1451, 1365, 1211, 1162, 1055, 1032cm™'; HRMS (ESI-TOF) m/z [M + Na]" calcd for

C14H22N20¢Na 337.1370, found 337.1374.

Methyl (35,558,65,95)-3-N-(Boc)amino)-5-hydroxy-indolizin-2-one-9-carboxylate and
(35,68,75,95)-3-N-(Boc)amino)-7-hydroxy-indolizin-2-one-9-carboxylate [(3S,5S5,65,95)-5.8
and (35,68,75,95)-5.9]

A solution of (1'R,55)-1"-iodo-tetrahydrofuran-2-one (1'R,55)-5.14 (1.0 g, 1.8 mmol) in
dichloromethane (20 mL) was treated with HCI gas bubbles for 2-3 h, when TLC indicted complete
consumption of the starting carbamate and LCMS analysis indicated a new peak RT = 0.7 min
(C18 column, 10:90 CH3CN:H,0) with a molecular ion of [M + H]" m/z 357. The reaction mixture
was evaporated to a residue, which was dissolved in MeOH (5 mL), treated with triethylamine
(545 mg, 5.4 mmol, 3 equiv.), and heated at reflux using an oil bath overnight, when LCMS
indicated a new peak RT = 0.68 min (eluent C18 column, 10:90 CH3CN:H>0) with the molecular
ion [M + H]" m/z. The volatiles were evaporated under reduced pressure. The residue was
dissolved in dichloromethane (10 mL), treated with (Boc)>O (0.14 g, 0.63 mmol, 1.2 equiv.), and
stirred for 3 h, when TLC indicated two new spots and LCMS indicated a new peak RT = 5.0 min
(C18 column, 10:90 CH3CN:H20O). The volatiles were removed under reduced pressure. The
residue was purified by flash column chromatography using 60-80% EtOAc in hexanes as eluent.
The first to elute was Boc-(7-HO)I?aa-OMe (3S,6S5,75,95)-5.9 (200 mg, 34%) as a white solid: mp
138-140 °C; Ry=0.47, (100% EtOAc twice eluted, visualized with KMnOs); [a]p>® —28.2 (¢ 0.85,
CHCl3); '"H NMR (500 MHz, CDCls3) § 5.14 (s, br, NH), 4.46-4.44 (dd, J= 10 Hz, 1H), 4.22-4.18
(m, 1H), 4.15-4.12 (m, 1H), 3.84 (s, 3H), 3.76-3.71 (m, 1H), 3.61-3.58 (d, /= 15 Hz, OH), 2.4—

2.33 (m, 2H), 2.29-2.22 (m, 1H), 2.15-2.12 (dt, J = 14.5, 0.9 Hz, 1H), 2.0-1.93 (m, 1H), 1.77—
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1.69 (m, 1H), 1.47 (s, 9H); *C{'H} NMR (125 MHz, CDCls) § 175.5, 170.1, 156.0, 80.0, 73.0,
61.5, 57.1, 53.2, 51.0, 36.3, 28.3, 27.1, 19.2; FT-IR (neat) vmax 3357, 2979, 1693, 1636, 1518,
1437, 1392, 1365, 1249, 1165, 1099, 1063, 1005 cm ' HRMS (ESI-TOF) m/z [M + Na] * calcd for
Ci15H24N20¢Na 351.1526 found 351.1522.

Next to elute was Boc-(5-HO)I?aa-OMe (3S,55,65,95)-5.8 (250 mg, 42%) as a white solid:
mp 75-77 °C; Ry= 0.3 (100% EtOAc, twice eluted, visualized with KMnOs4); [a]p? ~12.6 (¢ 0.75,
CHCl3). 'H NMR (500 MHz, CDCls) § 5.25 (s, br, NH), 4.50-4.44 (m, 2H), 4.27 (s, 1H), 3.89-
3.86 (m, 1H), 3.77 (s, 3H), 2.74-2.68 (m, 1H), 2.44-2.40 (m, 1H), 2.11-2.04 (m, 2H), 2.00-1.97
(m, 1H), 1.95-1.92 (m, 1H), 1.88-1.83 (m, 1H), 1.45 (s, 9H); *C{'H} NMR (125 MHz, CDCl;)
0 173.0, 168.0, 156.2, 80.0, 64.0, 63.3, 58.2, 52.3, 47.4, 36.0, 28.3, 28.0, 27.0; FT-IR (neat) vmax
3360, 2983, 1702, 1633, 1518, 1438, 1395, 1250, 1162, 1102, 1002 cm™'; HRMS (ESI-TOF) m/z

[M + Na]" calcd for CisH2a4N206Na 351.1526 found 351.1522.

Dimethyl (25,4E,85)-A*-2,8-(di-N-(Boc)amino)azelate (1.66)

In a 250-mL round bottom flask, fitted with a three-way stopcock, CuBreDMS (1.22 g,
0.006 mol, 0.13 equiv.) was weighed, dried gently with a heat gun under vacuum until the powder
changed color from white to light green, placed under argon, treated with dry DMF (30 mL),
followed by (E)-1,3-dichloroprop-1-ene (2.5 g, 0.023 mol, 0.5 equiv.). In a Schlenk tube, zinc (8.9
g, 0.14 mol, 3 equiv.) and iodine (0.35 g, 0.0014 mol, 0.03 equiv.) were mixed under an argon
atmosphere, and thrice heated under vacuum with a heat gun for 10 min and cooled under a flush
of argon. A solution of N-(Boc)-3-iodo-L-alanine methyl ester 1.61 (15 g, 0.046 mol) in dry DMF
(30 mL) was added to the Schlenk tube and stirred for 1h, when TLC analysis confirmed the
consumption of the iodide (Rr= 0.7, 30% EtOAc in hexanes) and formation of the organozinc

reagent (Ry = 0.2, 30% EtOAc in hexanes). Stirring was stopped, the excess zinc powder was
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allowed to settle, and the supernatant was transferred dropwise via a syringe with care to minimize
the transfer of zinc into the flask containing the copper catalyst. After stirring at rt overnight, TLC
indicated a new spot (Ry=0.48, 40% EtOAc in hexanes) and the reaction mixture was diluted with
ethyl acetate (150 mL), stirred for 15 min, and filtered through a silica gel pad. The filtrate was
treated with water (100 mL), transferred into a separatory funnel, and diluted with ethyl acetate
(50 mL). The organic phase was washed successively with 1 M Na>S,03 (2 x 100 mL), water (4
x 100 mL), and brine (2 x 100 mL), dried over Na,SOs, filtered, and evaporated. The volatiles
were removed under reduced pressure to afford a residue that was purified by chromatography
using 25-30% EtOAc in hexanes as the eluent. Evaporation of the collected fractions gave azelate
1.66 (11.4 g, 56%) as a colorless liquid: Ry=0.48 (2:3 EtOAc/Hexanes, visualized with KMnOy);
[o]p®® +25.2 (¢ 1.04, CHCl3); 'H NMR (500 MHz, CDCls) & 5.54-5.48 (dt, J = 15, 5 Hz, 1H),
5.39-5.34 (dt, J =15, 5 Hz, 1H), 5.25-5.24 (d, J = 5.0 Hz, 1H), 5.03-5.01 (d, J = 10 Hz, 1H),
4.40-4.37 (m, 1H), 4.34-4.30 (m, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 2.52-2.43 (m, 2H), 2.12-2.07
(m, 2H), 1.90-1.84 (m, 1H), 1.71-1.67 (m, 1H), 1.47 (s, 9H), 1.46 (s, 9H); *C{'H} (125 MHz,
CDCl3) 6 173.3,173.0, 155.3, 155.2, 133.1, 125.5, 79.95, 79.84, 53.2, 53.0, 52.3, 52.2, 35.6, 32 .4,
28.4,28.3, 23.2; FT-IR (neat) vmax 3363, 2977, 1698, 1508, 1437, 1391, 1365, 1247, 1211, 1157,
1103, 1050, 1021 cm™' ; HRMS (ESI-TOF) m/z [M + Na]" calcd for C21H36N2OsNa 467.2363 found

467.2359.

Dimethyl (25,4E,85)-A*-2,8-(di-N-(Cbz)amino)azelate (1.67)

Diaminoazelate 1.67 with Cbz protection was synthesized according to the protocol
described for the synthesis of Boc counterpart 1.66 using N-(Cbz)-3-iodo-L-alanine methyl ester
1.67 (8.0 g, 0.02 mmol) and isolated as a colorless liquid (3.5 g, 63%): R¢=0.30 (2:3 E.A/Hexanes,

visualized by UV); [a]p? +15.9 (¢ 1.09, CHCls); 'H NMR (500 MHz, CD;0D): & 7.40-7.31(m,
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10H), 5.57-5.55 (d, J = 10 Hz, 1H), 5.52-5.45 (dt, ] = 15, 5 Hz, 1H), 5.38-5.33 (dt, J = 15, 5 Hz,
1H), 5.29-5.27 (d, J = 10Hz, 1H), 5.16-5.11(m, 4H), 4.48-4.44 (m, 1H), 4.42-4.37 (m, 1H), 3.76
(s, 3H), 3.75 (s, 3H) 2.58-2.46 (m, 2H), 2.13-2.01 (m 2H), 1.94-1.82 (m, 1H), 1.74-1.67 (m, 1H);
13C{'H} NMR (125 MHz, CDCl3) § 172.2, 156.0, 136.2, 132.3, 128.57, 128.54, 128.52, 128.46,
128.25, 128.22, 128.16, 128.13, 125.32, 67.1, 67.0, 54.0, 53.0, 52.4, 52.3, 35.4, 32.4, 32.2, 28.2;
FT-IR (neat) vmax 3332, 2953, 1699, 1521, 1437, 1341, 1207, 1050 cm™'; HRMS (ESI-TOF) m/z

[M + H]" caled for C27H33N205 513.2231, found 513.2234.

Dimethyl (25,4RS,5RS,85)-2,8-di-V-(Boc)amino-4-oxiranyl azelate (5.10a)

A solution of A*-di-N-(Boc)aminoazelate 1.66 (2.0 g, 4.5 mmol) in dichloromethane
(DCM, 30 mL) was cooled to 0 °C and treated with m-chloroperoxybenzoic acid (2.0 g, 9.0 mmol,
2.0 equiv.). The ice bath was removed. The suspension was warmed to room temperature with
stirring overnight, when TLC showed the complete consumption of olefin 1.66 (Rr= 0.48, 40%
EtOAc in hexanes) and a new polar spot for epoxide 5.10a (R= 0.2, 40% EtOAc in hexanes). The
reaction mixture was diluted with DCM (30 mL), transferred to a separatory funnel, and washed
sequentially with 1IN NaOH (2 x 20 mL), water (20 mL), and brine (20 mL), dried over Na>SOs,
filtered, and concentrated under vacuum to a residue that was purified by flash column
chromatography using 20% EtOAc in hexanes as the eluent. Evaporation of the collected fractions
afforded epoxide 5.10a (1.75 g, 84%) as colorless oil: Ry = 0.2 (2:3 EtOAc/hexanes, visualized
with KMnOs); [a]p® +2.5 (¢ 0.81, CHCl3); '"H NMR (500 MHz, CD30D): § 4.32-4.26 (m, 1H),
4.18-4.13 (m, 1H), 3.75 (s, 3H), 3.74 (s, 3H), 2.87-2.75 (m, 2H), 1.97-1.90 (m, 2H), 1.80-1.72 (m,
1H), 1.64-1.59 (m, 1H), 1.47 (s, 20H); 3C{'H} NMR (125 MHz, CDsOD) § 173.2, 173.0, 156.7,

156.6,79.4,79.2,58.0,57.5,55.4,55.3,53.5,53.1,51.51, 51.4,51.3, 34.0, 27.3; FT-IR (neat) Vmax
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3326, 2955, 1699, 1523, 1437, 1210, 1045, 912 cm™'; HRMS (ESI-TOF) m/z [M + Na]" calcd for

C21H36N209Na 483.2313, found 483.2321.

Dimethyl (25,4RS,5RS,85)-2,8-di-V-(Cbz)amino-4-oxiranyl azelate (5.10b)

Epoxide 5.10b with Cbz protection was synthesized using the protocol described for the
preparation of Boc counterpart 5.10a using dimethyl A*-di-(Cbz)aminoazelate 1.67 (3.2 g, 6.2
mmol) and isolated as a colorless liquid (2.5g, 76%): Ry=0.21 (2:3 EtOAc/hexanes, visualized by
UV); [a]p?® +7.95 (¢ 0.88, CHCl3); 'H NMR (500 MHz, CDCl3): § 7.40-7.33 (m, 10H), 5.68-5.62
(d, J=10Hz, 1H), 5.44-5.32 (d, J = 5Hz, 1H), 5.16-5.11 (m, 4H), 4.58—4.11 (m, 1H), 4.45-4.39
(s, 1H), 3.79-3.76 (s, 6H), 2.81-2.70 (m, 2H), 2.25-2.07 (m, 1H), 2.04—1.92 (m, 2H), 1.83-1.75
(m, 1H), 1.71-1.65 (m, 1H), 1.54—1.44 (m, 1H); *C{'H} NMR (125 MHz, CDCl;) § 172.5, 172.1,
156.0, 136.2, 128.6, 128.3,128.2, 67.1, 57.5, 55.3, 55.1, 53.5, 53.2, 53.0, 52.65, 52.57, 52.51, 52.2,
35.0, 30.0, 29.0, 28.0, 27.5; FT-IR (neat) vmax 3332, 2953, 1700, 1521, 1437, 1344, 1208, 1049
cm’'; HRMS (ESI-TOF) m/z [M + H]" calcd for C27H33N209 529.2180, found 529.2190.
Dimethyl (25,4RS,5RS,85)-2,8-di-V-(Fmoc)amino-4-oxiranyl azelate (5.10¢)

Dimethyl (25,4E,85)-A*2,8-(di-N-(Fmoc)amino)azelate (1.68) was synthesized using the
protocol described for the synthesis of A*-di-(Boc)aminoazelate 1.66 from N-(Fmoc)-3-iodo-L-
alanine methyl ester (1.61¢, 1.5 g, 0.0022 mol) and isolated as a colorless liquid (0.7 g, 63%): Ry
=0.21 (4:6 ethyl acetate/hexanes, visualized by UV). Epoxidation was performed as described for
Boc counterpart 5.10a using dimethyl (25,4E,85)-A*2,8-(di-N-(Fmoc)amino)azelate (5.10¢, 600
mg, 0.87 mmol), which gave a colorless solid (500 mg, 82%): mp 89-92 °C; Ry = 0.30 (4:6
EtOAc/hexanes, visualized by UV); [a]p? +5.5 (¢ 0.51, CHCI3); '"H NMR (500 MHz, CDCls): §
7.79-7.77 (d,J=10 Hz, 4H) 7.63—7.57 (m, 4H), 7.43-7,40 (m, 4H), 7.34-7.31 (m, 4H), 5.74-5.67

(dd, J=10, 5 Hz, 1H), 5.48-5.34 (dd, J = 12, 10 Hz, 1H), 4.60—4.51 (m, 2H), 4.46—4.40 (m, 4H),
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4.26-4.22 (m, 2H), 3.81 (s, 3H), 3.78 (s, 3H), 2.85-2.73 (m, 2H), 2.16-1.74 (m, 6H); *C{'H}
NMR (125 MHz, CDCLy) & 172.6, 172.1, 156.0, 143.8, 143.7, 141.3, 130.0, 128.0, 127.1, 125.1,
120.0, 67.2, 67.1, 67.0, 57.4, 55.3,55.1, 53.2, 52.73, 52.7, 52.6, 52.5, 47.1, 35.0, 30.0, 28.97, 28.9,
27.6,27.5; FT-IR (neat) vmax 3290, 2952, 1690, 1531, 1448, 1260, 1215, 1085, 1045 cm™'; HRMS

(ESI-TOF) m/z [M + H]" calcd for C41H41N209 705.2806, found 705.2819.

(2S,4E,85)-A*-2,8-(di-N-(Boc)amino)azelic acid (5.17)

A 0 °C solution of dimethyl (25,4E,85)-A*2,8-(di-N-(Boc)amino)azelate (1.66, 500 mg,
1.12 mmol) in 1,4-dioxane (5 mL) was treated with a IN solution of LiOH (94.4 mg, 2.25 mmol,
2 equiv.). The cooling bath was removed. The reaction mixture was warmed to room temperature
with stirring for 3 h, at which time TLC indicated the consumption of the starting material. The
volatiles were evaporated under reduced pressure. The residue was partitioned between H>O (10
mL) and EtOAc (5 mL). The aqueous phase was acidified with 1N HCI to pH 3 and extracted with
ethyl acetate (3 x 10 mL). The organic extractions were combined, dried with Na>SOs, filtered,
and concentrated under vacuum to afford diacid 5.17 (430 mg, 92%) as a white solid: mp 71-73
°C; [a]p® +39.0 (c 0.82, CHCI3); '"H NMR (500 MHz, DMSO-ds): & 12.42 (s, 2H), 7.08-7.07 (d,
J=15.0 Hz, 1H), 6.97-6.96 (d, J = 5 Hz, 1H), 5.50-5.44 (m, 1H), 5.40-5.35 (m, 1H), 3.90-3.84
(m, 2H), 2.37-2.32 (m, 1H), 2.29-2.23 (m, 1H), 1.71-1.50 (m, 4H), 1.39 (s, 9H), 1.38 (s, 9H);
B3C{'H} NMR (125 MHz, DMSO-D6) 6 175.0, 174.0, 156.03, 155.88, 132.2, 127.0, 78.47, 78.41,
60.2, 54.1, 53.3, 34.5, 31.1, 28.68, 28.66; FT-IR (neat) vmax 3697, 2980, 1694, 1507, 1393, 1367,
1245, 1157, 1053, 1033, 1018 cm™!; HRMS (ESI-TOF) m/z [M + Na]" calcd for C19H32N20sNa

439.2050, found 439.2070.

(1'R,58)-3-N-(Boc)amino-5-[1’-iodo-4'-N-(Boc)amino-4'-methoxcarbonylbutyl]-
tetrahydrofuran-2-one [(1'R,55)-5.14]
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A 0 °C mixture of carboxylic acid (1'R,55)-5.17 (2.1 g, 3.87 mmol) and K>CO3 (800 mg,
5.8 mmol, 1.5 equiv.) in DMF (20 mL) was treated with methyl iodide (820 mg, 5.8 mmol, 1.5
equiv.). The ice bath was removed. After stirring for 2-3 h, the room temperature mixture exhibited
a nonpolar spot (2:3 EtOAc/hexanes) by TLC and indicated a new peak at RT = 9.0 min (C18
column, 10:90 CH3CN:H>0) by LCMS analysis, with a molecular ion of [M + Na]" m/z 579. The
reaction mixture was diluted with water and extracted with ethyl acetate (4 x 50 mL). The ethyl
acetate layer was washed with water (4 x 50 mL) and brine (2 x 30 mL), dried over Na>SOs,
filtered, and concentrated under reduced pressure. The residue was purified by flash column
chromatography using 20-30% EtOAc in hexanes as the eluent. Evaporation of the collected
fractions gave tetrahydrofuran-2-one (1'R,55)-5.14 (1.1g, 55% from diacid 5.16) as a colorless
solid: mp 58-60 °C; Ry= 0.56 (2:3 EtOAc/hexanes, visualized by KMnOa), [a]p® +13.4 (c 0.68,
CHCl3); '"H NMR (500 MHz, CDCls): § 5.10-5.08 (d, J= 10Hz, 2H), 4.45-4.41 (m, 1H), 4.37-4.33
(m, 2H), 4.08-4.04 (t, J = 10 Hz, 1H), 3.79 (s, 3H), 3.14-3.09 (m, 1H), 2.23-2.17 (m, 1H), 2.11-
2.05 (m, 1H), 1.95-1.87 (m, 2H), 1.78-1.73 (m, 1H), 1.48 (s, 9H), 1,47 (s, 9H); 3C{'H} NMR (125
MHz, CDCl3) 6 174.0, 173.0, 155.3, 130.0, 81.0, 80.2, 79.2, 53.0, 52.5, 52.0, 38.0, 36.0, 32.3, 32.0,
28.31, 28.27; FT-IR (neat) vmax 3281, 2921, 2853, 1801, 1747, 1697, 1674, 1537, 1451, 1368,
1294, 1252, 1213, 1154, 1060, 1029, 1005 cm’!; HRMS (ESI-TOF) m/z [M + Na]" calcd for

C20H33IN>OgNa 579.1173, found 579.1195.

(1'R,55)-3-N-(Boc)amino-5-[1'-iodo-4'-N-(Boc)amino-4'-hydroxcarbonylbutyl]-

tetrahydrofuran-2-one [(1'R,55)-5.18]

A solution of diacid 5.17 (1.6 g, 3.8 mmol) in acetonitrile (20 mL) was treated with Cs2COs
(3.7 g, 11.5 mmol, 3 equiv.), stirred for 15 min, cooled to 0°C with an ice bath, and treated with

iodine (2.93 g, 11.5 mmol, 3 equiv.). The ice bath was removed. After stirring for 3—4 h, the
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reaction mixture had warmed to room temperature and was observed by LCMS to contain a new
peak at RT = 8.1 min (C18 column, 10:90 CH3CN:H>0) with a molecular ion [M + Na]" m/z 565.
The reaction mixture was filtered through a pad of Celite™ and the filter cake was washed with
acetonitrile (3 x 30 mL). The filtrate and washings were combined and evaporated under reduced
pressure. The residue was partitioned between H,O (50 mL) and EtOAc (25 mL). The aqueous
phase was acidified with 1N HCI to pH 3 and extracted with ethyl acetate (3 x 50 mL). The organic
extractions were combined, dried with Na,SOy, filtered, and concentrated under vacuum to afford
tetrahydrofuran-2-one (1'R,55)-5.18 (2.1 g) as a pale-yellow solid, which was used without further

purification.

5.6. Conclusions

The copper catalyzed Sn2'" addition of zincate derived from methyl B-iodoalaninate onto
(E)-1,3-dichloroprop-1-ene has given useful entry into a set of protected A*-2,8-diaminoazelates
(e.g., 1.66-1.68). Attempts to fold the latter linear precursors into bicyclic 5- and 7-substituted
indolizidin-2-one amino acid (I’aa) derivatives have, however, demonstrated the challenges of
achieving diastereomeric and regioisomeric selectivity in the facial differentiation of the olefin.
Epoxidation and dihydroxylation were unselective and gave oxiranes 5.10 and hydroxylactone
5.15 as inseparable mixtures of diastereomers, which were shown by LCMS analyses to be
convertible into mixtures of up to four hydroxy indolizidine-2-one isomers due in part to the
inability to control the intramolecular cyclization of the respective nitrogen. Moreover,
diastereomeric stereochemical integrity may have also been lost due to cyclization by way of
planar Sx1 intermediates.

TIodolactonization of A*-2,8-diaminoazelic diacid 5.17 occurred with high facial selectivity

to provide tetrahydrofuran-2-one (1'R,55)-5.14 as a single isomer. Both nitrogen of iodide 5.14
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reacted in intramolecular Sn2 displacements to respectively provide hydroxyproline and proline
intermediates. Lactam formation provided 5- and 7-hydroxy indolizidin-2-one amino esters
(35,55,65,95)-5.8 and (35,65,7S,95)-5.9 in six steps and 21% and 17% respective overall yields
from A*-2,8-diaminoazelate 1.66. Saponification of the esters (35,5S,65,95)-5.8 and (3S,65,7S,95)-
5.9 delivered the corresponding carboxylic acids, which are suitable for peptide synthesis.

The configuration of 5- and 7-hydroxy indolizidin-2-one amino esters (3S5,55,65,95)-5.8
and (35,65,7S,95)-5.9 was assigned using a series of NMR experiments. Furthermore, X-ray
analysis of ester (35,6S,75,95)-5.3 demonstrated that the backbone geometry within the 7-hydroxy
indolizidine-2-one framework replicated that of the parent I?aa ester (65)-4.14 and mimicked the
dihedral angles of the central dipeptide in a type II’ B-turn. The utility of 5- and 7-hydroxy
indolizidin-2-one amino acids (35,5S5,65,95)-5.2 and (3S,6S5,75,95)-5.3 is currently being
investigated inside biologically relevant peptides and will be reported in due time.
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6.1 Perspectives

The copper catalyzed Sn2’° reaction has served to provide three useful olefins for the
synthesis of heterocyclic amino acid and dipeptide mimics. Alternative methods for olefin
synthesis may enlarge the gateway to peptide mimic ring systems. For example, nickel catalyzed
additions of zincates onto allylic halides proceed regioselectively by way of an Sn2 reaction.!?
Employing nickel catalysis in the reaction of the zincate of B-iodoalaninate 1.62 with 1,4-
dihalobut-2-enes may provide the corresponding A°-2,9-diaminosebacic acid derivatives 6.1.
Further, sebacic acid derivative 6.1 may undergoe an olefin oxidation with mCPBA to provide a
symmetric epoxide 6.2. Oxirane ring opening using Lewis acid catalysis may give isomeric
hydroxyproline 6.3 and hydroxypipecolate 6.4 derivatives, which by way of lactam formation

would offer a hydroxypyrroloazepinone and hydroxyquinolizidinone amino acid derivatives 6.5

and 6.6 (Figure 6.1).

Pyrroloazepinone and quinolizidinone amino acids have been less well studied in peptides
compared to the indolizidin-2-one amino acid counterparts. However, the 7,5- and 6,6-fused
bicycles have been employed in successful SAR studies of biologically active peptides to enhance
potency and selectivity.> For example, pyrroloazepinone mimics of the second mitochondria-
derived activators of caspases (Smac) peptide are apoptosis inhibitors.* Pyrroloazepinones have
also been employed in the development of ACE inhibitors for the treatment of cardiovascular
diseases.’ Few quinolizidinone amino acid analogs have been synthesized; however, the parent
system has been used to prepare an anatagonist of opioid receptor-like receptor (ORLIR).®
Considering that the nickel catalyzed Sn2 reaction could give access to olefins for the synthesis of
substituted 7,5- and 6,6-fused bicycles, a new set of tools may be created for examination of the

backbone conformation and side geometry of biologically active peptides.
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6.2 Conclusions

An olefin entry has been developed for the synthesis of different peptide mimic ring
systems. Employing serine 1.60 as inexpensive chiral educt, unsaturated amino acid precursors
(1.63-1.66), were prepared by copper catalyzed Sn2’ reactions on the corresponding zincate
derived from B-iodoalanine 1.61. Novel enantiomerically pure 4-substituted prolines (2.2), y-
substituted ai-amino-8-lactams (3.10) and 5-, 6- and 7-substituted indolizidine-2-one amino acids
(4.020, 5.8, and 5.9), all were synthesized using approaches to modify the three different
unsaturated amnio acid precursors (Figure 6.1). 4-Vinylproline 2.2 and y-vinyl a-amino-3-lactams
3.10 were respectively synthesized from 4-halomethyl-2-aminohex-5-enoates 1.63 by routes
featuring intra- and intermolecular halide displacements (Chapters 2 and 3).”* The vinyl group
offers potential for conversion into various functional groups to mimic side chains, as
demonstrated by oxidation and coupling chemistry to provide constrained glutamate and glutamine

mimics.

Double Sn2’ reactions on allylic dihalides provided respectively 5-methylenyl 2,8-di-N-
(Boc)aminoazelate 1.65 and (4E)-2,8-bis|[N-(Boc)amino]azelate 1.66, which upon oxidative
cyclization approaches gave respectively 6-hydroxymethyl 4.020 and 5- and 7-hydroxy
indolizidine-2-one amino acids (5.8 and 5.9, Chapters 4 and 5).”!° X-ray crystallographic studies
indicated that the substituent and configuration of the I%aa ring systems altered the embedded
peptide backbone dihedral angles, which adopted a range of conformers that mimicked with subtle

differences the central residues of an ideal type II’ -turn conformation.

The utility of the substituted I°aa building blocks was next examined in a biomedical

application. Analogs of the prostaglandin-F2. receptor modulator PDC-113.824 were studied
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towards the development of tocolytic agents for the treatment of preterm birth.!! The presence of

the alcohol side chains and the configuration of the substituted I?aa units influenced activity on

myometrium contractions. 6-Hydroxymethyl I?aa (6S,9S)-4.020 retained some inhibitory activity

on myometrial contractions; however, the (6R)-counterpart 4.016 was inactive. As discussed in the

chapters 4 and 5, the backbone geometry and side chain conformation of the substituted I?aa both

may influence receptor affinity and biological activity.
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Figure 6.2. Syntheses of different ring systems from unsaturated amino acids

Enantiomerically pure unsaturated amino acid derivatives have served as useful building

blocks for the syntheses of various substituted ring systems. The ring systems could serve as

secondary structure initiators such as turn motifs in peptidomimetics. Moreover, the olefin ring

substituents can function as a handle for introducing side chain diversity, which may enhance
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molecular recognition by interactions with the receptor surface. Considering that related ring
systems have exhibited imporatnt utility in medicinal chemistry, the described olefin gateways

may lead to various applications for exploring the peptide world.
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I NMR 700 MHz
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I3C NMR 175 MHz
Solvent: CDCI3

qe’
&b°
gL’

£g

9g”
GE”"
96"

Le

[
Le:
69"
00"

90"

zT"

158"

Fe
LS

8z

87>
SE

.mmi/l

0F —
6 —"

0§
TTs N\
5
4]
8¢
65

08—

91T —

LET ——

6T
TPET

“£LT
pLT >

ppm
S11

80

100

CO,CH,

120

(25,4S)-2.2

140

160

180

200




Appendix (Article 1)

!H NMR 500 MH,
: CDCl;

Solvent.

9¢F"
9LY”
€9L°
69L"
88L"
T6L"
PeL”
018"
£18”
918"
Se8”
SO0F”
60F%"
Fev”
LER®
6vT”
cor”
or8-
veg:”
T€8”
Fiah
o8LT”
98T"
ooe-
Loz
1ee”
gee”
L69"
ZLL”
8TIL”
£EL”
LvL”
0gL”
T8L”
96L"
o8-
LT8"
£ee”
8EZ”
1ve”
LSZ"
16€°
Log”
Fee”
z90”
TLO”
£80°
260"
vetrs
851"
£eL”
6eL”
8EL”
FrL”
8GL"
cLL”
8LL”
£6L"

T e == e N N V=

NUOOUOUOWOLEOWWOWWSESE PPN A A A A A

I

M\_-‘JlL

CO,CHj

Boc
(2S,4R)-2.2

M,

ppm

25 2.0 1.5

3.0

4.5 4.0 3.5

5.0

5.5

6.0

6.5

]

90

S12



Appendix (Article 1)

3C NMR 125 MHz
Solvent: CDCl;
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!H NMR 400 MH,
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I3C NMR 125 MHz
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I NMR 400 MHz
Solvent: CD3;0D
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BC NMR 125 MHz
Solvent: CD3;0D
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3C NMR 125 MHz
Solvent: CD;0D
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3C NMR 125 MHz
Solvent: CD3;0D
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!H NMR 500 MH,
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I3C NMR 125 MHz
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!H NMR 500 MH,

Solvent

CDC(lI;

F6T"
L6T"
661"
STE”
TCe”
See”
(44
0GE”
g9e”
TLe”
FLO®
80"
T60°
Le0*"
£0T”
ETT”
0zT”
§86°
966"
29"
GE9 "
Lp9"
259"
LG9
299"
FLY"
789"
1oL”
258"
£90°
6L0°
See”
8€E"
9g¢g”
6GE”
L9G"
696"
T09°
£09°
TTL”
8¢L”
TEL”
SPL”
8FL”
€90
SoL”
£8L”

£86

S N

MUOWOOUOEOWOOOUOWOWOOEB<TTOOMOOOMNON MMM NN NN NN NN

cg_

—=
2
—
—
J
)
Mln).u
o
o
VR
SEEO)
S8 .
o
Z wnn Y,
£ )
o

ppm

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0

ﬁ

9.5

0
~
-

|

—
@
o

7

—
@
S

g

-
@
S

=
@
=5

[

o
[+
(3]

524



3C NMR 125 MHz
Solvent: CDCl3;
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!H NMR 500 MH,
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CsDs

!H NMR 500 MH,
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CsDs

!H NMR 500 MHz,
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IH NMR 500 MHz
Solvent: CsDs

Examination of the diastereotopic methyl ester at 3.208 and 3.222 ppm
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I NMR 400 MHz
Solvent: C¢Dg
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3C NMR 100 MHz
Solvent: C¢Dg
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CsDs

!H NMR 400 MH,

Solvent.

891"
G8T"
Iy’
8LG"
885"
809"
929"
£r9-
£99°
660"
PIT®
0ET”
FET"
6vT"
PoT”
681"
Sz "
6EF”
222
85k
ELF”
43
906"
661"
Z6T"
roe”
6T¢"
Zee”
§6¢”
she”
65€E"
ZLe”
98€"
PLE”
€6¢”
60€"
6¥L”
S9L”
69L°
S8L°
68L"
Fo8”
LL6"
£€00"
8cz0”
TLO"
PLT"
€81°
S6b°
916"
0es”
TPs-
666"
£96°
Pes”

[T R T o T BT T BT R T BT BT B T T s T e - T B T T T o B B T oA oV B ot o B N SV o B o B N o B o S o B B R B R R

TSV TN wWeee—m——

8LO°L
1607 L=

0.5 ppm
S32

e

-

L]

A\

|

&

\/

15

i,

W

2.0

-

A Jml

W

I

<

Ik
g

3.5

Cl
4.0

{5

CO,Me
5.0

BocHN  H
(2'R,25,45)-2.4
5.5

6.0

6.5

7.0

75




Appendix (Article 1)

3C NMR 100 MHz
Solvent: C¢Dg
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!H NMR 500 MH,

Solvent.
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BC NMR 125 MHz
Solvent: CDCl3;
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!H NMR 500 MH,
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BC NMR 125 MHz
Solvent: CDCl;
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!H NMR 500 MH,

Solvent

CDCl;
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I3C NMR 125 MHz
Solvent: CDCI3
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COSY NMR 500 MHz,
Solvent: CDCI;
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HSQC NMR 500 MHz
Solvent: CDCI3
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NOESY NMR 500 MHz —.,

Solvent: CDCI3
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1 NMR 500 MHz
Solvent: CDCl3;
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BC NMR 125 MHz
Solvent: CDCl;
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COSY NMR 500 MHz
Solvent: CDCI3
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HSQC NMR 500 MHz,
Solvent: CDCl;
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NOESY NMR 500 MHz,
Solvent: CDCl3
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Spectral data for Article 2
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCI;
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13C NMR 125 MHz
Solvent: CDCI;
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'"H NMR 500 MHz
Solvent: CDCI;
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13C NMR 125 MHz
Solvent: CDCI;
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3

wr—
681
16T
123
61
€6'T
€6'T
v6'T
91

154
Nm.w/
8£7-L

o'e-f
e \“
we

¥8'C
mw.NW
98'C
mw.N\

e~
we"

Le—

90y~
60—
STY~
8TY—"

8T'S
81'S
61'S
(U4
0TS
178
ws
ws

ST's
mN.mW.
ST'S

s —

88'S
68'S
06'S

16°S—

w6'S
€6'S
S6°S

ya

W

BOCHN’Q\I \/COQMG

(5R)-3.10

T

ot

10T

=1L'T

Foe0

1.2

T

1.4

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.8 1.6
f1 (ppm)

T

T

74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20

S63



Appendix (Article 2)

13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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Spectral data for Article 3
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4.7. Experimental Section
4.7.1. Myometrial contraction preparations:

Pregnant CD-1 mice (16-17 days gestation, term 19 days) were obtained from Charles
River Inc. Animals were used according to a protocol of the Animal Care Committee of CHU
Sainte-Justine along the principles of the Guide for the Care and Use of Experimental Animals of
the Canadian Council on Animal Care. The animals were maintained on standard laboratory chow
under a 12h:12h light: dark cycle and given free access to chow and water.

Uterus from CD-1 mice were obtained from animals immediately after term delivery under
anesthesia (2.5% isoflurane). Briefly, a midline abdominal incision was made. The uterine horns
were rapidly excised, carefully cleansed of surrounding connective tissues and removed.
Longitudinal myometrial strips (2 to 3 mm wide and 1 cm long) were dissected free from the uterus
and mounted isometrically in an organ tissue baths (Kent Scientific Corp. Litchfield, CT, USA).
Initial tension was set at 2 g. The tissue baths contain 20 mL of Krebs buffer of the following
composition (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCly, 0.9 MgSO4, 1 KH2POy4, 11.1 glucose, and 23
NaHCOs (pH 7.4). The buffer was equilibrated with 95% oxygen/5% carbon dioxide at 37°C.
Isometric tension was measured by a force transducer and recorded by BIOPAC data acquisition
system (BIOPAC MP150, BIOPAC systems Inc, Goleta, CA, USA). Experiments were begun
after lhour equilibration. Mean tension of spontaneous contractions was measured using a
BIOPAC digital polygraph system (AcqKnowledge 4.2); parameters were determined after
addition of PGF2q (0.1 uM, Cayman Chemical Company) in the presence or absence of a 20 min

pretreatment with different FP inhibitors.
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4.7.2. Data analysis:

At the start of each experiment, mean tension of spontaneous myometrial contractions was
considered as a reference response. Increase in mean tension (%) was expressed as percentages of
(X/Y) x 100, in which X is the change in mean tension (g) induced by (0.1 uM) PGF2o and Y is
the initial reference response (g). The inhibition (%) was calculated as (A-B)/A x 100%, in which
A is the increase in mean tension that was induced by (0.1 uM) PGF»q in the absence of a 20 min
pretreatment with FP inhibitor and B is the increase in mean tension induced by (0.1 uM) PGF2q«

in the presence of a 20 min pretreatment with FP inhibitor.

4.7.3. General Methods:
Anhydrous solvents (THF, DMF, CH2Clz, and CH30H) were obtained by passage through

solvent filtration systems (GlassContour, Irvine, CA). All reagents from commercial sources were
used as received: BF3'Et2O was purchased from Aldrich and coupling reagent such as TBTU and
HOBt were purchased from GL Biochem; solvents were obtained from Fisher Chemical. (25)-(3-
Pyridyl)alaninyl-(35)-B-homophenylalanine benzyl ester hydrochloride (4.15) was prepared
according to the literature procedure and exhibited 'H NMR spectral data and Ry value identical to
that reported in reference 22. Purification by silica gel chromatography was performed on 230—400
mesh silica gel; analytical thin-layer chromatography (TLC) was performed on silica gel 60 F254
(aluminum sheet) and visualized by UV absorbance or staining with iodine. Melting points are
uncorrected and were obtained on a sample that was placed in a capillary tube using a Mel-Temp
melting point apparatus equipped with a thermometer and reported in degree Celsius (°C). 'H and
3C NMR spectra were recorded at room temperature (298 K) in CDCl3 (7.26/77.16 ppm) and
CDs0OD (3.31/ 49.0 ppm) on Bruker AV (300/75, 500/125, and 700/ 175 MHz) instruments and

referenced to an internal solvent. Chemical shifts are reported in parts per million (ppm); coupling
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constant (J) values in Hertz (Hz). Abbreviations for peak multiplicities are s (singlet), d (doublet),
t (triplet), q (quadruplet), q (quintuplet), m (multiplet), and br (broad). Certain '*C NMR chemical
shift values were extracted from HSQC spectra. High resolution mass spectrometry (HRMS) data
were obtained on an LC-MSD instrument in electrospray ionization (ESI-TOF) mode by the Centre
Régional de Spectrommétrie de Masse de I’Université de Montréal. Either protonated molecular
ions [M + H] ", or sodium adducts [M + Na] * were used for empirical formula confirmation. X-
ray structures were solved using a Bruker Venture Metaljet diffractometer by the Laboratoire de
diffraction des rayons X de 1’Université de Montréal. Specific rotations [a]p were measured at 25
°C at the specified concentrations (c in g/100 mL) using a 0.5 dm cell on a PerkinElmer Polarimeter

589 instrument and expressed using the general formula [o]p?° = (100 % a)/(d X ¢).

4.7.4. Peptide Purifications and Analysis:

Final peptides were purified on a preparative column (C18 Gemini column) using a gradient from
pure water [0.1% formic acid (FA)] to mixtures with MeOH (0.1% FA) at a flow rate of 10
mL/min. Purity of peptides (>95%) was evaluated using analytical LC—-MS on a 5 pM 50 x 4.6
mm C18 Phenomenex Gemini column in two different solvent systems: water (0.1% FA) with
CH3CN (0.1% FA) and water (0.1% FA) with MeOH (0.1% FA) at a flow rate of 0.5 mL/min

using the appropriate linear gradient.
4.7.5. Synthetic experimental conditions and characterization data of compounds:

Methyl (3S,6R,95)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate
[(3S,6R,95)-4.020]

A solution of (2S,5R,8S)-proline (25,5R,85)-4.9 (250 mg, 0.53 mmol) in DCM (20 mL)
was treated with HCI1 gas bubbles for 2-3 h, when TLC indicted complete consumption of the

starting carbamate and LCMS indicated a new peak RT = 1.54 min (C18 column, 5:50

S70



Appendix (Article 3)

MeOH:H,0) having a molecular ion [M+H]" m/z 275. The reaction mixture was evaporated to a
residue, that was dissolved in MeOH (5 mL), treated with triethylamine (0.16 g, 1.5 mmol, 3
equiv.), and heated at reflux using an oil bath for 24 h, when LCMS indicated a new peak RT =
2.1 min (eluent C18 column, 5:50 MeOH:H,0) having a molecular ion [M+H]" m/z 243. The
volatiles were evaporated under reduced pressure. The residue was dissolved in DCM (10 mL),
treated with (Boc)>0O (0.14 g, 0.63 mmol, 1.2 equiv.), and stirred for 3 h, when TLC indicated a
new spot (R/=0.3, 100% EtOAc). The volatiles were removed under reduced pressure. The residue
was purified by flash column chromatography using 80% EtOAc in hexanes as eluent. Evaporation
of the collected fractions gave indolizidin-2-one (35,6R,95)-4.020 (115 mg, 64%) as a solid: mp
105-107 °C; Ry= 0.3 (100% EtOAc, visualized with KMnOs); [a]p* —75 (¢ 0.56, CHCl3); 'H NMR
(500 MHz, CDCl3) 6 5.14 (s, 1H), 4.62-4.59 (dd, J=9.8, 7.6 Hz, 1H), 4.23-4.18 (dd, /=15.9, 7.6
Hz, 1H), 3.81 (s, 3H), 3.80-3.79 (d, J = 5.3 Hz, 1H), 3.65-3.60 (dd, J = 12.1, 9.7 Hz, 1H), 3.53-
3.50(ddd,J=12.1,5.2, 1.5 Hz, 1H), 2.43-2.39 (m, 1H), 2.31-2.28 (m, 2H), 2.21-2.17 (dt,J=13.6,
3.8 Hz, 1H), 1.99-1.95 (m, 2H), 1.75-1.71 (m, 2H), 1.46 (s, 9H); *C{'H} NMR (125 MHz, CDCl;)
0 175.1,169.8, 156.1, 79.6, 67.1, 66.0, 58.4, 52.8, 51.5, 36.7, 33.5, 28.3, 26.3, 26.1; FT-IR (neat)
vmax 3371, 2955, 1694, 1633, 1518, 1432, 1392, 1365, 1247, 1162, 1103, 1044, 1005 cm™'. HRMS
(ESI-TOF) m/z [M+Na] " caled for Ci6H26N206Na 365.1683 found 365.1676 and [M+H] " calcd
for C16H27N206 343.1863 found 343.1857.
Methyl (35,65,9R)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate
[(35,6S5,9R)-4.020]

Ester (35,65,9R)-4.020 was synthesized from acid (35,65,9R)-4.10 (20 mg, 0.06 mmol) by
using the protocol described for the synthesis of ester (35,65,95)-4.020 and isolated as a solid (13

mg, 62%): mp 65-67 °C; Ry=0.32 (100% EtOAc, visualized with KMnO4); [o]p>° —59.5 (¢ 0.83,
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CHCl3); '"H NMR (500 MHz, CDCl3) § 4.52-4.50 (dd, J = 9.9, 1.1 Hz, 1H), 3.90-3.86 (m, 1H),
3.74 (s, 3H), 3.71-3.69 (d, J = 11.3 Hz, 1H), 3.58-3.56 (d, J = 11.3 Hz, 1H), 2.43-2.37 (m, 1H),
2.31-2.27 (m, 2H), 2.16-2.12 (dd, J = 12.4, 7.0 Hz, 1H), 1.96-1.91 (m, 2H), 1.86-1.78 (m, 2H),
1.45 (s, 9H); *C{'H} NMR (125 MHz, CDCls) § 172.5, 170.0, 156.0, 80.0, 66.0, 65.2, 59.0, 52.3,
52.0, 35.1, 30.1, 28.4, 26.7, 25.4; FT-IR (neat) vmax 3416, 2990, 1747, 1711, 1648, 1452, 1434,
1386, 1254, 1196, 1158, 1102, 1052, 1023 cm. HRMS (ESI-TOF) m/z [M+Na]* calcd for
Ci6H26N206Na 365.1683 found 365.1682 and [M+H] * calcd for CisH27N20s 343.1863 found
343.1865.

Methyl (35,65,95)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate
[(35,68,95)-4.020]

Methyl 3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate (3S5,65,95)-
4.020 was synthesized from (25,55,85)-proline (25,55,85)-4.9 (250 mg, 0.53 mmol) using the
protocol described for the preparation of (35,6R,95)-4.020, and isolated as a solid (110 g, 61%):
mp 90-93 °C; Ry= 0.35 (100% EtOAc, visualized with KMnOs); [o]p?® —6.4 (¢ 1.0, CHCl3); 'H
NMR (500 MHz, CDCI3) 6 5.62-5.61 (d, J= 4.8 Hz, 1H), 4.50-4.48 (d, J=9.5 Hz, 1H), 4.28-4.24
(m, 1H), 3.75 (s, 3H), 3.54-3.53 (d, J = 3.6 Hz, 2H), 2.48-2.33 (m, 4H), 2.21-2.15 (m, 2H), 1.94-
1.88 (m, 3H), 1.45 (s, 9H); *C{'H} NMR (125 MHz, CDCls) & 172.6, 171.0, 156.0, 79.6, 67.1,
66.2,59.5,52.3, 50.0, 36.0, 29.0, 28.4,27.3,27.1; FT-IR (neat) vmax 3409, 2979, 1744, 1710, 1643,
1495, 1432, 1392, 1365, 1247, 1200, 1163, 1109, 1060, 1021 cm™. HRMS (ESI-TOF) m/z
[M+Na]" caled for Ci16H26N206Na 365.1683 found 365.1682 and [M+H]" calcd for Ci6H27N206
343.1863 found 343.1865.

Methyl (35,6S5,95)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate

[(35,65,95)-4.020]
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A 0 °C solution of acid (35,65,95)-4.10 (20 mg, 0.061 mmol) in DMF (2 mL) was treated
with and K>COs (13 mg, 0.09 mmol, 1.5 equiv.) and dropwise with iodomethane (10.4 mg, 0.07
mmol, 1.2 equiv.). The cooling bath was removed. The reaction mixture warmed to room
temperature and stirred for 2-3 h, when TLC indicated a new nonpolar spot (Ry= 0.35, 100% ethyl
acetate). The reaction mixture was diluted with H>O and extracted with ethyl acetate (3 x 10 mL).
The organic layers were combined and washed with H,O (5 x 10 mL) and brine (10 mL), dried
over NaySOg, filtered, and concentrated under vacuum. The residue was purified by column
chromatography using 60-80% of ethyl acetate in hexanes as eluent. Evaporation of the collected
fractions gave indolizidin-2-one (35,65,95)-4.020 (13 mg, 62%) as a solid exhibiting identical
physical and spectroscopic properties as described above.
Phenylacetyl-(3S,6R,95)-1*aa-(2S5)-(3-pyridyl)alaninyl-(3S)-B-homophenylalanine [(6R,9S)-
4.4]

A solution of benzyl ester (6R,95)-4.17 (10 mg) in EtOH (5 mL) was treated with
palladium-on-carbon (10% by wt, 10 mg), placed under a hydrogen atmosphere and stirred under
a balloon of H> gas for 3-4 h. The catalyst was filtered onto Celite™. The filter cake was washed
with MeOH. The filtrate and washings were combined and evaporated to a residue, which was
purified by preparative HPLC (Phenomenex Gemini 5 pm, C18, 250 x 21.2 mm) using a gradient
from 10 to 90% MeOH (containing 0.1% FA) in water (containing 0.1% FA). Free-drying of the
collected fractions afforded peptide (6R,95)-4.4 (5 mg, 57%) as a white foam: [a]p?* +20 (c 0.35,
MeOH); '"H NMR (700 MHz, CD;OD): § 8.39-8.38 (d, J = 5.9 Hz, 3H), 7.75-7.74 (d, J = 7.8 Hz,
1H), 7.36-7.32 (m, 5H), 7.26-7.22 (m, 3H), 7.20-7.18 (m, 3H), 4.55-4.52 (t, /= 9.3 Hz, 1H), 4.50-
4.46 (m, 1H), 4.42-4.40 (dd, J=11.2,4.3 Hz, 1H), 3.94-3.91 (dd, J= 10.5, 8.0 Hz, 1H), 3.68-3.67

(d, J=11.2 Hz, 1H), 3.59-3.57 (d, J = 15.1 Hz, 1H), 3.03-3.00 (dd, J = 14.3, 4.2 Hz, 1H), 2.96-
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2.93 (dd, J=13.8, 7.0 Hz, 1H), 2.89-2.84 (m, 2H), 2.71-2.68 (dd, J = 14.2, 11.3 Hz, 1H), 2.52-
2.49 (dd,J=16.0,7.3 Hz, 1H), 2.46-2.43 (dd, J=16.0, 5.9 Hz, 1H), 2.37-2.34 (m, 1H), 2.32-2.28
(m, 1H), 2.24-2.21 (dd, J=12.4, 7.4 Hz, 1H), 2.13-2.04 (m, 2H), 1.77-1.71 (m, 1H), 1.52-1.47 (m,
2H); BC{'H} NMR (175 MHz, CD;0D) § 173.2, 172.4, 171.3, 170.6, 149.5, 147.0, 138.2, 137.7,
135.2, 134.4, 129.1, 129.0, 128.2, 128.1, 126.5, 126.2, 123.7, 67.0, 60.4, 59.5, 55.4, 51.0, 48.3,
42.0,40.0, 38.0, 34.3,33.0,29.4, 28.0, 25.0, 24.6; FT-IR (neat) vmax 3349, 2973, 1721, 1658, 1622,
1521, 1422, 1359, 1338, 1257, 1151, 1119, 1055, 1033, 1014 cm™!. HRMS (ESI-TOF) m/z [M+H]"
calcd for C3sH41N507 656.3078, found 656.3090.
Phenylacetyl-(3S,6S,9R)-1*aa-(2S5)-(3-pyridyl)alaninyl-(3S)--homophenylalanine [(6S,9R)-
4.4]

Acid (65,9R)-4.4 was synthesized from ester (65,9R)-4.17 (10 mg) using the protocol
described for the synthesis of acid (6R,95)-4.4 and isolated as white foam (6.0 mg, 68%): [a]p>>
+9.6 (¢ 0.46, MeOH); '"H NMR (500 MHz, CDCl3): § 8.45-8.35 (m, 5H), 7.86-7.84 (d, J = 8.9 Hz,
1H), 7.43 (s, 1H), 7.32-7.31 (m, 4H), 7.28-7.25 (m, 3H), 7.23-7.21 (m, 3H), 4.49 (s, 1H), 4.41-
4.39 (t,J= 6.8 Hz, 1H), 4.34-4.33 (d, /= 9.8 Hz, 1H), 4.10-4.07 (m, 1H), 3.82-3.80 (d, /=11.6
Hz, 1H), 3.57-3.53 (m, 2H), 3.39-3.37 (d, /= 11.5 Hz, 1H), 3.17-3.14 (dd, J = 13.6, 6.6 Hz, 1H),
3.07-3.04 (dd, J=13.6, 7.1 Hz, 1H), 2.83-2.80 (m, 1H), 2.76-2.73 (dd, /= 14.0, 6.5 Hz, 1H), 2.42-
2.37 (m, 1H), 2.35-2.28 (m, 3H), 2.23-2.16 (m, 2H), 2.03-1.99 (m, 1H) 1.78-1.69 (m, 3H); 1*C {'H}
NMR (175 MHz, CDCl3) 6 172.4, 172.3, 170.2, 169.4, 138.0, 135.3, 129.1, 129.0, 128.1, 128.0,
126.4, 126.1, 66.4, 61.2, 60.0, 55.0, 51.0, 49.0, 42.3, 40.2, 34.3, 33.6, 32.0, 29.4, 29.2, 29.0, 28.8,
28.0, 26.4, 25.0, 24.2, 22.3; FT-IR (neat) vmax 3355, 2975, 1726, 1661, 1612, 1521, 1421, 1363,
1342, 1256, 1150, 1120, 1058, 1037, 1016 cm™'. HRMS (ESI-TOF) m/z [M+H]" calcd for

C36H41N507 656.3078, found 656.3083.
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Phenylacetyl-(3S,6S5,95)-12aa-(25)-(3-pyridyl)alaninyl-(3S)-p-homophenylalanine  [(65,95)-
4.4]
Acid (65,95)-4.4 was synthesized from ester (65,95)-4.17 (10 mg) using the protocol described for
the synthesis of acid (6R,95)-4.4 and isolated as white foam (5.5 mg, 63%): [a]p*> +52.4 (¢ 0.12,
MeOH); '"H NMR (700 MHz, CDCls): § 8.44 (s, 1H), 8.42-8.40 (m, 4H), 7.81-7.80 (d, J = 7.4 Hz,
1H), 7.40-7.38 (m, 1H), 7.30-7.26 (m, 8H), 7.24-7.20 (m, 2H), 4.47-4.42 (m, 3H), 4.38-4.37 (d, J
=9.6 Hz, 1H), 3.58-3.51 (m, 2H), 3.47-3.43 (q, J = 11.6 Hz, 2H), 3.13-3.10 (dd, J = 14.1, 6.0 Hz,
1H), 3.02-2.99 (dd, J = 14.0, 8.2 Hz, 1H), 2.90-2.84 (m, 2H), 2.42-2.35 (m, 3H), 2.33-2.27 (m,
1H), 2.22-2.17 (m, 1H), 2.11-2.09 (dd, 12.2, 7.1 Hz, 1H), 1.88-1.84 (dt, J = 13.5, 8.0 Hz, 1H),
1.78-1.64 (m, 3H); 3C{'H} NMR (175 MHz, CDCl;) & 173.0, 172.4, 171.0, 170.1, 149.4, 147.0,
138.0, 135.3, 129.1, 129.1, 129.0, 128.2, 128.1, 126.5, 126.1, 124.0, 70.0, 67.0, 64.1, 60.4, 55.0,
42.2,40.0, 38.0, 35.0, 34.0, 33.5, 32.0, 29.4, 29.0, 28.3, 27.0, 26.5, 25.0; FT-IR (neat) vmax 3351,
2949, 1726, 1671, 1609, 1520, 1431, 1361, 1341, 1253, 1150, 1122, 1054, 1035, 1014 cm™'. HRMS
(ESI-TOF) m/z [M+H]" calcd for C36H41N507 656.3078, found 656.3054.
Dimethyl (25,85)-2,8-di-/V-(Boc)amino-5-methylene-azelate (1.65)

In a 250-mL round bottom flask, fitted with three-way tap, CuBreDMS (1.2 g, 0.006 mol,
0.13 equiv.) was weighed, dried gently with a heat gun under vacuum until the powder changed
color from white to light green, placed under argon, treated with dry DMF (30 mL), followed by
3-chloro-2-chloromethyl-1-propene (2.8 g, 0.03 mol, 0.5 equiv.). In a Schlenk tube, zinc (8.9 g,
0.14 mol, 3 equiv.) and iodine (0.35 g, 0.0014 mol, 0.03 equiv.) were mixed under argon
atmosphere, heated under vacuum with a heat gun for 10 min and cooled under a flush of argon
three times. A solution of N-(Boc)-3-iodo-L-alanine methyl ester 1.61 (15 g, 0.046 mol) in dry

DMF (30 mL) was added to Schlenk tube and stirred for 1h, when TLC analysis confirmed that
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consumption of the iodide (Ry= 0.7, 30% EtOAc in hexanes) and formation of the organozinc
reagent (Ry = 0.2, 30% EtOAc in hexanes). Stirring was stopped, the excess zinc powder was
allowed to settle, and the supernatant was transferred dropwise via syringe with care to minimize
the transfer of zinc into the flask containing the copper catalyst. After stirring at rt overnight, TLC
indicated a new spot (Ry=0.40, 30% EtOAc in hexanes) and the reaction mixture was diluted with
ethyl acetate (150 mL), stirred for 15 min, and filtered through a silica gel pad. The filtrate was
treated with water (100 mL), transferred into a separating funnel and diluted with ethyl acetate (50
mL). The organic phase was washed successively with 1 M Na>S>03 (2 x100 mL), water (4 x 100
mL) and brine (2 x 100 mL), dried over NaxSQOy, filtered and evaporated. The volatiles were
removed under reduced pressure to afford a residue that was purified by chromatography using
25-30% EtOAc in hexanes as eluent. Evaporation of the collected fractions gave azelate 1.66 (6.3
g, 64%) which solidified on standing in the fridge: Ry= 0.4 (30% EtOAc/hexanes, visualized with
KMnOy4). The physical and spectroscopic properties were identical to those reported in ref. 23.
Dimethyl-(25,5R) and (2S,55)-5-(iodomethyl)pyrrolidine-1,2-dicarboxylate [(2S,5R)- and
(25,55)-4.6]

In a 100 mL round bottom flask, azelate 1.65 (0.5 g, 1.1 mmol) was dissolved in acetonitrile
(10 mL), cooled to —20° C, treated simultaneously with NaHCOs (0.27 g, 3.3 mmol, 3 equiv.) and
iodine (0.83 g, 3.3 mmol, 3 equiv.) and stirred for 30 min, when TLC indicated that consumption
of starting material (Ry= 0.4 (30% EtOAc/hexanes, visualized with KMnOs) and formation two
new non-polar spots (Ry=0.3 and 0.2 (20% EtOAc in hexanes, twice eluted). The reaction mixture
was diluted with diethyl ether (20 mL), washed with saturated aq. Na>S>03 (2 x 10 mL), water (10
mL) and brine (10 mL), dried over Na;SOs, and concentrated in vacuo to residue. The residue was

purified by flash column chromatography using 8-12% EtOAc in hexanes as eluent.
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First to elute was (25,5R)-4.6 (140 mg, 22%) as a gum: Ry= 0.3 (20% EtOAc in hexanes,
twice eluted): [a]p?® —61.5 (c 1.3, CHCI3); 'H NMR (500 MHz, CDCl5) (2:3 mixture of carbamate
isomers) 6 5.25-5.23 (d, J=7.1 Hz, 1H), [5.00-4.99 (d, /= 5.0 Hz, 1H], [4.53-4.50 (dd, J = 10.0,
5.0 Hz, 1H)], 4.37-4.35 (dd, J=8.2, 5.9 Hz, 1H), 4.29-4.27 (m, 1H), 3.97-3.95 (d, /=9.9 Hz, 1H),
[3.79 (s, 3H)], 3.76 (s, 3H), 3.75 (s, 3H), [3.69-3.67 (d, J = 10 Hz, 1H)], 3.6-3.58 (d, /= 9.9 Hz,
1H), 2.21-2.11 (m, 3H), 2.06-2.03 (m, 2H), 1.91-1.87 (m, 3H), [1.51 (s, 9H)], 1.47 (s, 9H), 1.41
(s, 9H); 1*C{'H} NMR (125 MHz, CDCl;) § 173.5, 173.1, 155.5, 153.0, 81.0, 80.0, 66.0, 62.4,
62.2, 53.3, (52.3), 52.1, (38.0), 35.6, 31.0, (30.0), 28.3, 28.2, 27.1, 26.7, (26.4), (15.6), 15.0; FT-
IR (neat) vmax 2985, 1744, 16945, 1364, 1201, 1161 cm™. HRMS (ESI-TOF) m/z [M+Na]" calcd
for C22H37IN2OgNa 607.1486 found 607.1488.

Next to elute was (25,55)-4.6 (420 mg, 66%) as a gum: Ry = 0.2 (20% EtOAc in hexanes, twice
eluted): [a]p® —13.3 (¢ 1.2, CHCl3); 'H NMR (500 MHz, CDCl3) (2:3 mixture of carbamate
isomers) 6 5.32-5.30 (d, J=7.8 Hz, 1H), [5.13-5.11 (d, /= 10.0 Hz, 1H)], [4.45-4.32 (dd, /= 8.8,
6.1 Hz, 2H)], 4.36-4.33 (dd, J = 8.8, 6.1 Hz, 2H), 4.31-4.29 (m, 1H), 3.97-3.95 (d, /= 10.0 Hz,
1H), [3.80, (s, 3H)], 3.77 (s, 3H), 3.75 (s, 3H), 3.48 (d, J= 10 Hz, 1H), 3.46 (d, /= 10 Hz, 1H),
2.33-2.28 (m, 2H), 2.22-2.17 (m, 1H), 2.11-2.08 (m, 1H), 1.98-1.92 (m, 2H), [1.52 (s, 9H)], [1.47
(s, 9H)], 1.46 (s, 9H), 1.42 (s, 9H); C{'H} NMR (125 MHz, CDCls) § 173.3, 173.0,
155.5/(153.3), 153.0, (81.3)/81.0, 80.0, 66.3, (62.0)/61.5, 53.4, (52.2)/52.0, 36.1, 35.0, 31.3,
(28.4)/28.3, 28.2, 27.4, 26.6/(26.0), 16.3 ; FT-IR (neat) vmax 2980, 1748, 1698, 1360, 1205, 1156
cm™'. HRMS (ESI-TOF) m/z [M+Na]" calcd for C22H37IN2OsNa 607.1486 found 607.1485.

Dimethyl (25,5R.,85)-1,7-diazaspiro[4.5]decane-2,8-dicarboxylate  bis  hydrochloride

[(2S,5R,85)-4.7]
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In a 100 mL round bottom flask, as solution of iodide (25,5R)-4.6 (100 mg, 0.17 mmol) in
dichloromethane was treated with HCI gas bubbles for 2 h, when TLC showed consumption of
starting 1odide [Ry= 0.3 (20% EtOAc in hexanes)]. The volatiles were evaporated under vacuum
and the residue was dissolved in DCM and evaporated three times before drying to a constant
weight under vacuum to give hydrochloride (25,55,85)-4.7 (56 mg, 100% yield) as a yellow solid:
[a]p? —46.5(c 0.42, MeOH); '"H NMR (400 MHz, CD3;0D) § 4.78-4.73 (q, J = 8.3 Hz, 1H), 4.21-
4.18 (t, J = 6.4 Hz, 1H), 4.05-3.97 (m, 1H), 3.93 (s, 3H), 3.91 (s, 3H), 3.73-3.65 (m, 1H), 2.69-
2.60 (m, 1H), 2.42-2.20 (m, 4H), 2.10-2.03 (m, 2H), 1.96-1.90 (m, 1H); 3C{'H} NMR (100 MHz,
CDs0D) 6 169.0, 168.4, 71.0, 69.6, 59.2, 53.0, 32.1, 32.0, 27.0, 26.6, 24.6, 24.3; FT-IR (neat) Vmax
2931, 1740, 1442, 1226, 1037 cm™'. HRMS (ESI-TOF) m/z [M+H] * calcd for Ci2H2N2O4
257.1495 found 257.1496.

Dimethyl (25,5S5,895)-1,7-diazaspiro[4.5]decane-2,8-dicarboxylate  bis  hydrochloride
[(25,58,85)-4.7]

Iodide (25,55)-4.6 (45 mg, 0.07 mmol) in dichloromethane was treated with HCI and
isolated as described for the diastereomer to afford hydrochloride (25,55,85)-4.7 (25 mg, 100%
yield) as a yellow solid: [a]p?® —3.7 (c 1.75, MeOH); '"H NMR (400 MHz, CD3OD) & 4.72-4.66
(dt, J=15.4,7.3 Hz, 1H), 4.24-4.21 (t, /= 6.0 Hz, 1H), 4.05-3.97 (q, /= 12.0 Hz, 1H), 3.93 (s,
3H), 3.91 (s, 3H), 3.75-3.63 (q, /= 12.5 Hz, 1H) 2.63-2.52 (m, 1H), 2.46-2.37 (m, 1H), 2.31-2.15
(m, 4H), 2.10-1.97 (m, 2H); *C{'H} NMR (100 MHz, CD;0D) & 169.0, 168.6, 71.5, 70.2, 60.0,
53.0, 34.0, 32.2, 29.3, 27.2, 25.0, 24.5; FT-IR (neat) vmax 2926, 1736, 1438, 1230, 1042 cm™.
HRMS (ESI-TOF) m/z [M+H]" calcd for C12H20N204 257.1495 found 257.1491.

Dimethyl (25,85)-2,8-di-/V-(Boc)amino-5-oxyranyl-azelate (4.8)
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A solution of azelate 1.65 (4.5 g, 9.8 mmol) in DCM (45 mL) was cooled to 0°C and treated
with m-chloroperbenzoic acid (2.5 g, 14.7 mmol, 1.5 equiv.). The ice bath was removed. The
suspension warmed to room temperature with stirring for 2 h, when TLC showed complete
consumption of olefin 7 (Ry= 0.40, 30% EtOAc in hexanes) and a more polar spot for epoxide 4.8
(Rr = 0.18, 30% EtOAc in hexanes). The reaction mixture was diluted with DCM (45 mL),
transferred to a separating funnel, and washed sequentially with 1IN NaOH (2 x 15 mL), water (15
mL) and brine (15 mL), dried over Na,SOg, filtered and concentrated in vacuo to a residue, that
was purified by flash column chromatography using 20% EtOAc in hexanes as eluent. Evaporation
of the collected fractions afforded epoxide 4.8 (4.1 g, 89%) as colorless oil: Ry = 0.18 (3:7
EtOAc/hexanes, visualized with KMnOa); [a]p? +11.1 (¢ 0.72, CHCl3); 'H NMR (500 MHz,
CDCl): 6 5.12-5.10 (d, J=5, 8.9 Hz, 1H), 5.07-5.06 (d, /= 8.9 Hz, 1H), 4.31-4.29 (m, 2H), 3,77
(s, 3H), 3.77 (s, 3H), 2.64-2.61 (m, 2H), 1.94-1.84 (m, 2H), 1.68-1.64 (m, 6H), 1.47 (s, 9H), 1.46
(s, 9H); BC{'H} NMR (125 MHz, CDCls) § 173.0 (2C), 155.4 (2C), 80.1 (2C), 58.1, 53.2, 53.1,
52.4,52.4,52.0,30.0,29.7,28.3 (6C), 28.0, 27.7; FT-IR (neat) vmax 3352, 2929, 1699, 1513, 1452,
1391, 1365, 1247, 1212, 1158, 1049, 1025 cm!. HRMS (ESI-TOF) m/z [M+Na] * caled for
C22H3sN209Na 497.2469, found 497.2466.

(285,5R,3°S)- and (25,55,85)-Methyl N-(Boc)-5-(3’-N-(Boc)amino)-4-methoxy-4-oxobutyl)-5-
(hydroxymethyl)prolinate [(2S5,5R,85)- and (25,55,85)-4.9]

A solution of epoxide 4.8 (2.5 g, 5.3 mmol) in DCM (100 mL) was cooled to —70°C, treated
with a solution of BF3'Et,O (1.4 mL, 10.5 mmol, 2 equiv.), and stirred for 4 h, when TLC indicated
two new spots (Ry=0.36 and 0.24, 40% EtOAc in hexanes, twice eluted). The reaction mixture
was quenched with saturated NH4Cl (15 mL), diluted with DCM (50 mL), washed with saturated

NH4Cl (4 x 30 mL), dried over NaxSOs, filtered and concentrated in vacuo. The residue was
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purified by flash column chromatography using 40% EtOAc in hexanes as eluant. First to elute
was (25,5R,85)-proline (2S5,5R,85)-4.9 (720 mg, 29%) as a gummy liquid: Ry = 0.36 (2:3
EtOAc/hexanes, twice eluted and visualized with KMnOs); [a]p?> —27.4 (¢ 0.65, CHCl3); 'H NMR
(500 MHz, CDCl3) 6 5.21-5.19 (d, J= 8.4 Hz, 1H), 4.62-4.59 (t, J= 6.7 Hz, 1H), 4.36-4.34 (dd, J
=94, 3.0 Hz, 1H), 4.32-4.30 (m, 1H), 3.92-3.88 (dd, /= 12.5, 6.3 Hz, 1H), 3.80-3.78 (d, /=7.8
Hz, 2H), 3.76 (s, 3H), 3.76 (s, 3H), 3.66-3.63 (dd, J=11.9, 6.0 Hz, 1H), 2.17-2.13 (m, 1H), 1.97-
1.93 (m, 2H), 1.84-1.78 (m, 3H), 1.46 (s, 9H), 1.42 (s, 9H); *C{'H} NMR (125 MHz, CDCls) &
173.4, 173.3, 155.7, 155.1, 81.3, 80.0, 69.0, 68.0, 61.6, 54.0, 52.2, 52.0, 33.0, 28.3, 28.2, 28.1,
27.0, 26.6; FT-IR (neat) vimax 3371, 2980, 1704, 1513, 1454, 1390, 1365, 1209, 1158, 1047, 1021
cm™ . HRMS (ESI-TOF) m/z [M+Na]" calcd for C22H3sN209Na 497.2469 found 497.2465.
Next to elute was (25,55,8S5)-proline (25,55,85)-4.9 (1.0 g, 40%) as a gummy liquid: Ry=0.24 (2:3
EtOAc/hexanes, twice eluted and visualized with KMnOa); [a]p? —28.3 (¢ 0.6, CHCl3); 'H NMR
(500 MHz, CDCls) & 5.34-5.32 (d, J = 8.2 Hz, 1H), 4.72-4.70 (dd, J = 9.0, 2.8 Hz, 1H), 4.32-4.29
(dd, J= 8.5, 6.4 Hz, 1H), 4.27-4.24 (m, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 3.69-3.66 (dd, J = 10.7,
6.3 Hz, 2H), 2.21-2.15 (m, 2H), 1.90-1.82 (m, 6H), 1.47 (s, 9H), 1.42 (s, 9H); *C{'H} NMR (125
MHz, CDCl3) 6 174.6, 173.0, 155.5, 154.2, 81.0, 80.0, 68.9, 67.4, 61.4, 53.4, 52.3, 33.0, 32.0, 31.0,
28.3,28.2,27.2,26.7; FT-IR (neat) vmax 3367, 2979, 1743, 1684, 1517, 1454, 1365, 1253, 1160,
1046, 1022 cm™'. HRMS (ESI-TOF) m/z [M+Na] * calcd for C22H3sN2O9Na 497.2469 found
497.2472.
(3S,6R,95)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylic acid
[(3S5,6R,95)-4.10]

A 0 °C solution of ester (35,6R,95)-4.020 (250 mg, 0.73 mmol) in 1,4-dioxane (2.5 mL)

was treated with a IN solution of LiOH (37 mg, 0.87 mmol, 1.2 equiv.). The cooling bath was
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removed. The reaction mixture warmed to room temperature with stirring for 3 h, at which time,
TLC indicated a new polar spot (Ry = 0.20, 15% acetic acid in ethyl acetate, visualized with
bromocresol green). The volatiles were evaporated under reduced pressure. The residue was
partitioned between H>O (10 mL) and EtOAc (5 mL). The aqueous phase was acidified with 1N
HCI to pH 3 and extracted twice with ethyl acetate (2 X 10 mL). The organic extractions were
combined, dried with Na>SOs, filtered, and concentrated under vacuum to afford acid (35,6R,9S5)-
4.10 (193 mg, 80%) as a white solid: mp 58-60 °C; [a]p* —117.8 (c 0.46, CHCl3); 'H NMR (400
MHz, DMSO-Dg): 6 12.3 (s, 1H), 7.06-7.04 (d, J = 9.0 Hz, 1H), 4.23-4.18 (t, J = 9.1 Hz, 1H),
3.95-3.88 (m, 1H), 3.48-3.45 (d, /= 11.8 Hz, 1H), 3.31 (s, 1H), 2.29-2.18 (m, 4H), 1.86-1.73 (m,
3H), 1.39 (overlapping m, 2H and s, 9H); *C{'H} NMR (100 MHz, DMSO-D6) & 174.2, 169.0,
156.0,78.1, 66.3,61.1,59.5,51.0, 35.0, 29.0, 28.7, 26.3, 25.0; FT-IR (neat) vmax 3352, 2922, 1692,
1630, 1519, 14301, 1393, 1366, 1314, 1247, 1160, 1102, 1042 cm™'. HRMS (ESI-TOF) m/z [M-
H] calcd for C15sH23N206 327.1561, found 327.1549.
(35,68,99)- and (35,6S5,9R)-3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-
carboxylic acid [(3S5,65,9R)- and (35,6S5,95)-4.10]

As described for the (35,6R,9S)-diastereomer above, ester (35,65,95)-4.020 (100 mg, 0.29
mmol) in 1,4-dioxane (2.5 mL) was treated with a IN solution of LiOH (15 mg, 0.35 mmol, 1.2
equiv.) and stirred overnight, when TLC indicated consumption of starting material. After aqueous
work up as above, the residue was purified by column chromatography using 1-2% of acetic acid
in ethyl acetate. First to elute was (35,65,95)-4.10 (34 mg, 35%) as a solid: mp 86-88 °C; Rr=0.18
(15% of CH3COH in EtOAc, visualized with KMnOs); [a]p* —96.3 (¢ 1.1, CHCI3); "H NMR (500
MHz, CDCls): & 4.54-4.53 (d, J = 9.5Hz, 1H), 4.39-4.34 (m, 1H), 3.59-3.52 (m, 2H), 2.43-2.37

(m, 2H), 2.20-2.15 (m, 2H), 2.06-1.95 (m, 2H), 1.92-1.87 (m, 1H), 1.78-1.71 (m, 1H), 1.47 (s, 9H);
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BC{'H} NMR (125 MHz, CDCls) § 174.4, 171.6, 156.4, 80.0, 67.1, 66.5, 60.4, 59.7, 49.7, 36.1,
28.7,28.4,27.1; FT-IR (neat) vmax 3345, 2947, 1634, 1434, 1163, 1057, 1033, 1018 cm™'. HRMS
(ESI-TOF) m/z [M—H]" calcd for C15sH23N206 327.1561, found 327.1549.
Second to elute was (35,65,9R)-4.10 (36.5 mg, 38%) as a solid: mp 92-94 °C; Ry=0.10 (15% of
CH3CO:H in EtOAc, visualized with KMnOa4); [a]p* —123.8 (¢ 0.63, CHCl3); '"H NMR (500 MHz,
CDCl): 6 4.51-4.49 (d, J = 10.3 Hz, 1H), 4.06-4.01 (m, 1H), 3.68-3.57 (dd, J = 15.5, 11.6 Hz,
2H), 2.48-2.40 (m, 1H), 2.26-2.24 (m, 1H), 2.14-2.10 (m, 2H), 2.05-2.01 (m, 1H), 1.87 — 1.79 (m,
2H), 1.48-1.45 (m, 10H); *C{'H} NMR (125 MHz, CDCl3) § 175.2, 174.4, 156.2, 80.1, 66.4,
59.4, 53.4, 51.3, 35.1, 34.5, 28.4, 26.6, 20.5; FT-IR (neat) vmax 3356, 2936, 1631, 1439, 1167,
1063, 1041, 1022 cm™'. HRMS (ESI-TOF) m/z [M-H] calcd for C1sH23N206 327.1561, found
327.1549.
Benzyl 3-N-(Boc)amino-6-hydroxymethyl-(35,6R,95)-12aa-(2S)-(3-pyridyl)alaninyl-(3S)-§-
homophenylalaninate [(6R,95)-4.16]

A solution of acid (35,6S5,95)-4.10 (150 mg, 0.45 mmol) in DCM (10 mL) was treated with
HOBt (62 mg, 0.45 mmol, 1 equiv.) and TBTU (147 mg, 0.45 mmol, 1 equiv.), stirred for 15 min,
treated with dipeptide hydrochloride 4.15 (207.4 mg, 0.45 mmol, 1 equiv.), followed by DIEA
(118 mg, 0.91 mmol, 2 equiv.), and stirred at room temperature for 5-6 h, when TLC indicated a
new nonpolar spot (Ry= 0.58, 1:9 MeOH/CHCI3). The reaction mixture was diluted with DCM
(10 mL) and washed with water (10 mL) and brine (10 mL), dried over Na;SOs, filtered and
evaporated to a residue, which was purified by flash column chromatography using 3-4 % MeOH
in CHCIs as eluant. Evaporation of the collected fractions afforded peptide (3.5,6R,95)-4.16 (115
mg, 35%) as a white foam: Ry= 0.58 (1:9 MeOH/CHCls, visualized by UV); [a]p? —27.6 (¢ 0.50,

CHCls); 'H NMR (400 MHz, CDCl3): & 8.49-8.46 (m, 2H), 7.74-7.72 (d, J = 7.6 Hz, 1H), 7.44-
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7.42(d,J=7.6 Hz, 1H), 7.37-7.34 (m, 6H), 7.28-7.22 (m, 4H), 5.81-5.79 (d, /J=7.6 Hz, 1H), 5.13-
5.04 (q, J = 12.3 Hz, 2H), 4.66-4.60 (m, 1H), 4.57-4.53 (t, J = 9.0 Hz, 1H), 4.50-4.45 (m, 1H),
3.89-3.82 (m, 1H), 3.60-3.57 (d, J=10.4 Hz, 1H), 3.48-3.43 (dd, J=14.3, 2.7 Hz, 1H), 3.07-3.01
(dd, J = 15.4, 8.1 Hz, 1H), 2.99-2.96 (m, 1H), 2.93-2.83 (m, 2H), 2.57-2.54 (t, J = 5.5 Hz, 2H),
2.43-2.40 (m, 1H), 2.26-2.19 (m, 6H), 1.97-1.89 (m, 1H), 1.48 (s, 9H), 1.28 (s, 3H); *C{'H} NMR
(100 MHz, CDCl3) 6 172.0, 171.1, 170.5, 170.0, 156.2, 150.1, 147.5, 138.0, 137.2, 136.0, 129.4,
128.54, 128.47, 128..4, 128.1, 126.6, 80.3, 71.0, 67.0, 66.4, 62.2, 60.5, 55.0, 52.0, 48.2, 40.2, 37.3,
35.4, 34.0, 30.0, 28.5, 25.6, 25.0; FT-IR (neat) vmax 3359, 2946, 1695, 1621, 1510, 1436, 1387,
1356, 1250, 1156, 1109, 1040, 1010 cm™'. HRMS (ESI-TOF) m/z [M+H]" calcd for C40H49NsOs
728.3653, found 728.3653 and [M+Na]" calcd for C40H49Ns5Os 750.3473, found 750.3476.
Benzyl 3-N-(Boc)amino-6-hydroxymethyl-(35,6S,9R)-I2aa-(2S)-(3-pyridyl)alaninyl-(3S)-§-
homophenylalaninate [(6S5,9R)-4.16]

Peptide (65,9R)-4.16 was synthesized by using the protocol described for the synthesis of
indolizidinone (6R,95)-4.16 using acid (3S5,65,9R)-4.10 (24 mg, 0.073 mmol) and isolated as a
white foam (32 mg, 60%): Ry=0.30 (1:9 MeOH/CHClI3, visualized by UV); [a]p® +27.6 (c 0.58,
CHCl3); 'H NMR (400 MHz, CDCls): § 8.44 (s, 2H), 7.59-7.57 (d, J= 6.5 Hz, 1H), 7.37-7.36 (m,
4H), 7.27-7.15 (m, TH), 6.99-6.96 (d, J=9.9 Hz, 1H), 5.47-5.45 (d, J=7.8 Hz, 1H), 5.13-5.05 (m,
2H), 4.50-4.39 (m, 2H), 4.34-4.32 (d, J = 9.5 Hz, 1H), 3.8 (s, 1H), 3.63-3.54 (m, 2H), 3.16-3.15
(d, J = 6.6 Hz, 2H), 2.93-2.88 (dd, J = 13.6, 6.3 Hz, 1H), 2.79-2.73 (dd, J = 13.6, 8.3 Hz, 1H),
2.50-2.45 (dd, J = 15.0, 5.7 Hz, 6H), 2.24-2.22 (m, 1H), 1.79-73 (m, 3H), 1.43 (s, 9H), 1.28 (s,
2H); BC{'H} NMR (100 MHz, CDCl3) § 172.0, 171.4, 171.0 169.4, 156.0, 150.1, 148.0, 139.1,
137.6,135.7,129.4, 128.6, 128.5, 128.4, 126.6, 124.0, 80.0, 66.4, 66.3, 65.5, 60.3, 55.0, 51.5, 48.0,

40.0,37.0, 36.0, 34.4,31.0, 30.0, 29.4, 28.4, 27.0, 26.0; FT-IR (neat) vmax 3366, 2955, 1686, 1617,
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1515, 1423, 1369, 1339, 1245, 1167, 1118, 1035, 1004 cm™'. HRMS (ESI-TOF) m/z [M+H]" calcd
for C40H49Ns50g 728.3653, found 728.3657 and [M+Na]" calcd for C40HsoNsOg 750.3473, found
750.3481.

Benzyl 3-N-(Boc)amino-6-hydroxymethyl-(3S,65,95)-1*aa-(2S5)-(3-pyridyl)alaninyl-(3.5)--
homophenylalaninate [(65,95)-4.16]

Peptide (65,95)-4.16 was synthesized by using the protocol described for the synthesis of
indolizidinone (6R,95)-4.16 using acid (35,65,95)-4.10 (21 mg, 0.064 mmol) and isolated (30 mg,
65%) as a white foam: Ry = 0.37 (1:9 MeOH/CHCls, visualized by UV); [a]p®® —8.6 (c 0.42,
CHCls); '"H NMR (400 MHz, CDCl3): & 8.48-8.45 (m, 2H), 7.65-7.63 (d, J = 7.9 Hz, 1H), 7.38-
7.35 (m, 4H), 7.28-7.17 (m, 6H), 7.02-7.00 (d, /= 7.7 Hz, 1H), 5.70-5.68 (d, /J="7.1 Hz, 1H), 5.14-
5.04 (q, J = 12.2 Hz, 2H), 4.51-4.43 (m, 2H), 4.34-4.32 (d, /= 9.3 Hz, 1H), 4.17-4.12 (dd, J =
15.2,7.7 Hz, 1H), 3.52-3.46 (q, /= 11.3 Hz, 2H), 3.32-3.27 (13.2,4.9 Hz, 1H), 3.17-3.12 (dd, J =
14.1, 8.7 Hz, 1H), 2.99-2.95 (dd, J=13.6, 6.1 Hz, 1H), 2.85-2.79 (dd, J=13.5, 8.9 Hz, 1H), 2.52-
2.51 (d, J=5.7 Hz, 2H), 2.45-2.38 (m, 4H), 2.05-2.01 (dd, J = 12.0, 7.0 Hz, 1H), 1.90-1.83 (m,
1H), 1.79-1.72 (m, 2H), 1.46 (s, 9H), 1.38 (s, 1H), 1.28 (s, 2H); *C{'H} NMR (100 MHz, CDCl;)
0 172.0,171.3,171.2,170.0, 156.3, 150.2, 148.0, 137.6, 137.2, 136.0, 130.0, 129.4, 128.5, 128 .4,
128.3, 127.0, 80.0, 66.6, 66.5, 61.0, 55.3, 55.0, 49.4, 48.0, 40.0, 37.0, 36.0, 34.0, 30.0, 29.5, 28.5,
28.3,27.4, 24.5; FT-IR (neat) vmax 3366, 2955, 1686, 1616, 1515, 1423, 1369, 1339, 1245, 1167,
1118, 1035, 1004 cm™. HRMS (ESI-TOF) m/z [M+H]" caled for C4oH49NsOs 728.3653, found
728.3657 and [M+Na]" caled for C40H49NsOsg 750.3473, found 750.3481.

Benzyl phenylacetyl-(3S,6R,95)-12aa-(25)-(3-pyridyl)alaninyl-(35)-p-homophenylalaninate

[6R,9S)-4.17]
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Carbamate (6R,95)-4.16 (35 mg, 0.053 mmol) in DCM (15 mL) was treated with HCI gas
bubbles for 1-2 h, when TLC showed complete conversion of starting material [Rf = 0.58 (1:9
MeOH/CHCIs, visualized by UV)]. The volatiles were evaporated. The residue was dissolved and
evaporated from DCM (20 mL) three times. Without further purification, amine HCI salt was
dissolved 20 mL of dichloromethane, treated with DIEA (14 mg, 0.10mmol) and incrementally
with phenylacetic anhydride (7 mg, 0.026 mmol, 0.5 equiv.) to avoid bis-acylation, and stirred for
5-6 h, when TLC showed remaining starting material and 0.25 equiv. of phenylacetic anhydride
was added to the reaction mixture which was stirred for 10 h, when TLC and LCMS indicated
consumption of amine starting material and formation of amide (6R,95)-4.17 contaminated with
minor amounts of N,0-bis-phenyl acetylation product. The reaction mixture was washed with 50
mL of brine, dried over Na;SOq, filtered and evaporated. The residue was purified by column
chromatography using 3-4% MeOH in CHCI; as an eluent. Evaporation of the collected fractions
gave phenyl acetamide (6R,95)-4.17 (12 mg, 33%) as white foam: Ry= 0.5 (10% MeOH in CHCls,
visualized by UV); [0]p?® —32.5 (¢ 0.8, CHCl3); 'H NMR (400 MHz, CDCl3): § 8.45-8.40 (m, 2H),
7.70-7.68 (d,J="7.8 Hz, 1H), 7.53-7.51 (d, /= 8.8 Hz, 1H), 7.37-7.36 (m, 5H), 7.33-7.30 (m, 4H),
7.28-7.24 (m, 7H), 7.09-7.07 (d, J = 7.4 Hz, 1H), 5.13-5.05 (q, J = 12.3 Hz, 2H), 4.58-4.51 (m,
3H), 4.01-3.95 (dt, J=10.7, 7.5 Hz, 1H), 3.61 (s, 2H), 3.55-3.52 (d, J=10.7 Hz, 1H), 3.31-3.27
(dd, J=14.3, 3.5 Hz, 1H), 3.05-2.98 (m, 2H), 2.90-2.75 (m, 2H), 2.60-2.59 (d, J = 6.1 Hz, 2H),
2.42-2.37 (m, 2H), 2.24-2.18 (m, 4H), 2.06-1.93 (m, 4H); *C{'H} NMR (100 MHz, CDCl3) §
171.85,171.83 171.1, 170.1, 169.9, 137.7, 137.1, 136.0, 134.3, 129.5, 129.3, 129.0, 128.6, 128.5,
128.4, 128.1, 127.4, 127.0, 67.0, 66.4, 62.0, 60.3, 55.4, 51.3, 50.1, 48.0, 43.3, 40.5, 37.6, 35.3,
33.6, 33.0, 32.0, 30.0, 29.4, 25.1, 24.5; FT-IR (neat) vmax 3372, 2949, 1695, 1661, 1610, 1513,

1421, 1366, 1348, 1254, 1145, 1109, 1015, 1004 cm™. HRMS (ESI-TOF) m/z [M+H]" calcd for
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C43H47NsO7 746.3548, found 746.3551 and [M+Na]" calcd for C43H47NsO7 768.3367, found
768.3368.

Benzyl phenylacetyl-(3S5,6S,9R)-1*aa-(2S5)-(3-pyridyl)alaninyl-(3S)-B-homophenylalaninate
[6S,9R)-4.17]

Phenylacetamide (65,9R)-4.17 was synthesized from carbamate (65,9R)-4.16 (26 mg, 0.04
mmol) using the protocol described for the synthesis of (6R,95)-4.17 and isolated as white foam
(10 mg, 49%): Ry= 0.25 (1:9 MeOH/CHCl3, visualized by UV); [a]p® —29.7 (c 0.8, CHCl3); 'H
NMR (400 MHz, CDCls): 6 8.44-8.40 (m, 2H), 7.55-7.52 (dt, J= 7.7, 1.6 Hz, 1H), 7.37-7.34 (m,
5H), 7.28-7.27 (m, 4H), 7.21-7.16 (m, 4H), 7.09-7.07 (dd, J = 7.4, 1.7 Hz, 2H), 6.95-6.90 (dd, J =
13.4, 8.1 Hz, 2H), 6.68-6.66 (d, J = 7.4 Hz, 1H), 5.11-5.0 (m, 2H), 4.45-4.39 (m, 3H), 3.72-3.66
(m, 1H), 3.62-3.59 (m, 2H), 3.56-3.48 (m, 2H), 3.17-3.15 (d, J = 6.9 Hz, 2H), 2.87-2.72 (m, 2H),
2.54-2.39 (m, 2H), 2.26-2.22 (m, 1H), 2.18-2.14 (m, 2H), 2.03-1.98 (m, 2H), 1.77-1.61 (m, 5H);
BC{'H} NMR (100 MHz, CDCl3) § 172.1, 171.6, 171.4,170.0, 169.4, 150.4, 148.0, 137.7,137.0,
135.7,134.7,133.1, 129.6, 129.5, 128.8, 128.6, 128.4, 128.3, 127.2, 126.5, 123.6, 66.6, 66.4, 65.6,
60.3, 54.6, 51.1, 48.0, 43.2, 40.0, 37.1, 36.0, 34.2, 31.0, 29.7, 27.0, 25.1; FT-IR (neat) vmax 3360,
2953, 1689, 1668, 1617, 1526, 1426, 1369, 1346, 1257, 1151, 1119, 1020, 1010, 917 cm™. HRMS
(ESI-TOF) m/z [M+H]" caled for C43H47NsO7 746.3548, found 746.3552 and [M+Na]" caled for
C43H47N507 768.3367, found 768.3375.

Benzyl phenylacetyl-(3S,6S5,95)-12aa-(25)-(3-pyridyl)alaninyl-(35)-p-homophenylalaninate
[6S,985)-4.17]

Phenylacetamide (6S,95)-4.17 was synthesized from carbamate (65,95)-4.16 (26 mg, 0.04

mmol) using the protocol described for the synthesis of (6R,95)-4.17 which provided 10 mg (37%)

of a white foam: Ry= 0.35 (1:9 MeOH/CHClI;, visualized by UV); [o]p®® —16.3 (¢ 0.8, CHCI3); 'H
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NMR (400 MHz, CDCly): & 8.49 (s, 1H), 8.42-8.41 (d, J = 3.7 Hz, 1H), 7.62-7.60 (d, J = 7.8 Hz,
1H), 7.36-7.34 (m, 5H), 7.28-7.25 (m, 6H), 7.22-7.15 (m, 6H), 7.10-7.08 (d, J= 8.3 Hz, 1H), 5.13-
5.04 (q, J=12.2 Hz, 2H), 4.49-4.43 (m, 2H), 4.34-4.25 (m, 2H), 3.56 (s, 2H), 3.47-3.44 (m, 1H),
3.41-3.38 (d,J=11.3 Hz, 1H), 3.25-3.20 (dd, /= 14.2, 4.9 Hz, 1H), 3.11-3.04 (dd, J = 14.1, 10.0
Hz, 1H), 3.02-2.95 (m, 1H), 2.87-2.82 (dd, /= 13.6, 8.6 Hz, 1H), 2.57-2.52 (dd, J = 14.0, 5.9 Hz,
2H), 2.39-2.30 (m, 2H), 2.11-2.04 (m, 2H), 1.97-1.93 (dd, J = 12.4, 6.7 Hz, 2H), 1.84-1.73 (m,
4H); BC{'H} NMR (100 MHz, CDCl3) § 172.0, 171.4, 171.1, 170.0, 137.6, 137.0, 136.0, 135.0,
129.4,129.3,129.1, 128.8, 128.6, 128.58, 128.56, 128.44, 128.38, 128.3, 127.2, 126.7, 66.7, 66.5,
61.0, 48.6, 48.0, 43.5, 43.2, 41.6, 40.1, 37.2, 36.0, 34.0, 32.0, 30.0, 27.4, 27.2; FT-IR (neat) Vmax
3360, 2953, 1689, 1668, 1617, 1526, 1426, 1369, 1346, 1257, 1151, 1119, 1020, 1010, 917 cm™".
HRMS (ESI-TOF) m/z [M+H]" calcd for C43H47NsO7 746.3548, found 746.3550 and [M+Na]"

calcd for C43H47Ns507 768.3367, found 768.3374.
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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13C DEPT NMR 125 MHz
Solvent: CDCl3
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TH NMR, 500 MHz
Solvent: CDCI;
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BC NMR, 125 MHz
Solvent: CDCI;
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'H NMR 700 MHz
Solvent: CD3;0D
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13C NMR 175 MHz
Solvent: CD3;0OD
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'"H NMR 700 MHz
Solvent: CD3;0OD
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13C NMR 175 MHz
Solvent: CD3;0OD
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'"H NMR 700 MHz
Solvent: CD3;0OD
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13C NMR 175 MHz
Solvent: CD3;0OD
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
v [SARANPEEEER YRV NN

Zé
(@]
®)
N
<
(0]
—3.97
—3.95

N (i T
Boc . /1 —
BocHN ‘
|
CO,Me
(5R)-4.6
3.95 3.90 3.85 3.80 3.75 3.70 3.65 3.60
f1 (ppm)
! i
A M__)WLJU{ JL_J M
T 1T 1 &y 1 T
T

T T T T T T T T T T T T T T T T

5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2
f1 (ppm)

5104



Appendix (Article 3)

13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CD3;0OD
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13C NMR 100 MHz
Solvent: CD3;0OD
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'"H NMR 400 MHz
Solvent: CD3;0OD
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13C NMR 100 MHz
Solvent: CD3;0OD
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 500 MHz
Solvent: CDCl3
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13C NMR 125 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: DMSO-Dg
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3C NMR 100 MHz
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Solvent: DMSO-Dg
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TH NMR, 500 MHz
Solvent: CDCI;
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BC NMR, 125 MHz
Solvent: CDCI;
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TH NMR, 500 MHz
Solvent: CDCI;
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BC NMR, 125 MHz
Solvent: CDCI;
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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'"H NMR 400 MHz
Solvent: CDCl3
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13C NMR 100 MHz
Solvent: CDCl3
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4.8. Ascertainment of purity by HPLC

Method A: Analytical HPLC, 10 to 90% MeOH [0.1% formic acid (FA)] in water (0.1% FA) over
14 min, flow rate of 0.5 mL/min on a on a Sunfire C18 analytical column (3.5 um, 4.6 mm X 100
mm).

Method B: Analytical HPLC, 10 to 90% MeCN [0.1% formic acid (FA)] in water (0.1% FA) over
14 min, flow rate of 0.5 mL/min on a on a Sunfire C18 analytical column (3.5 pm, 4.6 mm X 100
mm).

Method A, (6R,9S)-4.4, Purity> 96% (MeOH)

Method A, (65,95)-4.4, Purity> 96% (MeOH) o ("
| y G s
’\\Q’V o NH O O
Ph/j?/ (65,95)-4.4 X

¢ \;IZ
—2Z

s8. 3888 ?

Method B, (65,95)-4.4, Purity> 96% (ACN)

s8-88EE
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Method A, (6S,9R)-4.4, Purity> 96% (MeOH)
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4.9. Crystallography data and Molecular structure for compounds

4.9.1. General methods for making crystals:

Crystals of azabicyclo[ X.Y.Z]alkanones (35,6R,95)-4.020 (LUB 140) and (35,6S5,95)-4.020 (LUB
139) were grown respectively from dichloromethane-hexane using the liquid-vapour saturation

method.

Methyl 3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate  [(35,6R,9S5)-

4.020, LUB 140]

Cuj 50 (o
N AR A O

7
i

MTen

Table 1 Crystal data and structure refinement for LUB140.

Identification code lub140
Empirical formula Ci6H26N206
Formula weight 342.39

S138



Temperature/K
Crystal system
Space group
a/A

b/A

c/A

o

o/

pre
v/°
Volume/A3
Z

Pcalcg/ cm?

w/mm?!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=20 ()]

Final R indexes [all data]

100

orthorhombic

P21212;

11.179(2)

15.389(3)

23.845(4)

90

90

90

4101.9(14)

8

1.109

0.707

1472.0

0.3 x0.04 x0.03

CuKoa (A =1.54178)

6.836 to 140.582
-13<h<13,-17<k<18,-29<1<28
24171

7667 [Rint = 0.0999, Rsigma = 0.0752]
7667/0/444

1.064

R =0.0862, wR> = 0.2340

R1=10.1203, wR> = 0.2641

Largest diff. peak/hole / e A~ 0.33/-0.31
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Flack parameter 0.5(6)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters
(A?x10%) for lub140. U is defined as 1/3 of of the trace of the orthogonalised Uy tensor.

Atom X y z U(eq)
Ol1A 5669(5) 8596(4) 7355(2) 53.1(13)
02A 5043(7) 10009(4) 9550(3) 68.7(18)
03A 3044(6) 8606(4) 8154(3) 64.1(16)
04A 3310(6) 7296(4) 7773(3) 62.4(15)
O5A 8458(5) 9357(4) 6854(2) 53.9(13)
06A 7439(6) 10453(4) 6442(2) 54.9(13)
N1A 5598(6) 8634(4) 8303(3) 44.8(14)
N2A 7048(6) 10114(4) 7326(3) 49.4(15)
ClA 6021(8) 8903(5) 7798(3) 51.3(18)
C2A 7054(7) 9558(5) 7814(3) 45.7(16)
C3A 7174(8) 10060(5) 8364(3) 51.6(18)
C4A 7102(8) 9447(5) 8851(3) 53.4(19)
C5A 5870(9) 8987(5) 8853(3) 54(2)
C6A 5799(10) 8181(6) 9223(4) 64(2)
C7A 4821(9) 7613(5) 8951(4) 59(2)
C8A 4903(7) 7846(5) 8321(3) 45.4(16)
C9A 4862(9) 9618(5) 9016(3) 55(2)
C10A 3656(7) 7976(5) 8074(3) 48.5(17)
Cl1A 2123(10) 7352(6) 7544(5) 76(3)
CI2A 7698(7) 9937(5) 6871(3) 45.6(16)
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CI3A

Cl4A

CI15A

Cl6A

OIB

O2B

O3B

04B

O5B

O6B

NI1B

N2B

C1B

C2B

C3B

C4B

C5B

C6B

C7B

C8B

C9B

C10B

Cl1B

C12B

C13B

8040(9)
7820(9)
7433(9)
9363(8)
5197(5)
9453(6)
6659(7)
6302(6)
4091(6)
3073(5)
7159(7)
4797(6)
6006(9)
5947(8)
6997(9)
8189(8)
8284(9)
9202(10)
8760(9)
7370(9)
8432(8)
6742(8)
5597(12)
3990(7)

2089(9)

10372(6)
9486(6)
11066(6)
10569(6)
5911(3)
7882(4)
6170(4)
4738(4)
6688(4)
7746(3)
6143(4)
7328(4)
6294(5)
6856(5)
7461(5)
6969(5)
6621(6)
5904(6)
5387(7)
5406(6)
7366(6)
5502(5)
4766(7)
7203(5)

7780(6)

5902(3)
5639(4)
5548(4)
5972(4)
7208(2)
7352(3)
8389(3)
8287(3)
5697(2)
6154(2)
7205(3)
6481(3)
7015(3)
6490(3)
6380(3)
6453(4)
7045(4)
7124(5)
7642(5)
7579(4)
7470(4)
8125(4)
8808(5)
6083(3)

5741(4)
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56(2)
63(2)
65(2)
58(2)
54.0(13)
73.8(19)
73.0(19)
66.9(17)
55.9(14)
53.1(13)
55.3(17)
50.3(15)
52.6(19)
53.3(19)
57(2)
58(2)
61(2)
74(3)
72(3)
63(2)
60(2)
58(2)
84(3)
47.1(17)

60(2)

5141
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C14B 1426(8) 6929(7) 5725(5) 69(2)
C15B 1297(8) 8496(6) 5979(5) 63(3)
C16B 2558(10) 8036(6) 5173(4) 69(2)

Table 3 Anisotropic Displacement Parameters (A?x10%) for lub140. The Anisotropic
displacement factor exponent takes the form: -2n’[h?a*?U;1+2hka*b*U o+...].

Atom Un Un Uss Uz U Un2
O1A 45(3) 64(3) 50(3) -7(2) -9(2) 2(3)
02A 87(5) 63(3) 56(3) -1(3) 6(3) -24(3)
03A 50(4) 52(3) 90(4) -6(3) -14(3) 5(3)
O4A 55(4) 57(3) 75(4) -12(3) 21(3) 2(3)
O5A 47(3) 63(3) 52(3) 5(2) 0(2) 8(3)
O6A 55(4) 62(3) 48(3) 5(2) 2(2) 3(3)
N1A 38(3) 47(3) 49(3) -1(3) -8(3) -4(3)
N2A 44(4) 55(3) 50(3) -1(3) 2(3) -3(3)
ClA 59(5) 45(4) 50(4) -4(3) 1(4) -1(3)
C2A 41(4) 44(3) 51(4) 4(3) -1(3) -8(3)
C3A 45(5) 53(4) 57(4) 2(3) 3(4) 3(3)
C4A 55(5) 60(4) 45(4) 2(3) -15(3) “14(4)
C5A 63(6) 45(4) 54(4) 6(3) -1(4) -15(4)
C6A 66(6) 58(5) 66(5) 12(4) -15(5) -13(4)
C7A 64(6) 50(4) 64(5) 3(4) -13(4) -13(4)
C8A 32(4) 43(3) 61(4) -1(3) -5(3) -5(3)
C9A 73(6) 51(4) 40(4) 0(3) 5(4) -5(4)
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CI0A

Cl1A

CI12A

CI13A

Cl4A

CI5A

CI6A

OlB

O2B

O3B

04B

O5B

O6B

NI1B

N2B

C1iB

C2B

C3B

C4B

C5B

C6B

C7B

C8B

C9B

C10B

42(4)
70(7)
41(4)
57(5)
60(6)
63(6)
56(5)
53(3)
64(4)
94(6)
62(4)
54(4)
53(3)
54(4)
52(4)
64(6)
62(5)
77(6)
46(5)
54(5)
63(6)
59(6)
68(6)
49(5)

54(5)

50(4)
61(5)
47(4)
62(5)
73(5)
68(5)
60(5)
55(3)
54(3)
61(4)
58(3)
54(3)
55(3)
59(4)
53(3)
47(4)
49(4)
48(4)
56(4)
57(4)
70(5)
74(6)
52(4)
63(5)

53(4)

53(4)
97(7)
49(4)
48(4)
55(5)
63(5)
59(5)
54(3)
103(5)
64(4)
81(4)
59(3)
52(3)
54(4)
46(3)
47(4)
49(4)
47(4)
71(5)
73(6)
88(7)
82(6)
69(5)
68(5)

67(5)

-13)
-16(5)
0(3)
13)
5(4)
1(4)
-5(4)
5(2)
9(3)
0(3)
3(3)
-5(3)
-8(2)
-6(3)
4(3)
13)
2(3)
0(3)
4(4)
-1(4)
1(5)
2(5)
1(4)
-6(4)

4(4)

-10(3)
-40(6)
-11(3)
4(4)
6(4)
10(4)
8(4)
13)
-30(4)
-13(4)
5(3)
-1(3)
-8(3)
-18(3)
4(3)
-6(4)
7(4)
7(4)
12(4)
-18(4)
-11(5)
-19(5)
-15(4)
-20(4)

-15(4)
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3(3)
-5(5)
-4(3)
4(4)
-1(5)
-2(5)
-1(4)
-4(3)
-6(3)
-3(3)
6(3)
3(3)
13(3)
-14(3)
15(3)
4(4)
2(4)
5(4)
6(4)
0(4)
12(5)
15(5)
7(4)
-5(4)

8(4)
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Cl1B

C12B

C13B

Cl14B

C15B

CléB

78(8)
50(5)
57(6)
38(5)
44(5)

63(6)

80(7) 94(8)
40(3) 52(4)
63(5) 60(5)
75(6) 93(7)
67(5) 94(7)
75(6) 67(6)

Table 4 Bond Lengths for lub140.

Atom Atom Length/A

Ol1A

O2A

O3A

O4A

O4A

O5A

O6A

O6A

NI1A

NIA

NIA

N2A

N2A

ClA

C2A

CIA 1.223(10)
C9A 1.424(10)
C10A 1.203(10)
C10A 1.326(9)
C11A 1.438(11)
CI12A 1.232(9)
CI12A 1.326(9)
CI3A 1.458(10)
CIA 1.359(10)
C5A 1.451(10)
C8A 1.441(9)
C2A 1.446(9)
CI12A 1.334(10)
C2A 1.534(10)

C3A 1.528(10)

Atom Atom Length/A

Ol1B

O2B

O3B

04B

0O4B

O5B

O6B

O6B

NI1B

NI1B

NI1B

N2B

N2B

CIB

C2B

CIB 1.173(10)
C9B 1.418(11)
C10B 1.208(11)
C10B 1.331(11)
C11B 1.471(13)
C12B 1.220(9)
C12B 1.333(9)
C13B 1.476(10)
CIB 1.386(12)
C5B 1.507(12)
C8B 1.463(11)
C2B 1.477(11)
C12B 1.324(11)
C2B 1.523(11)

C3B 1.522(12)

18(6)
4(3)
4(4)
-4(5)
-13(5)

3(4)

4(6)
13(3)
-14(4)
-1(5)
-28(5)

-17(5)
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2(6)
10(3)
7(4)
2(4)
17(4)

12(5)
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C3A C4A

C4A C5A

C5A C6A

C5A COA

CoA CT7A

C7A C8A

1.498(11) C3B

1.548(12) C4B

1.524(11) C5B

1.537(13) C5B

1.543(12) C6B

1.547(12) C7B

C8A CI10A 1.527(10) C8B

C13A C14A 1.520(12)
C13A C15A 1.522(12)

CI13A CI16A 1.519(13)

C4B 1.543(12)

C5B 1.514(12)

C6B 1.519(13)

C9B 1.539(12)

C7B 1.550(15)

C8B 1.562(14)

C10B 1.486(13)

Table 5 Bond Angles for lub140.

Atom Atom Atom Angle/®

CI10A O4A CI11A 115.3(7)

C12A O6A

Cl1A NI1A

Cl1A NI1A

C8A NI1A

CI12A N2A

OlA ClA

OlA ClA

N1A CIlA

N2A C2A

N2A C2A

CI13A 121.9(6)

CSA

C8A

CSA

C2A

NIA

C2A

C2A

ClA

C3A

127.9(6)
118.0(6)
113.7(6)
122.1(7)
122.5(7)
121.2(7)
116.1(7)
111.4(6)

113.1(6)

C13B C14B 1.506(13)
CI13B C15B 1.522(12)

C13B C16B 1.505(13)

Atom Atom Atom Angle/®

C10B O4B
C12B O6B
Ci1B NIB
Ci1B NIB
C8B NIB
C12B N2B
OlB CIB
OlB CIB
NiB CIB
N2B C2B

N2B C2B

C11B 114.7(8)

C13B 120.7(6)

C5B

C8B

C5B

C2B

NI1B

C2B

C2B

CI1B

C3B

127.7(7)
118.7(7)
113.5(7)
122.2(6)
120.2(7)
125.1(8)
113.8(8)
109.2(7)

111.6(6)
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C3A

C4A

C3A

NIA

NIA

NI1A

C6A

C6A

C9A

C5A

C6A

NIA

NIA

C2A ClA

C3A C2A

C4A C5A

C5A C4A

C5A C6A

C5A C9A

C5A C4A

C5A CO9A

C5A C4A

CoA CT7A

C7A C8A

C8A CT7A

114.8(7)
110.0(6)
109.8(7)
110.8(7)
101.9(6)
108.1(7)
114.8(8)
109.3(8)
111.4(7)
104.8(7)
103.5(7)

104.8(6)

C8A CI10A 111.8(6)

CI0A C8A C7A

0O2A

O3A

O3A

O4A

O5A

O5A

O6A

O6A

O6A

O6A

C9A C5A

C10A O4A

CI10A C8A

C10A C8A

C12A O6A

CI12A N2A

CI12A N2A

110.6(7)
112.9(8)
123.8(7)
124.3(7)
111.8(7)
124.0(7)
123.4(7)

112.6(7)

C13A C14A 111.4(7)

CI13A C15A 103.0(7)

CI13A C16A 109.5(7)

C14A C13A C15A 109.3(7)

C3B

C2B

C5B

NI1B

NI1B

N1B

C4B

C4B

C6B

C5B

C6B

NI1B

NI1B

C2B CIB

C3B (4B

C4B C3B

C5B (4B

C5B C6B

C5B C9B

C5B C6B

C5B C9B

C5B C9B

CcoeB C7B

C7B C8B

C8B C7B

117.2(7)
110.3(6)
109.9(7)
110.5(7)
100.2(7)
106.7(8)
114.9(9)
111.0(7)
112.8(8)
104.9(9)
103.4(8)

103.5(8)

C8B CI10B 112.5(7)

C10B C8B C7B

O2B

O3B

O3B

0O4B

O5B

O5B

N2B

06B

06B

06B

C9B C5B

C10B O4B

C10B C8B

C10B C8B

C12B O6B

C12B N2B

C12B O6B

112.8(8)
111.9(8)
124.9(9)
125.1(9)
109.9(8)
125.1(8)
124.9(7)

110.0(6)

C13B C14B 110.7(7)

CI3B CI15B 102.2(7)

CI3B C16B 110.5(8)

C14B C13B C15B 110.6(8)

Appendix (Article 3)

S146



Appendix (Article 3)

C16A C13A C14A 112.5(8) C16B C13B C14B 112.1(8)

C16A CI3A C15A 110.8(8) C16B C13B C15B 110.4(8)

Table 6 Hydrogen Bonds for lub140.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
02A H2A O5B! 0.84 2.07 2.821(8) 148.5
N2A H2AA O4A'0.88 2.65 3.389(9) 142.8
N2A H2AA OIB' 0.88 2.35 3.006(9) 131.7
C3A H3AB O1B' 0.99 2.48 3.256(10) 134.6
C8A HSA O3B 1.00 2.46 3.246(10) 134.6
C9A H9AA O1B! 0.99 2.57 3.532(10) 163.4
C9A H9AB O3A 0.99 2.60 3.283(11) 126.0
Cl14A H14A OS5SA 0.98 241 2.989(10) 116.9
C16A H16B O2A%0.98 2.70 3.567(11) 147.5
CI6A H16C OSA 0.98 2.44 2.987(10) 114.9
O2B H2B OS5A 0.84 1.97 2.794(8) 168.6
N2B H2BA OlA 0.88 2.30 3.016(8) 138.7
C3B H3BA OlA 0.99 2.44 3.266(10) 140.6
C8B HSB 03A31.00 2.33 3.308(11) 164.9
C9B HY9BA O1A 0.99 2.65 3.634(11) 173.2

CI14B H14D O5B 098 247  3.003(11) 114.2

N-X,1/2+Y,3/2-Z; ?3/2-X,2-Y ,-1/2+Z; *1-X,-1/2+Y ,3/2-Z
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Table 7 Torsion Angles for lub140.

A

OlA

OlA

NIA

NIA

NI1A

NI1A

NI1A

NI1A

N2A

ClA

ClA

ClA

Cl1A

Cl1A

Cl1A

C2A

C2A

C2A

C3A

C3A

C3A

C4A

B C

ClA C2A

ClA C2A

ClA C2A

ClA C2A

CS5A C6A

C5A C9A

D

N2A

C3A

N2A

C3A

C7A

02A

C8A CI10A O3A

C8A CI10A O4A

C2A C3A

NI1A C5A

NI1A C5A

NI1A C5A

NIA C8A

NIA C8A

C2A C3A

C4A

C4A

Co6A

C9A

C7A

Angle/*
34.2(10)
164.5(7)
-151.2(7)
-20.9(10)
-33.1(10)
-179.7(6)
-41.2(11)
140.7(7)
176.7(7)
-25.0(11)
-147.6(8)
97.3(9)

167.1(7)

C10A -73.0(9)

C4A

N2A C12A O5A

N2A C12A O6A

C3A C4A

C4A C5A

C4A C5A

C4A C5A

C5A C6A

C5A

NIA

C6A

C9A

C7A

47.2(9)

-9.3(11)
170.9(6)
-61.5(9)
49.4(9)

164.2(7)
-71.0(9)

-152.9(8)

A

OIB

OIB

NI1B

NI1B

NI1B

NI1B

NI1B

NI1B

N2B

C1B

C1B

C1B

C1B

C1B

C1B

C2B

C2B

C2B

C3B

C3B

C3B

C4B

B C

C1B C2B

C1B C2B

C1B C2B

C1B C2B

C5B C6B

C5B C9B

D

N2B

C3B

N2B

C3B

C7B

O2B

C8B C10B O3B

C8B C10B O4B

C2B C3B

N1B C5B

N1B C5B

N1B C5B

NIB C8B

NIB C8B

C2B C3B

C4B

C4B

Cé6B

C9B

C7B

Angle/’
38.3(11)
166.4(8)
-152.2(7)
-24.1(10)
-36.6(9)
-178.4(7)
-40.5(13)
140.6(8)
174.1(7)
-29.7(12)
-151.3(8)
91.0(9)

173.8(7)

C10B -64.2(10)

C4B

47.1(10)

N2B C12B O5B 1.6(12)

N2B C12B 06B

C3B (4B

C4B C5B

C4B C5B

C4B C5B

C5B C6B

C5B

NI1B

C6B

C9B

C7B

-176.2(7)
-60.0(9)
49.6(9)
162.0(8)
-68.6(10)

-155.0(8)
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C4A C5A C9A O2A -57.7(9)
C5A NIACIA OlA -174.8(8)
C5A NIACIA C2A 10.6(12)
C5A NIAC8A C7A -6.19)

C5A NIA C8A CI0A 113.7(8)
C5A C6A CTA C8A 30.1(10)
C6A CS5A C9A 02A 70.2(9)

C6A C7A C8A NIA -15.2(9)
C6A CTA C8A CI0A -135.8(7)
C7A C8A CI0A O3A 75.1(10)
C7A C8A CI0A O4A -102.9(8)
C8A NIACIA OlA 13.0(12)
C8A NIACIA C2A -161.5(6)
C8A NIA C5A C4A 147.4(6)
C8A NIA C5A C6A 24.8(10)
C8A NIA C5A C9A -90.3(7)
C9A CS5A C6A CTA 81.2(9)

C11A O4A C10A O3A -0.5(13)
C11A O4A C10A C8A 177.6(8)
CI12A O6A CI3A CI4A 61.4(10)
CI12A O6A CI3A CI5A 178.4(7)
C12A 06A C13A C16A -63.7(9)
CI2AN2A C2A CIA -94.5(8)
CI2AN2A C2A C3A 134.4(8)

CI13A O6A CI2A O5A 0.4(11)
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C4B C5B C9B O2B -58.0(10)
C5B NIBCIB OIB -174.2(8)
C5B NIBCIB C2B 15.7(11)
C5B NIBCSB C7B -2.8(10)
C5B NIBCS8B CI0B 119.3(9)
C5B C6B C7B C8B 36.4(10)
C6B C5B C9B 02B 72.5(10)
C6B C7B C8B NIB -20.3(10)
C6B C7B C8B C10B -142.2(8)
C7B C8B C10B O3B 76.1(11)
C7B C8B C10B O4B -102.8(9)
C8B NIBCIB OIB 9.8(12)

C8B NIBCIB C2B -160.3(7)
C8B NIBC5B C4B 146.4(7)
C$B NIBC5B C6B 24.9(9)

C8B NIBCS5B C9B -92.8(8)
C9B C5B C6B C7B 76.5(10)
C11B 04B C10B O3B 4.7(13)

C11B 04B C10B C8B -176.4(8)
C12B 06B C13B C14B 64.3(10)
C12B 06B C13B C15B -177.9(7)
C12B 06B C13B C16B -60.4(10)
CI2BN2BC2B CIB -116.9(8)
CI2BN2BC2B C3B 111.9(8)

C13B O6B C12B 05B -2.0(12)
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CI13A O6A CI2AN2A -179.8(7) C13B O6B C12B N2B 175.7(7)

Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A?x10%)
for lub140.

Atom X y z U(eq)
H2A 5545.58 10412.48 9521.09 103
H2AA 6600.62 10584.91 7328.3 59
H2AB 7800.37 9203.15 7782.78 55
H3AA 7950.05 10370.34 8372.1 62
H3AB 6526.9 10497.24 8392.14 62
H4AA 7210.48 9771.63 9205.89 64
H4AB 7747.24 9008.63 8822.96 64
H6AA 5577.77 8338.85 9611.58 76
H6AB 6575.76 7871.63 9228.98 76
H7AA 4021.84 7755.46 9104.05 71
H7AB 4983.08 6987.28 9012.91 71
HSA 5329.77 7373.73 8113.74 54
H9AA 4805.48 10080.42 8728.02 65
H9AB 4092.81 9299.64 9018.83 65
HI1A 2017.23 6902.39 7257.01 114
HI1B 2007.27 7926.39 7374 114
HI1C 1535.1 7267.13 7843.48 114
HI14A 8196.21 9035.62 5870.25 94
H14B 8164.41 9472.76 5261.45 94
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H14C

HI5A

HI5B

HI5C

HI6A

H16B

H16C

H2B

H2BA

H2BB

H3BA

H3BB

H4BA

H4BB

H6BA

H6BB

H7BA

H7BB

H8B

H9BA

H9BB

HI1D

HIIE

HI1F

H14D

6957.19

6576.93

7790.08

7540.38

9458.45

9736.57

9746.21

9243.76

4642.27

5921.46

6967.68

6943.77

8229.15

8866.89

10006.15

9237.35

9014.77

9065.69

7096.9

7709.8

8505.62

4941

6111.72

5267.13

1926.58

9378.21

10936.89

11074.59

11635.39

11114.5

10624.07

10095.78

8330.26

7704.47

6444 48

7957.31

7693.99

6481.85

7365.76

6150.75

5525.08

5670.83

4783.54

4859.15

7737.99

7119.85

5183.55

4944.77

4188

6487.17

5616.98

5517.73

5172.67

5725.62

6179.19

5601.9

6179.99

7177.37

6749.41

6165.97

6643.69

5993.28

6182.45

6376.19

7192.9

6788.93

7995.17

7636.26

7392.42

7461.4

7851.88

8765.65

9119.85

8885.06

554481
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94

97

97

97

87

87

87

111

60

64

69

69

69

69

88

88

86

86

75

72

72

126

126

126

103
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HI4E 683.6 7000.42 5510.85 103
HI14F 1234.58 6745.86 6108.12 103
HI5D 1061.37 8345.42 6362.64 103
HISE 581.1 8557.03 5745.31 103
HISF 1740.1 9045.39 5981.69 103
H16D 3128.45 8515.53 5214.45 103
HI16E 1891.67 8221.4 4934.79 103
HI16F 2960.84 7537.38 5000.52 103

Table 9 Solvent masks information for lub140.

Number X Y Z  Volume Electron count Content
1 -0.159 -0.250 0.000 419.9 98.0 2 CHxCl
2 -0.307 0.250 0.500419.9 98.0 2 CHxCl
Experimental

Single crystals of C16H26N206 lub140 were crystallized from DCM. A suitable crystal was
selected and mounted on a cryoloop on a Bruker Smart APEX diffractometer. The crystal was
kept at 100 K during data collection. Using Olex2 [1], the structure was solved with the
SHELXT [2] structure solution program using Intrinsic Phasing and refined with the XL [3]
refinement package using Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination of lub140
Crystal Data for C16H26N20¢ (M =342.39 g/mol): orthorhombic, space group P212:2; (no.

19),a=11.179(2) A, b =15.389(3) A, c =23.845(4) A, '=4101.9(14) A3, Z=8, T=100 K,
w(CuKa) = 0.707 mm™, Dcalc = 1.109 g/cm?, 24171 reflections measured (6.836° <20 <
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140.582°), 7667 unique (Rint = 0.0999, Rsigma = 0.0752) which were used in all calculations. The
final R1 was 0.0862 (I > 2o(I)) and wR> was 0.2641 (all data).

Refinement model description
Number of restraints - 0, number of constraints - unknown.
Details:

1. Twinned data refinement
Scales: 0.5(6)
0.5(6)
2. Fixed Uiso
At 1.2 times of:
All C(H) groups, All C(H,H) groups, All N(H) groups
At 1.5 times of:
All C(H,H,H) groups, All O(H) groups
3.a Ternary CH refined with riding coordinates:
C2A(H2AB), C8A(H8A), C2B(H2BB), C8B(H8B)
3.b Secondary CH2 refined with riding coordinates:
C3A(H3AA,H3AB), C4AA(H4AA,H4AB), COA(H6AA ,H6AB), CTA(H7AA,H7AB),
C9A(HOAA,
H9AB), C3B(H3BA,H3BB), C4B(H4BA,H4BB), C6B(H6BA,H6BB), C7TB(H7BA,H7BB),
C9B(H9BA,H9BB)
3.c Aromatic/amide H refined with riding coordinates:
N2A(H2AA), N2B(H2BA)
3.d Idealised Me refined as rotating group:
Cl11AH11AH11B,H11C), C14A(H14A,H14B,H14C), C15A(H15A,H15B,H15C),
C16A(H16A,
H16B,H16C), C11B(HI11D,H11E,H11F), C14B(H14D,H14E,H14F),
C15B(H15D,H15E ,H15F),
C16B(H16D,H16E,H16F)
3.e Idealised tetrahedral OH refined as rotating group:
02A(H2A), O2B(H2B)

Methyl 3-N-(Boc)amino-6-hydroxymethyl-indolizidin-2-one-9-carboxylate  [(35,6S5,95)-

4.020, LUB 139]
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Table 1 Crystal data and structure refinement for LUB 139

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

lub139
Ci6H26N206
342.39

100
orthorhombic
P212121
7.2138(4)
14.8397(8)
16.1962(9)
90

90

90

1733.81(17)
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Z 4

Pealcg/cm’ 1.312

pw/mm’! 0.836

F(000) 736.0

Crystal size/mm? 0.48 x0.19 x0.18
Radiation CuKa (A =1.54178)

20 range for data collection/® 8.08 to 140.044

Index ranges -8<h<8,-18<k<17,-19<1<19
Reflections collected 17974
Independent reflections 3281 [Rint = 0.0308, Rigma = 0.0206]

Data/restraints/parameters ~ 3281/0/228
Goodness-of-fit on F? 1.046

Final R indexes [[>=2c (I)] Ri=0.0299, wR> = 0.0795
Final R indexes [all data] R1=0.0301, wR2 = 0.0798
Largest diff. peak/hole / ¢ A 0.23/-0.18

Flack parameter -0.02(6)

Table 2 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement Parameters
(A?x10%) for lub139. U is defined as 1/3 of of the trace of the orthogonalised Uy tensor.

Atom X y z U(eq)
01 7855.9(17) 2993.6(8) 4479.6(7) 22.8(3)
02 669.4(17) 3161.2(8) 3016.2(7) 21.4(3)
O3 8265.2(18) 1567.0(8) 3120.9(7) 23.9(3)
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04

05

06

N1

N2

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

Cl1

Ci12

C13

Cl4

C15

Clé

7907.9(19)

7088.7(19)

10085.1(17)

5304(2)
7943(2)
6537(2)
6196(2)
5176(3)
4556(2)
3813(2)
3456(2)
3951(2)
5655(2)
2098(2)
7434(2)
9433(3)
8264(2)
10782(2)
12848(3)
9953(3)

10401(3)

428.1(9)
5701.0(10)
5492.2(8)
2490.8(9)
4550.3(10)
3137.6(11)
4074.8(11)
4078.1(13)
3150.0(12)
2577.4(11)
1587.3(11)
1063.9(11)
1562.2(10)
2997.4(11)
1214.3(11)
-61.4(14)
5289.0(11)
6344.1(11)
6266.5(13)
7134.7(12)

6399.7(12)

4020.4(10)
4451.8(10)
4033.1(8)

3829.0(8)

3604.4(10)
4017.6(9)

3645.5(11)
2798.9(12)
2496.4(10)
3201.8(10)
2964.7(10)
3749.7(10)
4080.5(9)

3611.1(10)
3680.3(11)
3646.3(16)
4071.4(12)
4381.0(10)
4216.3(12)
3916.5(11)

5304.4(10)
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34.3(3)
37.8(4)
252(3)
17.1(3)
22.4(3)
18.1(3)
21.8(4)
30.3(4)
21.2(4)
17.1(3)
19.3(3)
19.2(3)
17.8(3)
19.1(3)
19.2(3)
38.8(5)
23.6(4)
19.2(3)
28.2(4)
29.0(4)

24.3(4)

Table 3 Anisotropic Displacement Parameters (A?x10%) for Iub139. The Anisotropic
displacement factor exponent takes the form: -2n’[h?a**Uy+2hka*b*U2+...].
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Atom Uni Un Us; Un Uis Uiz
ol 20.8(6) 24.1(6)  23.5(6) -0.9(5) -5.2(5) -3.6(5)
02 17.3(6) 21.6(6)  25.3(6) 1.3(5) -2.4(5) -0.2(5)
03 23.9(7) 23.0(6)  24.9(6) 0.8(5) 43(5) -0.7(5)
04 24.4(7) 21.3(6) 57.1(9) 14.8(6) 12.9(7) 6.2(5)

05 17.0(6) 33.3(7) 63.0(10) -23.8(7) 4.1(7) -1.3(6)
06 15.5(6) 18.0(6)  42.2(7) -11.4(5) 2.5(5) -1.1(5)
N1 17.4(7) 15.7(7) 18.1(6) -0.6(5) -1.8(5) -1.1(5)
N2 16.3(7) 15.7(7) 35.3(8) -3.7(6) 1.8(6) -0.9(6)
Cl 17.4(8) 18.4(7) 18.4(7) -3.0(6) 1.1(6) -0.7(6)
C2 18.4(8) 16.3(8) 30.6(8) 0.0(6) -1.3(7) -2.9(6)
C3 29.7(10) 23.8(9) 37.5(10) 10.9(8) -9.4(8) -8.3(8)
C4 18.3(8) 241(8)  21.1(7) 3.1(6) -1.1(6) -3.0(7)
Cs 14.8(8) 17.9(8) 18.6(7) -1.6(6) -1.7(6) -1.7(6)
C6 17.9(8) 183(8)  21.5(7) -3.6(6) 0.0(6) -2.5(7)
C7 18.7(8) 16.1(7)  22.9(7) -1.6(6) 1.8(6) -2.9(6)
C8 18.0(8) 15.7(7) 19.7(7) 0.5(6) 0.4(6) -0.5(7)
C9 18.0(8) 19.7(8) 19.6(7) -2.2(6) -1.6(6) -0.4(6)
C10 17.5(8) 15.1(8)  25.0(8) -0.7(6) -1.9(6) -3.0(6)
Cl1 22.5(10) 21.4(9) 72.5(15) 5.9(9) 9.4(10) 3.2(8)

C12 16.7(8) 18.1(8) 35.9(9) -4.5(7) -1.0(7) -0.6(7)
C13 18.9(8) 13.5(7)  25.4(8) -3.1(6) -1.9(6) -1.7(7)
Cl4 20.0(9) 26.5(9) 38.2(10) -8.2(8) 3.2(7) -6.7(7)
Cl15 37.4(10) 223(9)  27.409) 1.4(7) -4.7(8) 3.2(8)

S157



Appendix (Article 3)

Cl6 23.8(9) 22.9(8) 26.4(9) 1.7(7) -1.9(7) 1.0(7)

Table 4 Bond Lengths for lub139.

Atom Atom Length/A  Atom Atom Length/A
01 ClI 1.2292) C1 C2 1.536(2)
02 C9 14322) C2 C3 1.556(2)
O3 C10 1.206(2) C3 C4 1.529(2)
04 C10 1.3352) C4 C5 1.521(2)
04 Cl11 14512) C5 C6 1.540(2)
05 Cl12 1.2132) C5 (€9 1.536(2)
06 Cl12 1.3502) Co6 C7 1.532(2)
06 CI13 1.4727(19) C7 C8 1.531(2)
NI Cl 1344(2) C8 C10 1.527(2)
NI C5 1.4852) CI13 Cl4 1.518(2)
Nl C8 1.4592) Cl13 C15 1.517(2)
N2 C2 1.446(2) CI13 Cl6 1.523(2)

N2 Cl2 1.352(2)

Table 5 Bond Angles for lub139.

Atom Atom Atom Angle/ Atom Atom Atom Angle/®
Cl10 04 CI11 117.36(15) C9 C5 C6 111.11(13)
Cl2 06 CI13 120.45(13) C7 C6 C5 103.75(12)

Cl Nl C5 12497(13) C&8 C7 C6 103.46(13)
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Cl NI €8 119.77(14) N1 C8 C7 102.66(13)
C8 NI C5 11347(12) NI C8 C10 110.28(13)
Cl2 N2 C2 121.27(16) Cl0 C8 C7 111.26(13)
Ol Cl NI 121.77(15) 02 €9 C5 110.99(13)
Ol Cl1 C2 1213515) 03 CI0 O4 124.19(16)
Nl ClI C2 11687(14) 03 C10 C8 126.14(15)
N2 C2 Cl 108.70(14) 04 C10 C8 109.61(14)
N2 C2 €3 111.72(15) 05 Cl2 06 126.23(16)
Cl C2 €3 115.11(14) 05 CI2 N2 124.99(17)
C4 C3 C2 114.70(14) 06 CI2 N2 108.78(15)
C5 C4 (3 1114514) 06 CI3 Cl4 101.70(13)
Nl C5 C4 107.85(13) 06 C13 CI5 109.85(13)
Nl C5 C6 102.07(12) 06 C13 Cl6 111.13(14)
Nl C5 €9 10887(13) Cl4 CI13 Cl6 110.72(15)
C4 C5 C6 113.86(13) CI5 CI3 Cl4 111.03(16)

C4 C5 C9 112.42(14) C15 CI13 Cl6 111.96(14)

Table 6 Hydrogen Bonds for lub139.

D H A dD-HYA dH-A)YA d(D-A)A D-H-A/°
02 H2 03'0.893) 2.05(3) 2.9383(18) 172(2)
N2 H2A 02?0.80(3) 2.23(3) 3.004(2) 163(2)
C8 H8 01°1.00 2.57 3.1545(19) 117.1
CI5 H15C O5 0.98 2.51 3.0903) 117.8

C16 H16A O5 0.98 2.36 2.948(2) 117.8
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3.438(2) 1629

L4+XAYAZ; 214X 4Y,4Z; 3-1/2+4X,1/2-Y,1-Z; “1/2+X,1/2-Y,1-Z

Table 7 Torsion Angles for lub139.

A B C D Angle”

O1ClC2
O1Cl1 C2
N1CI C2
N1CI C2
N1C5 Cé

N1 C5C9

N2

C3

N2

C3

C7

02

N1 C8 C10 03

N1 C8 C10 O4

N2C2 C3
CI NI CS
CI NI CS5
CI NI CS
C1 N1 C8
CI N1 C8

Ccl1C2(C3

C4

C4

Co

C9

C7

25.7(2)
151.91(16)
-155.70(14)
-29.5(2)
29.09(16)
175.39(13)
-13.1(2)
169.52(14)
128.49(16)
35.2(2)
155.46(15)
-87.01(18)

179.98(14)

C10-61.39(18)

C4

C2N2CI205

C2 N2 CI1206

C2C3C4

Cs

C3C4C5 NI

3.9(2)
-12.4(3)
168.39(15)
39.8(2)

-58.33(18)

A B C D Angle

C5 NICI C2 92

C5 N1C8 C7 -14.54(17)

C5 N1C8 C10104.09(15)

C5 C6C7 C8 -38.68(16)

C6 C5C9 02 -72.97(16)

C6 C7C8 NI 32.31(15)

C6 C7C8 C10-85.62(16)

C7 C8C1003 100.12(19)

C7 C8Cl004 -77.25(17)

C8 NICI Ol -8.6(2)

C8 NICI C2 172.87(14)

C8 NIC5 C4 -129.37(14)

C8 NIC5 C6 -9.15(17)

C8 N1CS5 C9 108.38(15)

C9 C5C6 C7 -86.83(16)

C1104C1003 -5.1(3)
C1104C10C8 172.35(16)
C12 06 C13 C14 178.74(17)

C12 06 C13 C15 -63.6(2)
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C3C4C5

C3C4C5

C4 C5 Co6

C4 C5C9

C5 N1 Cl

C6

C9

C7

02

Ol

-170.82(14)
61.70(18)
145.02(14)
55.96(17)

-172.28(15)

C12 06 C13 C16 60.9(2)

CiI2N2C2 Cl1

CI2N2C2 C3

C13 06 C12 O5

C13 06 C12 N2

-113.36(17)
118.53(18)
-8.5(3)

170.72(14)
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Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10%)

for lub139.
Atom

H2

H2A

H2B

H3A

H3B

H4A

H4B

H6A

H6B

H7A

H7B

HS

H9A

H9B

HI1A

-160(40)
8820(40)
5392.31
4071.72
6009.01
3578.85
5619.6
2141.6
4253.26
2920.94
4249.57
5726.7
1624.66
2448.93

9643.24

2715(18)
4270(16)
4410.87
4471.28
4345.53
3223.54
2837.9
1492.11
1402.03
1080.96
427.98
1513.67
2585.9
3572.25

-623.08

y

3055(15)
3447(14)
4043.16
2843
2379.43
2072.64
2236.52
2811.92
2497.06
4153.1
362121
4695.46
4043.56
3878.94

3950.48

N

U(eq)

33(6)
28(6)
26
36
36
25
25
23
23
23
23
21
23
23

58
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HI11B

HI1C

HI1D

HI1E

HII1F

HI14A

H14B

H14C

HI5A

HI5B

HIS5C

HI6A

H16B

H16C

9128.84

10556.69

9909.28

10423.67

8995.82

13335.34

13479.24

13061.39

10243.9

10473.5

8604.59

9061.42

11005.92

10891

-200.86

309.06

279.83

-142.39

-652.31

5730.06

6803.75

6215.74

7079.46

7698.19

7137.37

6438.23

6936.31

5860.46

Table 9 Atomic Occupancy for lub139.

Atom Occupancy Atom Occupancy Atom Occupancy

HI11A 0.5

HI1D 0.5

Experimental

HI11B 0.5

HI1E 0.5

HI11C 0.5

HIIF 0.5

3070.6

3665.24

3173.74

4053.61

3458.98

4494.33

4427.71

3620.59

3327.66

4130.46

3991.28

5398.18

5532.19

5577.17
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58
58
58
58
58
42
42
42
44
44
44
37
37

37

Single crystals of Ci16H26N206 lub139 were crystallized from DCM. A suitable crystal was
selected and mounted on a cryoloop on a Bruker Smart APEX diffractometer. The crystal was
kept at 100 K during data collection. Using Olex2 [1], the structure was solved with the XT [2]
structure solution program using Intrinsic Phasing and refined with the XL [3] refinement
package using Least Squares minimisation.
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1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination of lub139

Crystal Data for C16H26N206 (M =342.39 g/mol): orthorhombic, space group P212:2; (no.
19),a=7.2138(4) A, b =14.8397(8) A, ¢ = 16.1962(9) A, V¥=1733.81(17) A®>, Z=4, T=100 K,
w(CuKa) = 0.836 mm™, Dcalc = 1.312 g/cm?, 17974 reflections measured (8.08° <20 <
140.044°), 3281 unique (Rint = 0.0308, Rsigma = 0.0206) which were used in all calculations. The
final R1 was 0.0299 (1> 2o(I)) and wR> was 0.0798 (all data).

Refinement model description
Number of restraints - 0, number of constraints - unknown.
Details:

1. Fixed Uiso
At 1.2 times of:
All C(H) groups, All C(H,H) groups
At 1.5 times of:
All C(H,H,H) groups, All C(H,H,H,H,H,H) groups
2. Others
Fixed Sof: H11A(0.5) H11B(0.5) H11C(0.5) H11D(0.5) HI11E(0.5) H11F(0.5)
3.a Ternary CH refined with riding coordinates:
C2(H2B), C8(HS8)
3.b Secondary CH2 refined with riding coordinates:
C3(H3A,H3B), C4(H4A,H4B), C6(H6A,H6B), C7(H7A,H7B), C9(H9A,HI9B)
3.c Disordered Me refined with riding coordinates:
CI1(H11AH11B,H11C,H11D,H11E,HI1F)
3.d Idealised Me refined as rotating group:
Cl14(H14A,H14B,H14C), C15(H15A,H15B,H15C), C16(H16A,H16B,H16
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Spectral data for Article 4
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"H NMR, 500 MHz

Solvent: CDCI;
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BC NMR, 125 MHz
Solvent: CDCI;
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"H NMR, 500 MHz

Solvent: CD;OD
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BC NMR, 125 MHz
Solvent: CD;OD
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'H NMR, 500 MHz

Solvent: CDCl3

9% 17
€8'T
S8'Tq
28T 1
£L8'T
88'T 1
6°T |
76T
26T
v6'T
56T
96T
66T
902 4
907
80°Z

602
017
sez |
6 \E
or'z+E

TH'T A
LS4\
we
we
€'C

e
98¢ q
98'€
8¢
18°€
88°€
88°€

68°€

68'€ —

ETad
9aTY
Lrad
@&y
@3y

Sty
'y
(344
sy
9T's s

/] ////

/

BocHN

COzMe

(35,55,65,95)-5.8

ST
11
Ho.ﬁ

0z
el

vt

=10°€
FHTT
=0T'T
0T

T
10.0

T
10.5

3.0

3.5

T
55 50 45
f1 (ppm)

T
6.0

6.5

T T
9.0 8.5 8.0 7.5 7.0

9.5

5169



3C NMR, 125 MHz
Solvent: CDCl3

Appendix (Article 4)

T 1 Vool RNY
OH
- H
N
BocHN
0] COzMe
(3S,55,65,95)-5.8
! | |
| \ ' | |
(- e ﬂ | i H
T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 80 70 60 50 40 30 20 10 0

S170



Appendix (Article 4)

ed-HSQC, 500 MHz

Solvent: CDCl3 BocHN N
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COSY, 500 MHz
Solvent: CDCl3 = H
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NOESY, 500 MHz
Solvent: CDCl3
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'H NMR, 500 MHz

Solvent: CDCl3
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3C NMR, 125 MHz
Solvent: CDCl3
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ed-HSQC, 500 MHz
Solvent: CDCl3
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COSY, 500 MHz

Solvent: CDCl3
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NOESY, 500 MHz
Solvent: CDCl3
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'H NMR, 500 MHz

Solvent: CDCl3
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3C NMR, 125 MHz
Solvent: CDCl3
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COSY, 500 MHz

Solvent: CDCl3
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ed-HSQC, 500 MHz

Solvent: CDCl3
MeO,C = CO,Me
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NOESY, 500 MHz
Solvent: CDCl3
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'H NMR, 500 MHz

Solvent: CDCl3
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3C NMR, 125 MHz

Solvent: CDCl3
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COSY, 500 MHz

Solvent: CDCl3
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ed-HSQC, 500 MHz
Solvent: CDCl3
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NOESY, 500 MHz

Solvent: CDCl3
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'H NMR, 500 MHz,

Solvent: CD3;0OD
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3C NMR, 125 MHz
Solvent: CD3;0OD
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"H NMR, 500 MHz

Solvent: CDCI;
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BC NMR, 125 MHz
Solvent: CDCI;
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"H NMR, 500 MHz

Solvent: CDCI;
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BC NMR, 125 MHz

Solvent: CDCl3
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'H NMR, 500 MHz
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BC NMR, 125 MHz

Solvent: DMSO-Dg
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'H NMR, 500 MHz

Solvent: CDCl3
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BC NMR, 125 MHz
Solvent: CDCI;
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5.9. Crystallography data and molecular structure for compounds

5.9.1. General method for making crystal:

Crystal of azabicyclo[X.Y.Z]alkanones (35,6S,75,95)-5.9 (LUB 1421) was grown from

dichloromethane-hexane using the liquid-vapour saturation method.

Methyl 3-N-(Boc)amino-7-hydroxy-indolizidin-2-one-9-carboxylate [(3S5,6S5,75,95)-5.9, LUB

1421]

Table 1 Crystal data and structure refinement for lub1421.

Identification code lub1421
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Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pr°

v/°

Volume/A3

Z

Pealeg/cm’
w/mm’!

F(000)

Crystal size/mm?

Radiation

C15H24N206
328.36

100
monoclinic
12
12.8006(6)
5.3251(2)
48.103(2)
90
92.926(2)
90
3274.6(2)

8

1.332

0.863
1408.0

0.28 x 0.12 x 0.045

Cu Ka (A =1.54178)

20 range for data collection/°3.678 to 143.742

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]

Final R indexes [all data]

-15<h<15,-6<k<5,-59<1<59

29804

5590 [Rin = 0.0479, Reigma = 0.0375]

5590/3/436
1.075

R1=10.0355, wR2 = 0.0887

R;=0.0374, wR> = 0.0897

Appendix (Article 4)

S200



Largest diff. peak/hole / e A2 0.22/-0.19

Flack parameter 0.05(19)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10°) for lub1421. Ueq is defined as 1/3 of the trace of the orthogonalised

Uw tensor.

Atom X

O1A 7550.5(13)
0O4B 1326.4(14)
O2A 3751.2(14)
O1B 2350.8(13)
O6B 1992.0(14)
O4A 6277.6(13)
O3B 1325.6(15)
O5SA 8555.1(13)
O5B 3065.0(14)
O3A 6095.7(14)
O2B -1157.5(15)
O6A 6838.2(15)
NIB 633.0(15)
NI1A 5775.9(15)
N2B 1860.9(17)
N2A 7440.2(16)
Cl11B 2285.9(19)
C9B 1163.4(19)

1894(4)
10777(4)
4584(4)
6095(4)
802(4)
5971(4)
8957(4)
2821(4)
3424(4)
3849(4)
9343(4)
1781(5)
6216(4)
1862(4)
5063(5)
3038(5)
2897(5)
8989(5)

Appendix (Article 4)

5970.0(3)
5623.7(3)
5634.2(3)
6002.6(3)
6578.9(4)
5592.1(3)
5201.7(3)
6877.3(3)
6337.0(3)
5189.3(3)
5610.2(4)
6924.1(4)
5857.1(4)
5897.2(4)
6546.2(4)
6511.5(4)
6646.3(5)
5476.9(5)

U(eq)

22.0(4)
24.2(4)
22.6(4)
22.9(4)
24.1(4)
22.1(4)
24.6(4)
23.7(4)
24.3(4)
24.1(4)
26.0(4)
37.4(5)
18.7(4)
18.6(4)
22.3(4)
24.2(5)
19.9(5)
18.5(5)
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Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10°) for lub1421. Ueq is defined as 1/3 of the trace of the orthogonalised
Uy tensor.

Atom X y z U(eq)

Cl1A 6657.0(18) 2076(5) 6055.8(5) 18.8(5)
C9A 6063.9(18) 4071(5) 5465.9(5) 18.6(5)
CIB 1418.0(18) 5889(5) 6049.4(5) 18.2(5)
C8A 5756.1(18) 1600(5) 5596.7(5) 19.2(5)
C4B -658.8(19) 7494(5) 6179.2(5) 22.4(5)
Cl1A 7547(2) 2444(6) 6785.0(5) 25.3(6)
CI2A 8963(2) 1548(5) 7131.2(5) 23.4(5)
C5A 4728.5(18) 2186(5) 6007.3(5) 19.4(5)
C4A 4705(2) 4554(6) 6187.4(5) 24.5(6)
C7A 4623.4(18) 776(5) 5528.7(5) 21.1(5)
C6A 3990.2(19) 2151(5) 5741.2(5) 20.8(5)
C2B 1029.4(19) 5097(5) 6331.4(5) 20.5(5)
CI12B 3621(2) 1382(5) 6990.9(5) 23.0(5)
C7B -311.2(19) 5755(5) 5432.9(5) 21.4(5)
Co6B -1054.4(19) 6698(5) 5647.9(5) 22.5(5)
C2A 6453.0(18) 2637(5) 6358.7(5) 20.9(5)
C8B 783.7(19) 6421(5) 5560.1(5) 18.9(5)
CSB -473.2(18) 5945(5) 5921.7(5) 19.9(5)
C3A 5719(2) 4906(6) 6371.2(5) 25.1(5)
C3B 98.1(19) 6663(5) 6424.7(5) 21.7(5)
CI0A 6431(2) 6085(6) 5048.9(5) 27.7(6)
Cl4A 8467(2) 2529(6) 7390.1(5) 27.7(6)
C14B 2863(2) -77(6) 7162.8(5) 29.5(6)
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Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10°) for lub1421. Ueq is defined as 1/3 of the trace of the orthogonalised
Uy tensor.

Atom X y z U(eq)

C10B 1712(2) 11258(5) 5087.1(5) 27.1(6)
CI5A 10116(2) 2205(6) 7135.9(5) 30.6(6)
CI15B 4395(2) 2822(6) 7182.4(6) 33.9(7)
CI13B 4199(2) -272(6) 6793.8(5) 25.7(6)
CI13A 8798(3) -1248(6) 7099.8(6) 34.2(7)

Table 3 Anisotropic Displacement Parameters (A?x10%) for lub1421. The Anisotropic
displacement factor exponent takes the form: -2rn’[h%a*?U;1+2hka*b*Uo+...].

Atom  Ujy Un Uss Un Uis Unz

OlA 18.2(8) 21.1(10) 26.7(8) 1.1(7) 2.7(6) 1.3(7)
04B 33.4(10) 16.9(10) 22.4(8) -0.5(7) 1.9(7) -2.0(8)
02A 26.0(9) 19.9(10) 22.3(8) 2.6(7) 5.0(7) 4.5(7)
O1B 19.1(8) 25.5(11) 24.2(8) -1.2(7) 1.5(6) 2.0(7)
06B 27.7(9) 16.8(10) 27.3(8) -0.4(7) 2.8(7) -1.4(7)
O4A 26.2(9) 15.5(9) 24.5(8) -1.0(7) 1.3(6) -1.2(7)
03B 35.6(10) 19.3(10) 19.5(8) 0.2(7) 7.4(7) -2.9(8)
O5A 22.0(9) 26.9(11) 21.9(8) 6.4(8) -1.3(6) -3.4(8)
05B 30.4(10) 16.8(10) 24.9(8) 0.8(7) ~7.4(7) 1.9(8)
03A 32.8(10) 20.4(10) 19.5(8) 0.0(7) 4.8(7) -3.1(8)
02B 29.5(10) 22.8(11) 26.0(9) 5.3(8) 6.2(7) 5.2(8)
O6A 26.8(10) 57.0(15) 28.2(9) 10.1(10) 0.5(7) -9.5(10)
N1B 20.9(10) 16.8(11) 18.9(9) 0.9(8) 4.1(7) -1.2(8)
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Table 3 Anisotropic Displacement Parameters (A%2x10%) for lub1421. The Anisotropic
displacement factor exponent takes the form: -2n’[h?a*?U;1+2hka*b* U o+...].

Atom Uy Un Uss Un Uss Up

NIA 20.0(10) 16.3(11) 19.8(9) 1.4(8) 3.5(7) 1.4(8)
N2B 28.3(11) 16.2(12) 21.8(10) -0.2(8) -3.6(8) -2.2(9)
N2A 20.5(10) 30.0(13) 22.3(10) 3.9(9) 2.0(8) -2.2(9)
C11B 22.7(12) 19.8(14) 17.4(10) -0.2(10) 1.9(8) -0.1(10)
C9B 18.5(11) 17.7(13) 19.1(10) -0.5(10) -0.2(8) 3.8(9)
C1A 21.2(12) 12.4(12) 22.9(11) 2.2(9) 3.2(9) 0.1(9)
C9A 17.3(11) 17.1(13) 21.4(11) -0.4(10) 1.1(8) 2.4(9)
CIB 21.2(12) 12.3(12) 21.2(10) -2.7(9) 1.5(8) 2.0(9)
C8A 22.4(12) 15.1(13) 20.1(11) 0.0(9) 2.3(9) -0.1(9)
C4B 22.2(12) 21.2(15) 24.1(11) 4.0(10) 4.5(9) 1.9(10)
Cl1A 25.3(13) 26.7(16) 23.6(11) 5.3(10) 1.0(9) -0.8(11)
C12A 27.4(13) 22.9(15) 19.9(11) 3.8(10) -0.1(9) 1.6(10)
C5A 19.8(11) 17.3(14) 21.3(11) 2.2(10) 4.1(9) -1.4(9)
C4A 22.6(12) 25.2(16) 25.7(12) -5.6(11) 1.0(9) 4.1(10)
C7A 24.6(12) 15.5(13) 23.1(11) -0.9(10) 0.4(9) -3.2(10)
C6A 22.8(12) 17.4(14) 22.4(11) 0.6(10) 1.9(9) -2.2(10)
C2B 24.3(12) 15.9(13) 21.1(11) 0.8(9) 0.3(9) -1.6(10)
C12B 26.8(12) 19.8(15) 22.2(11) 4.4(10) 2.1(9) 2.2(10)
C7B 25.7(12) 17.8(13) 20.2(11) 1.5(10) -1.9(9) -2.6(10)
C6B 21.8(12) 20.0(14) 25.5(11) 3.6(10) -0.4(9) -2.9(10)
C2A 21.0(12) 20.9(14) 20.9(11) 2.7(10) 1.6(9) -2.1(10)
CSB 23.5(12) 15.2(14) 18.0(11) -0.9(9) 2.3(9) -0.4(9)
C5B 18.8(11) 17.1(13) 24.1(11) 4.2(10) 3.3(9) -2.0(10)
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Table 3 Anisotropic Displacement Parameters (A%2x10%) for lub1421. The Anisotropic
displacement factor exponent takes the form: -2n’[h?a*?U;1+2hka*b* U o+...].

Atom  Up Un Uss U Uss Unz

C3A 27.1(13) 23.4(15) 24.7(12) -5.8(10) 0.4(9) 2.7(11)
C3B 24.5(12) 21.2(14) 19.9(10) 0.7(10) 4.0(9) 0.6(10)
C10A 38.0(14) 23.3(15) 22.3(11) 43(11) 6.0(10) -3.7(12)
Cl4A 31.6(14) 27.1(16) 24.7(12) 1.0(11) 3.7(10) -0.5(11)
C14B 32.3(14) 31.0(16) 25.5(12) 6.1(11) 3.8(10) 6.5(12)
C10B 36.7(14) 21.6(15) 23.5(11) 3.5(10) 7.4(10) -3.3(12)
CI5A 27.3(13) 38.5(19) 26.0(12) 5.2(12) 0.5(10) 5.6(12)
C15B 38.6(16) 31.0(17) 30.8(13) 3.4(13)  -10.1(11) 4.8(13)
C13B 27.2(13) 22.6(15) 27.4(12) 1.5(11) 1.8(10) 1.2(11)
CI3A 44.5(17) 24.4(17) 34.2(14) -0.3(12) 7.6(12) 1.8(13)

Table 4 Bond Lengths for lub1421.

Atom Atom Length/A  Atom Atom Length/A

OlA CIA 1.239(3) N2A Cl1A 1.353(3)
04B C9B 1.197(3) N2A C2A 1.445(3)
02A C6A 1.421(3) C9B C8B 1.512(4)
O1B CIB 1.231(3) C1A C2A 1.523(3)
O6B C11B 1.216(3) CO9A C8A 1.519(3)
O4A C9A 1.204(3) C1B C2B 1.528(3)
O3B C9B 1.351(3) C8A C7A 1.534(3)
03B C10B 1.441(3) C4B C5B 1.517(3)
O5A Cl1A 1.358(3) C4B C3B 1.553(3)

O5A CI2A 1.469(3) C12AC14A 1.519(3)
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Table 4 Bond Lengths for lub1421.

Atom Atom Length/A  Atom Atom Length/A
O5B C11B 1.349(3) CI12ACI5A 1.516(4)
O5B C12B 1.477(3) CI12AC13A 1.510(4)

03A C9A 1.339(3) C5A C4A 1.531(4)
03A CI10A 1.445(3) C5A C6A 1.552(3)
02B C6B 1.426(3) C4A C3A 1.545(3)
O6A Cl11A 1.207(3) C7A C6A 1.524(3)
NIB CIB 1.342(3) C2B C3B 1.540(3)
N1B C8B 1.455(3) C12BC14B 1.520(4)
NIB C5B 1.472(3) C12BC15B 1.525(4)
NIA CIA 1.334(3) C12BC13B 1.515(4)
N1A C8A 1.451(3) C7B C6B 1.526(4)
N1A C5A 1.476(3) C7B CS$B 1.542(3)
N2B C11B 1.353(4) C6B C5B 1.532(3)
N2B C2B 1.445(3) C2A C3A 1.533(4)

Table 5 Bond Angles for lub1421.

Atom Atom Atom Angle/ Atom Atom Atom Angle/*

C9B O3B CI10B 115.9(2) OSA C12ACI13A 109.3(2)
CI11AO5A CI2A 119.7(2) CI5ACI12AC14A 110.9(2)
Cl11BO5B CI12B 120.5(2) CI3ACI12ACl14A 111.0(2)
C9A O3A CI0A 114.6(2) CI3ACI12ACI15A 111.1(2)
Ci1B NI1B C8B 123.7(2) N1A C5A C4A 110.1(2)
Ci1B NI1B C5B 122.43(19) N1A CS5A C6A 103.23(18)
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Table 5 Bond Angles for lub1421.

Atom Atom Atom

C8B

NI1B C5B

ClIA NIA C8A

Cl1A NIA C5A

C8A NIA C5A

Cl1IBN2B (C2B

C11AN2A C2A

0O6B CIl11BOSB

0O6B CI11BN2B

O5B
04B
0O4B
O3B
OlA
Ol1A
NI1A
O4A
O4A
O3A
Ol1B
Ol1B
NI1B
NI1A
NI1A
C9A

Cl11BN2B

C9B
C9B
C9B
Cl1A
Cl1A
Cl1A
C9A
C9A
C9A
CI1B
CI1B
CIB
C8A
C8A
C8A

O3B
C8B
C8B
NI1A
C2A
C2A
O3A
C8A
C8A
NI1B
C2B
C2B
C9A
C7A
C7A

Angle/*

113.05(18) C4A
123.31(19) C5A
122.81(19) C6A
113.47(18) 02A

122.2(2) 02A
120.2(2) C7A
125.4(2) N2B
125.02) N2B
109.5(2) C1B
123.9(2) O5B
127.7(2) O5B
108.4(2) O5B

Atom Atom Atom

C5A Co6A
C4A C3A
C7A CBA
C6A C5A
CoA C7A
C6A C5A
C2B CIB
C2B (C3B
C2B C3B
C12BC14B
C12BCI15B
C12BCI13B

124.8(2) C14BC12BCI15B

122.7(2) C13BC12B C14B

123.9(2) C6B
125.2(2) 02B
110.9(2) 02B
124.1(2) C7B
123.3(2) N2A
112.4(2) N2A
109.7(2) C1A

102.01(18) N1B

115.0(2) NIB

112.50(19) C13BCI12B C15B

C7B C8B
C6B C7B
C6B C5B
C6B C5B
C2A Cl1A
C2A C3A
C2A C3A
C8B (9B

C8B C7B
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Angle/*
116.6(2)
112.5(2)

104.40(19)
113.5(2)
107.89(19)
103.68(19)
112.1Q2)
110.6(2)
113.6(2)
110.12)
102.4(2)
110.62(19)
110.02)
112.9(2)
110.3(2)
103.95(19)
107.2(2)
113.9(2)
101.8(2)
109.12(19)
112.7(2)
109.1(2)
112.8(2)

102.06(18)
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Atom Atom Atom Angle/* Atom Atom Atom
C5B C4B (C3B 110.4(2) C9B C8B C7B
O6A CI11AO5A 126.2(2) N1B C5B C4B
O6A CI11AN2A 124.4(2) N1B C5B C6B
N2A CI1AO5A 109.3(2) C4B C5B Co6B
O5A C12ACl14A 112.2(2) C2A C3A C4A
O5A CI12ACI5A 102.1(2) C2B C3B C4B

Table 6 Hydrogen Bonds for lub1421.

D H A dDHYA dH-AYA  dD-AYA

N2B H2BA O6B! 0.83(3) 2.33(3) 3.065(3)
N2AH2AAO1A 0.83(3) 2.26(3) 2.686(3)
O2AH2A OIB 0.92(3) 1.80(3) 2.707(2)
O2BH2B O1A? 0.93(3) 1.88(3) 2.805(3)

X 1+Y ,+Z; - 14X, 1+Y,+Z

Table 7 Torsion Angles for lub1421.

A B C D Angle/” A B C D
OlA ClAC2A N2A 3.2(4) C8A C7TAC6A O2A
Ol1A C1AC2A C3A 126.7(3) C8A C7AC6A CS5SA
0O4B C9B C8B NIB -1.2(4) C11AO5ACI12ACl14A
04B C9B C8B C7B 114.43) C11AOS5ACI2ACI5A
OIB CIBC2B N2B 10.3(4) C11AO5ACI12ACI3A
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Angle/*
113.6(2)
108.2(2)

102.89(18)
118.1(2)
112.4(2)

113.25(19)

D-H-A/°
147(3)
112(3)
166(4)
172(4)

Angle/®
85.2(2)
-35.4(2)
-68.3(3)
173.02)
55.3(3)
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Table 7 Torsion Angles for lub1421.

A B C D Angle/* A B C D Angle/*
O1B CIBC2B C3B 136.7(3) C11AN2AC2A ClA -149.8(3)
O4A CY9A CBA NI1A -1.03) C11AN2AC2A C3A 88.9(3)
O4A C9ACBA C7A 113.3(3) C12A05AC11AO6A 23.6(4)
O3B CY9B C8B NI1B 177.18(19) C12A05AC11AN2A -159.2(2)
O3B C9B C8B C7B -67.2(2) C5A N1ACIA Ol1A -177.7(2)
O3A CY9A CBA N1A 177.32(19) C5A NI1ACIA C2A 1.0(3)
O3A C9ACBA C7A -68.4(3) C5A NIAC8A C9A 101.5(2)
O2B C6B C5B NIB -81.6(3) C5A NI1AC8A C7A -20.8(3)
O2B C6B C5B C4B 37.4(3) C5A C4AC3A C2A -7.4(3)
NIB C1B(C2B N2B -172.5(2) C4A C5A C6A O2A 26.5(3)
Ni1B C1BC2B C3B -46.2(3) C4A C5AC6A C7A 143.3(2)
N1A C1AC2A N2A -175.5(2) C6A C5A C4A C3A -157.1(2)
NIA CIAC2A C3A -52.0(3) C2B N2BC11B O6B -3.6(4)
NIA CS8AC7A Co6A 34.3(2) C2B N2BC11BOS5SB 177.9(2)
NIA C5AC4A C3A -40.0(3) C12BO5BC11B O6B -2.0(4)
NIA C5AC6A O2A -94.4(2) C12BO5BC11BN2B 176.4(2)
NIA C5AC6A C7A 22.4(2) C7B C6BC5B NI1B 33.4(3)
N2B C2B C3B (4B 161.7(2) C7B C6B C5B C4B 152.4(2)
N2A C2A C3A C4A 175.2(2) C6B C7B C8B NIB 31.5(2)
Cl11BO5BC12BC14B -61.8(3) C6B C7B C8B (9B -90.3(2)
Cl11BO5BC12BC15B -178.8(2) C2A N2ACI11AOS5A 175.8(2)
C11BO5SBC12BC13B 63.7(3) C2A N2AC11AO6A -6.9(5)
CI11BN2BC2B CI1B -105.3(3) C8B NIBCIB OI1B 11.2(4)
CI1BN2BC2B C3B 126.7(3) C8B NIBCIB C2B -165.9(2)
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A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
C9A
CIB
CIB
CI1B
CIB
CI1B
C8A
C8A
C8A
C8A

B C
N1AC8A
NI1AC8A
N1AC5A
N1AC5A
C2A C3A
C8ACTA
N1B C8B
N1B C8B
N1B C5B
NI1B C5B
C2B C3B
N1ACI1A
NIACIA
N1AC5A

NI1AC5A

D Angle/* A B C
C9A -71.3(3) C8B N1BCS5B
C7A 166.4(2) C8B N1BC5B
C4A 46.9(3) C8B C7B C6B
C6A 172.0(2) C8B C7B C6B
C4A 53.8(3) C5B NIBCIB
C6A -84.4(2) C5B NIBCIB
C9B -78.4(3) C5B N1BCS8B
C7B 159.3(2) C5B N1BCS8B
C4B 49.9(3) C5B C4BC3B
Co6B 175.6(2) C3B C4B C5B
C4B 34.5(3) C3B C4B C5B
O1A -5.5(4) C10AO3AC9A
C2A 173.1(2) C10A0O3AC9A
C4A -126.0(2) C10B O3B C9B
C6A -0.8(3) C10B O3B C9B

D
C4B
C6B
O2B
C5B
OlB
C2B
C9B
C7B
C2B
NI1B
C6B
O4A
C8A
04B
C8B
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Angle/*
-140.3(2)
-14.7(3)
79.3(2)
-40.6(2)
179.9(2)
2.8(3)
112.02)
-10.3(3)
16.5(3)
-56.6(3)
-172.8(2)
1.1(3)
-177.2(2)
-0.4(4)
-178.8(2)

Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10%)
for lub1421.

Atom

H8A

H4BA

H4BB

HS5A

H4AA

6239.25
-1376.38
-549.4
4573.38
4114.94

270.6
7282.16
9257.37

726.23
4456.03

5545.35
6230.66
6139.45
6122.17
6305.87

U(eq)

23
27
27
23
29
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Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10%)
for lub1421.

Atom X y z U(eq)

H4AB 4602.29 6007.55 6067.62 29
H7AA 4398.15 1255.25 5340.54 25
H7AB 4551.68 -1028.44 5547.83 25
H6A 3346.87 1227.61 5775.02 25
H2BB 779.71 3364.21 6310.28 25
H7BA -443.64 6592.13 5255.51 26
H7BB -382.64 3956.39 5405.9 26
H6B -1735.22 5858.87 5626.53 27
H2AB 6107.62 1179.64 6437.88 25
HS8B 1286.8 5146.35 5505.79 23
H5B -617.82 4176.23 5960.6 24
H3AA 6081.71 6391.69 6310.36 30
H3AB 5539.9 5172.04 6562.42 30
H3BA 363.07 8145.31 6522.03 26
H3BB -288.87 5681.9 6554.72 26
H10A 6374.44 5821.42 4851.3 42
H10B 7144.83 6446.39 5105.7 42
H10C 5995.74 7472.79 5096.47 42
H14A 8598.73 4297.52 7408.3 42
H14B 8762.57 1670.46 7551.02 42
H14C 7726.12 2238.64 7374.51 42
H14D 2508.48 1060.71 7280.92 44
H14E 3241.47 -1295.14 7275.13 44

5211



Appendix (Article 4)

Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10%)
for lub1421.

Atom X y z U(eq)

HI14F 2358.9 -917.08 7040.78 44
H10D 1850.96 11005.95 4894.88 41
HIOE 2344.96 11746.61 5188.38 41
HI0F 1196.57 12555.37 5101.73 41
HI15A 10409.41 1603.72 6968.64 46
H15B 10470.36 1432.51 7294.41 46
HI15C 10197.73 3994.41 7147.44 46
HI15D 4847.79 3804.39 7072.35 51
HISE 4804.45 1656.59 7294.35 51
HISF 4019 3911.96 7301 51
HI13D 3703.54 -1105.05 6668.69 39
HI3E 4600.66 -1501.31 6898.69 39
HI3F 4657.9 742.4 6689.03 39
HI3A 8066.14 -1622.85 7106.63 51
H13B 9177.75 -2108.67 7248.39 51
HI13C 9045.12 -1789.62 6924.53 51
H2BA 2120(30) 6440(60) 6595(7) 41
H2AA 7960(20) 3080(80) 6414(6) 41
H2A 3290(30) 5360(70) 5748(7) 41
H2B -1620(30) 10060(80) 5731(7) 41
Experimental

Single crystals of CisH2aN2Og [lub1421] were []. A suitable crystal was selected
and [mounted on a Mitegen microloop (M8-50V)] on a Bruker Smart APEX diffractometer. The

crystal was kept at 100 K during data collection. Using Olex2 [1], the structure was solved with
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the XT [2] structure solution program using Intrinsic Phasing and refined with the XL [3]

refinement package using Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.
2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.

Crystal structure determination of [lub1421]

Crystal Data for C15sH24N20¢ (M =328.36 g/mol): monoclinic, space group 12 (no. 5), a =
12.8006(6) A, b= 5.3251(2) A, c = 48.103(2) A, = 92.926(2)°, V= 3274.6(2Q) A*>, Z= 8, T=
100 K, w(Cu Ka)) = 0.863 mm™', Dcalc = 1.332 g/cm?, 29804 reflections measured (3.678° <20 <
143.742°), 5590 unique (Rint = 0.0479, Rsigma = 0.0375) which were used in all calculations. The

final R1 was 0.0355 (I > 20(I)) and wR> was 0.0897 (all data).

Refinement model description
Number of restraints - 3, number of constraints - unknown.

Details:

1. Twinned data refinement
Scales: 0.95(19)
0.05(19)
2. Fixed Uiso
At 1.2 times of:
All C(H) groups, All C(H,H) groups, All C(H,H,H,H) groups
At 1.5 times of:
All C(H,H,H) groups
3. Restrained distances
H2A-O2A =~ H2B-O2B
with sigma of 0.02
H2BA-N2B =~ H2AA-N2A
with sigma of 0.02
4.a Ternary CH refined with riding coordinates:
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C8A(H8A), C5A(H5A), C6A(H6A), C2B(H2BB), C6B(H6B), C2A(H2AB), C8B(HEB),
C5B(H5B)

4.b Secondary CH2 refined with riding coordinates:

C4B(H4BA,H4BB), CAA(H4AA,H4AB), CTA(H7AA,H7AB), C7TB(H7BA,H7BB),
C3A(H3AA,

H3AB), C3B(H3BA,H3BB)

4.c Idealised Me refined as rotating group:

CI10A(H10A,H10B,H10C), C14A(H14A,H14B,H14C), C14B(H14D,H14E,H14F),
CI10B(H10D,

HI10E,H10F), C15A(H15A,H15B,H15C), C15B(H15D,H15E,H15F),
CI13B(H13D,H13E,H13F),

CI13A(H13A,H13B,H13C
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