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Abstract

A ring closing metathesis (RCM) strategy was explored toward synthesis of a
conformationally constrained Type Vla B-turn mimic of the tripeptide dopaminergic
receptor modulator, Pro-Leu-Gly-NH, (PLG). It was anticipated that this strategy would
result in a generalized route to synthesize the indolizidinone scaffold-based Type Vla (-
turn mimic of any Xaa-Pro dipeptide. Although this strategy was unyielding in the desired
result, the study highlighted the recalcitrant reactivity of sterically hindered amino acid
residues.

The interaction between the N-terminal tetrapeptide, Ala-Val-Pro-lle (AVPI) of the
pro-apoptotic protein, second mitochondrial activator of caspases (Smac), and the
binding site on the X-linked inhibitor of apoptosis protein (XIAP) has been previously
validated for its chemotherapeutic potential. We, designed and synthesized,
conformationally-constrained diastereoisomeric AVPI analogues, containing the 5.5-
fused bicyclic thiazolidine scaffold. Although the synthesis of this scaffold presented
several challenges; the base- and acid-lability of the thermodynamically unstable
diastereomer as well as difficulties in the vital amidation step notwithstanding; synthesis
of one diastereomer was successfully completed.

A diastereomeric pair of 5.6.5-azaspirobicyclic lactams, synthesized to mimic the
biological activity of PLG and possessing opposite stereochemistry at the C-8a’ position,
was recently found to have opposing dopamine D, receptor modulatory activities. Our
goal was to identify the structural elements in this scaffold that were responsible for this
opposite activity. We therefore, utilized molecular modeling on existing PLG modulators
containing this scaffold and designed more 5.6.5-azaspirobicyclic lactams containing: (1)
different stereochemistry at the C-3’ position and (2) various substitutions at the C-2’
position. Following the established paradigm toward synthesis of the target molecules
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only led to inconvenient epimerization/racemization issues. However, with a seemingly
simple change in the order of events provided the desired target molecules. In addition,
our initial hypothesis was verified by pharmacological testing of the synthesized
molecules. Eventually it is anticipated that use of both positive and negative modulators
will serve to understand the overall structural and biochemical mechanism of PLG-

mediated D, receptor modulation.
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Chapter 1

Rationale for Developing a Different Synthetic Strategy toward Indolizidinone-Based
Type VI B-Turn Mimics

1.1. Introduction

All 20 naturally occurring common a-amino acids, except L-proline (Pro), are
primary amines. The latter is a cyclic imino acid containing a secondary amine which
imparts unique conformational characteristics to Pro. For the N-terminal amides of
primary amino acids, the difference in free energy between the frans- and cis amide
bond conformers is significant (AG° = 2.6 kcal/mol), the trans isomer being the more
stable one mainly due to steric preference.' For N-terminal amides of proline, the free
energy difference is lowered to a value of 0.5 kcal/mol." This leads to an increased
potential for the cis conformer being present in significant proportions compared to the
trans form, even in biological conditions.? In fact, cis-proline is the second-most
conserved residue encountered biologically in proteins, the first being half-cystine.®

The type VI B-turn is a conformational feature of certain biologically relevant
peptides. The observation pertinent to this discussion is that a type VI B-turn
incorporates a cis-proline in its i+2 position. It is important to emphasize that the
presence of L-proline in the i+2 position does not connote the presence of the type VI 3-
turn conformation.*

The type VI B-turn family consists of two sub-types: type Vla and type VIb (Figure
1.1). A rotation of the y(i+2) torsion angle by 160° prevents an intramolecular hydrogen
bond between the i-C=0 and i+3-NH in the type VIb B-turn. The ideal torsion angles of

the backbone i+1 and i+2 residues of a type VI B-turn are shown in Table 1.1.°
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Figure 1.1. Type VI B-turn sub-types

Table 1.1. Defining torsional angles of i+1 and i+2 residues of type VI B-turns

Turn type @(i+1) Y(i+1) @(i+2) Y(i+2)
Via —60° 120° -90° 0°
Vib —135° 135° —75° 160°
I —60° 120° 80° 0°

1.2. Type VI B-turn and the tripepide L-Pro-L-Leu-Gly-NH, (PLG)

The solid state conformation of the positive allosteric dopamine modulator, PLG,
was determined to be a type Il B-turn.® Previous attempts at understanding the
conformation of this tripeptide in solution gave widely ranging results.”° For instance,
NMR experiments indicated that it was the protonated form of the peptide that was
partially capable of adopting a more ordered structure (such as a type Il B-turn) in
solution. Conversely, the unprotonated form was unable to adopt any particular
conformation namely because of significant aggregation at concentrations used in the
NMR analyses.

The positional propensity of Pro at each residue positions in B-turns'' is shown in

Table 1.2. This indicates that Pro is almost never found in the i+2 and i+3 position of a



Table 1.2. Positional propensity of L-proline

Turn i i+1 i+2 i+3
Pro generic 1.48 2.45 0.63 0.96
Pro type Il 1.99 4.91 0.00 0.00

type Il B-turn and that it has a 2.5-fold propensity to be found in the i+1 position
compared to the i position. Although position potentials are not available for the type VI
B-turn, it should be noted that based on literature precedent, out of 18 examples where
Pro can be found to stabilize a type Vla B-turn, Pro occupies the i+1 position in 3
examples and the i+2 position in 15 examples.

While investigating the correlation between the conformation and bioactivity of
peptidomimetics based on PLG, there was a need for constraining the tripeptide, L-Pro-
L-Pro-L-Pro-NHo, in a type VI B-turn conformation. It was hoped, that the triprolines
would lead to a more flexible peptidomimetic scaffold, as compared to the spirobicyclic
PLG mimetics that had been designed, synthesized and tested biologically. On the basis
of data in Table 1.1., it is obvious that the all-L-triproline would be incapable of
maintaining a type Il B-turn conformation. Yet, through pharmacological testing of the
triprolines, it was evident that the homochiral triproline peptide was far superior in its
activity than the corresponding analogues that were conformationally capable of
mimicking the type Il B-turn.

Since the presence of Pro in the i+2 increases the possibility of a cis-amide bond,
it also introduces the possibility of a type VI B-turn conformation as the bio-active
conformation. Since the original hypothesis was that the bio-active conformation of PLG
is a type Il B-turn, a keen observer would realize the similarity between the two turns

described by the triprolines (Figure 1.2.).



¢|+1— -6 ¢I+2_ -60°

L-Pro-L-Pro-D-Pro-NH, L-Pro-L-Pro-L-Pro-NH,

Type Il S-turn conformation Type VI S turn conformation

Figure 1.2. Comparison between triprolines in type Il and type VI conformations

1.3. Rationale for selection of the indolizidinone-based type VI B-turn mimic

Most literature reports directed at developing small molecule mimics of the type
VI B-turn, concentrate on cis-Pro amide mimicry. Some examples are shown in Figure
1.3., and include 6-amino-8a-carboxyindolizidinone 1.1, cis-(rac)-3-amino-6-
carboxypiperidinone 1.2'® and 5-tert-butylproline 1.3". Although the cis—Pro amide form
is inherently unstable, the type VI B-turn containing cis-Pro is found in biologically
relevant locations and therefore there has been a steady growth in developing mimics of

this conformation.

COQH R(i+2) o
i+1 1 : ., “|~COH
( ) N 3 R(I+1 ) NH N Xaai+3
H2N HoN Xag;
o) i+1
11 1.2 1.3

Figure 1.3. Examples of type VI B-turn mimics



Of the existing type VI B-turn mimics in the literature, the indolizidinone mimic

122 and Germanas'®

developed concurrently albeit independently by the Gramberg
groups was selected. The bicyclic lactam exhibits minimal deviation from the parent
peptide being constrained. As shown in Figure 1.4., the lactam is developed by bridging
the a-carbons of the i+1 and i+2 residues with an ethylene linker. The structure of the
indolizidinone Gly-Pro mimic (where Ri,; = H) was determined by X-ray
crystallography.'® The main features were: (1) the pseudo-chair (almost cyclohexene-
like) conformation of the 6-membered lactam ring with the amino terminus in a pseudo-
equatorial position and (2) the twisted amide, where the amide bond was twisted out of
planarity (w= —14.6°) due to the strained bridgehead position of the lactam nitrogen. It is

also important to note in this discussion that the indolizidinone is cis-substituted at the C-

6 amino and C-8a carboxy terminal positions.

Xaa,+3 Xaa,+3
\H"‘ \‘ cyclization 8/\“
)\Xaai - )\ Xaa;
|+1 O R'+1
1.4 1.5
AN 20

NH

1.6
(Pro-Pro-Pro-NH, mimic)

Figure 1.4. Indolizidinone-based type VI B-turn mimic



1.4. Previous approach toward synthesis of indolizidinone mimic 6

Realizing immediately that the L-Pro-L-Pro-L-Pro-NH, indolizidinone mimic had
identical i+1 and i+2 Pro residues, Dr. Ashish P. Vartak, a previous graduate student in
the Johnson laboratory, explored a concerted approach toward its synthesis.' His
strategy hinged in the simultaneous generation of the desired stereochemistry about
both C-6 and C-8a of the ultimate indolizidinone in one step (Scheme 1.1). This was
accomplished by alkyating Seebach’s oxazolidinone with ethylene glycol bis-triflate as
the electrophile. This strategy was successful toward the synthesis of the desired
indolizidinone mimic.'® Although an elegant concerted strategy, this approach was

limited toward synthesis of the type VI B-turn mimic where i+1 = i+2 = Pro.

Scheme 1.1. Retrosynthetic strategy for previous synthesis of 1.6
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1.5. Ring Closing Metathesis (RCM)-approach toward synthesis of type VI B-turn
mimics

The RCM-approach toward synthesis of indolizidinone type VI B-turn mimics
where i+1 # i+2 was inspired in part by investigations conducted by the Gmeiner group
in 2001"" and in part by a comment made by Dr. Ashish P. Vartak in his doctoral
dissertation.'® In the former report, the rational design and synthesis of lactam-bridged
type VI B-turn inducing peptide mimics using RCM was delineated. According to their
Molecular Dynamics (MD) calculations, the trans-substituted 8-membered bicyclic
lactam containing the internal olefin was the most optimal type VI B-turn mimic capable
of sustaining a stable turn conformation (Figure 1.5). The existence of an intra-molecular
hydrogen bond was partially confirmed by variable temperature NMR (VT-NMR)
spectroscopy. As shown in the scheme below, this approach hinged on the
enantioselective synthesis of a-allylproline and a-allylglycine derivatives. In an
independent study by Derrer et al.,'® the same 8-membered lactam was found to be

capable of type VIb conformational mimicry.

H30\
O Z\FH\\ MD study
s ”\\\\ result
T,
& H 0-CHs
Target structures Optimal mimic

Figure 1.5. Structure optimization by the Gmeiner group varying m,n from 0—1

These two studies differ from the detailed conformational analyses conducted by

Germanas'® in the support of the 6-membered indolizidinone mimic. Our main aim



therefore was to develop an RCM-based strategy toward synthesis of a generic
indolizidinone-based type VI B-turn mimic (of the tripeptide Pro-Xaa-Pro).

To test the feasibility of this synthetic route, two target molecules were proposed.
In addition to the Pro-Pro indolizidinone scaffold 1.12, the sterically less-hindered Gly-
Pro scaffold 1.9 was also selected. Retrosynthetically, the target molecules can be
obtained by hydrogenation of the didehydro intermediates 1.10 and 1.13 (Scheme 1.2).
It was hoped that these intermediates would be obtained by an RCM reaction on the

corresponding Gly-Pro and Pro-Pro dipeptides.

Scheme 1.2. Retrosynthetic analysis involving RCM
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Gly-Pro indolizidinone mimic
HsCO_0 HaCO\:&o
: : 2T RCM
a1 hydrogenation m s
\ N3 —_— E&(N 3
N N O
oc
BocO 412 1.13

Pro-Pro indolizidinone mimic

In order to synthesize 1.11 and 1.14, the strategy requires the ready availability
of enantiopure a-vinyl amino acids. As will be discussed in the following chapter, the
synthesis of the a-vinylproline and a-vinylglycine residues proved to be an extremely

non-trivial task.



CHAPTER 2

Attempts Toward the Construction of the Indolizidinone Nucleus of Type Vla B-turn
mimics of the type Pro-Xaa-Pro Using Ring Closing Metathesis (RCM)

2.1. Introduction
The attempted synthesis of the two target indolizidinone mimics, 1.9 and 1.12 via

the RCM strategy will be discussed in the following order:

—

Retrosynthetic analyses of indolizidinones 1.9 and 1.12
2. Synthesis of key intermediates, a-vinyl and a-allyl amino acids in an optically
pure form.
3. Synthesis of a-vinylglycine—a-vinylproline (vinylGly-vinylPro) and a-vinylproline—
a-vinylproline (vinylPro-vinylPro) dipeptides, 1.11 and 1.14
4. Synthesis of dipeptides with homologated side chains (a-allylglycine—a-allyl
proline (allylGly-allylPro), a-allylproline—a-allylproline (allylPro-allylPro), a-allyl
proline—a-vinylproline (allylPro-vinylPro)
5. Ring Closing Metathesis reaction attempts
Retrosynthetically, the indolizidinone 1.9 can be reduced to two a-vinyl amino
acid subunits, 2.1 and 2.2 (Scheme 2.1). The first challenge therefore involved the
stereoselective syntheses of two unnatural amino acids, (R)-a-vinylglycine and (R)-a-
vinylproline. For the a-vinylproline residue, 2.1, we anticipated applying Seebach’s “self
regeneration of stereocenters” strategy utilizing an electrophile that could indirectly
introduce the vinyl substitution at the a-carbon (a-C) of proline. Initial retrosynthesis for
2.2 indicated that L-serine could be a viable starting material. Garner’s aldehyde would
serve as an important intermediate. Another proposed route involved use of the Trost

Pd-catalyzed asymmetric allylic alkylation strategy and hinged on the possible one-pot



oxidation of 2-amino-2-vinylalcohols into a-vinyl aminoacids. It was also anticipated that
in addition to the RCM reaction, the coupling reaction between the two amino acids

would be challenging and would require extensive optimization.

Scheme 2.1. Retrosynthetic analysis for 1.9
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H3CO 5 \ ! \} o
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BocHN™ % peptide o) 2.1
1141 O \ coupling 22
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via 4 steps
4 steps Garner's aldehyde
HO \H 0
Ot H
. _OH
o HCI+ H,N ﬁ OH
(rac)-2-vinyloxirane o)
L-Proline

L-Serine hydrochloride

Boc
Garner's aldehyde

The retrosynthetic analysis (Scheme 2.2) for indolizidinone 1.12 was similar to

that of 1.9. The key intermediates 2.1 and 2.3 can both be derived from L-proline.
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Scheme 2.2. Retrosynthetic analysis for 1.12
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2.2. a-Vinylglycine: Challenges associated with synthesis and manipulation

a-Vinylglycine was first isolated from mushrooms in 1974 in partially racemic
form with high proportion of the b- (or (R)-form).?° Following initial efforts at the synthesis
of the racemic form,?' a few reports detailing syntheses of the optically pure a-amino
acid have steadily appeared in the literature since 1980.2> %2 |t is evident from these
studies, that synthetic manipulation involving a-vinylglycine is plagued by two stability
issues (Figure 2.1).

Under basic conditions (aqueous or organic), vinylglycine under goes (1)
racemization/epimerization at the a-center or (2) isomerization of the terminal olefin to
form the internal a,B-unsaturated amino acid. The latter process can also occur under
high temperature conditions (vide infra). Since these processes can also occur in the N-
and C-protected forms, acid-mediated deprotections have to be employed to remove the
carbamate and ester protecting groups. In light of this, some literature accounts utilize
the Cbz protecting group as opposed to the more ubiquitously encountered Boc group.*
Orthogonality can be maintained since two-step deprotection can be conveniently

achieved under acidic conditions to remove the methyl ester (OMe) and Cbz groups.
11
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Figure 2.1. Instability of a-Vinylglycine and its derivatives

2.3.a. Synthesis of optically pure (R)-a-vinylglycine

As per the original report by the Rapoport group,? our first attempt (Scheme 2.3)

at a-vinylglycine synthesis started with D-methionine, which, following suitable

carbamate and ester protection, was subjected to S-oxidation by sodium periodate

(NalQy4). The resulting sulfoxide 2.9 was subjected to thermal syn-elimination using a

Kugelrohr distillation apparatus resulting in Cbz-(R)-a-vinylglycine-OMe 2.10.

Unfortunately, in my hands, the Kugelrohr distillation resulted in a complex mixture with

only 20% yield of 2.10. The rest of the mixture was composed of unreacted starting

material and the a,B-isomerized olefin (vide supra).
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Scheme 2.3. Rapoport approach starting with methionine

Os_OH O+ _-OCH3; Os_OCH;
/\j/ SOCly, MeOH /\j/ Cbz-Cl, NEtg, THF /\j/
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> + ., > .
rt,18h s ‘NHCbz ~ Kugelrohr app. N “NHCbz
90°% o ~20%
° 2 29 2.10

The second approach was dependent on the possibility of converting a-vinyl
amino alcohols to the corresponding acid via either a one-pot two step oxidation

,5% such as Jones oxidation® or alternately possibly in discrete steps; first

protoco
oxidation to the aldehyde followed by conversion to the acid.

The synthesis is depicted in Scheme 2.4., and, it was based on a route
developed by the Taylor group.?’ It required 7 steps toward the synthesis of N-protected-
a-vinylglycine 2.2. Commercially available hydrochloride salt of L-serine was first
protected to form the Boc-L-serine methyl ester 2.11 in quantitative yield. This was
converted to Garner’s aldehyde 2.12 in two steps by first reacting with 2,2-
dimethoxypropane (DMP) in the presence of catalytic Lewis acid and then reducing the
ester to the aldehyde using diisobutyl aluminum hydride (DIBAL-H). Wittig methylenation
followed by acidic oxazolidine hydrolysis gave rise to the crucial intermediate 2.13.
Several one-pot oxidations were attempted with Jones oxidation giving the most
reproducible yields. Catalytic 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)-based
oxidations failed to form the desired product in good yields. Despite the highly acidic

reaction conditions (3 N H,SO,) found in Jones oxidation, the integrity of the Boc-
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23,28

protecting group=>=" was maintained and Boc-(R)-a-vinylglycine 2.2 obtained in a crude

form as a yellow-colored oil. Although this procedure was reproducible and highly

Scheme 2.4. Synthesis of Boc-(R)-a-vinylglycine via Garner’s aldehyde

HsCO_ OCH;
X

HO 1.
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OH 1. SOCl,, MeOH 5 mol%)96%
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o 2. BocyO, NEt3 2. DIBAL-H,-78 <C Boc
) ) THF, quant. yield (0] 959
L-serine hydrochloride 211 ° 2192
+ —
1. PhsPCHg Br, KHMDS HO CrO3, H,SO,, Acetone-H,0O HO___O
75% o j\/ 0C —r.t L
— ™ BocHN ™ BocHN
2. Dowex-50W H* resin, 70-72%
213 ° 2.2
50-65%

Scalable, it was significantly labor-intensive. Purification via flash chromatography was
necessary after each step and large-scale reactions were required due to the number of

steps in the synthetic plan.

2.3.b. Trost’s Pd-catalyzed Asymmetric Allylic Alkylation (AAA) strategy

To obviate the laborious route, a different strategy was adopted toward the
synthesis of the crucial N-protected-a-vinylglycinol intermediate 2.13. In 2000, the Trost
group reported the enantioselective synthesis of vinylglycinol using Pd-mediated
catalysis.?® The methodology developed was a Dynamic Kinetic Asymmetric
Transformation (DYKAT) of racemic monoepoxides. Butadiene monoepoxides (or vinyl
oxiranes) are commercially available and are therefore readily obtained substrates for
this palladium-catalyzed reaction. The DYKAT reaction of butadiene monoepoxide is

hypothesized to proceed via a mechanism indicated in Figure 2.2. The first step is an
14
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Figure 2.2. Origin of enantiodiscrimination in Pd-catalyzed DYKAT of epoxides

Sn1-type loss of the enantiotopic good leaving group, which in the case of racemic 2-
vinyloxirane, leads to epoxide opening. This is followed by formation of a mr-allyl
palladium species, where Pd is tightly bound by the enantiopure Trost standard ligand;
the DACH ligand (derived from 1,2-diaminocyclohexane). For (rac)-2-vinyloxirane, both

enantiomers undergo these two steps at the same rate. Eventually, the two -allyl
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palladium species, 2.15 and ent-2.15 rapidly interconvert via a dynamic equilibrium
process, which occurs via the formation of an intermediate o-complex.
Enantiodiscrimination occurs at the next step, wherein there is a rate differential in the
reaction between the incoming nucleophile (Nu) on either 2.15 or ent-2.15, depending
on the chirality of the ligand. As per the Trost mnemonic, the naphthyl (S,S)-DACH
ligand preferentially gives rise to 2.16, while the (R,R)-DACH ligand gives rise to ent-
2.16. A recent report details new mechanistic insights of the generic Pd-catalyzed AAA
reaction.®

This particular subset of the Trost reaction is also regioselective. As shown in

Figure 2.3., it was hypothesized that the use of (rac)-2-vinyloxiranes would be

Pd(0), _ JHe -
/"»\,W DACH Ligand o) Nu-H b Nu’Wa O
o} PN (/‘\)
(rac)-vinyloxirane
Path b Path a
(not observei/
OH
OH =
NU\/\) Nu
Allylic alcohol Homoallylic alcohol

Figure 2.3. Origin of regioselectivity in the Trost DYKAT reaction of epoxides

advantageous for DYKAT, since the incoming nucleophile (Nu) would be capable of co-
ordinating with the oxygen of the newly opened epoxide, and that this co-ordination
would lead to regioselective attack of the Nu on the adjacent allylic carbon (path a) as

opposed to the distal allylic position (path b). By correctly “matching” the substrate and
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ligand it is therefore possible to obtain an enantiopure substituted homoallylic alcohol
product.

For the synthesis of (R)-a-vinylglycinol, (rac)-2-vinyloxirane was reacted with a
slight excess of commercially available phthalimide in the presence of catalytic amounts
of m-allyl Pd dimer and the (S,S)-DACH Trost ligand (Scheme 2.5.). A catalytic amount
(5 mol%) of base such as Na,COj3 deprotonates the weakly basic phthalimide NH (pka ~
8) to render it nucleophilic for the allylic attack. The alkoxide anion (pka ~ 17-18) formed
by epoxide ring opening can function as a base as the reaction continues. Methylene
chloride (CH.Cl,) appears to be the most suitable solvent for this reaction which takes
place at room temperature and requires approximately 12—17 h for completion. The
phthalimido vinylglycinol 2.17 was re-crystallized from diethyl ether (Et,O) to increase
the enantiopurity (96% ee = 98% ee). Hydrazinolysis and 6 N hydrochloric acid (HCI)
refluxing treatment gave the de-protected (R)-a-vinylglycinol hydrochloride salt 2.18
which was not further purified. When greater than 5 g of the phthalimido compound was
subjected to hydrazinolysis, the subsequent 6 N HCI reflux conditions produced large
amounts of hydrazine as by-product, and, separation from desired amino alcohol product
was not achieved until the next step, wherein the free amine was protected as a
carbamate (Boc or Cbz). This was delineated since the yield of the desired Boc- or Cbz-
protected compound 2.13 or 2.19 was surprisingly low and another more non-polar by-
product was isolated in almost 0.5—1:1 ratio by weight. It was determined by NMR that
this by-product was the corresponding bis-N-Boc/Cbz hydrazine 2.21a or 2.21b. In the
same reaction context, attempts using tert-butylcarbamate (Boc-NH,) as the nucleophile
failed under various basic conditions (see Scheme 2.5.). Perhaps, catalytic amount of a

strong base, such as NaH, is not sufficient for initial deprotonation of the carbamate (pka
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Scheme 2.5. (R)-a-Vinylglycine using Trost Pd-AAA
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~ 26). The use of an imide-type Boc derivative, where the NH has lower pka, has been
recently shown to give the product in two steps.*'
The Boc- or Cbz-protected alcohol was oxidized to a satisfactory extent using the

Jones oxidation protocol®® to the corresponding Boc- or Cbz-(R)-a-vinylglycine 2.2 or
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2.20. Unfortunately, on a large scale, both alcohols were isolated by flash
chromatography containing a UV-active impurity that co-eluted with the desired products
respectively. The impurities were probably to the extent of 5% since they were not
discernable by NMR, but were definitely subjected to oxidation to more polar by-products
in the Jones oxidation. Once again, the crude material obtained after Jones oxidation

was pure by NMR and used without further purification.

2.4. Synthesis of (R)-a-vinylproline

The title compound was synthesized by a method developed by the Gmeiner
group.® The key step in the diastereoselective synthesis, is the Claisen condensation of
methyl formate with the non-racemic enolate, generated from the trichloromethyl
oxazolidinone 2.22 of L-proline. The use of this oxazolidinone was first reported by the
Germanas group® as a more stable alternative to using the pivaloyl oxazolidinone of
proline developed by Dieter Seebach.** The predictable stereochemical outcome of
enolate additions of Seebach oxazolidinones is termed as “Self Regeneration of
Stereocenters (SRS). That is, additions of electrophiles at the a-position of proline occur
with the same stereochemical sense as the original proline (Figure 2.4).

SRS has its origins in the diastereospecific formation of a single oxazolidinone
diastereomer 2.22 shown in the figure. Its formation is driven by a thermodynamic
equilibrium of the ring-closed and ring-opened form of the condensed iminium
carboxylate between proline and chloral hydrate (or pivalaldehyde). The two main events
responsible for the stereospecific outcome of this reaction are (1) propensity of 5.5-fused
rings to be cis—fused and (2) the propensity of the bulky trichloromethyl (or tert-butyl)

group for occupying the equatorial position to minimize 1,3-diaxial interactions.
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Figure 2.4. Thermodynamic basis for diastereoselective oxazolidinone formation

In addition, the enolates derived from such oxazolidinones are excellent
“carbonylophiles” since the preferential O-Li enolate can easily form a six-membered
transition state, leading to carbonyl addition products easily. The trichloromethyl
derivative 2.22 is a stable crystalline solid and can be stored indefinitely at room
temperature in a tightly sealed container. This is opposed to the lability of the pivaloyl
oxazolidinone 2.23 which is highly moisture-unstable and has to be used immediately
toward the enolate formation. However, there is a marked trade-off between the relative
stability of the oxazolidinones and the corresponding enolate addition yields and

diastereoselectivities.
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Toward the synthesis of a-vinylproline (Scheme 2.6), L-proline was condensed
with commercially available chloral hydrate using a protocol developed by Dr. Ashish

Vartak in our laboratory. The use of chloral hydrate obviates the use of anhydrous

Scheme 2.6. Synthesis of (R)-a-vinylproline
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chloral, which is difficult to purify and maintain in the anhydrous state, as well as avoids
the use of a Dean-Stark apparatus while giving similar yields. The oxazolidinone 2.22
was crystallized in 60—70% yields using EtOAc/absolute EtOH. Claisen condensation of
the lithium enolate derived from the oxazolidinone with methyl formate at —40 °C gave
rise to the corresponding a-formyl oxazolidinone 2.24 in 65% yield. The yield was
improved marginally by adding a co-solvent such as HMPA in stoichiometric quantities.
One carbon Wittig methylenation using a potassium base such as potassium tert-
butoxide (KOtBu) gave the a-vinyloxazolidinone 2.25 in reproducible yields. All three
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steps are amenable to scale-up. The Claisen condensation and Wittig reactions gave
closer to 70% yield on a 15-20 g scale. The Wittig reaction requires special mention

since it was subject to extensive optimization studies (Table 2.1). As reported in the

Table 2.1. Optimization of the Wittig reaction

Olefination conditions Yield
PhsP-CHs* Br, KO'Bu (1.7 equiv.),toluene 65—67%
PhsP-CHs* Br, KO'Bu (1.2 equiv.),toluene 50-55%
PhsP-CH;* Br~, KO'Bu, 18-crown-6, toluene 50%
PhsP-CHs* Br, KO'Bu, DME No product
PhsP-CH3" Br, n-BuLi (2.5M in hexanes), THF 100% 2.22
Tebbe reagent (0.5M in toluene), Toluene, pyridine <20%
Tebbe reagent (0.5M in toluene), THF, pyridine <20%, dimethylenation

literature,®* use of a lithium base led to complete reversion of the a-formyl oxazolidinone
substrate 2.24 to the un-alkylated oxazolidinone 2.22 via a putative retro-claisen
reaction. Toluene was the solvent of choice; use of a polar solvent such as
dimethoxyethane (DME) gave no conversion to product. Use of the Tebbe reagent® %
as the methylenating agent gave poor to no conversion to desired product. When
tetrahydrofuran (THF) was used as solvent (and as an intrinsic Lewis base capable of
activating the Tebbe reagent to its more active form), the dimethylenated product, where
the lactone carbonyl was also methylenated, was observed. As a deuterated chloroform
(CDCl,) solution, this molecule decomposed at room temperature within a day after the
'H NMR was obtained, perhaps due to an unstable strained enol ether type structure.
The a-vinyl oxazolidinone was either hydrolyzed under aqueous acidic conditions

to form the amino acid hydrochloride 2.26 or anhydrous acidic conditions, wherein it was

converted to the methyl ester hydrochloride 2.1 via a one-pot two step reaction. The a-
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vinylproline*HCI could also be converted to the methyl ester 2.1 using thionyl chloride or
acetyl chloride and anhydrous methanol (MeOH). The discrete two step method gave
higher yields and compound of higher purity, since the side products of the
oxazolidinone hydrolysis could be easily separated from the desired product at the end
of the 6 N HCI hydrolysis. Also, 2.26 serves as an intermediate for synthesis of the Boc-
protected amino acid as well. Boc-protection of 2.26 was conducted as per an optimized
methodology developed previously in our laboratory for N-Boc protection of sterically
hindered proline derivatives.®” Nearly quantitative yield of 2.3 was obtained using the
basic phase transfer reagent tetramethyl ammonium hydroxide (TMAH) and di-tert-butyl
dicarbonate (Boc,0) in anhydrous acetonitrile (CH3;CN) for 4 days. Both the a-

vinylproline derivatives are stable, crystalline solids.

2.5. Synthesis of (R)-a-allylproline and (R)-a-allylglycine

In order to test the effect of steric hindrance on the peptide coupling and RCM
reactions, derivatives of the one-carbon higher homologues, (R)-a-allylproline and (R)-
a-allylglycine were also synthesized. a-Allylproline was also synthesized using
Seebach’s SRS strategy (Scheme 2.7). Large-scale syntheses using both
pivalaldehyde®® and chloral hydrate to form the oxazolidinone chiral auxiliaries 2.22 and
2.23 were successfully conducted. Either oxazolidinone was then subjected to enolate
generation (using 0.7-1.0 M LDA in THF) and subsequent alkylation using commercially
available allyl bromide. The yields typically ranged from 60—-80%, with the trichloromethyl
analogue giving lower yields. The alkylated oxazolidinone was subjected to an aqueous
extraction work-up and generally used without further purification. Silica gel-mediated

hydrolysis® of the alkylated pivaloyl oxazolidinone 2.28 gave rise to (R)-a-allylproline
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Scheme 2.7. Synthesis of (R)-a-allylproline, (R)-a-allylglycine

: {
chloral hydrate, N N
HO tiaaromen [0 oAl AL
——on N\/O /e Ly 2.27: R=C| (60%)
N OH \ B O 2.28: R=CHs (83%)
H pivalaldehyde, R Z N
L-Proline TFA (cat.), R R RN
hexanes, R R For R=Cl
Dean-Stark  2.22: R=C| (70%) Na° MeOH
2.23: R=CHj3 (100%) then AcClI
For R=CH3 75% (over 2 steps)

SiO,, MeOH/H0,
94%

(CH3)4NOH'H20 _:\
mo Boc,O, CH3CN mo AcCl, MeOH (anhyd.) an
, , Ha
N OH 140 86% N OH incomplete reaction H
Boc H *HCI
2.31 2.299 2.30
1. (S5,5)-Pseudoephedrine, CH; O :J
HCI-HZN/\H/OMG LiOfBu, LiCI,THF, rt. PhY\N)J\/ NH, 1. H0, reflux, ; HN/:\H/OH
2. LHMDS, LiCl, ! z 2. Boc,O, NaOH oc
O OH CH 2™, : o}
~_-Br 3 dioxane/H,0
Glycine-OMe+HCI Z | . 2.32
40% yield (2 steps) quant. yield (2 steps)

Pseudoephedrine
a-allylglycinamide

2.29 which was then converted to the methyl ester 2.30 in refluxing acetyl chloride in
methanol (AcCl/MeOH). This reaction was usually incomplete even after 48 h reflux.
The alternate procedure involved subjecting the alkylated trichloro oxazolidinone 2.27 to
sodium methoxide-mediated lactone opening and methyl esterification in the same
reaction via the N-formyl intermediate.®® 3 The methyl ester formation reaction was
instructive in indicating the opposing labile natures of the two oxazolidinones. The
pivaloyl oxazolidinone is susceptible to even mildly acidic hydrolysis, while the
trichloromethyl analogue, which is stable on SiO; gel, is more susceptible to
nucleophilic/basic hydrolysis. The trichloromethyl analogue is not completely hydrolyzed

by SiO, gel in MeOH/H,O even after prolonged reflux. Only refluxing in 6 N HCI for 4-5 h
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completely hydrolyzes the oxazolidinone; on the other hand, the NaOMe/MeOH reaction
is complete within 30 min. at room temperature and forms the N-formyl derivative
indicating the base lability of the N,O-acetal methine proton. a-Allylproline 2.29 was also
converted to the Boc-protected derivative 2.31. Boc-a-(R)-allylglycine 2.32 was
synthesized as per the Myers’ strategy utilizing (S,S)-pseudoephedrine as a chiral
auxiliary. The details are discussed elsewhere in this dissertation (Chapter 4, Scheme

4.3).

2.6.a. Synthesis of the peptide precursors for the RCM reaction

There are two major hurdles to be overcome while synthesizing dipeptides such
as 1.11 and 1.14. Firstly, a-vinylglycine as discussed before (vide supra) is unstable in
the presence of tertiary bases for prolonged time periods. Secondly, steric hindrance is
extremely pertinent to the discussion involving synthetic manipulations of a-alkylated
proline residues. In fact, there is no literature precedent for amide bond formation
between orthogonally protected, sterically encumbered a-alkylated proline residues as in
1.14. Even recent studies*® that attempt to improve the peptide coupling efficiencies of
sterically hindered amino acids report cases where only one coupling partner is highly
sterically hindered (e.g. a-center being a quaternary center). It was therefore hoped that
the use of several peptide coupling conditions for synthesis of the dipeptide RCM
precursors and the use of a-allylamino acids in the dipeptide synthesis would be
instructive in understanding the steric demands of the a-alkylated proline and glycine
residues. Based on literature precedent for coupling reactions involving a-vinylglycine,*"
2 and a-allylproline,® ** ** four highly reactive peptide coupling agents/conditions were

selected: (1) 7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
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hexafluorophosphate (HATU), (2) bis-(2-ox0-3-oxazolidinyl)phosphonic chloride (BOP-
Cl), (3) mixed anhydride method using isobutyl chloroformate (IBCF), and (4) acid

fluoride method using Deoxo-Fluor®.*®

2.6.b. Synthesis of dipeptide precursors 1.11 and 1.14 for RCM

The two target dipeptides were composed of an N-protected a-vinylglycine or a-
vinylproline and a-vinylproline methyl ester. The mixed anhydride method employing
isobutyl chloroformate (IBCF) gave the optimal result for coupling Boc-a-vinylglycine and

a-vinylproline methyl ester (Scheme 2.8).

Scheme 2.8. Synthesis of Boc-(R)-vinylGly-(R)-vinylPro-OMe

Amine attack
pathways

A IBCF, NMM, THF N
—15°C to — 10°C )
BocHN™ O > A& _0_£0
I N\ o . NMM, THF BocHN il
—15°C to - 10°C o O
2.2 N OIVlthen rt,2d
. e a b
H<HCl 30% / \
2.1

BocHN™ N + NTO\)\
(@)
(@)
1.11 (desired product) 2.33 (undesired product)

Although an optimized 30% yield was obtained, 1.5-fold quantity of a side
product was isolated and characterized. This product, 2.33, arises from the attack of the
amine on the wrongly activated carbonyl of the mixed anhydride. Formation of this
urethane has been reported in the literature in the context of the secondary amines of

proline and sterically encumbered proline residues as the attacking nucleophiles.*® *
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This issue will be addressed again in the next sections. The reaction was not
reproducible with respect to the yields of 1.11. In addition, the product was unstable
even within the NMR tube as a CDClI; solution giving rise to seemingly impure samples
as per 'H NMR.

Coupling between the orthogonally protected a-vinylproline residues was
extremely challenging perhaps due to the steric environment about the quaternary a-
carbon (Scheme 2.9). There is no literature precedent for amide bond formation between
two a-alkylated proline residues. The most optimal conditions led to 17% yield of 1.14
and involved use of BOP-CI as the stoichiometric coupling agent. This coupling agent is
known to promote amide bond formations of N-alkylated amino acids.*®

Slightly lower yields were also obtained with bromo-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBroP). The acid fluoride technique using Deoxo-fluor and 2-
chloro-1-methylpyridinium iodide (CMPI/Mukaiyama’s reagent) gave no conversion. The
coupling reaction of Boc-a-vinylproline in the presence of HATU resulted in the recovery
of the active HOAt ester in over 50% yield which was extremely stable to aminolysis. No
amide product was obtained even when the ester was subjected to amine attack under
refluxing basic conditions. It should be noted that this HOAt ester was not stable for

prolonged periods of time at room temperature.
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Scheme 2.9./Table 2.2. Synthesis of Boc-(R)-vinylPro-(R)-vinylPro-OMe

N\
x> 0O
: H Sco\é o

N\ - " EN>—<OCH =N
Y 0O Coupling conditions, . 3
m HHC 5 4 A

N  OH > EH
Boc N o)
23 Boc
1.14
Coupling conditions Yield
BOP-CI, DIPEA, CH.ClI, 17%
PyBroP, DIPEA, CH.Cl, 13%
Deoxo-fluor, DIPEA, CH.Cl, No product
HATU, NMM/DIPEA, DMF HOAt-ester recovered
CMPI (Mukaiyama’s reagent), NEt;, CH.Cl, No product

2.6.c. Synthesis of one-carbon higher homologue dipeptides: Precursors to the 7-
and 8-membered RCM products

Similar to the reaction with a-vinylglycine, the mixed anhydride method gave the
best yields for dipeptide formation between Boc-(R)-a-allylglycine and a-vinylproline
methyl ester (Scheme 2.10.).

Once again, a small quantity of a mixture of 2.33 and 2.35 were obtained,
indicating that nucleophilic attack of the sterically hindered amine on the active carboxyl
carbonyl was inefficient. As per mass balance, it should be noted that active ester

formation on either a-alkylglycine was relatively easy.
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Scheme 2.10. Synthesis of Boc-(R)-allylGly-(R)-vinylPro-OMe
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To avoid formation of the unproductive adduct 2.33, coupling between 2.32 and
a-allylproline methyl estersHCI 2.30 was conducted in the presence of HATU (Scheme
2.11). The desired product was isolated in good yields and purification by flash

chromatography was simplified.

Scheme 2.11. Synthesis of Boc-(R)-allylGly-(R)-allylPro-OMe

HATU, DIPEA, DMF,
0 °C, 20 min.

»
>

</ , DIPEA, DMF

2 0) O0°Ctor.t.
HCI ” OCH3
2.30
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Both HATU (coupling condition A) and BOP-CI (coupling condition B) were used
to effect the formation of the dipeptides between Boc-a-allylproline and a-vinyl and a-
allylproline methyl esters (Scheme 2.12). These two coupling agents are highly reactive
and result in clean reaction mixtures. Between the two reaction conditions, BOP-CI (B)
gave higher yields. The reaction of 2.31 with a-allylproline methyl ester hydrochloride
2.30 gave higher yields of the desired dipeptide using either A or B than the reaction
with 2.1. This was presumably demonstrative of the slight relief from steric crowding
about the a-quaternary carbon (a-Cg) of the attacking nucleophilic amine due to the
presence of a more rotatable methylene group. The coupling reaction in the presence of
HATU resulted in the isolation of relatively large quantities of the HOAt active ester. This
active ester is formed almost quantitatively and is stable indefinitely when stored below

0°C as was demonstrated when the reaction was repeated in the absence of added

Scheme 2.12. Syntheses of Boc-(R)-allylPro-(R)-vin/allylPro-OMe

\§ O ,coupling conditions
w AorB
</ HCI H 01 OCHs
Bloc OH
2.31 </
s 0
WOC Hy ,%og;rjgng conditions
“HCI H

2.30
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nucleophile (A without 2.1 or 2.30, Scheme 2.13). The HOAt ester 2.39 is a colorless oil
and slowly decomposes to 7-azabenzotriazole (HOAt) and the free acid when stored at
ambient temperature. This decomposition appears to be faster in solution than in the
solid state. One attempt to crystallize the ester from a mixture of EtOAc/Et,O/1-3 drops
of MeOH over 1 day at room temperature resulted in decomposition and crystallization of
HOAt as a new polymorph. HOAt esters of most a-amino acids are highly reactive and

not stable enough for capture under ambient conditions. However, there is literature

Scheme 2.13. Model synthesis of Boc-(R)-a-allylPro-OAt

</ HATU, DIPEA, DMF </

N=
0°C to RT, 1d o) N\

NI ; m CbzHN l\\l

5 > N

Nz (@) =
N 92% N o-N N
OH Boc
Boc = ) Cbz-Aib-OAt
2.32 239 N

precedent for the isolation of HOAt esters of sterically hindered a-alkylated amino acids,
such as, benzyloxycarbonyl protected a-aminoisobutyric acid (Cbz-Aib-OH).***° There is
also a debate about the connectivity of the ester in such stable adducts, since O 2 N
acyl transfer is known and would result in a more stable amide linkage capable of

resisting hydrolysis.

2.7. Attempts at Ring Closing Metathesis (RCM)
With approximately 30 mg of the Boc-(R)-vinylGly-(R)-vinylPro-OMe 1.11, in

hand, | proceeded to conduct the RCM reaction. The reactions (Scheme 2.14) were
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Scheme 2.14. RCM reaction toward synthesis of indolizidinone 1.10

H3CO\‘¢O H3CO\_¢Q
\7\\3 RCM conditions AN
: XK > H
BocHN/YN BocHN@
0O 0]
1.11 1.10

conducted at moderate dilutions (1-3 mM). The solvents were freshly distilled and de-
gassed by Ar sparge for 1 hour before the reaction and the reaction was conducted
under inert gas. Toluene was distilled from sodium/benzophenone which further ensured
the absence of dissolved oxygen. Even with increased catalytic loading and reaction
times, the desired product was not obtained. At a higher temperature, after prolonged
reaction times, a minor appearance of the product was detected by ESI-MS (Table 2.3.,

entry 3).

Table 2.3. RCM reaction toward synthesis of indolizidinone 1.10

Entry RCM catalyst, equiv. Solvent | T (°C) | time (h) | Yield (%)
1 Grubbs’ gen. I, 10-20 mol% | CH.Cl, 40 24 -
2 Grubbs’ gen. Il, 10—20 mol% | CHClI, 40 24 -
3 Grubbs’ gen. Il, 60 mol% PhMe 80 48-72 trace

The RCM metathesis toward synthesis of 1.13 was also attempted (Scheme
2.15). In addition to similar reaction conditions for 1.10, microwave-assisted (u-wave)
synthesis was also attempted. No product was observed under micro-wave
conditions.®™* The reaction failed to give desired product even after refluxing for 1
week! The reactions were conducted under Ar sparge since this has been found to be

beneficial in RCM reactions to form tetrasubstituted olefins.>® The pre-catalyst was
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replaced up to 10 mol% twice a day leading to stoichiometric amounts by the end of a
week, since it has been shown that the Grubbs’ catalysts suffer marked decomposition

at high temperatures after prolonged reaction time.>*

Scheme 2.15. RCM reaction toward synthesis of indolizidinone 1.13

H3CO o HsCO\_éo
\x 2 RCM conditions ~
F}WN - [ X
N N
Boc o) Boc O
1.14 1.13

Table 2.4 RCM reaction toward synthesis of indolizidinone 1.13

Solvent/ Yield
Entry RCM catalyst, equiv. T (°C) time (h)
additive (%)
1 Grubbs’ gen. Il, ~100 mol% PhMe 80 168 -

2 Grubbs’ gen. Il, ~50 mol% PhMe | 150, uwave | 0.5-1 -

PhMe/
3 Grubbs’ gen. I, ~50 mol% 80 48-72 -
Ti(OiPr),

A cross-metathesis attempt and a McMurry coupling® also resulted in no product
formation (Scheme 2.16).

Since 2004, Relay RCM (RRCM) has emerged as an important strategy for
overcoming low-yielding RCM reactions, especially in the case of problematic RCM
reactions involving sterically hindered olefins.*® " In such cases, it is presumed that the
formation of the initial catalytic species is slow due to the steric hindrance. As shown in
Scheme 2.17, taking advantage of the facile nature of RCM to form a 5-membered ring

and the entropic benefit of forming a volatile side product, it would be expected that the
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pre-catalytic Ru species would be capable of loading onto the sterically hindered olefin.

Unfortunately, efforts to synthesize the requisite substrate for RRCM failed. In the hope

Scheme 2.16. Alternate routes attempted
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Scheme 2.17. Relay RCM rationale
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that the formation of the 8-membered ring might be more facile, RCM reaction of

dipeptide 2.36 to 2.43 was attempted (Scheme 2.18). No product formation was

detected. It is important to note that the dipeptide containing the opposite

stereochemistry at the a-position of glycine (S) has been successfully converted to the 8-
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membered lactam by RCM.*® In such a dipeptide within the cis-amide conformer, the two

olefins have a syn arrangement relative to each other.

Scheme 2.18. Attempts toward synthesis of the 8-membered lactam by RCM

@)
N R N\—OCH
M %—QCH3 Grubbs' gen. Il cat. s 3
~ = DCM,2mM, 2d
- V -
N ¢ -
BocHN/\rr 3
o) BocHN (0]
2.36 2.43

2.8. Possible explanation for failure of RCM of dipeptide substrates

The first major hurdle in the RCM reaction of the above dipeptides was the steric
interference. The RCM reaction between two olefins, each of which are vinylic and stem
out of quaternary carbons is currently unreported in the literature. If one extrapolates
Robert Grubbs’ classification of the reactivity of olefins to cross metathesis (CM)*®, to
include ring closing metathesis, these vinyl olefins would fall under Type IV olefins; that
is the olefins are “spectators” in the metathesis reaction. However; unlike in the case of
CM, where low reactivity can be a key to product selectivity by correct substrate-
substrate matching; since both the olefins participating in the RCM are sterically
hindered and type 1V, there is no product formation. From the reaction in the presence of
a Lewis acid, it is also obvious that the dipeptides containing the olefins do not inhibit the
pre-catalyst activity. It might be hypothesized that even at high pre-catalyst loadings, the
active catalytic species is perhaps unable to load onto either olefin to form the necessary

catalytic species in the first place. It was unfortunate then that the Relay RCM (RRCM)
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strategy>® was not possible due to the failure in synthesizing the substrate for such a
reaction.

The second hurdle to be overcome is the conformational energetics of the
dipeptides. In attempting to form the lactam via RCM, a larger proportion of the amide
bond conformers need to exist in the cis form as opposed to the thermodynamically
stable trans. This issue has recent literature precedent.®® In trying to synthesize the 8-
membered carbocylic peptide mimic of a cyclic disulfide, Creighton et al. observed that
the dipeptide, Boc-(S)-allylgly-(S)-allyl-OPh, was not amenable toward RCM (Scheme
2.19). On blocking the NH of the amide bond by “transient alkylation” using the 2,6-
dimethoxybenzyl (DMB) protecting group, a more significant proportion of the cis
rotamer resulted as evidenced by (1) an almost 3:2 ratio of the rotameric forms by 'H

NMR (in CDCl3) and (2) a successful RCM reaction that proceeded in 80% yield.

Scheme 2.19. cis-conformer and ease of RCM
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In case of N-terminal amides of proline, there is a natural tendency for higher cis-
rotamer proportions. This being the case for 1.11 and 1.14, one would expect the RCM

reaction to be relatively facile within the context of sterically hindered olefins. However,
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this also places the two reacting olefins in a trans relationship to each other; which can
still lead to problems in 6-8 membered ring formations. For example, although synthesis
of the 8-membered analogue 2.43 (Scheme 2.18) was unsuccessful, synthesis of the
corresponding syn substituted 8-membered lactam by RCM has been reported in the

literature (Scheme 2.20).%®

Scheme 2.20. Literature precedent for RCM to form 8-membered mimic

| X
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syn-allyl groups trans-substitued lactam

In addition, even in the trans amide rotamer, the olefins are completely directed
away from each other (Figure 2.5). Given that the correlation between conformational
predisposition of the starting material toward ring closure and facility of the RCM reaction

being used to form the ring is a contentious issue,®" ®

it is perhaps prudent to
hypothesize that the unreactivity of the olefins toward the RCM pre-catalysts is

responsible for the failure in ring formation.
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Figure 2.5. Dipeptide rotamers
2.9. Experimental section:
N-(tert-Butyloxycarbonyl) serine Methyl Ester (2.11)
HO HO
Boc,0, NEt;, THF
OCH >
HCls HoN 8 r.t., overnight BocHN OCH,
@] 94% (@)
L-serine methyl ester
hydrochloride 21

A suspension of L-serine methyl ester hydrochloride (5 g, 32.1 mmol, 1 equiv.) in
THF (80 mL) was cooled in a salt-ice bath. Triethylamine (9.0 mL, 64.3 mmol, 2 equiv.)
was added drop-wise to the suspension until a thick white precipitate was produced
indicating triethylammonium chloride formation (Note 1). A solution of di-tert-butyl

dicarbonate (10.5 g, 48.2 mmol, 1.5 equiv.) in THF (30 mL) was added to this thick
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suspension and stirring was continued overnight at room temperature. After 15 h, the
reaction was filtered to remove the salt and filtrate was concentrated to give the crude
product which was purified by flash chromatography (gradient elution: 15-60% EtOAc in
hexanes) to give the pure product 2.11 as a colorless oil weighing 6.6 g (94% yield).
TLC R; 0.41 (EtOAc/hexanes, 1:1) [lit.?” 0.38, same solvent system]
[a]o —19.2 (¢ 5.0, CH3OH) [lit.*”° —18.9 (¢ 5.0, CHzOH)]
'H (300 MHz, CDCl3) & 5.55 (d, 1H, J = 6.8 Hz, NH-(C=0)-O1Bu), 4.35 (m, 1H, a-CH),
3.96-3.82 (m, 2H, B-CH,), 3.75 (s, 3H, OCHs), 2.97 (br. s, 1H, OH), 1.42 (s, 9H, NH-
(C=0)-OC(CHs)3)
'3C (75 MHz, CDCl3) & 170.0 ((C=0)-OCHs), 154.6 (NH-(C=0)-O1Bu), 80.3 (NH-
(C=0)-OC(CHzy)3), 63.7 (a-CH), 56.2 (B-CH>), 53.1 (OCHj3), 29.2 (NH-(C=0)—-OC(CHa)3)
Notes:

1. THF is a better solvent than DCM since the triethylammonium chloride by-

product is sparingly soluble in THF and can therefore be simply filtered off. The

salt has reasonable solubility in DCM and this complicates the work-up protocol.

4(S)-N-<(tert-Butyloxycarbonyl)-2,2-dimethyl-4-(methoxycarbonyl) oxazolidine

HsCO OCH;
HO BF3+Et,0, acetone 0
H > ©
BocHN:’\'(OC 8 rt., 24 h ><I\TJ\‘\//
2.11

Boc-protected-L-serine methyl ester 2.11 (6.6 g, 30 mmol, 1 equiv.) was

dissolved in 100 mL anhydrous acetone (Note 1). 2,2-Dimethoxypropane (30 mL, 244. 8
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mmol, 8 equiv.) was added to this solution under Ar and the solution was stirred at room
temperature. Boron trifluoride etherate (0.2 mL, 1.5 mmol, 5 mol%) was added to this
solution which immediately changed from a colorless to a bright yellow solution. The
solution was stirred for an additional 24 h at which point the solution turned pale, amber
colored. Acetone was removed by rotary evaporation and the residue taken up in Et,0.
This solution was washed with a saturated NaHCO; solution and dried over anhydrous
MgSQ,, filtered and concentrated to give a crude yellow oil which was purified by flash
chromatography using EtOAc and hexanes to give 7.3 g of pure product (93.5% yield)
TLC R; 0.68 (EtOAc/hexanes, 1:1) [lit.?” 0.78, same solvent system]
[a]o —58.3 (¢ 1.35, CHCI) [lit.2® 2 =57 (¢ 1.3, CHCl3); =54 (¢ 1.3, CHCl5)]
'H (300 MHz, CDCls, rotamers about the NH—(C=0)-OtBu bond in 2—4:1 ratio) d 4.36
(dd, 0.4H, J = 6.3, 2.4 Hz, a-CH), 4.26 (dd, 0.5H, J= 6.9, 3.0 Hz, a-CH), 4.06-3.88 (m,
2H, B-CH,), 3.63 (app. d, 3H, O-CH,), 1.52 (app.d, 3H, 2-CH,), 1.38 (app.d, 3H, 2-CHs),
1.29 (s, 9H, C(CHs),)
'3C (300 MHz, CDCl,, rotamers about the NH—(C=0)-OBu bond in approx. 1:1 ratio) &
171.4 and 170.9 (C(=0)OCHs), 151.8 and 150.9 (NH—(C=0)-OtBu), 94.8 and 94.2
(C(CHj3)2), 80.7 and 80.1 (NH—(C=0)-OC(CHj3)3), 66.2 and 65.9 (a-CH), 59.2 and 59.1
(B-CH,), 52.3 and 52.2 (OCHg), 28.3 and 28.2 (NH-(C=0)—OC(CHjs)3), 26.0 and 25.1
(C(CHa),), 24.9 and 24.4 (C(CHs)2)
Notes:

1. Acetone was rendered anhydrous by stirring over Drierite (25 g/l) for 3 h followed

by distilling the mixture.
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4(S)-N-(tert-Butyloxycarbonyl)-2,2-dimethyl-4-formyl-oxazolidine (2.12)

0 DIBAL-H, Toluene

O
><Nl\(0 (anhydrous) . ><Nl\¢o

-78 °C, 72%
Boc OCHj Boc
2.12

The oxazolidine ester (6 g, 23.1 mmol, 1 equiv.) was dissolved in 45 mL
anhydrous toluene (Note 1) and transferred to an oven-dried 3-neck flask equipped with
a stir bar and thermometer. The solution was cooled to —78 °C using dry-ice/acetone.
Diisobutyl aluminium hydride or DIBAL-H (26.2 mL, 39.3 mmol, 1.7 equiv.) was added
dropwise (Note 2) to ensure that the internal temperature of the reaction did not increase
above —70 °C. Once addition was complete, the reaction mixture was stirred for 2 h at
which point the reaction was judged to be complete by TLC. Methanol (10 mL) was
added dropwise to quench the reaction while ensuring that the reaction temperature did
not increase above —65 °C and excessive foaming was avoided. The resulting white
colored emulsion was poured into 150 mL HCI (previously cooled to 0 °C) over a 5 min
period while the mixture was vigorously stirred. The aqueous layer was extracted thrice
with 150 mL portions of EtOAc. The organic layer was washed with brine, dried over
MgSQO, , filtered and concentrated to give a crude oil which was purified by flash
chromatography (isocratic elution: 20% EtOAc in hexanes) to give 3.8 g of the purified
product 2.12 (72% yield).

TLC R; 0.37 (EtOAc/hexanes, 1:4) [lit.? 0.33, same solvent system]
[a]lo —88.6 (c 1.7, CHCI3) [Iit.?”° =89 (c 1.0, CHCl3)]
'H (300 MHz, CDCls, rotamers about the NH—(C=0)-OBu bond in various ratios) 5 9.51

(app.d, 1H, H-C=0), 4.82—-4.26 (m, 0.5H, a-CH), 4.16—4.11 (m, 0.5H, a-CH), 4.06-3.88
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(m, 2H, B-CH.,),1.56 (app.d, 3H, C(CHs),), 1.47 (app.d, 6H, C(CHs), and NH—(C=0)—
OC(CHs)3),1.36 (s, 6H, NH-(C=0)—OC(CHs)s)
'3C (75 MHz, CDCls, rotamers about the NH—(C=0)-OBu bond in an approx. 1:1 ratio) &
199.2 (H-C=0), 152.5 and 151.2 (NH—-(C=0)-OBu), 95.0 and 94.3 (C(CH;),), 81.3 and
80.1 (NH-(C=0)-OC(CHzs);), 64.7 (a-CH), 63.9 and 63.5 (B-CH,), 28.4 (NH—(C=0)-
OC(CHz)3), 26.8 and 25.8 (C(CHs),), 24.8 and 23.9 (C(CHjs)2)
Notes:

1. Toluene was rendered anhydrous by distilling over sodium sand.

2. DIBAL-H was purchased as a 1.5 M solution in toluene and used as received.

4(S)-N-(tert-Butyloxycarbonyl)-2,2-dimethyl-4-vinyl oxazolidine

+ _
0 Ph3P-CH3Br, KHMDS o Dowex resin Pz
X Lo THE (anhydrous) \J\/ MeOH/H,0
N7 78°C, 75% N ™ BocHN™ N
Boc - P 1970 Boc

212

213

Methyltriphenylphosphonium bromide (4.9 g, 13.1 mmol, 3 equiv.) was
suspended in 57 mL anhydrous THF (Note 1). A solution of potassium
hexamethyldisilazide in toluene (26.2 mL, 0.5 M solution, 3 equiv.) was added dropwise
at room temperature. The suspension turned a bright yellow color immediately. This
suspension was stirred under Ar for 1 h at room temperature after which it was cooled to
—78 °C. A solution of Garner’s aldehyde (1 g, 4.36 mmol, 1 equiv.) in 20 mL THF was
then added dropwise to the bright yellow suspension of the Wittig reagent. Once addition
was complete, the final color of the suspension was bright orange. The cooling bath was
removed and the reaction was warmed to room temperature where it was stirred for 3 h.
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Once reaction was complete as determined by TLC, the unreacted base was quenched
using MeOH. An off-white to tan colored precipitate resulted and the solvent was
removed in vacuo. The residue was partitioned between Et,O and a 1:1 mix of water and
saturated sodium potassium tartrate. The layers were separated and the aqueous layer
was washed thrice with Et,O. The ethereal layer was dried over Na,SQ,, filtered and
concentrated to give a pale yellow-colored oil. Flash chromatography (isocratic elution:
6:1 hexanes/ethyl acetate) gave 0.75 g pure product as a colorless oil (75% yield).

TLC R; 0.66 (EtOAc/hexanes, 1:4)

[alo +17.4 (c 1.1, CHCI,) [lit.2” +15.6 (¢ 2.0, CHCI3)]

'H (300 MHz, CDCl3) 8 5.79-5.66 (m, 1H, CH=CH,), 5.18-5.04 (m, 2H, CH=CH,), 4.36—
4.14 (m, 1H, o—CH), 3.99-3.93 (m, 1H, B-CH.), 3.68-3.64 (m, 1H, B-CH.), 1.52 (s, 3H,
C(CHs),), 1.43-1.35 (m, 12H, C(CHs), and NH—(C=0)-OC(CHs)3)

'3C (75 MHz, CDCls, rotameric peaks observed about NH—(C=0)-OBu bond in an
approx. 2:1 ratio) 6 151.8 (NH—(C=0)-OtBu), 137.3 and 136.7 (CH=CH,), 115.7
(CH=CH,), 93.9 and 93.5 (C(CHs)), 80.1 and 79.5 (NH—(C=0)—-OC(CHz);), 68.1 (a-CH),
59.7 (B-CHy), 28.5 (NH-(C=0)—OC(CHs)3), 27.3 and 26.6 (C(CHs)2), 24.9 and 23.8
(C(CHz)2)

Notes:

1. THF was rendered anhydrous by distilling from sodium-benzophenone under Ar.
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N-Phthaloyl (R)-2-amino-2-vinylethanol (2.17)

o n-allyl Pd dimer (0.4 mol%), 0 ﬁ\/
(S,S)-DACH Naphthyl Trost ligand (1.2 mol%) “ OH
O Na2003 (5 mol%), CH20|2 N
AN @NH - - \
rt, 17 h, 92% yield, 94 % ee 0
o]
(rac)-2-vinyloxirane Phthalimide 217

G, O O

Ligand A:(S,S)-DACH Naphthyl Trost ligand

A mixture of mr-allyl palladium dimer (7.3 mg, 0.02 mmol, 0.4 mol%), Trost ligand
A (47.5 mg, 0.06 mmol, 1.2 mol%), sodium carbonate (26.5 mg, 0.25 mmol, 5 mol%)
and phthalimide (809 mg, 5.5 mmol, 1.1 equiv.) was purged under Ar in a flask for 30
minutes. DCM (40 mL, Note 1) was then added to this mixture. The suspension was
stirred under Ar for 10 minutes after which (rac)-2-vinyloxirane (0.4 mL, 5 mmol, 1
equiv.) was added. The yellow-colored cloudy solution was stirred for 17 h at room
temperature under Ar at which point TLC indicated reaction to be complete. DCM was
removed by rotary evaporation and the yellow residue directly subjected to flash
chromatography (gradient elution: 10% to 75% EtOAc in hexanes). The pure product
eluted around 50% gradient and was obtained as a white solid that could be further
crystallized from diethyl ether to give 1 g solid 2.17 (92% yield).
mp: 64—66 °C [lit.* 62 °C]
TLC R; 0.55 (EtOAc/hexanes, 3:1)
[a]o =+ 76.1 (c 1.0, CH,CL,) [lit.2%, for the enantiomer, —72.2 (¢ 2.02, CH.Cl.)]
'H (300 MHz, CDCl3) & 7.84—7.81 (m, 2H, Ar-CH), 7.74—7.69 (m, 2H, Ar-CH), 6.14 (ddd,

Jiy = 17.4 Hz, J, = 9.9 Hz, Js = 6.9 Hz, 1H, CH=CH,), 5.29-5.23 (m, 2H, CH=CH,), 4.95—
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4.86 (m, 1H, 1-CH), 4.18-4.09 (m, 1H, 2-CH.), 3.98-3.91 (m, 1H, 2-CH,), 2.85-2.77
(app. m, 1H, OH)

'3C (75 MHz, CDCl;) & 168.7 (C=0), 134.3 (Ar-CH), 132.1 (Ar-C,), 131.9 (CH=CH,),
123.6 (Ar-CH), 118.9 (CH=CH,), 63.0 (CH,~OH), 56.0 (N-CH—CH,)

Notes:

1. DCM was rendered anhydrous by distilling from CaH,.

N-Benzyloxycarbonyl-2-amino-2(R)-vinyl ethanol (2.19)

9 I " EG, n \k/
“~_OH EtOH, reflux, 2 h .
:<\ N! > HGle HoN' O

2. 6N HCI, reflux
O 2.18
217

X
CbZCI, NEts, CHQC|2 I/
CbzHN® OH

0 °C, 1 h, 90% yield
2.19

The phthalimido protected compound 2.17 (5.3 g, 24.2 mmol, 1 equiv.) was
dissolved in 150 mL absolute EtOH. Hydrazine hydrate (1.3 mL, 26.6 mmol, 1.1 equiv.)
was added to the solution which was then refluxed for 2 h. A thick white precipate
formed during the course of the 2 h. The suspension was cooled to room temperature.
6N HCI (350—400 mL) was then added to the precipitate which was then once again
refluxed for 2 h. After cooling to room temperature, the volume was reduced to one half
(250—-300 mL) and the suspension then cooled to 0 °C. The cooled solution was filtered
and the filtrate further concentrated to give 2.18 as a white solid weighing 3 g (75% yield,
Note 1).

mp: 83-84 °C
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[a]p=—8.6 (¢ 1.0, CH;OH) [lit.?' [a]p for enantiomer = + 10 (¢ 0.53, CH;OH)]

'H (400 MHz, DMSO-dg) & 8.33 (br. s, 3H, NH;), 5.84 (ddd, 1H, J; = 17.4 Hz, J, = 10.7
Hz, Js = 6.7 Hz, CH=CH,), 5.41-5.29 (m, 2H, CH=CH.), 3.70-3.62 (m, 1H, a-CH), 3.61—
3.49 (m, 2H, CH,OH)

'3C (100 MHz, DMSO-dg) & 132.5 (CH=CH,), 119.7 (CH=CH,), 61.5 (CH,OH), 54.5 (a-
CH)

A suspension of the hydrochloride salt 2.18 (1 g, 8.1 mmol, 1 equiv.) in 30 mL
anhydrous DCM (Note 2) was cooled in an ice-salt bath. Triethylamine (3.4 mL, 24. 3
mmol, 3 equiv.) was added dropwise to this suspension. Benzyl chloroformate (1.4 mL,
9.7 mmol, 1.2 equiv.) was added to the resulting mildly cloudy suspension (Note 3). The
reaction was stirred for 1 h at 0 °C after which the suspension was diluted to 60 mL and
washed sequentially with 10% citric acid, sat. NaHCO3, and brine solutions (60 mL
each). The organic layer was dried over anhydrous MgSQ,, filtered and concentrated to
give a pale-yellow colored oil which was subjected to flash chromatography twice
(gradient elution:5% to 30% EtOAc in hexanes) to give the pure product 2.19 as a white
solid weighing 1.4 g (80% yield).
mp: 55-57 °C
TLC Ry 0.47 (EtOAc/hexanes, 3:1)

[alo= +33.1 (¢ 1.1, CHCI5) [lit.* [a]p for enantiomer —32.2 (c 1.46, CHCI,)]

'H (400 MHz, CDCl3) & 7.29-7.22 (m, 5H, Ar-CH), 5.73 (ddd, J; = 16.2 Hz, J, = 10.5 Hz,
Js = 5.3 Hz, 1H, CH=CHy), 5.22-5.14 (m, 2H, CH=CH.), 5.083 (s, 2H, CH,Ph), 4.27 (m,
1H, a-CH), 3.67-3.52 (m, 2H, CH,OH), 2.31 (br. s, 1H, OH)

'3C (100 MHz, CDCls, gHMQC and DEPT-135 assignment) & 156.5 (NH(C=0)-0), 136.4
(Ar-C—CH,), 135.2 (CH=CH,), 128.6, 128.3, 128.2 (Ar-CH), 116.9 (CH=CH,), 66.9

(CH:Ph), 64.9 (CH,0H), 55.0 (a-CH)
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Notes:

1. When the free vinylglycinol was subjected to Boc-protection, reasonable amount
of a solid by-product was isolated. This was analyzed to be the bis-Boc hydrazine
derivative. No doubt that hydrazine<2HCI was isolated along with the desired
product after hydrazinolysis. This also explains the appearance of “extra” proton
integration in the 'H NMR of the intermediate.

2. DCM was rendered anhydrous by distilling from CaH..

3. DCM can be replaced by THF to ensure that the side product, triethylammonium

chloride, is insoluble and can be filtered off.

(2R,5S)-1-Aza-2-trichloromethyl-3-oxabicyclo[3.3.0]octane-4-one (2.22)

Cl

Cl
Ij\(OH
¢ . cat. TFA Hoo
H O OH :
o - b

> O
H OH CH4CN, 50-60 °C :
)
0 cl
L-proline 60% Cl
2.22

To a well-stirred suspension of L-proline (7.5 g, 65.2 mmol) and chloral hydrate
(12.9 g, 78.2 mmol, 1.2 equiv.) in acetonitrile (100 mL), was added 1-2 drops of
trifluoroacetic acid (Note 1). The suspension was rapidly warmed to 45 °C and then
gradually to 60 °C. A pale yellow colored solution resulted within an hour of stirring at
this temperature. The same conditions were maintained for another 2 h following which
the solvent was removed using a rotary evaporator. The yellow solid was taken up in
80—100 mL ethyl acetate and the undissolved solid was filtered off. Slow removal of ethyl

acetate in vacuo resulted in a crystalline solid residue. The solid was re-crystallized from
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hot ethyl acetate and the crystals were filtered and washed with cold ethanol. Further 3—
4 crops of crystals of 2.22 gave an overall yield of 9.5 g (60% based on L-proline) whose
spectral properties were consistent with those reported in literature. The crystals were
dried well and stored under Ar.

mp 108110 °C [lit.***105-108 °C; lit.** 107—109 °C; lit.>** 108 °C]

TLC Ry 0.7 (Hexanes/Ethyl acetate, 1:1)

[a]o +35.2 (¢ 1.1, CgHe) [lit.** +33 (¢ 2.0, CeHs)]

'H NMR (300 MHz, CDCl3) 6 5.16 (s, 1H , N-CH-0), 4.13 (dd, J;= 8.7 Hz, J>= 4.8 Hz,
1H, a-CH), 3.43 (ddd, J;= 10.8 Hz, J,= 7.8 Hz, J;= 5.7 Hz, 1H, 5-CH), 3.13 (ddd, J;=
11.4 Hz, J>= 6.3 Hz, J5= 6.3 Hz, 1H, 8-CH), 2.27-2.06 (m, 2H, y-CH), 1.98-1.88 (m, 1H,
B-CH), 1.81-1.68 (m, 1H, B-CH)

3C NMR (75 MHz, CDCl3) 8 175.2 (O=C-0), 103.5 (N-CH-0), 100.4 (Cls—C), 62.3(a-
C), 57.8(5-C), 29.9 (B-C), 25.3 (y-C)

Notes:

1. Use of greater than 7 mol% TFA with respect to L-proline results in low yields.
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(2R, 5R)-1-Aza-5-formyl-2-trichloromethyl-3-oxabicyclo[3.3.0]octan-4-one (2.24)

LDA, THF, -78 °C o
< A 40 °C P
\ H” “OGCHjy,~78 °C —» 40 -
O o N\/o
% 50-65% 3
Cl CI N
ci C© C7\CI
222 2.24

A solution of LDA (0.8 M, 82.2 mL , 58.3 mmol), freshly prepared from
diisopropylamine (9.3 mL, 66.1 mmol) and n-butyllithium (23.3 mL, 58.3 mmol) in THF
(49.5 mL), was added drop-wise to a solution of the chloral-derived oxazolidinone 2.22
(9.5 g, 38.9 mmol) in THF (47.5 mL) that was previously cooled to —78 °C. The deep-red
colored enolate solution was stirred at —78 °C for 30 min, after which anhydrous methyl
formate (19.2 mL, 310.8 mmol) was added over 5 min. The solution was stirred at —78
°C for 10 min and then warmed to —40 °C where it was then maintained for 1 h. The
reaction was then quenched with sat. NH,Cl solution and the solvent removed in vacuo.
The residue was dissolved in Et,O (150 mL) and the solution was washed sequentially
with 10% citric acid solution (2 x 100 mL), saturated NaHCO; (2 x 100 mL) and brine
(100 mL). The organic layer was dried over MgSQ,, filtered (the second time using a
0.45 ym PTFE filter disc), evaporated and purified by flash chromatography (gradient
elution: 15 — 35% EtOAc in hexanes) to furnish 5.2 g (50% yield, Note 1) of alkylated
product 2.24 as white crystals.
mp 86-87 °C [lit.** 89 °C]

TLC R; 0.6 (Hexanes/EtOAc, 1:1) [lit.® R;0.4 (Hexanes/EtOAc, 1:1)]
[a]®p: +31.8 (¢ 2.0, CHCIy) [lit.*? +29.5 (¢ 2.0, CHCI3)]
'H NMR (300 MHz, CDCl;, gCOSY assignment) 5 9.6 (s, 1H, O=C—H), 5.18 (s, 1H, N—-

CH-0), 3.53 (ddd, J;=8.1Hz, J>=6.6 Hz, J;=6.6 Hz ,1H, 6-CH), 3.33 (ddd, J;=11.7
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Hz, J,= 6.3 Hz, J;= 6.3 Hz, 1H, 5-CH), 2.41-2.21 (m, 2H, B-CH.), 2.03—1.80 (m, 2H, y-
CHb)
3C NMR (75 MHz, CDCls, gHMQC assignment) & 193.2 (O=C-H), 168.9 (0=C-0)
102.2 (N-CH-0), 99.7(Cls—C), 78.0 (a-C), 58.9 (6-C), 33.8 (B-C), 25.4 (y-C)
Notes:

1. When the reaction scale was doubled (to 20 g), the yield obtained increased to

64%.

(2R,5R)-1-Aza-2-trichloromethyl-5-vinyl-3-oxabicyclo[3.3.0]octan-4-one (2.25)

oK
T _,
HsC—PPh Br ~ [HzC=PPhy| ~——= [H,C-PPhy]

Toluene, 80 °C
Wittig reagent
0
\ . \
wo HoC—PPhg , Toluene wo
N > N
O rt, 1-2h O
ClI— 50% ClI—
07\0' J\m
2.25

2.24
Methyltriphenylphosphonium bromide (16.7 g, 46.9 mmol, 1.7 equiv.) and
potassium tert-butoxide (5.2 g, 46.9 mmol, 1.7 equiv.) were suspended in anhydrous
toluene (Note 1). The suspension, which immediately took on a canary-yellow color, was
heated for 2 h at 80°C (Note 2). At the end of 2 h, this reaction mixture was cooled to
room temperature. A solution of the 2-formyl proline derivative 2.24 (7.5 g, 27.6 mmol, 1
equiv.), in anhydrous toluene (75 mL), was added drop wise into the mixture containing

the Wittig reagent. The suspension turned light brown in color (with a tan color
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precipitate) once the addition was complete. The reaction was quenched after 2 hours
when TLC displayed no further change in product distribution. Toluene was removed on
a rotary evaporator and the residue was diluted with 300 mL diethyl ether. This
suspension was then stored overnight at —20 °C to ensure complete precipitation of the
triphenylphosphine oxide side product. The precipitate was then filtered off the next day.
The slightly turbid solution was further diluted with ether and filtered using a 0.45 pm
PTFE filter disc. The clear solution was evaporated to give an orange—yellow oil which
was further purified by flash chromatography (gradient elution: 5-15% EtOAc in
hexanes) to give the product 2.25 as a colorless oil (Note 3) weighing 3.5 g (50% yield).
TLC R; 0.50 (hexanes/EtOAc, 4:1) [Iit.*3 R;0.27 (hexanes/EtOAc, 4:1)]
[o]p +48.3 [lit.* +47.2 (¢ 0.25, CHCI5)]
'"H NMR (300 MHz, CDCl3, gCOSY assignment) 6 6.02 (dd, J; = 16.8 Hz, J, = 10.2 Hz,
1H, -CH=CH,), 5.52 (dd, J; = 16.8 Hz, J, = 1.2 Hz, 1H, CH=CH,4nsH), 5.23 (dd, J; =
10.2 Hz, J, = 0.9 Hz, 1H, -CH=CH,sH), 5.09 (s, 1H, N-CH-0), 3.46 (ddd, J;=11.1
Hz , J,=6.3 Hz, 5= 6.3 Hz ,1H, 3-CH), 3.20 (ddd, J; = 11.1 Hz, J,= 6.6 Hz, J;= 6.6 Hz,
1H, 3-CH), 2.23-2.14 (m, 2H, B-CH), 2.08—1.79 (m, 2H, y-CH)
3C NMR (75 MHz, CDCls;, gHMQC assignment) & 174.0 (O=C-0), 135.7
(—=CH=CHy,), 116.1 (-CH=CH,), 102.6 (N-CH-0), 100.6 (Cl;—C), 73.6 (o-C), 58.4 (d-C),
38.4 (B-C), 25.0 (y-C)
Notes:

1. Toluene was rendered anhydrous by distilling from sodium metal.

2. Temperature was maintained at 70-80 °C. Do not reflux reaction mixture.

3. A white solid was obtained when the reaction was conducted on a scale less

than 1.0 g.
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(2R)-N-tert-Butyloxycarbonyl-2-vinylpyrrolidine-2-carboxylic acid (2.3)

N\
Di(o 1. NEts, CH4CN D\é{o
N OH 2. (CH3)sNOH+5H,0, N OH
H, Boc,0, Boc

Hel

CHsCN, r.t, 4 d
2.26 2.3
85%

2-Vinylproline hydrochloride 2.26 (1 g, 5.6 mmol, 1 equiv.) was suspended in 50
mL anhydrous acetonitrile (Note 1). The resulting solution was cooled in an ice-/salt bath
to which triethylamine (1 mL, 6.8 mmol, 1.2 equiv.) was added drop-wise. The solution
was stirred for 10 minutes at room temperature after which tetramethyl ammonium
hydroxide pentahydrate (1.1 g, 5.6 mmol, 1 equiv.) was added. This was followed by the
addition of di-tert-butyldicarbonate (1.84 g, 8.5 mmol, 1.5 equiv.). The cloudy reaction
mixture was stirred under Ar at room temperature for 3 d. A further 0.5 equiv. of Boc,O
(0.6 g, 2.8 mmol) was added and the reaction was allowed to proceed for another day.
At the end of 4 d, the solvent was removed in vacuo to give a white solid residue which
was partitioned between diethyl ether and 1N NaOH (100 mL each). Unreacted Boc,0O
was removed by washing with ether. The aqueous layer was acidified to pH 2 using 4N
HCI followed by extraction of the liberated acid into ethyl acetate (3 x 100 mL). The
organic layers were combined, dried over MgSOy,, filtered and concentrated to give the
Boc-protected amino acid 2.3 as a crystalline white solid weighing 1.2 g (85% yield).
m.p. 134—136 °C [Iit.** 134 °C]
TLC R; 0.52 (Isopropanol/NH,OH, 4:1) [Iit.** R; 0.49 (CH,Cl,/MeOH, 9:1)]
[a]lp—57.1 (¢ 0.35, CHCly) [lit.**~60.3 (c 0.4, CHCl5)]
'H NMR (300 MHz, CDCls;, gCOSY assignment, rotamers observed in a 2:1 ratio) 5 6.28
(dd, J; =17.4 Hz, J, = 10.5 Hz, 0.4H, -CH=CHy), 6.02 (dd, J; = 17.1 Hz, J, = 10.5 Hz,

0.6H, -CH=CH,), 5.27-5.03 (m, 2H, -CH=CH.), 3.69-3.48 (m, 2H, 5-CH), 2.69-2.60
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(m, 0.6H, B-CH), 2.35-2.25 (m, 0.4H, B-CH), 2.08—1.79 (m, 3H, B-CH and y-CH), 1.48
and 1.36 (s, 9H, C(CHs)s)

3C NMR (75 MHz, CDCls, gHMQC assignment, rotamers observed about the Boc group
in a 2:1 ratio) 6 178.8 and 175.2 (O=C-0OH), 155.8 and 153.5 (NH-(C=0)-0-), 136.6
and 136.5 (—~CH=CH,), 114.8 and 113.3 (-CH=CH,), 81.6 and 80.7 (C(CHx)s), 71.0 and
69.4 (a-C), 48.8 and 48.0 (6-C), 39.5 and 38.1 (B-C), 28.6 and 28.3 (C(CHjs)3), 22.9 and
22.1 (y-C)

Notes:

1. Acetonitrile was rendered anhydrous by distilling from CaH..

Methyl (R)-2-Vinylpyrrolidine-2-carboxylate (2.1)

0

\\ O L@,MeOH \\ @)

N _—

N OH 0°C to reflux N OCHjs
HCl H.Hel
50-60%
2.26 2.1

2-Vinylproline hydrochloride 2.26 (1.2 g, 6.5 mmol, 1 equiv.) was dissolved in 60
mL anhydrous MeOH (Note 1). The solution was cooled to -5 °C using an ice/salt bath.
Acetyl chloride (9.3 mL, 130.6 mmol, 20 equiv.) was added drop-wise over 20 min using
an addition funnel. Once the addition was complete, the clear solution was stirred at this
temperature for 5 min followed by first warming to r.t. and finally refluxing for 7 h. The
solution was cooled back to r.t. and stirred overnight. At the end of this time, TLC
indicated complete consumption of the starting material (Note 2). The solution was
concentrated to give a brown-colored oil to which 20 mL portions (4 x) of xylenes were
added and removed in vacuo. This treatment ensured complete removal of solvent and
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excess HCI. The oil solidified to give a crystalline yellow-brown solid weighing 1.3 g
(quantitative yield) on the high-vac pump. Re-crystallization attempts from a mixture of
iPrOH/CHCls/hexanes failed to yield crystals. "H and *C NMR of the solid obtained
indicated greater than 95% purity and the material was used without further purification.
TLC R; 0.73 (iPrOH/NH,OH, 4:1)
[alp —65.9 (¢ 1.2, CH30H)
'H NMR (400 MHz, CDCl3) 8 10.32 and 9.77 (br. s, 1H, NH,), 6.15 (dd, J; = 17.4 Hz, J; =
10.8 Hz, 1H, CH=CH,), 5.84 (br. s, 1H, NH.), 5.64-5.41 (m, 2H, CH=CH.,), 3.76 (s, 3H,
OCHs), 3.57-3.42 (m, 2H, 5-CH.,), 2.50-2.38 (m, 1H, B-CH.), 2.26-2.15 (m, 1H, B-CH),
2.08-1.87 (m, 2H, y-CHb)
'3C NMR (100 MHz, CDCl3;, HMQC and DEPT assignment, rotamers observed) & 170.1
and 168.8 (C=0), 131.4 and 131.1 (CH=CH,), 121.3 and 120.9 (CH=CH,), 73.3 and 73.0
(a-C), 53.9 (OCH,3), 44.8 and 44.6 (5-C), 33.6 (B-C), 22.1 and 21.9 (y-O)
Notes:

1. MeOH was rendered anhydrous by reacting with 1.5 g/100 mL Mg metal which

forms Mg methoxide in situ followed by distillation.
2. Literature procedure calls for one pot hydrolysis and methyl ester formation.*

This reaction takes place at r.t. and requires 7 days.
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(2R,5R)-5-Allyl-1-aza-2-trichloromethyl-3-oxabicyclo[3.3.0]octan-4-one (2.27)

J
’ LDA (0.7M), THF <
D;(o ANBr wo
O _78 <G for 30 min, then \ O
N —40 °C for 3 h z
CI7TN cI—7~
cr ¢ 50% o c
2.22 097

A solution of LDA (0.8 M, 72 mL, 54.9 mmol), freshly prepared from
diisopropylamine (8.4 mL, 59.9 mmol, 1.2 equiv.) and n-butyllithium (22 mL, 54.9 mmol,
1.1 equiv.) in THF (50 mL), was added drop-wise to a solution of the chloral-derived
oxazolidinone 2.22 (12.2 g, 49.9 mmol) in THF (100 mL) that was previously cooled to —
78 °C. The deep-red colored enolate solution was stirred at —78 °C for 30 min, after
which anhydrous allyl bromide (8.6 mL, 99.8 mmol, 2.0 equiv.) was added over 5 min.
The solution was stirred at —78 °C for 10 min and then warmed to —40 °C where it was
then maintained for 3 h. The reaction was then quenched with sat. NH,CI solution and
the solvent removed in vacuo. The residue was dissolved in Et,O (150 mL) and the
solution was washed sequentially with 10% citric acid solution (2 x 100 mL), saturated
NaHCO; (2 x 100 mL) and brine (100 mL). The organic layer was dried over MgSQO,,
filtered (the second time using a 0.45 ym PTFE filter disc), evaporated and purified by
flash chromatography (gradient elution: 15 — 35% EtOAc in hexanes) to furnish 5.2 g
(50% vyield, Note 1) of alkylated product 2.27 as a very viscous oil (mostly oil at r.t.; mp
reported as 20-24 °C in leading reference).

TLC R 0.52 (Hexanes/EtOAc, 3:1)
[a]o +42.4 (¢ 1.0, CHCIs) [lit.3* [a]p +44.6 (¢ 2.0, CHCI5)]
'H NMR (400 MHz, CDCl;) 6 5.87 (dddd, 1H, J; = 16.8 Hz, J, = 10.8 Hz, J; = J, = 6.4

Hz, CH=CH,), 5.20-5.16 (m, 2H, CH=CH.), 4.98 (s, 1H, N-CH-0O), 3.24-3.11 (m, 2H, &-
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CHs,), 2.65-2.51 (m, 2H, CH,CH=CHy,), 2.17-2.11 (m, 1H, B-CH.), 2.05-1.97 (m, 1H, B-
CHs), 1.93-1.85 (m, 1H, y-CH>), 1.69-1.56 (m ,1H, y-CH.)
3C NMR (100 MHz, CDCl3) 8 176.6 (C=0), 132.0 (CH=CHy), 120.2 (CH=CH,), 102.4 (N-

C-0), 100.4 (CClg), 58.5 (6-C), 41.6 (CH,CH=CH,), 35.3 (B-C), 25.3 (y-C)
Notes:

1. The crude material before flash chromatography can be used directly without any

further purification. The yield before flash chromatography was approx. 60%.

Methyl (R)-2-(2’-Propenyl)pyrrolidine-2-carboxylate-hydrochloride (2.30)

</ / /
\ Na°, AcCl, MeOH (anhyd.)
Di(o MeOH(anhyd.) mo 0°C to reflux mo
e =
N_o rt.,1-2h N OMe 1-2h H OMe
< <o *HCI
CI—7N H
ol C B - 2.30
2.27
71% over
both steps

A solution of the oxazolidinone 2.27 (4.0 g, 14.1 mmol, 1.0 equiv.) was prepared
in anhydrous MeOH (50 mL) (Note 1). Metallic sodium (196 mg, 8.5 mmol, 0.6 equiv.)
was cut into small pieces and added to the solution at room temperature. A mild
exotherm was detected (3537 °C) at the completion of addition. The clear and colorless
solution was stirred at r.t. under Ar for 1 h. Complete consumption of the starting
material (R 0.52 in hexanes/EtOAc- 3:1) was determined by TLC examination. The
solution was pale-yellow colored at the end of the reaction. The solution was cooled to 0
°C and freshly distilled acetyl chloride was added dropwise. The resulting off-white thick
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suspension was warmed to r.t. and then refluxed for 1-2 h until the intermediate N-
formyl derivative (R; 0.1-0.2 in hexanes/EtOAc-3:1) was completely consumed as
determined by TLC. The volatiles were removed by rotary evaporation and further
azeotroping with benzene. The yellow oil obtained was purified by flash chromatography
(gradient elution: 0—10% MeOH/DCM) to give a pale-yellow oil which crystallized under
reduced vacuum to the pure product 2.30 as an off-white solid weighing 2.0 g (71% yield
over 2 steps).

TLC R;0.76 (iPrOH/NH,OH, 4:1); R; 0.36 (CH.Cl,/MeOH, 9:1)

'H NMR (400 MHz, CDCl3) 8 10.10 (br.s, 2H, NH,), 5.85 (m, 1H, CH=CH,), 5.34-5.20
(m, 2H, CH=CH,), 3.83 (s, 3H, OCHg), 3.63-3.49 (m, 2H, 6-CH,), 3.07-3.02 (m, 1H,
CH,-CH=CHy,), 2.48-2.40 (m, 1H, B-CH.,), 2.16—2.7 (m, 2H, B-CHs, y-CH.), 1.94—.88 (m,
1H, y-CH,)

3G NMR (100 MHz, CDCl3) 8 170.2 (C=0), 130.3 (CH=CH,), 121.6 (CH=CH,), 72.7 (a-
C), 53.8 (OCH,), 45.5 (8-C), 39.3 (CH,CH=CH,), 34.6 (B-C), 22.4 (y-C)

Notes:

1. MeOH was rendered anhydrous by distilling from Mg metal.

(R)-2-(2’-Propenyl)proline (2.29)

{ /
R SiO, gel, MeOH/H,0 (6:1) <
O“\(O reflux, 2 h OL(O
N > '
O 94% N OH
S H
/[\ 2.29
2.28
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The alkylated oxazolidinone 2.28 (5 g, 22.4 mmol, 1.0 equiv.) was dissolved in
6:1 MeOH/H,O (100 mL). Silica gel (5 g) was added to the solution and the slurry was
heated at reflux for 2 h at which point TLC indicated that the starting material had been
consumed. The reaction mixture was cooled to r.t. and the residue was triturated and
suspended in 20:1 CH,Cl,/MeOH. The suspension was filtered and the filtrate
concentrated to give an off-white solid. The solid was triturated with hot hexanes/Et,O (2
x 50 mL portions) and the suspension filtered to yield the product 2.29 as a fluffy,
amorphous white solid weighing 3.2 g (94% yield). All physical and spectral properties of
this solid were consistent with values reported in the literature. No further purification
was necessary.
mp >250 °C (dec.)
TLC R, 0.4 (iPrOH/NH,OH,4:1) [lit.%® R, 0.4 (same solvent system)]
[a]o —48.6 (c0.99, H,O) [lit.%® [a]p—48.6 (c 1.46, H,O)]
'H NMR (400 MHz, D,O, gCOSY assignment) 5 5.79-5.69 (m, 1H, CH.=CH,), 5.31-5.24
(m, 2H, CH=CH,), 3.47-3.33 (m, 2H, 5-CH,), 2.88 (dd, J; = 14.8 Hz, J, = 6.4 Hz, 1H,
CH.CH=CHy,), 2.54 (dd, J; = 14.8 Hz, J, = 8.1 Hz, 1H, CH.CH=CH,), 2.43-2.35 (m, 1H,
y-CH,), 2.09-1.92 (m, 3H, B-CH,, y-CH.)
3C NMR (100 MHz, D,0, gHMQC assignment) & 175.7 (C=0), 130.9 (CH=CH,), 120.4

(CH=CH,), 74.1 (0-C), 45.7 (5-C), 39.4 (CH,CH=CH,), 34.7 (y-C), 22.8 (B-C)
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(R)-N-tert-Butyloxycarbonyl-2-(2’-propenyl)pyrrolidine Carboxylic Acid (2.31)

</ (CH3)4,NOH<5H,0, </
10 Boc,O, CH3;CN DL{O
Q-«OH r.t., 4d N OH
H Boc
86%
2.29 2.31

2-Allylproline 2.29 (1 g, 6.4 mmol, 1 equiv.) was suspended in 64 mL anhydrous
acetonitrile (Note 1). Tetramethyl ammonium hydroxide pentahydrate (1.2 g, 6.4 mmol, 1
equiv.) was then added to the suspension. A clear solution resulted in approx. 20
minutes indicating salt formation. This was followed by the addition of Boc,O (2.1 g, 9.6
mmol, 1.5 equiv.). The cloudy reaction mixture was stirred under Ar at room temperature
for 3 d. A further 0.5 equiv. of Boc,O (0.7 g, 3.2 mmol) was added and the reaction was
allowed to proceed for another day. At the end of 4 d, the solvent was removed in vacuo
to give a white solid residue which was partitioned between diethyl ether and 1 N NaOH
(100 mL each). Unreacted Boc,O was removed by washing with ether. The aqueous
layer was acidified to pH 2 using 4 N HCI followed by extraction of the liberated acid into
ethyl acetate (3 x 100 mL). The organic layers were combined, dried over MgSQ,,
filtered and concentrated to give the product 2.31 as a white solid weighing 1.4 g (86%
yield). The solid was re-crystallized from /Et,O/hexanes to give thick, long needle-
shaped crystals.
mp 121-122 °C [lit.>* mp 118119 °C]
TLC R; 0.45 (iPrOH/NH,OH, 4:1)
[alo +3.1 (c 1.0, CHCl,); +72.1 (¢ 0.52, MeOH) [lit.** [a]o +72.5 (¢ 1.2, MeOH)]
'H NMR (400 MHz, CDCl3;, gCOSY assignment) 5 5.78-5.60 (m, 1H, CH=CH,), 5.16—
5.09 (m, 2H, CH=CH,), 3.72-3.66 (m, 0.5H, 5-CH.), 3.55-3.49 ( m, 0.5H, 5-CH,), 3.39—
3.25 (m, 1H, 8-CH,), 2.99-2.88 (m, 1H, CH.CH=CH,), 2.67-2.53 (m, 1H, CH,CH=CH,),
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2.41 (br.s, 0.5H, y-CHz), 2.15-2.11 (m, 1H, B-CHo), 2.02—1.75 (m, 2.5H, B-CHo, y-CH),
1.45 and 1.41 (s, 9H, C(CHs)3)

'3C NMR (100 MHz, CDCl3;, gHMQC and DEPT-135 assignment, rotamers observed
about the carbamate bond in a 2—4:1 ratio) & 180.8 and 177.0 ((C=0)-OH), 156.1 and
153.7 (NH—(C=0)), 133.2 and 132.2 (CH=CH,), 119.9 and 119.3 (CH=CH,), 81.4 and
80.7 (C(CHj3)3), 69.1 and 67.0 (a-C), 49.2 and 48.6 (6-C), 39.3 and 38.1 (CH,CH=CH,),
37.2 and 35.0 (B-C), 28.5 and 28.4 (C(CHa)s), 22.8 and 22.7 (y-O)

Notes:

1. CH3;CN was rendered anhydrous by distilling from CaH,.

(2R)-Methyl 1-((2’ R)-1’-(N’~(tert-Butyloxycarbonyl)-2’-vinylpyrrolidine)carbonyl)-2-
vinylpyrrolidine-2-carboxylate (1.14)

N v 1 oCH
P = 3
N LN DIPEA, CHCI \
o] o » CHClL
o ek
N
Noe OF \\ o  ,DIPEA, CH.Cl, Boc (
m -10 °C, 20 min. 1.14
2.3 N OCH3 tor.t. for4d.
H.HCl
2.1
15-17%

Boc-a-vinylproline 2.3 (940 mg, 3.9 mmol, 1.5 equiv.) was dissolved in 30 mL
anhydrous DCM (Note 1). The solution was cooled to —10 °C using an ice/salt bath. This
was followed by the sequential addition of a-vinylproline methyl ester hydrochloride 2.1
(491 mg, 2.6 mmol, 1.0 equiv.) and BOP-CI (993 mg, 3.9 mmol, 1.5 equiv.). The mild
suspension was stirred for 10 min. after which DIPEA (0.9 mL, 10.4 mmol, 4.0 equiv.)

was added in one portion. The yellow-colored solution was stirred at —10 °C for another
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10 min and then warmed to r.t. where it was stirred for 4 d under Ar. After 4 d, the
reaction was diluted to 100 mL and washed sequentially with 10% citric acid, sat.
NaHCOg3, and brine solutions. The organic layer was dried over MgSQ,, filtered and
concentrated. The crude residue was subjected to flash chromatography (gradient
elution: 0—-70% EtOAc in hexanes) to give the desired product 1.14 as a clear oil
weighing 146 mg (15% yield, Note 2).
TLC R; 0.48 (EtOAc/hexanes, 3:1)
[a]p +35.3 (¢ 2.13, CHCIy)
'H NMR (400 MHz, CDCls, gCOSY assignment), & 6.49 (dd, Jyans = 17.4 Hz, Jys = 10.6
Hz, 1H, CH=CHy), 6.33 (dd, Jyans = 17.4 Hz, Jss = 10.7 Hz, 1H, CH=CH,), 5.12—4.89 (m,
4H, 2 x CH=CH.), 3.72-3.69 (ovlp. m, 2H, vinylPro 6-CH,), 3.69 (s, 3H, OCHs), 3.52—
3.39 (m, 2H, vinylPro 6-CH,), 2.17—-1.83 (m, 8H, vinylPro B-CH,, vinylPro y-CH.,), 1.39 (s,
9H, C(CHs)s)
'3C NMR (100 MHz, CDCl;, gHMQC assignment, minor rotameric peak appearance for
some peaks indicated by *) 172.3* and 172.2 (amide C=0), 170.0 (ester C=0), 154.3
and 153.8* (carbamate C=0), 139.0 and 138.8*, 137.5 and 137.4* (CH=CH,), 113.5,
113.0 (CH=CH,), 80.75 and 79.4* (C(CHzy)3), 71.5, 70.1 (vinylPro a-C), 52.4 (OCHj),
49.0" and 48.1, 47.9 (vinylPro &-C), 37.6, 35.8* and 35.7 (vinylPro 3-C), 28.4* and 28.1
(C(CHa)3), 24.4, 21.2 (vinylPro y-C)
ESI HRMS m/z401.2042 [M+Na]* CyoH3oN2Os+Na requires 401.2047
Notes:

1. DCM was rendered anhydrous by distilling from CaH,

2. The most optimal yield of this reaction is 17% on a smaller scale. The yield can

be improved by ensuring the purity of the starting material, specifically the amine

hydrochloride salt.
61



(2R)-Methyl 1-((4’ R)-2’-(tert-Butyloxycarbonylamino)pent-4’-enoyl)-2-
vinylpyrrolidine-2-carboxylate (2.34)
O

cl O/W/  NMM, THF

—10 °C, 20 min. then

\ o

m , NMM, THF
2.32 N OCH; —10 °C, 20 min. 2.34
H tor.t. for 2d.
HCI
21 45%

Boc-a-allylglycine 2.32 (215 mg, 1.0 mmol, 1 equiv.) was dissolved in 3—4 mL
anhydrous THF (Note 1) and the solution was cooled to —10 °C in an ice-salt bath. NMM
(0.1 mL, 1.0 mmol, 1equiv.) was added drop-wise to this solution followed by very slow
drop-wise addition of isobutylchloroformate (0.13 mL, 1.0 mmol, 1 equiv.). A white
suspension was obtained (indicative of NMM+HCI formation). This suspension was
stirred at —10 °C for 20 min. following which a suspension of a-vinylproline methyl ester
2.1 in THF [formed by neutralization of the corresponding HCI salt (210.6 mg, 1.1 mmol,
1.1 equiv.) in 4 mL THF using NMM (0.12 mL, 1.1 mmol, 1.1 equiv.)] was added in two
portions to the mixed anhydride. After stirring at —10 °C for another 20 min., the
suspension was warmed to R.T. where it was stirred for 2 d. At this point, TLC indicated
complete consumption of the limiting reagent. NMM+HCI was removed by filtration and
the volatiles removed by rotary evaporation. The residue was taken up in EtOAc (30 mL)
and the solution washed sequentially with 10% citric acid, sat. NaHCO3, and brine
solutions. The organic layer was dried over MgSQ,, filtered and concentrated. The pale
yellow-colored crude material was purified by flash chromatography (gradient elution: 0—
30 % EtOAc in hexanes) to give the desired product 2.34 as a clear oil weighing 150 mg
(45% vyield).
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TLC R; 0.59 (EtOAc/hexanes, 2:1)
[alp +56.3 (¢ 0.86, CDCly)
'H NMR (400 MHz, CDCls, gCOSY assignment) & 6.35 (dd, J; = 17.5 Hz, J, = 10.9 Hz,
1H, vinylic group CH=CH,), 5.76 (dddd, or app. ddt., J; =17.2 Hz, /o =10.2 Hz, Js = J, =
7.1 Hz, 1H, allylic group CH=CH,), 5.24 (br. d, J= 8.6 Hz, 1H, NH), 5.16-5.09 (m, 3H,
allylic group CH=CH,, vinylic group CH=CHsH), 4.97 (app. d, J = 17.3 Hz, 1H, vinylic
group CH=CHjansH), 4.54 (ddd or app. dt, J; = 8.6 Hz, J» = J3 = 6.3 Hz, 1H, Gly a-CH),
3.90-3.81 (m, 1H, Pro 8-CH,), 3.73-3.68 (ovlp. m, 1H, Pro 8-CH.), 3.72 (s, 3H, OCH,),
2.57-2.50 (m, 1H, allylic CH,), 2.39-2.32 (m, 1H, allylic CH,), 2.23-2.15 (m, 1H, Pro B-
CH,), 2.08—1.92 (m, 3H, B-CH,, y-CH,), 1.43 (s, 9H, NH(C=0)C(CHs)3)
3C NMR (100 MHz, CDCl3;, gHMQC assignment) & 172.6 (amide (C=0)), 169.7 (ester
(C=0)), 155.4 (NH(C=0)C(CHj3)3), 135.7 (vinylic group CH=CH,), 132.8 (allylic group
CH=CH,), 118.9 (allylic group CH=CH,), 113.5 (vinylic group CH=CH,), 79.7 (Boc
C(CHj3)3), 70.2 (Pro o-C), 52.7 (ester OCHs;), 51.6 (Gly a-C), 48.4 (Pro d-C), 37.4 (Gly B-
C), 37.1 (Pro B-C), 28.5 (Boc C(CHs)3), 23.6 (Pro y-C)
ESI HRMS m/z375.1894 [M+Na]* (C1gH2sN2O5 + Na)* requires 375.1890
Notes:

1. THF was rendered anhydrous by distilling from sodium-benzophenone

2. A solid weighing 50 mg was also recovered as being an inseparable mixture of

two molecules having higher R;values than the desired product. By NMR, the

solid appears to be a mixture of the following molecules.
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(2R)-Methyl 2-Allyl-1-((4’ R)-2’~(tert-butyloxycarbonylamino)pent-4’-
enoyl)pyrrolidine-2-carboxylate (2.36)
—N
+ />\O
\N \ N

- \ ,N 7
PFs | N U , DIPEA, DMF
N

0 °C for 20 min. then,

/

< o , DIPEA, DMF

2.32 O—{ 0 “C, 20 min.
N OCH, tortfor 2d.

H

*HCl
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Y

30%

Boc-a-Allylglycine 2.32 (215 mg, 1.0 mmol, 1 equiv.) was dissolved in 2 mL
anhydrous DMF (Note 1) and the solution was cooled to 0 °C. DIPEA (0.17 mL, 1.0
mmol, 1 equiv.) was added to the solution followed by HATU (380 mg, 1.0 mmol, 1
equiv.) at which point the solution turned a fluorescent yellow (Note 2). This solution was
stirred for 20 min. after which a solution of a-allylproline methyl ester 2.30 in DMF
[formed by neutralization of the corresponding HCI salt (226 mg, 1.1 mmol, 1.1 equiv.) in

2 mL using DIPEA (0.2 mL, 1.1 mmol, 1.1 equiv.)] was added to the activated ester. The
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resulting yellow-orange colored solution was stirred for 2 d, during which the color of the
solution darkened. DMF was removed in vacuo and the residue was dissolved in EtOAc
(30 mL) and the solution was washed sequentially with 10% citric acid, sat. NaHCO3,
and brine solutions. The organic layer was dried over MgSQ,, filtered and concentrated.
The crude material was subjected to purification by flash chromatography (gradient
elution: 0—40 % EtOAc in hexanes) to give the desired product 2.36 as a colorless oil
weighing 110 mg (30 % yield).
TLC R;0.62 (EtOAc/hexanes, 2:1)
[a]p +44.2 (¢ 1.39, CHCIy)
'H NMR (400 MHz, CDCls, gCOSY assignment) 5 5.77-5.59 (m, 2H, 2 x CH=CH,), 5.26
(br.d, J=8.2 Hz, 1H, NH), 5.15-5.05 (m, 4H, 2 x CH=CH.,), 4.52—4.44 (m, 1H, Gly a-
CH), 3.92-3.82 (m, 1H, Pro 6-CH,), 3.66 (s, 3H, OCHs), 3.50-3.41 (m, 1H, Pro 6-CH,),
3.10-3.00 (m, 1H, Pro allylic CH,), 2.66—2.56 (m, 1H, Pro allylic CH,), 2.53-2.41 (m,1H,
Gly allylic CH,), 2.35-2.22 (m, 1H, Gly allylic CH,), 2.14—1.85 (m, 4H, B-CH,, y-CH.),
1.39 (s, 9H, NH(C=0)C(CHs)3)
3C NMR (100 MHz, CDCl3;, gHMQC assignment) & 173.9 (amide (C=0)), 170.2 (ester
(C=0)), 155.4 (NH(C=0)C(CHj3)3), 133.1 and 132.8 (allylic group CH=CH,), 119.4 and
118.7 (allylic group CH=CH,), 79.6 (Boc C(CHjs)3), 68.5 (Pro a-C), 52.4 (ester OCHj3),
51.8 (Gly a-C), 48.9 (Pro 6-C), 37.7 (Pro allylic-C), 37.3 (Gly B-C), 34.9 (Pro B-C), 28.4
(Boc C(CHa)3), 23.9 (Pro y-C)
ESI HRMS m/z389.2070 [M+Na]* C49H30N2Os + Na requires 389.2047
Notes:

1. DMF purchased from Fisher was stored over 4 A molecular sieves and used as it

is.
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2. The color of the active ester formation varies from pale yellow to fluorescent

canary yellow with concentration and scale.

(2R)-Methyl 1-((2’ R)-2’-Allyl-2’-(N’*-(tert-butyloxycarbonyl)-2’-pyrrolidine)carbonyl)-
2-vinylpyrrolidine-2-carboxylate (2.37)

OCH,
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2.31 -10 °C, 20 min. 2.37
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H -HCI 3 tort. for4d.
2.1 17%

Boc-a-allylproline 2.31 (200 mg, 0.8 mmol, 1 equiv.) was dissolved in anhydrous
DCM (Note 1). The solution was cooled to —10 °C using an ice/salt bath. This was
followed by the sequential addition of a-vinylproline methyl ester hydrochloride 2.1 (230
mg, 1.2 mmol, 1.5 equiv.), BOP-CI (306 mg, 1.2 mmol, 1.5 equiv.). The mild suspension
was stirred for 10 min. after which DIPEA (0.5 mL, 2.8 mmol, 3.5 equiv.) was added in
one portion. The yellow-colored solution was stirred at —10 °C for another 10 min and
then warmed to r.t. at which it was stirred for 4 d under Ar. After 4 d, the reaction was
diluted to 30 mL and washed sequentially with 10% citric acid, sat. NaHCOg, and brine
solutions. The organic layer was dried over MgSQy,, filtered and concentrated. The crude
residue was subjected to flash chromatography (gradient elution: 0—40% EtOAc in
hexanes) to give the desired product 2.37 as a clear oil weighing 65 mg (17% vyield).
TLC R; 0.52 (EtOAc/hexanes, 3:1)

[a]o +41.2 (¢ 3.0, CHCl,)
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'H NMR (400 MHz, CDCls) & 6.45-6.28 (m, 1H, vinylic CH=CH,), 5.80-5.66 (m, 1H,
allylic CH=CHy,), 5.12—-4.89 (m, 4H, allylic and vinylic CH=CH,), 3.72 (s, 3H, OCH,),
3.64-3.42 (m, 4H, 2 x Pro 8-CH.), 3.10-2.92 (m, 1H, allylic CH,), 2.74—2.65 (m ,1H,
allylic CH,), 2.20—2.00 (m, 4H, B-CH,), 2.00—1.75 (m, 4H, y-CH,), 1.48 and 1,44 (s, 9H,
C(CHs))

3G NMR (100 MHz, CDCls, rotamers observed about the carbamate bond in a 7:1 ratio)
0 173.2 and 173.1 (amide C=0), 171.9 and 171.7 (ester C=0), 153.9 and 152.9
(carbamate C=0), 136.7 and 136.6 (vinylic CH=CH,), 134.7 and 134.3 (allylic CH=CH,),
118.7 and 118.3 (allylic CH=CH,), 112.5 and 112.3 (vinylic CH=CH,), 80.9 and 79.3
(C(CH3)3), 71.8 and 71.6 (vinylPro a-C), 68.9 and 68.4 (allylPro a-C), 52.5 and 52.3
(OCHa), 48.5, 48.2, 48.0 (Pro d-C), 40.9 and 39.6 (allylic C), 37.7, 35.7, 35.5 (Pro B-C),
28.5 and 28.2 (C(CHs)s), 24.5, 22.8, 22.1 (Pro y-C)

ESI HRMS m/z415.2212 [M+Na]* CxH34N2Os+Na requires 415.2203

(R)-Methyl 2-Allyl-1-((R)-2’-allyl-2’-(N"*-(tert-butyloxycarbonyl)-2"-
pyrrolidine)carbonyl)pyrrolidine-2-carboxylate (2.38)

Ao A
/) P
N 1N DIPEA, CH.CI
O O - ) 2Llo
0~ —
N OH )/ Boc (
Boc o , DIPEA, CH,ClI,
2.31 S 10 °C, 20 min. 2.38
N OCHy fort. for 4 d.
H
*HCI
230 15%

Boc-a-allylproline 2.31 (200 mg, 0.8 mmol, 1 equiv.) was dissolved in anhydrous

DCM (Note 1). The solution was cooled to —10 °C using an ice/salt bath. This was
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followed by the sequential addition of a-allylproline methyl ester hydrochloride 2.30 (247
mg, 1.2 mmol, 1.5 equiv.), BOP-CI (306 mg, 1.2 mmol, 1.5 equiv.). The mild suspension
was stirred for 10 min. after which DIPEA (0.5 mL, 2.8 mmol, 3.5 equiv.) was added in
one portion. The yellow-colored solution was stirred at —10 °C for another 10 min and
then warmed to r.t. at which it was stirred for 4 d under Ar. After 4 d, the reaction was
diluted to 30 mL and washed sequentially with 10% citric acid, sat. NaHCO3, and brine
solutions. The organic layer was dried over MgSQ,, filtered and concentrated. The crude
residue was subjected to flash chromatography (gradient elution: 0—40% EtOAc in
hexanes) to give the desired product 2.38 as a clear oil weighing 60 mg (15% yield).
TLC R; 0.59 (EtOAc/hexanes, 2:1)

[a]o +14.4 (¢ 1.0, CHCI,)

'H NMR (400 MHz, CDCls) & 5.80-5.62 (m, 2H, 2 x CH=CHy), 5.18-5.00 (m, 4H, 2 x
CH=CH), 3.70 (s, 3H, OCH), 3.68-3.37 (m, 4H, 2 x 5-CH.), 3.20-2.95 (m, 2H, allylic
CH,), 2.73-2.54 (m, 2H, allylic CH,), 2.16—1.70 (m, 8H, 2 x B-CH,, 2 x y-CH,), 1.47 and
1.45 (s, 9H, C(CHs),)

3G NMR (100 MHz, CDCl3) 8 174.3 (amide C=0), 172.1 (ester C=0), 154.1 (NH-(C=0)-
C(CHs)3), 134.4, 133.8 (allylic CH=CH,), 119.0, 118.6 (allylic CH=CH,), 80.8 (C(CHa)3),
70.1, 68.7 (Pro a-C), 52.4 (OCH,), 48.5, 48.4 (Pro 5-C), 40.8, 37.8 (allylic CH,), 37.5,
34.3 (Pro B-C), 28.5, 28.3 (C(CHs3)3), 25.0, 22.1 (Pro y-CH,)

ESI HRMS m/z 429.2364 [M+Na]" CH34N.Os+Na requires 429.2360

68



7”-Aza-benzotriazolyl (2R)-N-tert-Butyloxycarbonyl-2-(2’-propenyl)pyrrolidine

carboxylate (2.39)
/ /
HATU, DIPEA, DMF
2 0 0°Ctort,18h Ry
m = m Nsn
N  OH N O-N
Boc Boc _—
2.31 039 N J

A solution of Boc-a-(R)-allylproline 2.31 (383 mg, 1.5 mmol, 1 equiv.) in 4 mL
anhydrous DMF (Note 1) was cooled to 0°C. DIPEA (0.7 mL, 3.7 mmol, 2.5 equiv.) was
added drop-wise followed by HATU (570 mg, 1.5 mmol, 1 equiv.). The pale yellow-
colored solution was stirred under Ar for 18 h while the solution was warmed to ambient
temperature. The solvent and other volatiles were removed by rotary evaporation (water
bath < 50 °C). The residue was dissolved in EtOAc (50 mL) and washed sequentially
with 10% citric acid and brine solutions. The organic layer was dried over MgSQ,, filtered
and concentrated. The yellow residue was purified by flash chromatography (gradient
elution: 0-50 % EtOAc/hexanes). The product 2.39 was obtained as a clear, colorless oil
weighing 514 mg (92% yield). The compound was stored under Ar at —20 °C. It appears
to hydrolyze under ambient conditions over a 4-5 day period.

TLC R; 0.62 (EtOAc/hexanes, 3:1)

'H NMR (400 MHz, CDCls, gCOSY, rotamers observed about the carbamate bond in a
3:1 ratio) 6 8.61-8.60 (m, 1H, 6”-CH), 8.33-8.28 (m, 1H, 4”-CH), 7.36—7.29 (m, 1H, 5™-
CH), 5.77-5.67 (m, 1H, CH=CH,), 5.17-5.11 (m, 2H, CH=CH,), 3.77-3.74 (m, 0.7H, Pro
0-CH,), 3.69-3.63 (m, 0.3H, Pro 6-CH,), 3.47-3.37 (m, 1H, Pro 6-CH,), 3.25 (dd, J; = 14
Hz, J, = 6.7 Hz, 0.3H, CH,CH=CH,), 3.07 (dd, J; = 14.1 Hz, J, = 6.6 Hz, 0.7H,

CH,CH=CH,), 2.73-2.53 (m, 2H, CH.CH=CH,, Pro 3-CH.), 2.39-2.26 (m, 1H, Pro B-
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CH,), 2.16-2.05 (m, 1H, Pro y-CH,), 1.97-1.89 (m, 1H, Pro y-CH.,), 1.50 and 1.45 (s,
9H, C(CHs)s)

3C NMR (100 MHz, CDCl;. gHMQC, rotamers observed about the carbamate bond in a
3:1 ratio for most peaks) 6 170.6 and 170.3 (ester C=0), 153.9 and 153.0 (carbamate
C=0), 151.7 and 151.6 (6”-C), 140.7 and 140.6 (aromatic Cg), 134.9 (aromatic Cg), 132.0
and 131.6 (CH=CH,), 129.4 and 129.3 (4”-C), 120.9 and 120.7 (5™-C), 120.5 and 120.1
(CH=CH,), 82.2 and 80.8 (C(CHj3)3), 67.0 and 66.3 (Pro a-C), 48.5 and 48.4 (Pro 6-C),
39.6 and 38.4 (CH,CH=CH,), 37.6 and 35.9 (Pro 3-C), 28.5 and 28.1 (C(CHjs)s), 23.7
and 22.9 (Pro y-C)

ESI HRMS m/z396.1649 [M+Na]" CigH23Ns04+Na requires 396.1642

Notes:

1. DMF was stored over 4A molecular sieves and used without further treatment.
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Chapter 3

Rationale for the Design of Constrained Peptidomimetics Targeting the X-Linked
Inhibitor of Apoptosis Protein (XIAP) for Cancer Chemotherapy

3.1. Introduction to apoptosis

Apoptosis is the term used to describe the process of “programmed cellular
death”, a physiologically natural process that occurs in an evolutionarily conserved
manner in all multi-cellular organisms.®® Derived from the Greek language, apoptosis
translates to the “dropping off” of “petals or leaves from plants or trees”. Prof. James
Cormack of the department of Greek language at the University of Aberdeen is credited
as first using the term to describe the process.®® Apoptosis is characterized by
biochemical signal transduction processes that lead among others to the following
distinct cellular morphological changes: (1) blebbing of the plasma membrane, (2)
shrinkage of the cell, (3) cell membrane changes such as loss of cell asymmetry and
attachment, (4) chromatin hypercondensation, (5) chromosomal DNA
cleavage/fragmentation, and (6) packaging of cellular contents into membrane-bound
vesicles. It is important to note that apoptosis differs from necrosis since premature
tissue death involved in the latter is usually a result of external causes such as infection,
toxins or trauma and therefore is detrimental to the organism.

Although now well established as an essential part of maintaining homeostasis,
the delicate balance between cell proliferation and cell death, and survival of multi-
cellular organisms; the significance of apoptosis in cell growth and differentiation was
elucidated only in the 1990’s.%"° In humans, it has been delineated that dysfunction in
apoptosis kinetics can lead to a number of disease conditions. Excessive up-regulation
of apoptosis, leading to uncontrolled cellular death is implicated in the development of

many auto-immune disease conditions and in neurodegenerative conditions such as
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Alzheimer’s disease. The converse scenario, the abnormal down-regulation of
apoptosis, has been strongly implicated in development of several human cancers,

mainly caused by uncontrolled cellular proliferation.”"™"*

3.2.a Mechanism of apoptosis

Apoptosis is brought about by a series of signal transduction events facilitated by
a family of cysteine proteases termed as caspases, which proteolytically cleave their
substrate after a conserved aspartate residue on the target protein/peptide sequence.”
As shown in Figure 3.1., depending on the source of the death stimuli, the apoptotic
response is mediated either by (1) the intrinsic pathway, initiated by the mitochondria or
(2) the extrinsic pathway, initiated by activation of cell-surface receptors called the
“death receptors”. In the first pathway, intrinsic death stimuli®® such as activation of
tumor suppressor proteins (e.g. p53), oncogenes (e.g. c-Myc) or DNA damage lead to
the release of proteins such as cytochrome c¢ from the mitochondria which in turn
activates caspase-9, an initiator caspase, in the context of the apoptosome complex.
Formation of this complex triggers a downstream cascade of caspase activation,
subsequently causing cell death. In the extrinsic pathway, specific extracellular ligands,
such as FasL, bind to their cell-surface death receptors causing them to oligomerize
resulting in the formation of the death-inducing signaling complex (DISC). This process
eventually leads to the activation of caspase-8 by autocatalytic cleavage of procaspase-
8. In a process analogous to that in the intrinsic pathway, this activates the further
downstream caspases and leads to cell death. The two pathways merge at the stage
involving mature caspase-3. Generally, dysfunction/inactivation of the intrinsic apoptotic
pathway is regarded as a hallmark of cancer.” Reining in control over regulation of
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apoptosis therefore has important ramifications in the chemotherapy of several

malignant diseases.
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Figure. 3.1.8" Overall signal transduction processes in apoptosis

Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cellular
Biology] (Holcik, M.; Korneluk, R. G. XIAP, The Guardian Angel. Nature Rev. Mol. Cell. Biol.
2001, 2, 550-556), copyright (2001)

3.2.b Regulation of apoptosis: Structural and biochemical basis of XIAP-BIR3
domain and caspase 9 interaction

Although caspases are subject to transcriptional regulation and post-translational
modifications,”” a direct and unique natural mechanism avoids inadvertent destruction of
healthy cells caused by caspase activation. The enzymatic activity of both the initiator

(caspases 8, 9 etc.) and effector (caspases 3, 7 etc.) caspases is inhibited by the
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Inhibitor of Apoptosis Protein (IAP) protein family.”®® Since the IAPs directly bind to and
inhibit the caspases, there are capable of inhibiting both apoptotic pathways.®'

In humans, there are eight sub-types of IAPs. X-linked inhibitor of apoptosis
protein (XIAP), is the most well-characterized member of the IAPs. Being a multi-
modular protein, XIAP contains several baculoviral inhibitor of apoptosis repeat (BIR)
domains, each of which has a distinct function. As depicted in Figure 3.2., the third
domain (BIR3) potently binds and inhibits the initiator caspase-9, while the linker region
between the BIR2 and BIR2 domains inhibits effector caspases 3 and 7 with lesser
affinity. As per in vitro kinetic studies, XIAP is the most potent caspase inhibitor in the
IAP family and has a K= 0.2-0.8 nM.”®

Based on X-ray crystal structure of caspase-9 bound to XIAP® as well as
mutational analysis,®® three residues on XIAP-BIR3 domain are indispensible to
caspase-9 inhibition: Trp 310, Glu 314 and His 343. The first two residues line a
conserved groove on the XIAP binding site which interacts with the N-terminal residue of
caspase-9 (Ala). His 343 on the other hand, lies in the opposite side of the BIR3 domain.
A His—>Ala mutation did not affect binding but abrogated caspase-9 inhibition. This leads
to the conclusion that binding is only a necessary but not sufficient event for caspase
inactivation. It was later determined that XIAP inhibits caspase-9 by preventing its
conversion from a monomeric to a homodimeric form which was required for its
enzymatic activity.®?

It is important to note the following point at this time. Although it has been
demonstrated, that small molecule inhibitors of XIAP bind it with higher affinity when
different portions of the inhibitor concurrently interact with both the BIR2 and BIR3
domains, most of the following discussion will concentrate on the BIR3 domain since that
appears necessary and sufficient to inhibit XIAP activity.
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Figure 3.2.%" Inhibition of caspases by XIAP BIR domains within the apoptosome
Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cellular
Biology] (Holcik, M.; Korneluk, R. G. XIAP, The Guardian Angel. Nature Rev. Mol. Cell. Biol.
2001, 2, 550-556), copyright (2001)

3.3. Validating XIAP as a potential therapeutic target
Based on the following experimental evidence, XIAP has been validated as a
target for developing cancer chemotherapeutic agents with a novel mode of action.®*
1. In vitro studies using cultured cells indicate over-expression of XIAP in human
cancer cell lines and tumor tissues.
2. The same studies also indicate that this over-expression of XIAP in tumor cells

confers resistance to combination drug chemotherapy.
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3. Knocking down XIAP in several malignant cell lines using small interfering
ribonucleotides (siRNA) and antisense nucleotides restores the sensitivity of the
cell lines toward chemotherapy.

4. XIAP knock-outs do not appear toxic to normal cells as evidenced within the
XIAP knockout mouse.

5. Inhibition of XIAP potentiates caspase activation leading to apoptosis.

3.4. Endogenous XIAP inhibitors as a proof of concept for development of
therapeutic agents

During apoptosis, a family of pro-apoptotic proteins antagonizes the XIAP-
mediated inhibition of the caspases.® The second mitochondria-derived activator of
caspases or direct IAP-binding protein with low pl (Smac or DIABLO) is a prominent
member of this family and it negatively regulates the caspase-inhibiting activity of the
IAPs.%# That is, they promote apoptosis by inhibiting the inhibitors of apoptosis (Figure
3.3).

Full length Smac protein contains 239 amino acids, with the N-terminal 55
residues coding for the mitochondria-targeting sequence that is proteolyzed upon import.
Mature Smac therefore has 184 amino acids with a very important N-terminal
tetrapeptide, Ala-Val-Pro-lle (AVPI) which serves as the IAP tetrapeptide binding motif
similar to the N-terminal tetrapeptide, ATPF, in caspase-9.%° Mature Smac is released
from the mitochondria along with cytochrome ¢ within the intrinsic apoptotic pathway.
Based on high resolution structural evidence provided by NMR® and X-ray analyses,?*°
AVPI, has been shown to interact with the same conserved surface groove in the XIAP-
BIR3 domain to which caspase-9 binds to; and therefore competes®' for the identical

binding pocket as caspase-9. These studies conclude that the competition between

76



Smac and caspase-9 for the same binding site on XIAP releases bound caspase-9 and

promotes apoptosis.
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Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cellular
Biology] (Holcik, M.; Korneluk, R. G. XIAP, The Guardian Angel. Nature Rev. Mol. Cell. Biol.
2001, 2, 550-556), copyright (2001)

It has been shown that short peptide sequences conserving the N-terminal AVPI
tetrapeptide are capable of binding to and inhibiting XIAP in a competitive manner with
respect to Smac and caspase-9 in both in vitro and in vivo studies.®*** Although these
short peptides were highly active in vitro, the diminution of in vivo activity was surprising.

It was hypothesized that cell-permeability was a major hurdle. When tethered to carrier
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peptides these relatively cell-permeable Smac-based mimics increased the sensitivity of
tumor cells in vitro® and in vivo® to the anti-tumor activity of the Apo-2L/TNF-related
apoptosis-inducing ligand (TRAIL) and reduced the resistance of these cells to
chemotherapeutic agents such as paclitaxel, etoposide, doxorubicin, and cisplatin. When
injected directly into the tumor in conjunction with cisplatin, one of these peptides was
capable of regressing tumor growth in vivo in H460 non small-cell lung cancer

xenografts with little toxicity to mice.*

3.5. Binding conformation of Smac

It is important to note that developing inhibitors of XIAP based on Smac
essentially involves disrupting protein-protein interaction, which unlike typical enzyme-
small molecule substrate interaction, can span large areas that can be flat lacking
specific binding sites. It is therefore a formidable task to develop small-molecule
inhibitors of XIAP. It is indeed fortuitous that peptides resembling the short N-terminal
tetrapeptide of Smac, AVPI, alone can bind to the Smac/caspase-9 shallow binding site.
As shown in Figure 3.4,°" the tetrapeptide, AVPI binds in a conserved surface groove
within the BIR3 domain of XIAP whilst making a network of hydrogen bonding
interactions and a series of Van der Waals contacts. The first residue, Ala, binds to a
conserved pocket formed in part by Trp 310 and Leu 307 in XIAP. The free NH, forms a
pair of charge-stabilized hydrogen bonds with Glu 314. Ala is essential and contributes
the largest to the specific recognition of Smac to XIAP; mutation to another amino acid
completely abrogates this affinity.*® The remaining three residues; Val, Pro, and lle are
all hydrophobic and interact extensively with hydrophobic residues lining the BIR3
domain groove (Trp 323, Tyr 324, Gly 306). These residues can tolerate variation but for
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optimal binding affinity, Pro is preferred in the third position and a bulky hydrophobic

residue in the fourth position.

Figure 3.4.°" X-ray structure overlaps of Smac and caspase-9 with XIAP BIR3

Reprinted by permission from Macmillan Publishers Ltd: [Nature] (Srinivasula, S. M.; Hegde, R.;
Saleh, A.; Datta, P.; Shiozaki, E.; Chai, J.; Lee, R.-A.; Robbins, P. D.; Fernandes-Alnemri, T.; Shi,
Y.; Alnemri, E.S. A Conserved XIAP Interaction Motif in Caspase-9 and Smac/Diablo Regulates
Caspase Activity and Apoptosis. Nature 2001, 410, 112-116.), copyright (2001)

3.6. SAR of the Smac-based tetrapeptide, AVPI

A graphical representation of detailed structure-activity relationship (SAR) studies
that have been conducted on the tetrapeptide is shown in Figure 3.5.% % The parent
tetrapeptide, AVPI (3.1), binds to XIAP BIR3 domain with a K; value of 480 nM. The
following changes either increase of decrease this affinity of the modified peptide for its
receptor site. The absolute requirement of Ala containing a free amine at the N-terminal
paralleled the mutation studies that were conducted previously.®® * Val can be replaced
by other amino acid side chains; in fact Kipp et al. recently determined that arginine

t.%

(Arg) can make optimal interactions with the binding pocket.”™ The pyrrolidine side chain
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Figure 3.5. SAR studies conducted on the minimal tetrapeptide requirements

of Pro is essential in maintaining the extended conformation (B-strand) of the
tetrapeptide in the active site. Due to a high number of aromatic hydrophobic residues
lining the BIR3 domain groove, lle in the natural substrate can be readily substituted with
bulky, hydrophobic residues to achieve increased affinity. Additionally, N-alkylation of the

Ala-Val amide is not tolerated while the Pro-lle amide can be substituted/alkylated.

3.7. Recent developments in small molecule Smac mimetics

Over the last five years, there has been a steady disclosure of Smac-based small
molecule inhibitors of XIAP in the scientific literature.®>®” Abbott Laboratories were the
first to disclose potent Smac-based peptides (Figure 3.6., 3.2) resulting from extensive
modification of the parent tetrapeptide.® In terms of absolute requirement for biological
activity, the results of this study were consistent with that of McLenden’s SAR analysis,
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discussed in the previous section.?* % In addition to Abbott, both Novartis® and
Genentech'® have developed conformationally constrained peptidomimetics, 3.3 and

3.5 respectively based on Smac that are potent both in vitro and in vivo.
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Figure 3.6. Representative Smac mimetics and XIAP inhibitors

Shaomeng Wang and his research group at the University of Michigan are at the
forefront of developing Smac-based constrained XIAP inhibitors.'~'% They were the
first to report the design, synthesis and biological evaluation of the conformationally rigid

azabicyclo[5.3.0]alkanones (Figure 3.6., 3.4) as Smac mimetics.'® These bicyclics were
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developed by rational design aided by competent computational analyses based on
existing Smac/XIAP crystal structures. Consistent with existing SAR, molecules
containing the free N-terminal amine, 3.4a and 3.4b, were highly potent; however they
were virtually inactive in in vivo assays.'® With the hypothesis that the free amine was
detrimental to cell permeability and metabolic stability of the mimics, the corresponding
N-alkylated molecules, 3.4c and 3.4d were synthesized and evaluated. Although the
binding affinity was either the same or slightly lowered, the cellular activity of these
molecules was approximately 500 times higher than that of the unalkylated amines.'’

It has been recently demonstrated that using Smac mimic dimers (Figure 3.7)
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Figure 3.7. Representative bivalent Smac mimetic and XIAP inhibitor
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capable of simultaneously binding to both the BIR2 and BIR3 domains of XIAP results in
inhibitors with higher affinity and biological activity.'® '® These molecules are termed as

the bivalent Smac mimetics. One of the most potent is shown in Figure 3.7."*

3.8. Rationale for developing Smac mimetics based on the bicyclic thiazolidine
scaffold (BTD)

In keeping with the main research aim in our laboratory, we hoped to design and
synthesize small-molecule mimics of AVPI that were capable of adopting the bioactive
conformation of the Smac tetrapeptide at the XIAP-BIR3 domain binding site. Several
conformationally constrained molecules were designed, out of which the bicycle
thiazolidines (BTD, shown in Figure 3.8), were the most constrained since both y, and
@3 torsion angles were simultaneously restricted.

The diastereoisomeric BTDs are a versatile peptidomimetic scaffold. We have
previously utilized them in our laboratory as moderately constrained external type Il -
turn mimics of the dopamine modulator, Pro-Leu-Gly-NH, (PLG)."% "7 In order to

maintain the extended conformation of AVPI as observed within the X-ray crystal
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Figure 3.8 Constraining AVPI into the BTD peptidomimetic
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structure of the Smac/XIAP complex, the stereochemistry about the C-3 and the C-6 is
maintained in a trans manner as opposed to the cis relative configuration held in order
to mimic the B-turn conformation. The constrained molecules also incorporate the
requisite functionalities to hopefully maintain potent binding affinity at the XIAP-BIR3
domain site. Alanine is maintained as per SAR requirements. The lactam ring partially
occupies the space occupied by the isopropyl (iPr) side chain of Val. The thiazolidine
ring has two functions; the thiazolidine ring can mimic to a certain extent the pyrrolidine

ring of Pro (pseudoproline)'®

and it is anticipated that the d-orbital of the sulfur atom can
engage in fruitful d-1r interactions with the t-cloud of the numerous aromatic residues
lining the BIR3 active site. As suggested by the previous SAR studies, the carboxyl
terminal can be avoided and the lle side chain is replaced by an aromatic hydrophobic
residue.

The BTDs appear structurally similar to the azabicyclo[x.y.0]alkanes designed by
the Wang group with the exception of opposite relative stereochemistry at the terminal
extension points of the bicyclic ring system. It is anticipated that analogous to the non-
sulfur containing bicyclics, the diastereomer with R stereochemistry at the bridgehead

(C-7a) position will be more bioactive than the diastereomer with the S stereochemistry

at C-7a. The latter can possibly act as a negative control.
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CHAPTER 4

Synthesis of the conformationally constrained bicyclic thiazolidine (BTD) AVPI mimics for
XIAP inhibiton

4.1. Introduction
This chapter will encompass the discussion regarding the challenges involved in
the synthetic manipulations of the bicyclic thiazolidine (BTD) scaffold and is divided into
the following sub-sections:
1. Retrosynthetic analysis for the diastereomeric target molecules
2. Various synthetic attempts toward synthesis of the key intermediate, (R)-a-
allylglycine.
3. Physico-chemical properties of the two diastereomers following lactamization
4. Reactions toward synthesis of the major diastereomer 4.1a

5. Reactions toward synthesis of the minor diastereomer 4.1b

4.2. Retrosynthetic analysis
The bicyclic thiazolidine, 4.1a, derived from L-cysteine methyl ester was first

synthesized by Baldwin et al.'®

The molecule reported in the publication was derived
from the L-aspartic acid semi-aldehyde derivative and therefore had opposite
stereochemistry (6S) at the C-6 position compared to our desired final products (Note:
The original atom numbering scheme by Baldwin did not number the sulfur atom and
therefore C-6 was actually C-5). We had previously reported synthesis of the BTD with
the (3S,6R,7aR) stereochemistry as a result of thermodynamic bias.'® However, in the

present scenario, in order to obtain both epimers at C-7a, a modified kinetic

methodology developed first by Mukaiyama et al. toward the synthesis of B-lactams'"
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and used previously in our laboratory toward the synthesis of (5,5)- and (6,5)-bicyclic

110,112 \was used to effect the lactamization reaction.

thiazolidines,
The initial retrosynthetic disconnections (Scheme 4.1) are about the linear amide
bonds, which can be constructed using solution-phase peptide coupling conditions. This

strips down the molecules to the main BTD scaffold. It is anticipated that the central

Scheme 4.1. Retrosynthetic analysis of target molecules
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a: (7aS); * = (—=)
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pyrrolo-thiazolidine core of 4.2a and 4.2b can be derived from a condensation-
lactamization sequence on Boc-(R)-aspartic acid semi aldehyde 4.5 derived from (R)-a-
allylglycine and an ester of commercially available L-cysteinesHCI. Although the
condensation that generates the N,S-thioaminal center is nonstereoselective, there is
precedent for the product BTD diastereomers 4.2a and 4.2b being separable by
chromatography.''? Enantiopure (R)-a-allylglycine can be obtained from various

approaches; one such method is the Myers’ diastereoselective alkylation of (S,S)-
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pseudoephedrine glycinamide, which itself can be obtained from cheap commercially
available starting materials, glycine methyl ester.HCI and (S,S)-(+)-

pseudoephedrine.’'*1®

4.3. Synthesis of (R)-a-allylglycine and (R)-a-aspartic semi aldehyde
The initial route toward the synthesis of the semi aldehyde derivative involved
manipulating the oxidation state of the side chain of commercially available N-Boc-(R)-

aspartic acid a-benzyl ester (4.7, Scheme 4.2.).

Scheme 4.2. Attempts at synthesis of (R)-aspartic acid semi aldehyde

1-)Vo cl - -
o b
N o M
: ggn NMM, THF, -10°C_ g/U\O O/W/
BOCHNﬁg 2. NaBH,, THF BocHN™ O

OBn
4.7 B 4.8 -
: Swern oxidation :
——  BocHN N0 % BocHN™ O
OBn OBn
4.9 4.10

Sodium borohydride reduction of the side chain active ester 4.8 derived from reaction of
the carboxylic acid with isobutyl chloroformate (IBCF) gave rise to the corresponding
side chain alcohol 4.9 in 65% yield.""” Swern oxidation to the corresponding aldehyde
4.10 failed in my hands. This route was therefore abandoned in favor of the following

route.
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The successful route (Scheme 4.3.) toward the synthesis of the semi aldehyde
4.5 hinges on the potential of converting the terminal olefin of an appropriately protected
(R)-a-allylglycine derivative to the corresponding aldehyde by oxidative cleavage. The

1.8 and further

methodology, which was first reported in 1978 by Larcheveque et a
developed by Myers et al.,"'* involves diastereoselective alkylation of the dianion enolate
derived from ephedrine/pseudoephedrine glycinamide. The glycinamide 4.12 is derived
by coupling glycine methyl ester hydrochloride 4.6 with (S,S)-(+)-pseudoephedrine 4.11,
where the latter acts as a chiral auxiliary. Although pseudoephedrine is used in
stoichiometric amounts, the process has the following advantages: (1) Both enantiomeric
forms of pseudoephedrine are cheaply available in bulk quantities. (2) The reaction is
highly diastereoselective (>19:1 d.e. for the reaction with reactive electrophiles such as
allyl bromide). (3) Reaction can be performed without need for N-protection for the glycyl
unit. (4) Presence of the pseudoephedrine moiety confers high degree of crystallinity to
the amides and therefore the latter are easily purified. (5) There is no attenuation of
stereochemical integrity during the auxiliary hydrolysis step. (6) The chiral auxiliary is
100% recoverable and can be re-used.''®

As shown in Scheme 4.3., glycine was first coupled to (S,S)-pseudoephedrine in
the presence of approximately 1.8 equivalents of lithium tert-butoxide (LiOfBu) and
catalytic amounts of anhydrous lithium chloride (LiCl) in tetrahydrofuran (THF) as solvent
at ambient temperature. One equivalent of the base neutralizes the hydrochloride salt,
which liberates the free amine and simultaneously forms an equivalent of LiCl in situ.

The remaining LiOfBu deprotonates the benzylic alcohol in pseudoephedrine to form the

lithium alkoxide. The reaction is presumed to proceed by transesterification of
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Scheme 4.3. Myers’ methodology for (R)-a-allylglycine

Li°, HMDS , n-Hex chloride

(S,S)- Pseudoephedrine (11) 9 B
)J\/NH o1 LIOBULCI (anhyd.), THE_ Ph N NHz +HoO AN _
MeO ) 9 o
RT., 1-2h OH CHs R.T.to 0°C
4.6 70_730/0 4.12 550/0
CHs O O Boc,0, N
= 20U, aOH
Ph._~ NH» H0, NH, HO:1,4-dioxane (1:1) NHBoc
Yy - oM T 2 )J\/
OH CH3 = reflux, 15h = 15h
413 w quant. yield 4.14m quant. yield 4-15W

glycine methyl ester with this alcohol followed by an O =» N acyl transfer to form the
desired product.'™® '"° Since lithium methoxide (LiOMe) is constantly generated during
the acylation, less than one equivalent of base is sufficient at the beginning of the
reaction after accounting for hydrochloride salt neutralization. LiCl is known to play an
important role in improving yields of this acyl transfer reaction by reducing nucleophilicity
of the glycine and the glycinamide free amino groups and thereby reducing the rates of
two main competitive processes: (1) glycine oligomerization and (2) overglycylation of
the product.'*® Also, addition of LiCl in reactions conducted in THF has been shown to
improve and maintain the solubility of various amino acid intermediates and peptides.'®
Although LiCl is generated in situ, it was found that adding LiCl externally increased the
yields of this reaction up to 75%. The glycinamide is highly hygroscopic and is therefore
isolated as its crystalline hydrate. The subsequent enolization and alkylation was
performed using lithium hexamethyldisilazide (LHMDS) as the base and in the presence
of LiCl both of which were generated in situ. This was achieved by first reacting lithium
metal (Sigma Aldrich, lithium wire, Li°) with hexamethyldisilazane (HMDS) and n-

hexylchloride at room temperature for 12—15 hours and then conducting enolization of
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4.12. The alkylation was complete within 1-2 h at 0 °C and the alkylated product 4.13
was re-crystallized from toluene/ether in approximately 55% yield.
Myers et al. offer an interesting explanation for the observed high

diastereoselectivities for this reaction (Figure 4.1).""* The chiral auxiliary itself is devoid

ll

}@
nll,llr.:‘r- D
|
T

o :
Q

I

I [ %]

enolate alkyation from the Ph
a—face (syn to methyl)
~80% de

Figure 4.1. Top:'"* X-ray structure of pseudoephedrine glycinamide+H,O.(Reprinted with
permission from Myers, A. G.; Gleason, J. L.; Yoon, T.; Kung, D. W. Highly Practical Methodology
for the Synthesis of D- and L-a-Amino Acids, N-Protected a-Amino Acids, and N-Methyl- a-Amino
Acids. J. Am. Chem. Soc. 1997, 119, 656—673. Copyright 1997 American Chemical Society)
Bottom left: Model to explain diastereoselectivity of alkylation

Bottom right: Diastereoselectivity with prolinol amides'*®

of any 3-dimensional facial or organizational features commonly observed in other chiral
auxiliaries that are encountered in the literature. Based on the single molecule X-ray

structure of pseudoephedrine glycinamide<H,O and based on existing allylic strain (A; 3)
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arguments;'?" it is predicted that the thermodynamic Z-enolate adopts an extended

conformation as shown in the figure. It can then be seen that the secondary Li-alkoxide
and the solvent molecules coordinated to the Li cation together block the B-face.'®® The
alkylation therefore preferentially occurs from the a-face of the enolate. This also

compares well with existing literature precedent for the alkylation distereoselectivities of

other tertiary amide enolates such as those derived from prolinol amides'® (

Figure
4 1.bottom right).

(R)-a-Allylglycine 4.14 was synthesized from the glycinamide following hydrolysis
under reflux. The chiral auxiliary was recovered in almost quantitative yield and can be
re-used for another cycle. The alkylated glycine derivative was formed in an enantiopure
fashion (no epimerization was detectable during the hydrolysis. N-Boc protection gave
the requisite Boc-(R)-a-allylglycine (4.15) in quantitative yield. The olefin was then

oxidatively cleaved using the Lemieux-Johnson protocol to give the corresponding

aldehyde (Scheme 4.4)."2* The reaction was conducted in the presence of 5 mol%

Scheme 4.4. Oxidative cleavage of the olefin

OsOy, (cat.),
ON O MdEms o
BocHN/\ﬂ/OH > BocHN /-ﬁ‘]/OH * BocHN“'qg
@] 9] o
4.15 4.5 4.16
10-20 %

osmium tetroxide (OsQO,, as a 2.5 w/w% suspension in tert-butanol) and excess sodium
periodate (NalO,), usually in a 5:1 mixture of THF:H,O. The crude product was directly

used in the next reaction without further purification.
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The biggest challenge involved the purification of the formed aldehyde 4.5. The
general work-up protocol that is followed for oxidations/oxidative cleavage reactions
catalyzed by OsO, requires a sodium bisulfite/ sodium sulfite wash to reductively quench
the excess oxidizing species. However, in this case such washes were not possible,
since (1) sodium bisulfite could react with the aldehyde to form a bisulfite adduct and (2)
an aqueous solution of sodium sulfite is alkaline (pH ~ 9.0). This would have lead to loss
of product due to solubilization of the free carboxylic acid as the sodium salt in the
aqueous layer. Therefore multiple filtration operations were conducted to ensure the
complete removal of any insoluble osmium or sodium iodate impurities prior to removal
of THF in vacuo. Additionally, since the reaction was conducted in the presence of the
free carboxylic acid, the desired product was isolated as a 4-5:1 mixture with the
cyclized y- hydroxy lactone 4.16 in the minority.""? This was concluded by a complex 'H
and "*C NMR which indicated the presence of the y-hydroxy carbon at approximately
90-100 ppm. The product was immediately subjected to the next reaction as soon as it
was synthesized, although the lactone has also been shown to participate in

lactamization.'"®

4.4. Synthesis of the bicyclic thiazolidine scaffold

As reported first by Baldwin et al.'® and later by the Johnson group,''® the 5,5-
bicyclic thiazolidine (BTD) scaffold can be derived from the cyclization and lactamization
reaction between a modified cysteine derivative 4.4 and the N-protected aspartic acid
semi-aldehyde derivative 4.17a and 4.17b (a or b refers to the nature of the N-protecting
group) as shown in Scheme 4.5.

Under the original conditions, the two substrates were first condensed to form the

intermediate equilibrating mixture of thiazolidines, which would then be captured into the
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product after lactamization. In both reports, the lactamization step was conducted under
thermal conditions or “thermodynamic control”, which led to the preferential formation of
a single epimer, 4.19a and 4.19b about the bridgehead carbon (C-7a, 7aS). Steric
control was a possible rationale for this preference.'® That is, in case of the reaction
with the L-cysteine methyl ester hydrochloride 4.4, the intermediate thiazolidine 4.18a
and 4.18b containing the (3R, 7aS) stereochemistry or the 3,7a-trans relationship, was

better arranged for lactam formation than the diastereomer with the 3,7a-cis relationship.

Scheme 4.5. Representative BTD formation

[ RHN ’ i
o L-cysteine-OMe+ HCI S
OH pyridine, reflux o) 73
> — >
RHN OHHN 3
© OCH
4.17 ab L O 3]
a: R =Boc
b: R = Cbz  418ab
Equilibrating mixture (C-7a) of
intermediate thiazolidines
H s
7a H, S
6 N 3 '7aj
RHN OCHs RHN™ N 3'11
O o
419 a,b 4.20 a,b
(3R,65,7aS) (35,6R,7aR)
+ minor epimers at C-3
and C-6

This selectivity was observed even when the reaction was conducted with D-cysteine
methyl ester hydrochloride. The corresponding (3S,7aR) product 4.20a and 4.20b was
obtained.

In order to obtain both C-7a bridgehead epimers, 4.2a and 4.2b, we had to alter
the lactamization conditions. It has been hypothesized that if the rate of the subsequent

lactamization was greater than the rate of C-7a epimer equilibration within the
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diastereomeric intermediate thiazolidines, then both bridgehead diastereomers could be
theoretically obtained.'™ As reported previously by our laboratory in the synthesis of
BTDs, Mukaiyama’s reagent (2-chloro-1-methylpyridinium iodide or CMPI) is an ideal
acid activating agent for this purpose. The corresponding active ester is highly reactive
and under DCM reflux (40 °C), results in lactamization with formation of both C-7a

epimers. First, the condensation (Scheme 4.6.) was conducted by stirring L-cysteine

Scheme 4.6. Condensation and lactamization

SH
X
OCHs |
4.4 O BocHN, Y , NEts
3

S0 NaHCO, EtOH/H,0 om S
: CH,Cly, reflux, 17h

OH pH 6-7 OHHN 3

BocHN ™ > .
0 17h, r.t.,, 70% 70%
4.5 (@) OCH3
43a:*=S(—=)
4.30:* = R (1)
H s H s
7a 7a
\\'(6 fN > + W& N2 minor epimers at C-3
BocHN %/OCH3 BocHN OCHs + bl C-g

O o O o

4.2a 4.2b
(3R, 685, 7aS) (35, 6R, 7aR)

Mgjor Minor

methyl ester hydrochloride 4.4 and the aldehyde 4.5 in a 1:1 EtOH:H,O mixture with the
addition of solid sodium bicarbonate (NaHCO3). The pH of the reaction medium was
adjusted to 6—7 and the reaction stirred overnight at ambient temperature. The
diastereomeric mixture of thiazolidines 4.3a and 4.3b was isolated as a white foam. The
crude product of condensation was subjected to lactamization in the presence of

equimolar amounts of CMPI and excess NEts. The reaction was complete within 15-17 h
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at reflux in DCM. The crude material was a complex mixture and required purification at
least twice by flash chromatography to obtain the pure diastereomers 4.2a and 4.2b.
Under the “kinetic control” of this reaction condition, the diastereomers are obtained in a
2-3:1 ratio of the 7aS:7aR epimers. Very minor amounts of other diastereomers were
also detected by 'H NMR of other chromatographic fractions (higher R;value). Formation
of ketenes from active esters derived from reaction between carboxylic acids (where a-C
# quaternary carbon) and CMPI in the presence of NEt; is known.'? It is possible that
the minor amounts of the C-6 epimers are produced due to the epimerization at this
carbon caused by a ketene formation-lactamization-proton quench sequence. The major
diastereomer was determined to be the (3R 6R,7aS)-BTD as per X-ray crystal structure
analysis (Figure 4.2). Nuclear Overhauser effects were inconclusive at this stage in the
synthesis of the bicyclic diastereomers; this is mainly caused by significant chemical shift
overlaps of hydrogen atoms at the C-3, C-7a and NHBoc positions in "H NMR in CDCl;

and MeOH-d,.
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Figure 4.2. X-ray crystal structure of major BTD diastereomer 4.2a

4.5. Stability and reactivity of the bicyclic thiazolidine diastereomers

There is an inherent bias in the stability between the two bridgehead (C-7a)

epimers. Based on crystallographic data and the fact that [3.3.0] ring systems are

preferentially cis-fused; the following conformations for the two diastereomers can be

envisioned (Figure 4.3).

4.2a

equatorial- and exocyclic-like
positioning of the methoxycarbony!

BocHN, ! _Ox,-OMe
b’s H
N:I; §<

" THH H

4.2b

axial- and endocyclic-like
positioning of the methoxy carbony!

Figure 4.3. Possible conformations of the two BTD diastereomers
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Under very strong Brensted acid conditions (e.g. 4 N HCl/dioxane; pka ~ —9), the
minor diastereomer 4.2b was unstable and racemized almost entirely at the C-7a
position to give the corresponding Boc-deprotected derivative 4.21 of the major
diastereomer 4.2a (Scheme 4.7). This racemization perhaps proceeds via an N-
acyliminium intermediate, leading to opening of the thiazolidine and therefore re-
equilibration to the thermodynamically more stable diastereomer 4.21. The rate of this
process was slowed down when a weaker Bronsted acid, such as trifluoroacetic acid
(TFA; pka ~ —1) was used for Boc-deprotection to give 4.22. It is important to note that
this racemization process occurs regardless of the nature of the terminal substitution and
order of events; that is it occurs in the absence and presence of the eventual
benzylamide and alanine sub-units. Needless to say, Boc-deprotection of the major
diastereomer 4.2a in the presence of either Bronsted acid gives rise to the product with
desired C-7a stereochemistry without racemization/epimerization.

Under ester hydrolysis conditions, both diastereomers led to moderate amounts
of epimerized product. In case of the major diastereomer, the epimer was determined to

10t was

be present to an extent of 17% as per 'H NMR. Based on previous reports,
hypothesized that the epimerized side product was the C-6 epimer. This was confirmed
experimentally by re-converting the carboxylic acid mixture 4.24 to the corresponding
methyl ester and separating the diastereomers 4.2a and 4.19a and conducting NOE
analysis on the minor product 4.19a. The extent of epimerization in case of the minor
BTD diastereomer 4.2b was higher and more complex. The situation was perhaps
complicated by the fact that the methyl ester was in a sterically crowded milieu being in

almost an axial position (vide supra). The hydrolysis then was perhaps plagued by 1,3-

diaxial interactions and 4.2b possibly underwent epimerization at C-3 and C-6.
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Scheme 4.7. Chemical instabilities of the BTD diastereomers
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4.6.a. Further reactions of the major diastereomer: Amidation
In the case of the major BTD diastereomer, two routes were explored toward

synthesis of the C-terminal benzylamide (Scheme 4.8). Initially, methyl ester hydrolysis
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of 4.2a to 4.24, followed by coupling with benzylamine to form 4.25 (as hydrochloride
salt) in the presence of HATU and DIPEA was attempted. Although this method resulted
in the formation of the desired benzylamide product 4.25, it was plagued by base-

mediated epimerization, as discussed before.

Scheme 4.8. Amidation of major BTD diastereomer

H s
BocHN™ N\ N OMe
O o0
4.2a
Zr(O1Bu), : HOAt (30 mol%),
BnNH.,
PhMe, 70 °C
40%
H S H S
HATU, DIPEA, BnNH,, DMF
N 0 Ctor.t. _ \
BocHN OH 50% BocHN' NHBn
o} ') ) o)
4.24 4.25

To circumvent this, an alternative route was attempted. Dr. Ravindranadh Somu,
a former post-doctoral research associate in our laboratory, pointed me in the direction
of a publication by the Porco group detailing direct conversion of esters to amides.'?®
Although direct amidation of esters (particularly methyl and ethyl esters) promoted by
stoichiometric amounts of metal-based mediators and Lewis acid-amine adducts is
known,'?” there is scant literature precedent for conducting this process in a catalytic

fashion. In addition, we also hoped to conduct this reaction under mild conditions of
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temperature and avoid any strong base-mediated reactions (vide supra). As detailed in
this paper, amidation of methyl esters mediated by catalytic group (IV) metal alkoxide
s (e.g. Zr(OtBu),) in the presence of activators such as 1-hydroxy-azabenzotriazole
(HOA) resulted in high yields (76—99%) of the desired amide without significant
racemization. Another encouraging aspect of this account was the complex nature of
substrates successfully amenable to amide formation.

As shown in Scheme 4.9., we first conducted the amidation on a model system

using the standard conditions reported in the paper for N-Boc alanine methyl ester. We

Scheme 4.9. Zr(OtBu), and HOAt- mediated amidation
Model reaction:

Zr(OtBu),, HOAt (1:1),

H CHuN,, Et,O H O

Noc O N ©OCHs  60-70°C, 24n N NHBn
4.26 4.27 51% 4.28
Attempts on 2a:
H o H o
Zr(OtBu),, HOAL,
BocHN"" N BnNH,, Toluene"_ BocHN"" N
OCHj; . NHBn
O o 60-70 °C, 24h o 4
4.2a 4.25

Conditions varied:

5 mol% catalyst - 20%yield

30 mol% catalyst- 40 % yield

60 mol% catalyst - partial Boc deprotection

hoped that use of N-Boc proline methyl ester 4.27 would best mimic the structural rigidity

of the BTD diastereomer. With the use of 10 mol% each of zirconium tetra tert-butoxide
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(Zr(OtBu)4) and HOAL in the presence of excess benzylamine in toluene, the
benzylamide 4.28 was obtained in a 51% yield after 24h. Although this did not represent
stellar yields (vis a vis those reported in the paper), we nevertheless decided to proceed
with the reaction on the BTD methyl ester using the same conditions.

After much experimentation, it was determined that 30 mol% alkoxide and HOAt
in toluene at 70 °C for one day was optimal for conversion to the amide 4.25. Higher
equivalents led to competitive Boc-deprotection, perhaps enhanced by the Lewis acid

properties of the metal alkoxide.

4.6.b. Further reactions of the major diastereomer: Coupling with Alanine
For the major diastereomer, Boc-deprotection (Scheme 4.10) using 4N HCl in

1,4-dioxane proceededly smoothly and the corresponding ammonium hydrochloride 4.29

Scheme 4.10. Major diastereomer synthesis

BocHN CO-H
H H

S _ S HATU, DIPEA, DMF,
4N HCl/dioxane 0 Ctor.t.
WL N > W N >
BocHN NHBnN HeN NHBn 77-80%
o 4 HCl o 4
4.25 4.29
o) s o) s
BocHN g 25% TFA/CH.Cl,  HaN(_I[ \
N w* > . N w
£ 0N NHBn TFA: N NHBn
O 0O O o0
4.30 4.1a

was neutralized using Hunig’s base (DIPEA) and then coupled to N-Boc alanine using

HATU as the coupling reagent. The product 4.30 was obtained as a colorless oil/foam in
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almost 80% vyield. It is highly stable even at ambient temperature for extended time
periods (~ 2 years). The final molecule was obtained by Boc-protection of the precursor

using trifluoroacetic acid in quantitative yield.

4.7. Further reactions of the minor diastereomer

One of the main reasons for exploring the catalytic amidation route was due to
the chemical instability of the minor diastereomer 4.2b.The minor diastereomer was not
amenable to the LiOH-mediated hydrolysis/benzylamine coupling route, largely due to
the large extent of epimerization at the base hydrolysis stage and to the poor yield in the
subsequent coupling reaction. As alluded to before (Figure 4.1, vide supra), it is
hypothesized that the almost axial orientation of the methoxycarbonyl group in the minor
diastereomer is responsible for the poor yields.

Unfortunately, the zirconium-mediated amidation of the methyl ester of the minor
epimer was also very inefficient resulting in less than 20% product formation (4.31).
Further, the acid-mediated racemization about the C-7a position was discovered only
after the Boc-deprotection/Boc-alanine-OH coupling sequence led to the formation of
4.30 almost exclusively instead of 4.33. Although, it was eventually determined that this
competitive process could be avoided in the presence of TFA, the handleability of the
minor diastereomer had severely diminished. Coupled with the issues of chemical
instability and minute quantities of material, the attempt toward the synthesis of the final
minor diastereomer was therefore abandoned (see experimental section for more

details).
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Scheme 4.11. Minor diastereomer synthesis

H
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1. BF.Et,0 - epimerization of bridgehead

2. Cericammonium nitrate (CAN) - Incomplete
deprotection and epimerization

3. CAN (with pH buffer) - Incomplete deprotection
4. 25% TFA in CH,Cl, (16 equiv.) - Complete
deprotection, epimerization undetected.
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4.8. Experimental section:

(S,S)-(+)-Pseudoephedrine Glycinamide Monohydrate (4.12)

.
O Li H3co\rh
NH, HCI
>( | 1

CH
70 LiCl (anhyd.), THF, r.t. CHs O

|
OH OH CHg
(S, S)-(+)-Pseudoephedrine 4.12

14

(S,S)-Pseudoephedrine (13.7 g, 83 mmol, previously re-crystallized from
benzene) and glycine methyl ester hydrochlodride 4.6 (13.6 g, 108 mmol, 1.3 equiv.)
were added to a 250 mL flask containing anhydrous THF (110 mL) under Ar. The
suspension was stirred vigorously for 15 min. LiCl (Note 1) was also added to this
suspension. LiOtBu (12 g, 150 mmol, 1.8 equiv.) was added in one portion under a
stream of Ar (Note 2). The reaction was stirred at ambient temperature fora 1 h. The
reaction was quenched by addition of saturated NH,ClI solution and THF was removed in
vacuo. The agueous mixture was transferred into a 500 mL separatory funnel and
extracted with a 10:1 CH,CI, /isopropy! alcohol solution (3 x 200 ml). The organic
extracts were pooled together and dried over anhydrous K,COs. Filtration and solvent
removal furnished a pale yellow-colored oil, which was dissolved in a minimum quantity
of hot toluene. Approximately 2 mL H,O was added and the flask was cooled gradually
on a tepid water bath. Crystals started to appear almost as soon as the solution cooled
to room temperature. Further re-crystallization of the first crop from hot toluene gave
14.5 g of pure product 4.12 (73% yield).
mp 87-89 °C [lit."™ 84-86 °C]

TLC R; 0.25 (CH,Cl,/MeOH /NEts, 90:5:5) [lit.""* R; 0.18, same system]

[alo + 98.3 (¢ 1.2, MeOH) [lit.""* +101.2 (¢ 1.2, MeOH)]
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'H NMR (300 MHz, CDCls, rotamers present in a 1:1 ratio) 5 7.38—7.25 (m, 5H, aromatic
CH), 4.62—-4.49 (m, 1.5H, CHCH3 and CHOH), 3.84-3.78 (m, 0.5H, CHCHj), 3.72 (d,
0.5H, J=15.6 Hz, CH.NH,), 3.38 (app. d, 1.5H, J= 15 Hz, CH,NH,), 2.93 and 2.77 (2 s,
3H, NCHs), 2.52 (br, 5H, CHOH, CH.NH,, H,0), 1.01 and 0.94 (2 d, 3H, J= 6.9 Hz,
CHCH,).
'3C NMR (75MHz, CDCl; 2 rotamers present in a 1.5:1 ratio)  174.3 and 173.6 (C=0),
142.2 and 141.9, 128.86, 128.7, 128.5, 128.4, 128.1, 127.1, 127.0, 126.8 (aromatic CH),
76.2 and 75.3 (CHOH), 57.8 (CHCH,), 44.0 and 43.7 (CHoNH,), 30.5 and 27.3 (NCHj),
15.8 and 14.7 (CHCHj).
Notes:

1. LiCl was rendered anhydrous by flame-drying thrice before use and cooled under

Ar.

2. LiOtBu was prepared fresh in the laboratory using a procedure delineated below.

(S,S)-(+)-Pseudoephedrine a-allylglycinamide (4.13)

Li, HMDS,1-Chlorohexane

CH; O THF, r.t —= 0°C CH; O
~ NH2 -H20 ~ N NH2
N /\/Br : :
OH CHjs OH CHj
50% \ﬂ
4.12 4.13

Li metal (2.0 g, 290 mmol, 6.8 equiv.) was freed from oil by rinsing in hexanes,
cut into small pieces and introduced into an oven-dried flask containing anhydrous THF
(170 mL) under a stream of Ar under stirring. HMDS (33.4 mL, 160 mmol, 3.7 equiv.)

and 1-chlorohexane (20.6 mL, 150 mmol, 3.6 equiv.) were sequentially added to the
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reaction mixture. The flask was then immersed in a 20 °C water bath. A cloudy
precipitate, presumed to be that of LiCl, started to form. The reaction mixture started to
warm gradually. Ice was added to the water bath in order to maintain the reaction
temperature below 30 °C at all times. Once the initial exothermicity was controlled, the
water bath was removed and stirring was continued at room temperature overnight. The
next day, the dark, amber-colored suspension showed no traces of Li metal. (S,S)-(+)-
pseudoephedrine glycinamide monohydrate 4.12 (10 g, 42 mmol, 1 equiv.) was added in
one portion after the reaction mixture had been cooled to 0 °C. The reaction mixture was
stirred vigorously for 2.5 h to allow the bright orange-colored enolate suspension to form.
Allyl bromide (3.7 mL, 44 mmol, 1.05 equiv.) was added dropwise over 5-6 min so as to
maintain the reaction temperature below 10 °C. The reaction mixture was stirred at 0 °C
for 1 h, after which the reaction was quenched by the addition of 100 mL H,O.THF was
removed by rotary evaporator and the remaining aqgueous mixture was adjusted to pH 0
using 6 N HCI. The pH adjustment was done carefully ensuring that the temperature did
not rise above 10 °C. The aqueous mixture was then extracted with EtOAc. The organic
layer was further washed with 100 mL portions of 3 N and 1 N HCI. The three aqueous
layers were combined and cooled in an ice-salt bath. The solution was then basified to
pH 14 with 50% NaOH solution, again ensuring the temperature did not rise above 20
°C. Extraction of the basic solution with CH,ClI, (3 x 200 mL) was followed by drying over
anhydrous K,COg_ Filtration of the salt followed by concentration of the organic solution
furnished the crude product as a yellow-colored oil. The oil was dissolved in toluene and
the resulting solution was evaporated in vacuo to furnish a yellow-colored solid, which
was crystallized from hot toluene-ether. The product crystals weighed 5.5 g (50% yield).
The product 4.13 was diastereomerically pure as determined by spectroscopic studies.

mp 73-74 °C [lit.""* 79-83 °C]
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TLC Ry 0.4 (CH,Cl,/MeOH /NEts, 90:5:5)

[a]o +89.1 (¢ 1.1, CHCIy) [lit.""* +86.4 (¢ 1.1, CHCI3)]

'H NMR (300 MHz, CDCl; gCOSY assignment, rotamers present in a 3:1 ratio) 5 7.33—
7.26 (m, 5H, aromatic CH), 5.85-5.62 (m, 1H, CH=CH,), 5.19-5.05 (m, 2H, CH=CH.),
4.59-4.44 (m, 2H, CHCH; and CHOH), 3.71-3.61 (m, 2H, a-CH), 2.93 and 2.85 (2 s,
3H, NCH;), 2.36—2.04 (m, 2H, CH,CH=CH,), 1.04 and 0.91 (2 d, 3H, J = 6.6 Hz,
CHCHs).

'3C NMR (75MHz, CDCl;, gHMQC assignment, rotamers present in a 5:1 ratio) & 176.6
and 174.9 (C=0), 142.4 and 141.8 (aromatic CH), 134.6 and 133.6 (CH=CH,), 128.5,
128.1, 127.5, 126.7, 126.3 (aromatic CH), 118.0 and 117.9 (CH=CH,), 75.7 and 75.0
(CHOH), 58.1 and 57.7 (CHCHj3), 51.4 and 51.2 (a-CH), 39.9 and 39.7 (-CH), 31.9 and

27.0 (NCHs), 15.6 and 14.5 (CHCHa)

(R)-a-Allylglycine (4.14)

I

| z i
OH CH, = quant. yield W
m 4.14 |

4.13

O
B H>O0, reflux, overnight NH
)J\/ N H2 » H OJK_/ 2

(S,S)-(+)-Pseudoephedrine-(R)-a-allylglycinamide 4.13 (3 g, 11 mmol) was
suspended in water (60 mL) and refluxed overnight. The next day, the pale yellow-
colored solution was cooled to room temperature and approx. 5 mL concentrated
NH,OH solution was added to this solution. The resulting basic solution was extracted

with CH,Cl, (3 x 100 mL). The 3 organic extracts (Note 1) were separately and
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sequentially extracted with 50 mL aqueous solution containing 1 mL concentrated
NH,OH. The aqueous extracts were combined and the water evaporated to give a pale
yellow solid. The solid was triturated with absolute ethanol under heat and filtered to
yield the product 4.14 as a pure, white solid weighing 1.3 g (100% yield).
mp > 280 °C (dec.)
TLC Ry 0.4 (CH.Cl,/ MeOH /NEts, 90:5:5)
[a]o +37.3 (¢ 0.75, H,0) [lit.""* +37.5 (¢ 4.09, H,0)]
'H NMR (300 MHz, CDCls) 8 5.68-5.52 (m, 1H, CH=CH,), 5.13-5.07 (m, 2H, CH=CH,),
3.65-3.61 (m, 1H, a-CH), 2.52—2.39 (m, 2H, CH,~CH=CH,)
'3C NMR (75MHz, CDCl3) & 174.1 (C=0), 131.3 (CH=CH,), 120.6 (CH=CHy,), 54.1 (a-
CH), 35.1 (CH,—CH=CHy)
Notes:

1. The chiral auxiliary (S,S)-(+)-pseudoephedrine was recovered by combining the

CH,CI, layers and removing the solvent in vacuo. In various attempts, 83-95%

of the chiral auxiliary has been recovered.
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(R)-N-(tert-Butyloxycarbonyl)-a-allylglycine (4.15)

Boc,O, NaOH
0o 1:1 Dioxane: H,O 0]
r.t., overnight
I Nk, g HOJK_/NHBoc
HO : :
Eﬁ 99% :ﬁ
4.14 4.15

(R)-Allylglycine 4.14 (1.0 g, 8.7 mmol, 1 equiv.) was dissolved in a solution of
NaOH (350 mg, 8.7 mmol, 1 equiv.) in water (12.5 mL). To this was added a solution of
Boc,O (2.9 g, 13.1 mmol, 1.5 equiv.) in 1,4-dioxane(12.5 mL). The reaction mixture was
stirred at room temperature overnight. The next day, 1,4-dioxane was removed on the
rotary evaporator and the aqueous solution was extracted with EtOAc (50 mL). The
aqueous layer was then acidified to pH 2—-3 using solid citric acid. The acidic mixture
was then extracted with CH,Cl, (80 mL). The organic layer was dried over MgSO,.
Filtration, followed by removal of the solvent in vacuo furnished 1.86 g of the Boc-
protected amino acid 4.15 (99.4% yield) as a colorless oil.
TLC Ry 0.6 (iPrOH/NH,OH, 4:1)
[a]o —8.4 (¢ 2.13, CH3OH) [lit.""® +8.6 to +11.4 (¢ 1.4, CH;OH) for enantiomer]
'H NMR (300 MHz, CDCls) & 10.8 (br. s, 1H, (C=0)-OH), 6.42 (app. d, 0.3H, NH), 5.79—
5.65 (m, 1H, CH=CHy), 5.19-5.07 (m, 2.6H, CH=CH,, NH), 4.39 (AB quartet, 0.63H, a-
CH), 4.17 (AB quartet, 0.33H, a-CH), 2.64-2.46 (m, 2H, CH,CH=CH,), 1.43 (s, 9H,
C(CHs)s)
'3C NMR (75MHz, CDCl;) 5 176.8 and 176.5 (acid C=0), 156.8 and 155.6 (carbamate
C=0), 132.3 (CH=CH,), 119.6 (CH=CH,), 81.9 and 80.6 (C(CHs);), 54.6 and 53.0 (a-C),

37.0 and 36.8 (CH,CH=CH,), 28.6 (C(CHa)s)
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(3R,6R,7aS)-Methyl 6-(tert-Butyloxycarbonylamino)-5-oxohexahydropyrrolo[2,1-
b]thiazole-3-carboxylate (4.2a) and

(3R,6 R,7aR)-Methyl 6-(tert-Butyloxycarbonylamino)-5-oxohexahydropyrrolo[2,1-
b]thiazole-3-carboxylate (4.2b)

OsOy (cat.), PN L-cysteine-OMe*HCI
N
E NalO, (excess) £ 70 NaHCOs, 95% EtOH-H,0 (1:1)
© oy S1THEHO oM %
BocHN" (" 80% BocHN™ pH 6.5-7.0
o}
o} 70%
4.15 45
X
|N/ cl
TN , NEts H g H s
BociN H o CH, -
0C ~
S CH,Cly, reflux overnight oo ( N + BocHN™ SN
HN > Boc OCH,4 oc OCH;3
ho' SO CO,Me 80% o 4 o 4
2:2?, 4.2a 4.2b

Boc-(R)-a-allylglycine 4.15 (3.3 g, 15.3 mmol) was dissolved in a mixture of 5:1
THF-H,O under Ar. OsO, (200 mg, 9 mL of a 2.5% w/v solution, 0.8 mmol) was added
all a once. A brownish-black precipitate started to form. NalO, (13.1 g, 61.4 mmol) was
added in portions to this suspension. When the addition was completed within 30 min, a
thick white precipitate of reduced sodium iodate remained. This suspension was stirred
vigorously under Ar overnight. Next morning, the white precipitate was filtered off and
THF removed in vacuo. The pH of the aqueous residue was adjusted to 2-3 and the
product was extracted into EtOAc (3 x) (Note 1). The organic layer was dried using
MgSQO, and the solvent removed in the rotary evaporator to obtain colorless oil, which
changed to white foam and finally solidified under vacuum. The crude product 4.5
weighed 2.67 g (80% yield). It was directly used in the subsequent reaction without

purification.
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To a chilled (ice/water/salt) solution of Boc-D-aspartic acid semialdehyde 4.5
(2.67 g, 12.3 mmol) in 1:1 95% EtOH-H,O was added one equivalent of sodium
bicarbonate (1.0 g, 12.3 mmol). L-Cysteine methyl ester hydrochloride (2.1 g, 12.3 mmol)
was then added as a solid in one portion. The pH of the resulting solution was adjusted
to 6.5-7.0 using sat. NaHCOj solution. This solution was stirred overnight at room
temperature under Ar. The next morning EtOH was removed on the rotary evaporator
and the aqueous solution was acidified to pH 4-5. This solution/emulsion was extracted
using a mixture of Et,O and EtOAc (3:1) three to four times (Note 2). The organic layer
was dried using MgSO, and concentrated in vacuo to give a colorless oil that turned into
a white foam under vacuum. The crude product containing the diastereomeric mixture of
4.3a and 4.3b weighed 2.9 g (70% yield).

To a solution of the diastereomeric thiazolidine carboxylic acid mixture 4.3 a-b
(3.1 g, 9.3 mmol, 1 equiv.) in anhydrous dichloromethane, was added one equivalent of
triethylamine (2.86 mL, 20.4 mmol) followed by addition of slight excess of Mukaiyama’s
reagent (2.85 g, 11.2 mmol). The solution was refluxed overnight. The next morning the
solution was washed sequentially with 10% citric acid, saturated NaHCO; and brine
solution. The organic layer was dried over MgSQO, and concentrated to give an amber-
colored oil. The crude oil was then chromatographed using hexanes: EtOAc to give the
two separate diastereomers, 4.2a and 4.2b in a 1.5-3:1 ratio (2.74 g total, 80% yield)
respectively. The major diastereomer, 4.2a was an easily crystallizable solid, while the

minor diastereomer solidified under reduced pressure.

Diastereomer 4.2a:

mp 143-144 °C

TLC R; 0.45 (EtOAc/hexanes, 1:1)
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[a]p —187.8 (¢ 0.55, CHCIy)

'H NMR (300 MHz, CDCls, gCOSY assignment) 5.25 (app. t, 1H, J = 5.7 Hz, 7a-CH),
5.11 (br. s, 1H, NH), 4.31—-4.24 (m, 2H, 3-CH, 6-CH), 3.79 (s, 3H, OCH,), 3.55 (dd, 1H,
Jy =123 Hz, J, = 7.5 Hz, 2-CHyans to 3.cH), 3.40 (dd, 1H, J; = 12.3 Hz, J, = 3.6 Hz, 2-CH,;s
acH), 3.18(ddd, J; = 13.2 Hz, J> = J3 = 7.2 Hz, 1H, 7-CHsyn 10 bridgehead), 1.99 (ddd, J; =
12 Hz, J, = 10.8 Hz, J; = 7.5 Hz, 1H, 7-CHhsans to bridgehead), 144 (S, 9H, C(CHs)s)

'3C NMR (75 MHz, CDCl3) 8 171.6 (lactam C=0), 169.6 (ester C=0), 155.5 (carbamate
C=0), 80.5 (C(CHs3)3), 62.0 (7a-C), 57.9 (3-C), 54.6 (6-C), 53.3 (OCHj3), 39.3 (7-C), 35.4
(2-C), 28.6 (C(CHa)3)

ESI HRMS m/z339.0987 [M+Na]* (C13H20N20sS + Na)* requires 339.0985

Diastereomer 4.2b

TLC R; 0.38 (EtOAc/hexanes, 1:1)

[a]o +9.3 (¢ 0.59, CHCIy)

"H NMR (300 MHz, CDCly) 5.16-5.08 (m, 3H, 3-CH, 7a-CH, NH), 4.62 (app. g, 1H, 6-
CH), 3.77 (s, 3H, OCH,), 3.41-3.29 (m, 2H, 2-CH,), 2.61 (ddd, J; = 13.8 Hz, J» = 9.6 Hz,
Js = 5.1Hz, 1H, 7-CHqyn 16 bridgehead), 2-45 (ddd, J; = 13.8 Hz, J> = 7.2 Hz, J; = 5.1 Hz, 1H,
7-CHirans to bridgenead), 1-43 (8, 9H, C(CHs)s)

'3C NMR (75 MHz, CDCl3) 8 171.8 (lactam C=0), 168.6 (ester C=0), 155.4 (carbamate
C=0), 80.6 (C(CHa)s), 65.9 (7a-C), 58.1 (3-C), 55.1 (6-C), 52.9 (OCHs), 38.6 (7-C), 31.9
(2-C), 28.4 (C(CHs3)3)

ESI HRMS m/z339.0961 [M+Na]* (C13H20N20O5 S+ Na)* requires 339.0985

Notes:
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1. The general work-up protocol that is followed for oxidations/oxidative cleavage
reactions catalyzed by OsO, requires a sodium bisulfite/ sodium sulfite wash to
reduce any unreacted oxidizing species. However, in this case such washes are
NOT to be used since 1.) sodium bisulfite can react with the aldehyde to form a
bisulfite adduct and 2.) an aqueous solution of sodium sulfite is alkaline (pH ~
9.0). This will lead to loss of product due to solubilization of the acid as the
sodium salt in the aqueous layer. Multiple filtrations can be done to ensure the
complete removal of any insoluble osmium or sodium iodate impurities prior to
removal of THF in vacuo.

2. The original work-up for this reaction involved acidifying the aqueous layer to pH
6.0 followed by repetitive extractions into EtOAc. However, application of this
protocol only led to partial recovery of the product amino acid. Further
acidification of the aqueous layer to pH 3-5 was found to be more advantageous.
At this pH, the product amino acid is almost completely soluble in a largely
diethyl ether wash. The removal of the product from the aqueous layer also
facilitates the shifting of the following thermodynamic equilibrium to the right and

leads to almost complete recovery of the amino acid.

H
:\H%S T BocHN ~‘°\l<s
BocHN—" - 0C HN OCH
2 OCH3 OH 3
0 O

partitioned into ether layer

low pH
removal from aqueous layer
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(3R,6R,7aS)-Methyl 6-[2’-(tert-Butoxycarbonyl)amino-1’-oxopropane]amino-5-oxo-
(6H)-pyrrolo[2,1-b]thiazole-3-carboxylate

H H o

S
AN 4N HCl in dioxane w N
BocHN %/OCHB - t_:jgl OCHs

o) 0 quant. yield (0] e}

o
¢ , DIPEA H
0] 0 S
HATU, DMF, 0 °C BOCHN\_/Z(N\I\ \
> HC  H OCHs
O o

DIPEA, DMF, 0 °C
warm tor.t., 35h
76-77%

The Boc-protected bicyclic thiazolidine (125.1 mg, 0.4 mmol) was deprotected by
stirring 4 N HCI in dioxane (3 mL) under Ar for 1 hour and then removing the excess HCI
and dioxane in the rotary evaporator. A DMF solution of Boc-alanine-OH (75.1 mg, 0.4
mmol) was first stirred under Ar with diisopropylethylamine (0.1 mL, 0.6 mmol, 1.5
equiv.) and HATU (148.3 mg, 0.4 mmol, 1 equiv) at 0 °C. After 20 minutes at this
temperature, a solution of the white hydrochloride salt (100 mg, 0.4 mmol) and
diisopropylethylamine (0.1 mL, 0.6 mmol, 1.5 equiv.) in DMF was added to the activated
ester. The solution was stirred under Ar at room temperature for about 16 hours. DMF
was removed on the high vacuum rotary evaporator and the residue dissolved in CH,Cls,
The organic layer was washed sequentially with 10% citric acid solution, saturated
NaHCOj; solution, brine and then dried over MgSO,. After concentrating the organic
layer, the residue was subjected to flash chromatography using a gradient solvent
system (EtOAc: hexanes 1:1 increasing to 3:1) to produce the product as a white solid

weighing 110 mg (72% yield)
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'H NMR (300 MHz, CDCl3) 8 7.1 (br. s, 1H, NH), 5.17-5.09 (m, 3H, NHBoc, 3-CH, 7a-
H), 4.83 (ddd, 1H, J; = 7.2 Hz, Jo= 8.4 Hz, J5 = 10.2 Hz, 6-CH), 4.22 (br. m, 1H, alanine
a-CH), 3.75 (s, 3H, OCHs), 3.40-3.29 (m, 2H, J; = 4.2 Hz, Jo= 11.4 Hz, J; = 13.5 Hz, 2-
CH), 3.16 (ddd, 1H, J; = 6.3 Hz, J,= 8.4 Hz, J; = 12.6 Hz, 7-CH), 1.99 (ddd, 1H, J;=7.2
Hz, Jo= 10.5 Hz, Js = 12.6 Hz, 7-CH), 1.42 (s, 9H, C(CHa)s), 1.34 (d, 3H, J= 7.2 Hz,
alanine CHs).

3C NMR (75 MHz, CDCl3) & 173.4 (HN-C=0), 171.4 (C=0), 169.6 (HN-C=0), 155.7 (O-
C=0), 80.4 ((CHa3)3C), 62.0 (cysteine a-CH), 58.0 (=N-CH-S-), 53.4 (lactam a-CH ), 53.3
(OCHs), 50.1 (alanine a-CH), 38.1 (CHs), 35.4 (CH.S), 28.7 ((CHs)sC), 18.7 (alanine B-

CHs)

Benzyl (S)-1-(tert—Butyloxycarbonyl)pyrrolidine-2-carboxamide (4.28)

H O  Zr(OtBu), HOA (1:1),

H O
m BnNH,, Toluene m

N N NHBn
Boc OCH, 60'7;)1 :55 24h Boc

4.27 4.28

Boc-proline methyl ester 4.27 (210 mg, 0.9 mmol, 1 equiv.) and benzylamine (0.1
mL, 1.1 mmol, 1.2 equiv.) were dissolved in 1 mL anhydrous toluene (Note 1). This was
followed by the sequential addition of 7-aza-1-hydroxybenzotriazole (HOAt, 13 mg, 0.09
mmol, 10 mol%) and zirconium tetra tert-butoxide (Zr(OtBu)4, 0.04 mL, 0.09 mmol, 10
mol%). The initial turbidity caused by HOAt addition disappeared once Zr(OtBu), was
added. The pale yellow-colored solution was stirred under Ar in a sealed tube at 70 °C
for 1d. The reaction was quenched after this time period by sequential addition of 2 mL

MeOH and 2 mL CH,CI, which led to the formation of a suspension. The reaction
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mixture was passed through a SiO, gel plug (4 cm x 1.5 cm) and washed well with a 1:1
mixture of CH.Cl,. The eluted solution was filtered once more through a 0.45 pum filter
disc and concentrated. '"H NMR analysis of the crude material indicated presence of the
desired product in majority. Further purification by flash chromatography (gradient
elution: 50-75% EtOAc/hexanes) led to the isolation of the pure product 4.28 as a white
solid weighing 138 mg (51% vyield) with identical spectral properties as reported in the
literature.

mp 126-127 °C

TLC R; 0.47 (EtOAc/hexanes, 3:1)

[a]o —84.4 (¢ 0.54, CHCly)

(3R,6R,7aS)-Benzyl 6-[ N-(tert-Butoxycarbonyl)amino]-5-oxo-(6 H)-pyrrolo[2,1-
b]thiazole-3-carboxamide (4.25)

H s H s
1N LiOH, THF-H,0O(1:1
BocHN'" ;;N 20( b‘) BocHquE OH
OCH3 08%

O 0O 0 o
4.2a 4.24
H s
HATU. DIPEA
BnNH,, DMF \
>  BocHN'"
0°Ctort, 20h NHBn
50% ®) )
4.25

A solution of the ester 4.2a (100 mg, 0.32 mmol, 1 equiv.) and lithium hydroxide
(23 mg, 0.96 mmol, 3 equiv.) was stirred in a 2 mL volume of a 1:1 mixture of THF and

water for 18 h at room temperature. The organic solvent was removed on a rotary
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evaporator and the pH of the aqueous solution was adjusted to 2—3 with 1N HCI. The
aqueous layer was washed thrice with ethyl acetate. The organic layer was dried with
MgSO, and concentrated to give a nearly white solid weighing 95 mg (98% yield). As per
'H NMR analysis, the carboxylic acid obtained was a mixture of diastereomers in a 5-9:1
ratio, with the major diastereomer corresponding to the desired product. Based on
preliminary 1-D NOE analysis and based on precedent, the minor diastereomer was the
carboxylic acid where the 6-C had epimerized to the opposite stereochemistry (Note 1).
A solution of the diastereomeric mixture of carboxylic acids (95 mg, 0.32 mmol, 1
equiv.) in 2 mL anhydrous DMF (Note 2) was cooled to 0 °C. This was followed by the
sequential addition of DIPEA (0.1 mL, 0.48 mmol, 1.5 equiv.) and HATU (122 mg, 0.32
mmol, 1 equiv.). The mixture was stirred at this temperature under Ar for 20 min. This
was followed by addition of a mixture of benzylamine (0.1 mL, 0.96 mmol, 3 equiv.) and
DIPEA (0.2 mL, 0.96 mmol, 3 equiv.) drop-wise over 10 minutes. The yellow-colored
solution was stirred under Ar for 20 h. The volatiles were removed by rotary evaporation.
The residue was dissolved in EtOAc (30 mL) and the solution was washed sequentially
with 10% citric acid, sat. NaHCOg, and brine solutions. The organic layer was dried over
MgSQ.,, filtered and concentrated to give a yellow oil which was purified by flash
chromatography (gradient elution: 0-60% EtOAc/hexanes) to give the pure product
weighing 63 mg (50% yield).
TLC R 0.51 (EtOAc/hexanes, 3:1)
[a]lo —163.8 (¢ 0.5, CHCI,)
'"H NMR (300 MHz, CDCl3, gCOSY assignment) 6 7.33—-7.23 (m, 6H, Ar-CH, NHBn),
5.18 (d, 1H, J= 7.2 Hz, NHBoc), 4.98 (dd, AB pattern, 1H, J; = 7.2 Hz, J, = 6.0 Hz, 7a-
CH), 4.83 (app. t, 1H, J= 6.6 Hz, 3-CH), 4.67 (app. q, AB pattern, 1H, J=7.8Hz, 6-CH),

4.43-4.35 (M, 2H, CH,Bn), 3.74 (dd, 1H, Jsgemnay = 11.7 Hz, J» = 5.7 Hz, 2-CH,), 3.28
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(dd, 1H, Jsgeminay = 11.7 Hz, Jp = 7.5 Hz, 2-CHy) , 3.11-3.02 (m, 1H, 7-CHy), 2.06-1.94
(m, 1H, 7-CH.,), 1.45 (C(CHs)5)

3C NMR (75 MHz, CDCls, gHMQC assignment) & 173.3 (lactam C=0), 167.9 (amide
C=0), 155.3 (carbamate C=0), 137.7 (Ar-C), 128.8, 127.6, (Ar-CH), 80.5 (C(CHs)3), 62.5
(7a-C), 59.6 (3-C), 54.6 (6-C), 43.9 (CH,Bn), 37.9 (7-C), 34.8 (2-C), 28.5 (C(CHa)s)

ESI HRMS m/z414.1454 [M+Na]* (C19H25N30,S+Na)* requires 414.1458

Alternate route'® toward 4.25

H s H S
Zr(OtBu),, HOAL,
o BnNH,, Toluene .
BocHN' N OCH, 2 - BocHN™ SN e
o) o 60-70 °C, 24h o K
4.2a 40% 4.25

The bicyclic thiazolidine methyl ester 4.2a (158 mg, 0.5 mmol, 1 equiv.) and
benzylamine (0.0.7 mL, 0.6 mmol, 1.2 equiv.) were dissolved in 1 mL anhydrous toluene
(Note 3). This was followed by the sequential addition of 7-aza-1-hydroxybenzotriazole
(HOAt, 7 mg, 0.05 mmol, 10 mol%) and zirconium tetra tert-butoxide (Zr(OfBu),, 0.0.02
mL, 0.0.05 mmol, 10 mol%). The initial turbidity caused by HOAt addition disappeared
once Zr(OtBu), was added. The pale yellow-colored solution was stirred under Ar in a
sealed tube at 70 °C for 1 d. Since the reaction was incomplete as determined by TLC
analysis, another 20 mol% each of HOAt and Zr(OBu), was added to the reaction
mixture, which was stirred for another day. The reaction was quenched after this time
period by sequential addition of 2 mL MeOH and 2 mL CH,CI, which led to the formation
of a suspension. The reaction mixture was passed through a SiO, gel plug (4 cm x 1.5

cm) and washed well with a 1:1 mixture of CH,Cl, and MeOH. The eluted solution was
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filtered once more through a 0.45 um filter disc and concentrated. Further purification by

flash chromatography (gradient elution: 20—-75% EtOAc/hexanes) led to the isolation of

the pure product as a colorless oil weighing 78 mg (40% yield). The physical and

spectral properties of this material were identical to those of 4.25 obtained via the ester

hydrolysis/benzylamine coupling sequence.

Notes:

1.

On a previous attempt, the diastereomeric mixture after ester hydrolysis was
subjected to re-esterification with diazomethane to give the epimeric mixture of
methyl esters which was easily separable by flash chromatography. The minor
diastereomer 4.19a had a higher R;value than the major diastereomer.

'H NMR (300 MHz, CDCls) 8 5.16 (d, 1H, 3-C), 5.05 (dd, 1H, 7a-CH), 5.00 (br. s,
.5H, NHBoc), 4.40 (dd, 1H, 6-C), 3.51-3.35 (m, dd or AB pattern, 2H, 2-CH.,),
2.74-2.67 (M, 1H, 7-CH.), 2.47-2.37 (m, 1H, 7-CH,), 1.45 (C(CHs),)

DMF was stored over 4 A molecular sieves after the bottle was first opened and
was used without further purification

Toluene was rigorously rendered anhydrous by stirring and distilling from sodium

sand.

(3R,6R,7aS)-Benzyl 6-[2’-(tert-Butoxycarbonyl)amino-1’-oxopropane]amino-5-o0xo-
(6H)-pyrrolo[2,1-b]thiazole-3-carboxamide (4.30)

H

@) 0] DIPEA, DMF,0 C tor.t.
17 h,70%

S 1. 4N HCl/dioxane o s
g 0°C.30min, 90%  BocHN,_J
BocHN'" - : w N
NHBn 5 Boc-L-Ala-OH, HATU, : N NHBn
O O
4.30

4.25
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A solution of 4 N HCI in dioxane (2 mL) was added to the Boc-protected bicyclic
thiazolidine benzylamide 4.25 (39 mg, 0.1 mmol, 1 equiv.). The solution was stirred for
30 min. at 0 °C. The reaction mixture was warmed to ambient temperature and the
solvent and excess HCI were removed in vacuo. The hydrochloride salt 4.29 was
obtained as a white solid weighing 32 mg (90% yield) after it has been dried under high
vacuum.

Boc-L-alanine (17 mg, 0.09, 1 equiv.) was dissolved in anhydrous DMF (1 mL)
and the solution cooled in an ice/salt bath. HATU (34 mg, 0.09 mmol, 1 equiv.) and
DIPEA (0.02 mL, 0.14 mmol, 1.5 equiv.) were sequentially added to the DMF solution
which was then stirred for 20 min. under Ar. The hydrochloride salt 4.29 (32 mg, 0.09
mmol, 1 equiv.) was separately neutralized in 1 mL DMF using DIPEA (0.02 mL, 0.09
mmol, 1 equiv.). The latter solution was then added to the activated ester. The color of
the solution turned from a pale yellow to a bright yellow-color. The solution was stirred
under Ar for 17h at room temperature. The next day, DMF was removed in vacuo and
the mixture directly subjected to purification by flash chromatography (gradient elution:
60-85% EtOAc/hexanes). The pure product 4.30 was obtained as a colorless oil and
weighed 30 mg (70% yield).

TLC R; 0.31 (EtOAc/hexanes, 3:1)

[a]lo —147.6 (c 1.45, CH;OH)

'H NMR (300 MHz, CDCls, gCOSY assignment) 5 7.31-7.22 (m, 5H, Ar-CH), 5.09 (app.
t, 1H, J= 6.3 Hz, 7a-CH), 4.97 (dd, AB pattern, 1H, J,; = 6.9 Hz, J, = 4.5 Hz, 6-CH), 4.89
(m, 1H, 3-CH), 4.40 (m, AB pattern, 2H, CH,Bn ), 4.09 (app. q, 1H, J= 5.7 Hz, Ala a-
CH), 3.49-3.34 (m, 2H, 2-CH,), 2.94 (ddd, 1H, J; = 15.3 Hz, J, = 8.7 Hz, J; = 6.9 Hz, 7-

CH,), 2.15-2.05 (m, 1H, 7-CHb), 1.44 (C(CHa)s), 1.31 (d, 3H, J; = 7.2 Hz, Ala-CH)
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3C NMR (75 MHz, CDCl3;, gHMQC assignment) & 174.6 (amide C=0), 173.0 (lactam
C=0), 169.9 (amide C=0), 156.3 (carbamate C=0), 138.4 (Ar-C), 128.3, 127.1, (Ar-CH),
79.5 (C(CHj3)3), 62.0 (7a-C), 60.2 (3-C), 53.3 (6-C), 50.5 (Ala a-C), 43.1 (CH-Bn), 36.8
(7-C), 34.9 (2-C), 27.6 (C(CHj3)3), 17.4 (Ala CH3)

ESI HRMS m/z485.1814 [M+Na]* (CaHsoN.OsS+Na)* requires 485.1829

(3R,6R,7aS)-Benzyl 6-[(2’S)-Amino-1’-oxopropane]amino-5-oxo-(6 H)-pyrrolo[2,1-
b]thiazole-3-carboxamide Hydrochloride salt (4.1a)

H H
0 S 4N HCl/dioxane 0 S
BocHN\:/[(N\I‘ \ 0 °C, 45 min. HzN\/[L ‘ \
= N NHBn 85% Hol & N NHBn
0] 0 o) 0
4.1a

4.30

A solution of 4N HCI in dioxane (3 mL) was added to the Boc-protected bicyclic
thiazolidine benzylamide 4.30 (73 mg, 0.16 mmol, 1 equiv.). The solution was stirred for
45 min. at 0 °C. The reaction mixture was warmed to ambient temperature and the
solvent and excess HCI were removed in vacuo. The hydrochloride salt 4.1a was
obtained as a white solid weighing 32 mg (90% yield) after it has been dried under high
vacuum.

TLC R 0.31 (EtOAc/hexanes, 3:1)

[alp —147.6 (c1.45, CH;0H)

'H NMR (300 MHz, CDCls, gCOSY assignment) & 7.31-7.22 (m, 5H, Ar-CH), 5.09 (app.
t, 1H, J= 6.3 Hz, 7a-CH), 4.97 (dd, AB pattern, 1H, J,; = 6.9 Hz, J, = 4.5 Hz, 6-CH), 4.89

(m, 1H, 3-CH), 4.40 (m, AB pattern, 2H, CH,Bn ), 4.09 (app. q, 1H, J= 5.7 Hz, Ala a-
121



CH), 3.49-3.34 (m, 2H, 2-CH,), 2.94 (ddd, 1H, J; = 15.3 Hz, J, = 8.7 Hz, J; = 6.9 Hz, 7-
CH,), 2.15-2.05 (m, 1H, 7-CH.,), 1.44 (C(CHs)3), 1.31 (d, 3H, J; = 7.2 Hz, Ala-CHs)

3C NMR (75 MHz, CDCl3;, gHMQC assignment) & 174.6 (amide C=0), 173.0 (lactam
C=0), 169.9 (amide C=0), 156.3 (carbamate C=0), 138.4 (Ar-C), 128.3, 127.1, (Ar-CH),
79.5 (C(CHs,)3), 62.0 (7a-C), 60.2 (3-C), 53.3 (6-C), 50.5 (Ala a-C), 43.1 (CH.Bn), 36.8
(7-C), 34.9 (2-C), 27.6 (C(CHj3)3), 17.4 (Ala CH3)

ESI HRMS m/z485.1814 [M+Na]* (CaHsoN,OsS+Na)* requires 485.1829

(3R,6 R,7aR)-Methyl 6-Amino-5-oxohexahydropyrrolo[2,1-b]thiazole-3-carboxylate-
Trifluoroacetic acid (4.22)

H
S 20% TFA/CH,Clp H S
0°C, 1h
[ :N ; > q'\‘
BocHN OCHs quant. yield HoN OCH;4
o)

o) *TFA 5 3
4.2b 4.22

The bicyclic thiazolidine minor diastereomer 4.2b was dissolved in a solution of
20—25% trifluoroacetic acid in anhydrous DCM. The solution was cooled to 0 °C and the
reaction stirred in a closed flask until complete consumption was determined by TLC
analysis. This was typically between 45-60 min. After this period of time, the volatiles
were removed in vacuo. Excess TFA was removed by azeotroping it from DCM (2x) and
xylenes (2x) and the pale yellow-colored residue 4.22 was dried for 1 d under high
vacuum. Usually quantitative yield was obtained.

'H NMR (300 MHz, CD;0D, assignments based in J values) & 5.30 (dd, 1H, J; = 6.9 Hz,
J» = 5.4 Hz, 7a-CH), 4.38 (dd, 1H, J; = 8.1 Hz, J, = 3.0 Hz, 3-CH), 4.22 (dd, 1H, J; = 9.6
Hz, J, = 4.5 Hz, 6-CH), 3.76 (s, 3H, OCH,), 3.70 (dd, 1H, Jgeminay = 12.3 Hz, J>» = 7.5 Hz,
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2-CHyans o 3.cH), 3.49 (dd, TH, Jsgeminay = 12.3 Hz, Jo = 3.0 Hz, 2-CHgs03cH), 2.71 (ddd,
1H, Jsgeminay = 14.7 Hz, Jo = 9.6 Hz, Js = 5.4 Hz, 7-CHjis 10 7a.c1), 2.54 (ddd, 1H, Js(geminal) =
14.7 Hz, J» = 6.9 Hz, J5 = 4.5 Hz, 7-CHyans o 7a.cH)

3C NMR (75 MHz, CD;0D) & 169.7, 169.2 (C=0), 66.7 (7a-C), 58.7 (3-C), 54.5 (6-C),
53.3 (OCHs), 39.5 (7-C), 29.6 (2-C)
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Chapter 5

Design and Synthesis of Peptidomimetic Negative Allosteric Modulators of the
Dopamine D, Receptor Based on the Endogenous Tripeptide, Pro-Leu-Gly-NH. (PLG)

5.1. Background and Significance

The endogenous tripeptide neurotransmitter, Pro-Leu-Gly-NH, (PLG) has unique
neuropharmacological activity. PLG modulates dopaminergic neurotransmission within
the central nervous system (CNS) in an allosteric manner.'?'#® Until recently, PLG and
its peptidomimetic analogues were shown to be positive allosteric modulators of the
dopamine D, and D, receptors.'**"3 We have demonstrated that a diastereomeric pair
of 5.6.5-spiro bicyclic lactam polyproline Il helix mimics (Figure 5.1.) that differ in
stereochemistry about a single center (C-8a’) have, in fact, opposite dopamine D,
modulatory activities; that is, 5.1a is a positive modulator, while 5.1b reduces the affinity
of traditional D, agonists at their orthosteric site, and thereby is a negative D, receptor

modulator.'®

Figure 5.1. C-8a’ epimeric pair of modulators with opposite activities

We believe that an arsenal of conformationally constrained analogues of PLG

that are capable of producing either a positive or a negative modulatory response will aid
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in our overall goal of understanding the structural and biochemical mechanism of the

allosteric modulation of the D, receptor by PLG.

5.2. Clinical requirement for developing D, allosteric modulators

The dopamine receptors are part of the G-protein-coupled receptor (GPCR)
superfamily of integral membrane-bound receptors within the mammalian system.* The
dopaminergic receptors are classified into: (1) presynaptic D+-like or (2) post-synaptic
D.-like, depending upon the stimulation or inhibition of the dopamine-dependent
intracellular adenylyl cyclase activity."® In relevance to this discussion, the presence of
the D, receptors in the substantia nigra, striatum and the limbic cortex directly implicates
the involvement of the D, subtype in normal motor control and cognitive functioning.

Impaired receptor pharmacology resulting from either the destruction of receptors
or via changes in receptor sensitivity toward the natural ligand, dopamine, has been
implicated in neurological disorders such as Parkinson’s disease (PD), schizophrenia,
Gilles de la Tourette syndrome and tardive dyskinesia, among others.'*® '*” Parkinson’s
disease is in most part characterized by dysfunctional motor neuron activity, caused
mainly by destruction of the substantia nigra region of the CNS, which in turn is essential
for the proper functioning of the basal ganglia. Since normal motor control is achieved by
an equilibrium between the dopaminergic and cholinergic response, the destruction of
dopaminergic neurons leads to unchecked excitatory activity characterized by tremors,
muscular rigidity, bradykinesia and gait disturbances.'®® '*°

The most widely used treatment for PD is L-3,4-dihydroxy phenylalanine (L-
DOPA), which is the precursor to endogenous dopamine. Clinically administered L-
DOPA is converted to dopamine within the dopaminergic neurons (via the action of

DOPA decarboxylase) and attempts to restore dopamine levels in the CNS. The
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prolonged clinical use of L-DOPA is not without drawbacks. These include: (1) poor
bioavailability of L-DOPA within the neurons, since majority of the drug is metabolized
within the peripheral system and (2) prolonged therapy is ineffective, since with disease
progression, motor complications, including dyskinesia (involuntary movements) become
increasingly evident."® ' To counteract the former, a peripheral DOPA decarboxylase
inhibitor (e.g. carbidopa) is administered in conjunction with L-DOPA .

A second line of therapy involves the use of dopamine receptor agonists. The
use of agonists, however, is only moderately effective and is accompanied by a battery
of side effects that can include: somnolence, hallucinations, nausea, dizziness etc.
These agonists are also non-selective toward any particular dopamine receptor subtype.
It has also been observed that dopamine receptor sensitivity undergoes marked change
during the course of agonist administration. For example, deficiency of dopaminergic
stimulation initially leads to a rebound over-expression of D; and D, dopamine receptors,
which causes clinical super-sensitivity to dopamine or its agonists in the early stages.
Although this can be reversed by L-DOPA administration, prolonged use of such drugs

can lead to desensitization of the receptors and renders the therapy ineffective.''

5.3. Concept of allosteric modulation

Based on the above observations, it is imperative to develop therapeutic agents
with a mechanism characterized by greater control over receptor selectivity and
sensitivity. In this context, we believe that allosteric modulation is a novel approach of
fine-tuning dopamine receptor response to the action of direct-acting agonists or
antagonists.'* As shown in Figure 5.2., allosteric modulators bind to a secondary site
(allosteric site) that is topographically distinct from the orthosteric site on the relevant
GPCR''* causing a conformational change in the receptor. Allosteric occupation
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Dopamine receptor
agonist binding at - -
orthosteric site .
Dopamine receptor
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Dopamine GPCR
- Trans-membrane region

Intracellular region

Enhanced intracellular

effect upon positive
modulation

Figure 5.2. Allosteric modulation of GPCRs

can therefore lead to modification of the interactive properties of the receptor (e.g.,
GPCR) with respect to orthosteric ligands as well as the intracellular environment in
either a positive or a negative manner.

Typically, allosteric modulators can effect the following pharmacological events:
(1) affinity modulation, in which the resulting conformational change impacts the affinity
of the receptor for the orthosteric ligand (e.g. the rate of association or dissociation or
both of an agonist are affected) and/or (2) efficacy modulation, in which the
conformational change causes a change in the intensity of the intracellular signaling
process. Allosteric modulation has several advantages over conventional drug-receptor
targeting. First, in the case of affinity modulation, the allosteric modulator is latent in the

absence of the orthosteric ligand and exerts its effects only following the binding of the
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ligand to its orthosteric site. Such molecules therefore have the capacity to maintain the
temporal and spatial aspects of endogenous signaling. Second, since affinity modulation
only effects a conformational change, the activity of the modulator (in the positive or
negative direction) is limited by the cooperativity factor, which imposes a threshold on
the magnitude of the effect. Therefore, a high degree of control can be imposed on the
desired pharmacological effect.'* Finally, there is a possibility of higher receptor sub-
type selectivity in the presence of allosteric modulators resulting from the fact that: (1)
compared to highly conserved orthosteric binding domains within GPCR subfamilies,
there is less sequence homology among the various allosteric binding sites within the
same sub-families'*® and (2) the cooperativity factor can be highly specific for a
particular GPCR sub-type.'*

For some classes of GPCRs, (e.g. muscarinic receptors, metabotropic glutamate
receptors-mGluRs) only the location of the allosteric site has been determined based on
mutagenesis experiments.'*? Currently, there are two marketed drugs that work via

GPCR allosteric modulation, Cinacalcet and Maraviroc (Figure 5.3.). Although there has

0] —;
Loaddy o)
F4C O F 3C_N.
\( N
¢

CHj
Hs
Cincalcet Maraviroc
(Calcium sensing receptor (Chemokine CCR5
Positive allosteric modulator) Negative allosteric modulator)

Figure 5.3. Marketed allosteric modulators
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been an increased fervor in exploring alternative allosteric strategies targeting GPCRs,

the overall biochemical mechanism of allosteric modulation remains elusive.

5.4. Pharmacological effects of PLG mediated via the D, receptor

PLG (Figure 5.4.) was first isolated from brain tissue and determined to be the C-
terminal metabolite of the pituitary peptide hormone, oxytocin. Due to its regulatory effect
on melanocyte stimulating hormone (MSH), PLG was initially identified as melanostatin
or MSH-release inhibitory factor (MIF-1)."’ Further studies have demonstrated that its
main neuropharmacological activity involves positive modulation of the dopamine

receptors.'?®

i+1

o2 | w2 H i+2
N
HN 03

i o]
O HN ©
NH

Figure 5.4. Structure of PLG

This modulation is specific for the dopamine receptors and PLG does not interact with
adrenergic, ' serotonergic,'*® or GABA-ergic receptors.'*® The effects of positive
modulation are also specific within the dopaminergic receptor subtype; studies carried
out in cell lines transfected with human dopamine receptor subtypes have shown that
PLG enhances agonist binding to the D, and D, subtypes, whereas the D;and Dj
subtypes are unaffected.’® Additionally, it has been demonstrated that PLG does not

directly affect the synthesis, uptake or metabolism of dopamine itself."' Finally, it is
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significant that PLG has been shown to modulate the D, receptors in the presence of

agonists, but not antagonists.'®

5.5. Probing the bioactive conformation of PLG

The overall research goal in our laboratory has been to elucidate the bioactive
conformation of biologically relevant peptides such as PLG. In this regard, we are
specifically interested in understanding the conformation adopted by PLG during its
interaction with the allosteric site on the dopamine D, receptor. Since there is always an
entropic cost of maintaining a ligand at its active site in a specific orientation, with
minimal deviation about freely rotatable bonds; we believe that the use of
conformationally constrained analogues of PLG will lead to: (1) determination of the
bioactive conformation of PLG at its active site and (2) the design of more potent PLG
analogues with higher binding affinity to the receptor site.

The main approach taken in our research is the systematic restriction about the
rotatable bonds; this involves constraining the back-bone torsion angles within the

%2 and solution-state studies'®® (X-

tripeptide sequence of PLG. Since original solid-state
ray crystallographic and NMR studies, respectively) had indicated that PLG might exist
in a type Il B-turn conformation, our initial efforts were directed toward designing
analogues of PLG where the @, y,, and @3 torsion angles were held as close as
possible to those found in an ideal type Il B-turn. As shown in Figure 5.5., 5.2a which
possesses the highly rigid 5.6.5 spiro bicyclic lactam type Il B-turn mimic, was found to
be significantly more potent than PLG in both the *[H]spiroperidol/N-
propylnorapomorphine (NPA) competition binding assay and the 6-hydroxydopamine (6-
OHDA)-lesioned model of PD. This conformationally constrained analogue of PLG also

increased, to a more significant degree than PLG, the ratio of dopamine receptors in the
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high-affinity state. The results with this highly constrained PLG peptidomimetic provided
strong support for the hypothesis that the bioactive conformation of PLG is a type Il 8-

turn.'%2

Figure 5.5. Most active type Il B-turn mimic of PLG

The following in vitro and in vivo pharmacological studies and their results
indicate that modulation of the D,-like receptors by PLG and its active peptidomimetic
analogues (e.g., 5.2a among others) is affected by increasing the sensitivity of the
receptor toward dopaminergic orthosteric agonists.

1. In in vitro radio-ligand binding assay, PLG selectively enhances the binding
affinity of dopamine receptor agonists, such as: 2-amino-6,7-dihydroxy-1,2,3,4-
tetrahydronaphthalene (ADTN),"** > apomorphine,'**'*® and N-
propylnorapomorphine (NPA)' '* to the dopamine receptors.

2. PLG inhibits dopamine-dependent adenylyl cyclase activity in rat striatal
membranes.'®® As discussed before, this is indicative of binding to the D-like
receptor sub-type.

3. It has been shown that the dopamine D, receptors exist in two states: (1) Dy, the
high affinity state and (2) D,, the low affinity state. Only the high affinity state is
coupled to the inhibitory guanine nucleotide regulatory protein (G), the main G-

protein in the context of the GPCR that forms the link between ligand binding and
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adenylyl cyclase activity. Agonists and antagonists of the D, receptor favor the
two states in an orthogonal manner. PLG enhances agonist-stimulated (e.g.
NPA) GTPase activity in rat striatal membranes,'® an observation that is
consistent with the hypothesis that GTP hydrolysis is involved in maintaining
high-affinity agonist binding to the D, receptor by PLG.

In vivo studies have demonstrated that PLG potentiates the effects of L-DOPA™’
and apomorphine.'®?

Lesions within the nigrostriatal region of rat brain caused by 6-hydroxydopamine
administration results in decreased D, receptor density, which temporarily causes
rebound receptor supersensitivity and leads to increased rotational behavior
within the rat upon agonist administration. PLG and its peptidomimetics enhance
both amphetamine and apomorphine-dependent rotational behavior in 6-
hydroxydopamine lesioned rats.'®*'%°

Oxidation of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to the toxic 1-
methyl-4-phenylpyridinium cation (MPP*) leads to destruction of dopamine-
producing neurons in the substantia nigra and is frequently used as a rat PD
model. PLG and its analogues have been found to be partially neuroprotective

against this destruction.® '’

As was discussed previously (Chapter 1 p. 3—4), the original triproline scaffold (L-

Pro-L-Pro-D-Pro-NH, (5.3b) and L-Pro-L-Pro-L-Pro-NH, (5.3a)) was designed to replace

the highly constrained spiro bicyclic analogue with a more flexible back-bone, where only

the @ torsion angles of the i+1 and i+2 residues were constrained by the natural

pyrrolidine ring of proline (Pro)."®® Since a type Il B-turn cannot be adopted when the i+2

position is held by L-Pro as in 5.3a, this analogue was originally designed as a negative
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control. However, L-Pro-L-Pro-L-Pro-NH, was pharmacologically effective within the in

vitro and in vivo studies, while the triproline capable of adopting the type Il B-turn, L-Pro-

165, 168

L-Pro-D-Pro-NH, was less active. a result that was inconsistent with the basic

hypothesis that the bioactive conformation of PLG was a type Il 8-turn.

l:z\l N O —>
0]
NH

Polyproline Il helix mimic
L-Pro-L-Pro-L-Pro-NH», 5.3a

L-Pro-L-Pro-D-Pro-NH, , 5.3b Type Il mimic 5.2a:8'a= R ("""H)

Figure 5.6. Type Il B-turn and polyproline Il helix mimics of PLG

In order to reconcile this anomaly we hypothesized that the all L-triproline PLG
analogue 5.3a adopted a different conformation that placed the important
pharmacophores in the same orientation as done by highly active type Il B-turn
mimicking analogues of PLG, such as 5.2a. Therefore, we decided to explore the
possibility of two seemingly different secondary structures. In addition to the possibility of

a type Vla B-turn (as discussed in Chapter 1), in an all-trans amide bond situation, a
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non-turn secondary structure that could also be envisioned for L-Pro-L-Pro-L-Pro-NH,.
This is the polyproline Il helix conformation.

On the basis of torsion angle comparison of ideal type Il 8-turn and polyproline Il
helix as well as computational overlays of energy minimized triproline analogue, N-
acetyl-L-Pro-L-Pro-NH, (Ac-Pro-Pro-NH,) and the 5.6.5-spiro bicyclic lactam 5.2a, we
concluded that inverting the stereochemistry about the C-3’ center of the rigid type Il 8-
turn mimic (which uses a derivative of L-cysteine instead of D-cysteine) would result in a
polyproline Il helix mimic. Both bridgehead (C-8a’) epimers were synthesized to test the
hypothesis (Figure 5.6., 5.1a and 5.1b).

Compounds 5.1a and 5.1b were subjected to pharmacological evaluation similar
to 5.2a.'® Analogue 1a behaved in a manner similar to PLG and previously tested PLG
analogues (e.g. 5.2a) wherein both enhanced the binding of a tritiated D, agonist (e.g.
[®H]-NPA\) to isolated dopamine D, receptors and they exhibited bell-shaped dose
response curves. Interestingly, the C-8a’ epimer of 5.1a, the spiro bicyclic compound
5.1b, decreased the binding of [*H]-NPA to isolated dopamine D, receptors in a
characteristic bell-shaped dose-response curve. It is important to understand that all
three PLG analogues were tested for their ability to bind to the same allosteric site on

the D, receptor by a competitive radioligand binding assay.'®

5.6. Rationale for negative modulatory activity: Structural perturbations in the
molecule due to differences in C-8a’ stereochemistries

Molecular modeling studies were conducted on the pharmacologically tested
molecules in the hope of understanding the opposing modulatory activities of 5.1a and
5.1b. Computational overlay (Figure 5.7.A) indicated that majority of the energy-
minimized 5.6.5-spiro bicyclic scaffold of 5.2a matched with the minimized structure of

5.1a, except for the carboxamide region. This was expected if one compares the back-
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bone torsion angles for an ideal type Il B-turn and polyproline Il helix (g3 =0 ° vs. 155 °
respectively). A second overlay of the Ac-Pro-Pro-NH. polyproline and 5.2a confirms this
opposing hinging of the primary carboxamide (Figure 5.7.B). The most important overlay
was that between 5.1a and two different energy-minimized conformations of 5.1b, since
any deviation from matched conformation could hypothetically be responsible for the
opposing pharmacological activity observed for 5.1b. As Figure 5.7.C indicates, while
most of the two molecules align with each other, the main difference is in the

directionality of the C-2’ methylene (circled in the figure).

Figure 5.7. Overlays of (A) 5.6.5-spirobicyclic type Il B-turn mimic 5.2a (gray) and
polyproline Il helix mimic 5.1a (black), (B) Ac-Pro-Pro-NH, (gray) and polyproline Il helix
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mimic 5.1a (black), (C) Polyproline Il helix mimic-positive modulator 5.1a (black) and two

conformations of polyproline Il helix mimic-negative modulator 5.1b (gray)

5.7. Molecular design to test the hypothesis for negative modulatory activity of
5.6.5-spirobicyclic PLG analogue
On the basis of molecular modeling studies discussed above, we postulate that

the negative modulatory effect of 5.1b is brought about by positioning the C-2’
methylene group into a different area of space within the allosteric binding site on the
dopamine D, receptor. To test this hypothesis, the following series of molecules will be

synthesized and tested (Figure 5.8).

5.2b

H
8a'. S . H
AN N N 3‘, ’CH3
N R
o Ri™
@)
NH

5.5a:8a'=R (') 5.6a: Ry = H; R, = CONH,
5.5b:8a'=S(—) 5.6b: R = CONH,; R, =H

Figure 5.8. Proposed dopamine D, receptor modulators based on PLG
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Convert positive modulator to a negative modulator. Molecular modeling and

pharmacological precedent of the 5.6.5-spiro bicyclic polyproline Il helix mimics,
5.1a and 5.1b, suggest that by inverting the stereochemistry about the C-8a’
(bridgehead carbon) of 5.2a, the corresponding diastereomer, 5.2b, would be
capable of adopting a conformation identical to that found within the established
negative modulator, 5.1b.

Enhance the neqgative modulatory activity of 5.1b via C-2’ substitution: We

anticipate that by a double substitution of the C-2" methylene of the existing
negative modulator 5.1b with methyl groups, we might be able to enhance this
opposing activity by further perturbing the projection of this region of the
molecule into the active site on the D, receptor. Although the promising target
here would be 5.4b, on the basis of the divergent synthetic route and eventual
results from testing 5.1b, we also decided to simultaneously attempt the
synthesis of 5.4a as well as 5.5a and 5.5b.

Substitutions of the C-2’ methylene of the positive modulators: We anticipate that

placing a methyl substitution on the C-2’ carbon of the positive modulators 5.1a
and 5.2a, will lead to the formation of molecules 5.6a and 5.6b, capable of
negative modulatory action. We hope that this methyl group will project in the
same space that the C-2’° methylene occupies within the existing negative

modulator 5.1b.
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Chapter 6

Synthesis and pharmacological evaluation of the constrained 5.6.5-spiro bicyclic lactams
capable of negatively modulating the dopaminergic response via the PLG allosteric site

6.1. Introduction
This chapter will be divided into the following parts:
1) Synthesis of negative modulators
a) Representative retrosynthetic analysis (5.2b)
b) Synthesis of N-Boc-a-(propan-3’-al)proline, 6.4
c) Synthesis of the second negative modulator, 5.2b
d) Synthesis of potential modulators, 5.4b and 5.5a

e) Stereochemical outcome of the condensation/lactamization sequence

H H
8 S G S
*[8a *[g8a
X N A\ N\S)
N’ N <
O O o /~0
NH NH
5.1a:* = R(IIII\I) 5.2a *=R(||III\)

5.4b: *

Figure 6.1. 5.6.5-Spiro bicyclic lactams based on PLG
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f) Challenges in ammonolysis and/or NH; amidation reaction
g) Advantages of altering order of reactions
2) Pharmacological evaluation
a) Negative modulatory activity
3) Future studies
a) Pharmacolgical testing of 5.4 a—b and 5.5 a—b.

b) Completion of 8-methylcysteine synthesis, 5.6 a—b

6.2. Retrosynthesis

A representative disconnection analysis (for 5.2b) is shown in Scheme 6.1. The
core scaffold of 5.2b, is the 5.6.5-spiro bicyclic lactam, 6.2, which can be potentially
accessed through lactamization of the diastereomeric thiazolidine adduct mixture 6.3
that is formed from the condensation between an ester of D-cysteine with the prolyl
aldehyde derivative 6.4. The stereochemical configuration about the a-carbon of the
aldehyde derivative can be created by once again applying Seebach’s “self-regeneration
of stereocenters” principle starting with L-proline. For synthesis of the other target
molecules, the D-cysteine derivative can be substituted by D- and L-penicillamine
derivatives. Unprotected penicillamine is commercially available in both enantiopure

forms.
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Scheme 6.1. Representative retrosynthetic analysis

coupling and
amidation

lactamization /
and diastereomer Hf s

separation ":\j condensation
/Hi —
N HN

O

AV

| —0 :

HS : ( Ho |

! 20 6 steps E>;_/< :

N OCH; 4 : EHOH — H oH !

1 1

*HCl © i Boc 6.4 L-Proline i

D-cysteine-OMe : For 5.2b
L-penicillamine-OMe : For 5.4 a-b
D-penicillamine-OMe : For 5.5 a-b

6.3. Synthesis of (R)-N-Boc-2-(propan-3’-al)pyrrolidine-2-carboxylate

L-Proline was used as the starting material in the synthesis of the common
aldehyde intermediate 6.4 (Scheme 6.2.); enantioselective a-alkylation of proline was
achieved by applying Seebach’s “Self-regeneration of Stereocenters” strategy once
again.'® Majority of this scheme was first developed by Dr. Ehab Khalil'® and
subsequently improved by Dr. Bhooma Raghavan,'”" both past graduate students in our
laboratory. In this method, L-proline was first condensed with pivalaldehyde to form the

tert-butyloxazolidinone 6.5 (also see Chapter 2).The procedure for oxazolidinone
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Scheme 6.2. Synthesis of the common aldehyde intermediate

0

H — — —
o >HL LDA, THF/HMPA <\
m cat. TFA, hexanes, o -78 °Cto 45 °C; wo
N OH Dean-Stark app. B N AT N
H

-0 \~O

quant. yield : N
3 60% (over 2 steps X
L-Proline assumed /[\ ( Pe) /[\
- 65 6.6
S|02 gel , I 1. (CH3)4NOH’H20, -
MeOH/H,0 (5:1) Boc,0, CH3CN
83% . S 0 85-90% - S 0
N 2. BnBr, DBU N
H OH 92% Boc OBn
6.7 6.8
=0 o =0
1. OsO, (cat.), NMO ( 10% Pd/G, (
THF/H,O (5:1) \ NEts, EtOH \
> _\\ O quT. :\ o
2. NalO,/SiO, gel e N
CH.Cl, ’I%loc OBn yield Boc OH
80% (over 2 steps) 6.9 6.4

formation and the rationale for the diastereospecificity have been discussed in detail in
Chapter 2. As discussed before this oxazolidinone is very moisture-labile and was
therefore immediately subjected to the subsequent enolization and alkylation using 4-
bromo-1-butene. In order to improve the efficiency of alkylation, the nucleophilicity of the
enolate was increased by conducting the reaction in the presence of one equivalent of a
co-solvent such as hexamethylphosphoramide (HMPA). Unfortunately, it had been
previously determined that replacing HMPA with a less-toxic additive such as 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (or N,N-dimethylpropylene urea,

DMPU)'"® was not advantageous as it did not improve reaction yields as compared to
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background yields when the reaction was conducted in the absence of any co-solvents.
The enolate formation is conducted at —78 °C, while the 6-hour diastereospecific
alkylation is conducted at a slightly higher temperature of —45 °C. Although the
oxazolidinone is labile in the presence of silica gel (due to the latter’s acidic nature), the
product can be purified by flash chromatography while eluting with a mixture of hexanes
and ethyl acetate. The a-butenyl oxazolidinone 6.6 is stable under ambient conditions for
a few days; slow hydrolysis becomes evident by increased presence of a white
precipitate in the colorless-yellow oil. It should be noted that in contrast to the crystalline
nature of a-allyloxazolidinone at temperatures < 25 °C, the higher homologue is a

colorless oil of very light viscosity even at —20 °C.

Silica gel-mediated hydrolysis'"

of the oxazolidinone 6.6 gave rise to the
corresponding a-butenylproline 6.7 which can be re-crystallized to give the pure a-imino
acid. Both the N-and C-terminals of the proline derivative were then protected in that
order to give rise to the N-Boc-a-butenylproline benzyl ester 6.8. Oxidative cleavage of
the olefin to the corresponding aldehyde was then conducted using the two-step
protocol. Catalytic osmium tetroxide (OsO,4) and N-methyl morpholine N-oxide (NMO)
were first used to form the vicinal diol, followed by silica gel-supported sodium periodate
(NalO,/SiO, gel)-mediated diol cleavage to aldehyde 6.9.'* This two step sequence
usually results in higher yields than the direct Lemieux-Johnson one-pot transformation
that uses excess NalO,, The purified aldehyde 6.9 was then stored at 4 °C where it was
stable for extended periods of time (several months). The subsequent hydrogenolytic
removal of the benzyl ester to form 6.4 was conducted just before the ensuing
condensation to form the diastereomeric spirobicyclic thiazolidines. This prevents

formation of the internal lactone, which is rather unproductive when used in the

subsequent step.
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6.4. Synthesis of the negative modulator 5.2b: The diastereoisomeric 5.6.5-spiro
bicyclic thiazolidines derived from D-cysteine

The N-Boc a-alkylated proline derivative 6.4 was subjected to a tandem
condensation/lactamization sequence with the hydrochloride salt of D-cysteine methyl
ester. As shown in Scheme 6.4, the condensation was conducted at slightly acidic to

neutral pH (6.5-7.0) in an aqueous ethanolic solution. The intermediate equilibrating

Scheme 6.3. Synthesis of diastereomeric 5.6.5-spirobicylic thiazolidines

L
 NEts,
Nl CHyCly

H
=0 D-Cysteine-OMe+HCl /ﬁg/s - 0
NaHCOs, EtOH/ H20 SR 2\) CHs; N
S0 - HN »>-
N COH = 80%
oc /" —0OCH
Boc OH o7 OCHs (over 2 steps)
6.4 6.3a:*= R(-v)
6.3b:* = S(—=)
E /’I'FS :
+ ANS N\:) !
; Boco O/}\OCH3E
: 6.2b 5
(6.2a: 6.2b =1:1)

diastereomeric thiazolidine mixture containing 6.3a and 6.3b was obtained as a white-
colored foam, which was immediately subjected to lactamization using 2-chloro-1-
methylpyridinium iodide (CMPI) as the activating agent. As encountered in Chapter 4,
CMPI facilitates the formation of an active ester at the free carboxylic acid center. The
ester is then capable of undergoing lactamization at a faster rate than the diastereomer
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interconversion rate, leading to the trapping of both diastereomeric 5.6.5-spiro bicyclic
thiazolidines 6.2a and 6.2b in a 1:1 ratio.

The diastereomers 6.2a and 6.2b were easily separated by flash
chromatography and based on precedent (since 6.2a has been synthesized before in
our laboratory) the relative stereochemistry assigned by differences in the '"H NMR

chemical shifts and 1-D Nuclear Overhauser Effect Spectroscopy (NOESY).

6.5. Synthesis of the negative modulator 5.2b: Challenges with the
ammonolysis/amidation reactions

The synthesis of 5.2b was achieved from 6.2b as outlined in Scheme 6.4.
Treatment of 6.2b with trifluoroacetic acid to remove the N-Boc group gave the
corresponding trifluoroacetate salt, which was coupled to Boc-L-Pro-OH using O-(7-
azabenzotriazol-1-yl)-N,N,N’,N*-tetramethyluronium hexafluorophosphate (HATU) as the
coupling reagent. This provided 6.10 in a 79% yield. This represents a substantial
improvement in yield and ease of the reaction as compared to previously developed
conditions in our laboratory.'”® '

Initially, ammonolysis of 6.10 was attempted with a saturated solution of
ammonia in dichloromethane/methanol first at room temperature then followed by
heating to 55 °C for 2 days (in the presence of 10 mol% DMAP on the third day). These
conditions only resulted in partial conversion of 6.10 to a 1:1 mixture of carboxamides
6.1a and 6.1b. This difficulty in ammonolysis was analogous to that observed with the
diastereomer derived from L-cysteine-OMe*HCI, also an isomer where the bridgehead
hydrogen and carboxamide group are in a trans relationship.'”"'”®> We therefore

hydrolyzed the methyl ester and then coupled the resulting acid to ammonia using HATU
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Scheme 6.4. Final steps toward synthesis of 5.2b
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as the coupling reagent. Although complete conversion was obtained, a 1:1 mixture of
6.1a and 6.1b was obtained once again, indicating epimerization at the C-3’ position. It
was determined by further experimentation that this competing reaction occurred during

the ester hydrolysis step. Attempting ester hydrolysis under cold conditions (-5 °C to 0
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°C) only served to reduce the rate of the main hydrolysis reaction. Diasterecisomers
6.1b and 6.1b were therefore simply chromatographically separated. Removal of the N-
Boc protecting group from 6.1b with TFA/CH,CI, provided the desired PLG
peptidomimetic 5.2b as its trifluoroacetate salt, the purity of which was confirmed by
HPLC analysis. The results of pharmacological testing of 5.2b will be discussed in a later

section.

6.6. Synthesis of dopaminergic modulators derived from L- and D-penicillamines

A similar sequence of condensation/lactamization was used to synthesize the
potential dopaminergic modulators 5.4a and 5.4b derived from L-penicillamine and 5.5a
and 5.5b derived from D-penicillamine. N-Boc-a-butenylproline 6.4 was condensed
separately with the hydrochloride salts of both L- and D-penicillamine methyl esters 6.11
and 6.14 respectively, to give the corresponding pairs of 5.6.5-spiro bicyclic thiazolidines
in 57% and 63% yields respectively (Schemes 6.5 and 6.6).

An important observation is the ratio of the diastereomers obtained for each
reaction set. For the condensation/lactamization sequence with the L-penicillamine
derivative, a 3:1 ratio of the two C-8a’ epimers 6.13a and 6.13b was obtained with the
major diastereromer 6.13a having the C-8a’ a-hydrogen (bridgehead proton down)
configuration; while for the reaction sequence with D-penicillamine-OMe<HCI, a 1:1 ratio
of the diastereomers 6.16a and 6.16b was obtained. This directly mirrors the
diastereoselectivities observed previously with D- and L-cysteine-OMe+HCI

respectively.'’% '
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Scheme 6.5. Synthesis of the 5.6.5-spiro bicyclic lactams derived from L-penicillamine-

OMe

T NaH003, EtOHHzo
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N OCH -
m t  HClHN 3
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Scheme 6.6. Synthesis of the 5.6.5-spiro bicyclic lactams derived from L-penicillamine-

OMe
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The absolute and relative stereochemical configuration about the bridgehead
carbons (C-8a’) for each diastereomer was established by 1-D NOESY (see
experimental section) as well as by single molecule X-ray structure analysis (Figure

6.2.a., 6.2.b., and 6.2.c.) for three of the four diastereomers.

Figure 6.2.a X-ray crystal structure of 6.13b

Figure 6.2.b X-ray crystal structure of 6.16a
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Figure 6.2.c X-ray crystal structure of 6.16b (hydrogens removed for clarity)

6.7. Rationale for diastereomeric ratios in condensation/lactamization: Correlation
between C-3’ and C-8a’ stereochemistries

The advantage of the existing condensation/lactamization sequence is the
stereodivergent nature; both possible sterecisomers can be obtained in the same
reaction. However, it is imperative to rationalize the observed stereoselectivity,
especially in case of the formation of unequal quantities of 6.13a and 6.13b; when the C-
3’ has the (R) configuration. The stereochemical outcome can be assumed to be
dependent on the following factors:

1. Ratio of the intermediate thiazolidines formed; that is the equilibrium constant of
the thermodynamic interconversion between the two C-2 (thiazolidine
nomenclature) epimers.

2. 6.5-fused bicyclic and 5.6.5-spiro bicyclic cis- and trans-ring fusion propensity.

3. Steric interaction experienced by the attacking amine nucleophile of the
thiazolidine on the activated ester with respect to the left hand hemisphere

(positioning of the pyrrolidinyl ring).
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4. Steric influence of the methoxycarbonyl moiety of the thiazolidine ring on the
attacking amine nucleophile; that is influence of the configuration of the soon-to-
be C-3’ center on lactam formation.

Based on 'H NMR of the crude intermediate thiazolidine mixture, in case of either
(R)- or (S)-configuration at the carbon containing the methoxycarbonyl! group, there
appears to be no bias in the epimeric equilibrium at the thio-aminal position (C-2 within
the thiazolidine). As long as the thiazolidine contains a secondary amine NH, either the
cis-2,4- or the trans-2,4-substituted thiazolidine appears to be equally stable (Scheme

6.7.). Compared to 5.5-bicyclic lactams encountered in Chapters 3 and 4 of this thesis

E\(

COZH :
Boc /‘ooH3

6.15b

Scheme 6.7. Equilibrium between diastereomeric pair: No bias

and their propensity to be cis-fused (with respect to the directionality of the bridgehead
nitrogen lone pair and C-8a’ hydrogen), the 5.6.5-ring systems appear to be trans-fused
as per Figures 6.2. Although the lactam nitrogen is sp*-hybridized, it is a bridgehead

nitrogen and is perhaps slightly twisted in order to maintain good orbital overlap.
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Therefore, it can be hypothesized that in the event of lactamization, the Burgi-Dunitz
trajectory of the amine NH is highly influenced by diaxial interactions (as shown in Figure
6.3., C-2’ gem-dimethyl group and C-6’ pyrrolidinyl ring removed for clarity). If this is
indeed true, then steric hindrance caused by the pseudo-equatorial methoxycarbonyl in
case of the (S)-configuration (D-Cys-OMe or D-Pen-OMe) as in the formation of 6.16a
and 6.16b is far less than the diaxial interaction contributions by the pseudo-axial
methoxycarbonyl in case of the (R)-configuration (L-Cys-OMe or L-Pen-OMe) as in the
&y
A

‘N S

/ 6.13a 6.13b

(pyrrolidinyl ring
not shown completely

Z

0
0=\
H,CO~ [

for claa
-N N

O:ZL/QS O;QK/Jv

@) ! =N
H S

@)
OCHs j)/;/
6.16a 6.16b

Lactam bond is dotted to indicate possible attacking trgectory of the intermediate.
NH and O-active ester not shown for clarity.Pyrrolidinyl ring indicated by a loop in
2 out of 4 images for clarity

Figure 6.3. Depiction of possible stable conformations of the four diastereomeric

products of lactamization

formation of 6.13a and 6.13b. In case of L-Pen-OMe, although the intermediate

thiazolidines are rapidly interconverting at the C-2 position, there is significant diaxial
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interaction when the intermediate thiazolidine ring is trans-2,4-fused (6.12b—>6.13b), in
comparison to the cis-2,4-fused (6.12a->6.13a) during the lactamization process. This
perhaps translates to the 3:1 ratio of the respective epimers (6.13a:6.13b) observed
experimentally. Although this argument can also be applied to the case of the 5.6.5-
spirobicyclic lactams derived from D-Cys-OMe/D-Pen-OMe, since the methoxycarbonyl
group is relatively distant in the pseudoequatorial position for 6.15a and 6.15b, it
perhaps does not interfere as much during the lactamization resulting in a lack of
stereoselectivity and a 1:1 ratio of the two C-8a’ epimers. The pseudo-equatorial position
of the ester will also come to play an important role in the observed difficulty in
nucleophilic reactions at that group and epimerization issues further on in the synthetic

scheme.

6.8. Synthesis of two potential modulators 5.4b and 5.5a: Challenges with the
ammonolysis/amidation reactions

As with the cysteine derivative, all four diastereomers derived from the
penicillamines were separately N-deprotected in the presence of TFA in anhydrous
CH.Cl, and subsequently coupled to N-Boc proline in the presence of HATU as the
activating agent to the give the two corresponding diastereomersic sets 6.17a/6.17b and
6.18a/6.18b (Scheme 6.8). As per our design rationale, since 6.17b would potentially
lead to the formation of a negative modulator, we proceeded to subject it to further
reactions first. Unfortunately, the next ammonolysis step for converting the methyl ester

of 6.17b to the carboxamide even under forcing conditions resulted in complete recovery
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Scheme 6.8 Boc-Pro-OH coupled diastereomers

1. 25% TFA/CH,Cl,
0°C,2h

Y
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6.16b: 8'a = S (—=) 6.18b: 8'a = S (—=)

of the starting material. Since previous experience with the L-cysteine-OMe derivative in

our laboratory indicated that this was not an issue,'”" "

it was hypothesized that the
added steric bulk of the 2’-gem-dimethyl group hindered the nucleophilic attack on the
methoxy carbonyl. We therefore decided to use the ester hydrolysis/ammonia coupling
protocol that had been successfully used before.

Ester hydrolysis of 6.17b proceeded smoothly under standard conditions without
any epimerization (Scheme 6.9). The subsequent coupling with ammonia resulted in a
20—25% yield of the carboxamide 6.19b. Despite the poor yield, the final N-deprotection
was conducted using TFA/CH,CI, to give the ammonium trifluoroacetate salt 5.4b in

quantitative yield. On repeated trituration with a hot dichloromethane/ethyl ether mixture,

the product precipitated as a white crystalline solid.
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Scheme 6.9 Synthesis of potentially negative modulator 5.4b

1. LIOH (4 equiv),
THF/H,O (3:1),r.t.,17h

2. NHs, HATU, DIPEA, DMF,
0°Cto-78°Ctort., 36 h

20% TFA/CH,Cl,
0 °Ctor.t.

\4

quant. yield

-CF3COOH
5.4b

Unfortunately, as shown in Scheme 6.10, the C-8a’ epimer 6.17a was recalcitrant

toward ester hydrolysis under standard conditions and required almost 10 equivalents

Scheme 6.10 Epimerization during ester hydrolysis of 6.17a

LiOH (10 equiv),
THF/H50 (3:1), r.t.,3 d,
then 60 °C, 2d

|

NHs, HATU, DIPEA, DMF,
0°Cto-78°Ctor.t, 36 h

o) /~OH
NBoc

6.20a

Almost complete
epimerization at C-3'
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LiOH, refluxing conditions and prolonged reaction times for complete conversion. Under
these forced conditions, almost complete epimerization at the C-3’ position (as
determined by NOE analysis) was observed. Although epimerization under ester
hydrolysis had not been observed for the previously synthesized des-dimethyl derivative,
there is precedent for C-3’ epimerization under forced ammonolysis conditions.'”"'" It is
hypothesized that the pseudo-axial positioning of the methoxycarbonyl in 6.17a (vide
supra) in addition to the C-2’-gem-dimethyl group hinders ester hydrolysis and reinforces
the epimerization under the harsh conditions. The carboxylic acid obtained was further
subjected to amidation via coupling with ammonia using HATU and spectral properties of
the carboxamide 6.21a were thoroughly analyzed.

Next, the diastereomer 6.18a was subjected to similar reactions (Scheme 6.11).

This would potentially lead to a control compound within the pharmacological studies

Scheme 6.11. Synthesis of 5.5a

H H
- S S
J/ 1. LiOH (3 equiv), \)/
R N~ THF/H,0 (3:1), r.t, 6-8 h- N N~
O /7OCH; 2 NH,, HATU, DIPEA, DMF, O J/NH,
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NBoc NBoc
6.18a 6.21a
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S
25% TFA/CH,Cl, _p J/
quant. yield N o) }\NHZ
NH
«CF3COOH
5.5a

155



and structural analysis would assist us in confirming the stereochemistry of the previous
product 6.21a. The ester hydrolysis was unsurprisingly facile; the carboxylic acid
formation being complete in 6-8 hours using 3 equivalents of LIOH without
epimerization.'”® The carboxylic acid was then coupled to ammonia to form the
carboxamide 6.21a in good yields with identical spectral properties as of the
carboxamide obtained in Scheme 6.10. N-Boc deprotection using TFA/CH.CI, gave the

corresponding TFA salt 5.5a as a crystalline white solid.

6.9. Alternate strategy to synthesize 5.6.5-spiro bicyclic lactams: Reaction
sequence switch and results

Since the conversion of the ester to the primary carboxamide was plagued with
epimerization issues and low conversions, we decided to change the sequence of
reactions as per the original retrosynthetic scheme; the carboxamide formation would be

conducted earlier within the synthetic scheme. As shown in Scheme 6.12., the first

Scheme 6.12 Ammonolysis attempt on intermediate thiazolidine mixture 6.15 a-b

H H
S NHs, MeOH, A (m/
S\ HN/ 7< »- &\ HN
COH = N COH =
Boc J—OCHj, 0C J~NH,
O o}
6.15 a-b
H H
- S S
Boc 0O /’\NH2 Boc o /’\NHZ
O o)
6.22a 6.22b
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attempt involved ammonolysis of the intermediate diastereomeric thiazolidine mixture
6.15a/6.15b, followed by subjecting the carboxamide derivative to lactam formation.
Unfortunately, the ammonolysis reaction itself was unsuccessful even under forced
reaction conditions.

It was then decided that we would utilize the carboxamide derivative of
penicillamine (D- or L-penicillamide*HCI) in the condensation/lactamization sequence.
The reactions were first attempted with D-penicillamine due to its lower cost and ease of
availability compared to L-penicillamine. The first attempt toward the formation of the
penicillamide using ammonolysis of D-Pen-OMe in anhydrous MeOH failed (Scheme
6.13.). Although the rationale for this failure was not easily discernable, we hypothesized
that the free amine and thiol groups had a role to play in this failure. That is, we
hypothesized that in order for the amidation to be successful, the amine and thiol
functionalities would have to be masked (or protected). Rather than using two different
protecting groups for the —NH, and —SH groups, we were inspired by: (1) the possibility
of using the thiazolidine ring to achieve simultaneous masking of both reactive groups,'”®
and (2) literature precedent for the synthesis of C-2 substituted thiazolidines derived
from penicillamines.'”’

Since the use of an unsubstituted thiazolidine (at C-2 position) would lead to a
robust molecule, we decided to synthesize a C-2-phenyl substituted thiazolidine from D-
penicillamine, which would in effect install a C-2 carbon that was fairly labile under
reducing conditions and capable of undergoing simultaneous deprotection to unravel the
free —=NH, and —SH groups at the end of the sequence.'”® As shown in Scheme 6.13., D-
penicillamine was condensed with benzaldehyde to give a diastereomeric mixture of the
C-2-phenyl thiazolidine 6.24. The two diastereomers appear to be constantly

interconverting as was observed by muted '®*C NMR intensities under ambient
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Scheme 6.13. Synthesis of penicillamine carboxamide
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anisole (2 equiv.), 0°C, 4 h} e NH,
quantitative yield HCI Ha
0
6.23

conditions. N-Boc protection of the diastereomeric mixture under prolonged reaction
times led to the synthesis of the N-protected thiazolidine 6.25 as a single diastereomer;
the cis-2,4-substituted thiazolidine. This was confirmed by X-ray structure determination
and there exists literature precedent for this observation with respect to thiazolidines

derived from penicillamines.'’’® 177

It can be argued that although an equilibrium exists
in the interconversion of the two diastereomeric forms, the sterically less encumbered

cis-form perhaps, reacts faster with Boc,O to form the N-Boc derivative. This constantly
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pushes the equilibrium toward the cis-form and eventually leads to almost complete
diastereospecific formation of 6.25. The acid was then converted to the primary

carboxamide 6.26 in the presence of ammonia and coupling agent HATU. Dissolving

178,179

metal reduction using lithium metal (Li°) in ammonia reductively led to the

formation of the N-Boc penicillamide 6.27 which was subsequently N-deprotected using
4 N HCl in dioxane in the presence of anisole as the cation scavenger to give the

desired penicillamide 6.23 as the hydrochloride salt.'”

Figure 6.4. X-ray structure of 6.25

We next proceeded to utilize 6.23 toward the formation of the 5.6.5-spirobicyclic
lactams (Scheme 6.14).The condensation and lactamization sequence proceeded
smoothly. The overall two-step yield was significantly higher as compared to the yield for
the reaction with the analogous D-penicillamine methyl ester (68% vs. 46%). The
diastereoisomeric ratio however was initially surprising. The 8a’B-H epimer was formed

in three times the amount as the 8a’a-H epimer. Although this ratio is opposite to that
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obtained with L-Pen-OMe<HCI, on closer examination, it can be observed that just as in
the case of L-penicillamine methyl ester, it is the cis-3’,8a’-substituted derivative that is
the major product. Relative and absolute stereochemistries were assigned as per X-ray

crystallographic data for 6.22b.

Scheme 6.14 Condensation/lactamization using penicillamide

H
NaHCO3, EtOH:H,0 S
rt.12-17h 2\){
Fo ~ HN / v,
92% yield E COH =
oc /NH,
o
6.28a:* = R (")
6.28b: * = S (—=)
H H
-_S S
CMPI, NEtg, CHCl, \)/ \)/
> N N A / + Ny N 7 ”
reflux, 12-15 h ’%‘oc ;\NH EOC -
71% ° 9 2 © o/\NHZ
6.222 6.22b

6.22a : 6.22b =1:2.5

If we were to structurally equate the 2,4-disubstituted-thiazolidine intermediate
with a 2,5-disubstituted-pyrrolidine, it could be anticipated that the cis-disubstituted
analogue is better poised to react at the NH compared to the trans-disubstituted
derivative; the latter poses steric hindrance irrespective of the plane of nucleophilic
attack (vis a vis above or below the pyrrolidine ring). Although this can be used as a
general model to explain the diastereoselectivity in the formation of the 5.6.5-spiro
bicyclic lactams, it is at odds with the observation that in case of the 8a’-(S)-configuration

(at least for the D-Cys-OMe derivative), lactamization under thermal conditions gave rise
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to the 8a’a-H epimer almost exclusively. In view of this anomaly, it is hypothesized that
the carboxamide CONH; is involved in intramolecular hydrogen bonding with the
thiazolidine NH, a phenomenon that can be supported in a dichloromethane reaction
milieu and that can possibly explain both improved yields and perhaps

diastereoselectivity.

Figure 6.5. X-ray structure of 6.22b

6.10. Pharmacological testing of 5.2b: Experiments and observations

At present, the pharmacological studies involving 5.2b have been completed and
the other synthesized molecules, 5.4b and 5.5a will be eventually tested in a similar
manner by our collaborator, Dr. Ram K. Mishra and his group at the Department of
Psychiatry and Behavioral Neuroscience at McMaster University in Ontario, Canada.

Compound 5.2b was tested in a tritiated N-propylnorapomorphine ([*H]NPA)
binding assay with bovine striatal dopamine D, receptors in a manner similar to the
diastereomeric modulator, 5.2a (this discussion includes 5.2a attributes to compare and

contrast). Each PLG peptidomimetic, at various concentrations, was incubated with the
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membrane preparation containing [°H]NPA and the percent change in [’HINPA binding
was measured. The results are depicted in Figure 6.6.A, 6.6.B. for 5.2a and 5.2b,
respectively.

Compound 5.2a behaved like PLG and typical PLG peptidomimetics, wherein it
enhanced the binding of [*H]NPA to isolated dopamine D, receptors and exhibited the
characteristic bell-shaped dose response curve. The maximum effect for 5.2a was at a
concentration of 10® M where it significantly enhanced the binding of [?H]NPA binding
by 14.6 £ 3.9%. A previously synthesized PLG analogue derived from L-cysteine 5.1a
maximally enhanced [°H]NPA binding by 21.4 + 6.1% at a concentration of 107" M.

As anticipated, 5.2b the diastereoisomer of 5.2a, decreased the binding of [°H]NPA to
isolated dopamine D, receptors. Compound 5.2b significantly decreased the binding of
[®*H]NPA to dopamine D, receptors by 11.5 + 3.1 % at a concentration of 107 M. It
should be noted that the corresponding L-cysteine derived PLG peptidomimetics 5.1b,
significantly decreased the binding of [°H]NPA to dopamine D, receptors by 9.2 + 3.4%
at a concentration of 107° M. Like the positive allosteric modulators, both 5.2b and 5.1b
possessed bell-shaped dose response curves. Compound 5.2b was also evaluated for
its ability to displace ['?°116.29 (Figure 6.7) in a competition binding assay. PLG
peptidomimetic 6.29 and its derivatives were previously shown to be positive modulators
of the dopamine receptor and it was developed as a radioligand for the PLG allosteric
modulatory site on the dopamine D, receptor. The results depicted in the same figure
show that both spiro bicyclic PLG peptidomimetics 5.2a and 5.2b are able to displace
['%°1]6.29 from its binding site. This assay suggests that the positive and negative
allosteric activity of the PLG analogues is brought about via the same site on the

dopamine D, receptor.
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Figure 6.6. Modulation of [?H]NPA binding to dopamine D, receptors by PLG
peptidomimetics 5.2a (A), 5.2b (B). Data represent the percent change in specific
[®H]NPA binding relative to the control value when the indicated concentration of
peptidomimetics was added directly to the assay buffer. Results are the mean +SEM of five

separate experiments carried out in triplicate. The data were analyzed by a one way analysis of
variance followed by a Dunnett’s post hoc test: (*) significantly different (p < 0.05) from the control
value; (**) significantly different (p < 0.01) from the control value.

(Reprinted with permission from Raghavan, B.; Skoblenick, K.; Bhagwanth, S.; Argintaru, N.;
Mishra, R. K.; Johnson, R. L. Allosteric Modulation of the Dopamine D, Receptor by Pro-Leu-Gly-
NH, Peptidomimetics Constrained in Either a Polyproline 1l Helix or a Type Il B-Turn
Conformation. J. Med. Chem. 2009, 52, 2043—2051. Copyright 2009, American Chemical

Society)
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Figure 6.7. Displacement of ['*°[]6.29 from the PLG allosteric modulatory site on the
dopamine D, receptor by analogues 5.2a and 5.2b. Data represent the percent
displacement of ['*°1]6.29 from its binding site on bovine striatal membranes. Values
graphed are relative to controls in which maximum specific binding was calculated as the
amount of ['*°[]6.29 bound in the presence and absence of 10 mM PLG. Results are the
mean = SEM of five separate experiments carried out in triplicate. The data were analyzed by a
one way analysis of variance followed by a Dunnett’s post-hoc test. *Significantly different
(p<0.05) from the control value.

(Reprinted with permission from Raghavan, B.; Skoblenick, K.; Bhagwanth, S.; Argintaru, N.;
Mishra, R. K.; Johnson, R. L. Allosteric Modulation of the Dopamine D, Receptor by Pro-Leu-Gly-
NH, Peptidomimetics Constrained in Either a Polyproline Il Helix or a Type Il 8-Turn
Conformation. J. Med. Chem. 2009, 52, 2043—2051. Copyright 2009, American Chemical
Society)

6.11. Future experiments and studies

Synthesis of compound 5.5b will complete the sequence of reactions for the
penicillamine derivatives. It will also be instructive to obtain the N-Boc proline coupled
analogues of 25a and 25b. This will effectively prove that incorporating the carboxamide

prior to the lactamization is the best course of action in synthesizing PLG analogues
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containing the 5.6.5-spiro bicyclic lactams. Hopefully, it will also provide a predictable
route to synthesize 5.4a, which was impossible using the existing strategy due to the
base-lability of the key intermediate 6.17a as shown in Scheme 6.10.

As discussed in Chapter 5, the synthesis of another series of potentially negative
modulators was also originally targeted. The syntheses of C-2’-monomethyl substituted
5.6.5-spiro bicyclic PLG analogues required large quantities of B-methyl cysteine
derivatives (both (R)- and (S)- configurations about the a-position). Although the
synthesis of one of the intermediates was explored, it requires completion. The synthetic
route explored toward the B-methyl cysteine derivative is depicted in Scheme 6.15. We
anticipated that commercially available threonine/allo-threonine could be used as the the
starting material and sulfur could be installed following a double S\2 reaction sequence
which proceeds via an aziridine intermediate 6.31 capable of isolation. Although this
proved to be largely possible, the last two steps of the sequence require considerable
optimization, especially based on the outcome of carboxamide lactamization studies as

shown in Scheme 6.14.

Scheme 6.15. Synthesis of the key B-methyl cysteine derivative

HaC.__OH HsCa__OH 1. SO.Cly, toluene, CH3

1. SOClp, MeOH “Ep ¢ N
OH >
HoN 2. TriCl, NEt,, TrtHN OCH3 2. TFA, OCH
o CHaClp o MeOH/CH,Cl, S 3
L-Threonine 92% over two steps  6.30 75%over2steps e a4
HaCo_ SH
1. Boc,O, NEts, HaCa( ~SPMB Hg(OAc),, DTT
CHoCh - OCH, TFA _ N OCHj
2. PMBSH, DABCO ~ BocHN 30-40 % 2
CHLCN 5 «CF;COOH O
50% over 2 steps 6.32 6.33
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6.12. Experimental section:

(2R, 5S)-1-Aza-5-(3’-butenyl)-2-tert-butyl-3-oxabicyclo[3.3.0]octan-4-one (6.6)

0
H  TFA (cat) LDA, THF/HMPA <:
WC hexanes wo g, Oifo
N OH Dean-Stark app., 10-12 h N -78 C—* —40 C N
H O O

L-Proline 7\ 7\

6.5 6.6

L-Proline (10 g, 86.9 mmol, 1 equiv.) was finely ground with a mortar and pestle.
To this, a solution of TFA (0.3 mL, approx. 4 mol%) in 2 mL hexanes was added and the
mixture was triturated well. The excess solvent was allowed to evaporate and the free-
flowing powder was transferred to a dry flask flushed with argon. Hexanes (250 mL) was
then added to the vessel. Pivalaldehyde (25 mL, 230 mmol, 2.6 equiv.) was added while
the mixture was stirred vigorously (Note 1). The reaction flask was equipped with a
Dean-Stark trap and then heated to reflux (Note 2). The reaction was allowed to proceed
till the mixture became clear with the formation of a light yellow color. Quantitative
collection of water was observed. This was typically observed after 11-14 h (Note 3).
The solvent was then removed in vacuo and utmost care was exercised to ensure that
the intermediate oxazolidinone was only exposed to inert atmosphere (Note 4). The
product was obtained as a yellow-colored waxy solid which was immediately subjected
to enolate formation and alkylation (Note 5).

A 2.5 M solution of n-BuLi in hexanes (42 mL, 104 mmol, 1.2 equiv.) was added
dropwise to a 250 mL flask containing N,N-diisopropylamine (16.1 mL, 115 mmol, 1.3
equiv.) in 75 mL anhyd. THF that had been cooled to —78 °C and stirred under argon.

The reaction was stirred at —78 °C for 10 min and then warmed to 0 °C. After 15 min, the

reaction was cooled back to —78 °C. The resulting 0.9 M LDA solution was cannulated
166



into a flask containing the intermediate oxazolidinone 6.5 (15.9 g, 86.9 mmol, 1 equiv.) in
75 mL anhyd. THF at —78 °C and the reaction was stirred for 15 min after which freshly
distilled HMPA (16.6 mL, 95.5 mmol, 1.1 equiv.) (Note 6) was added. The reaction
turned a dark orange color after the addition of HMPA. After 15 min, 4-bromo-1-butene
(17.6 mL, 173.7 mmol, 2 equiv.) was added. The reaction was stirred at —78 °C for an
hour and then warmed to —40 °C (using CH;CN/dry ice) where it was stirred for 6 h. The
intensity of the reaction color reduced over the course of 6 h. The unreacted base was
quenched using saturated NH,Cl and THF removed in vacuo. The waxy residue was
partitioned between Et,O and 1N HCI (400 mL each). The ether extract was washed with
a second portion of 1 N HCI to ensure maximum removal of HMPA. The ether layer was
then washed sequentially with sat. NaHCO; and brine solutions. The organic layer was
dried over MgSQ,, filtered and concentrated to yield 12 g of the alkylated oxazolidinone
6.6, representing a 60% yield over two steps. This crude product was taken to the next
step without further purification. An analytical sample can be prepared by passing 1 g of
the crude material through a Luknova® 4 g normal phase SiO, gel column with elution by
hexanes. This material is a colorless oil and its spectral properties are consistent with
those reported in the literature.'”

TLC R; 0.56 (EtOAce/hexanes, 3:1)

'H NMR (400 MHz, CDCls) & 5.81(dddd or app. ddt, 1H, J; = 16.8 Hz, J, = 10.2 Hz, J; =
Js = 6.5 Hz, CH=CH,), 5.05-4.92 (m, 2H, CH=CH,), 4.22 (s, 1H, N-CH-0), 3.02—2.82 (m,
2H, 8-CH.), 2.26—2.07 (m, 3H, CH,CH=CH,, B-CH.), 1.88—1.60 (m, 5H, y-CH., B-CH.,
CH,CH,CH=CH,), 0.91 (s, 9H, C(CHs)3)

'3C NMR (100 MHz, CDCls), 178.4 (C=0), 138.1 (CH=CH,), 114.8 (CH=CH,), 105.2 (N-
C-0), 71.8 (a-C), 57.6 (8-C), 36.9 (C(CHz)3), 36.5, 35.8 (B-C, CH,CH,CH=CH,), 28.3

(CH.CH=CH,), 24.9 (y-C), 24.4 (C(CHs)3)
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Notes:

1. The reaction should be stirred vigorously to prevent reactants from depositing on
the sides of the flask and thereby decomposing due to localized superheating
over the course of the reaction.

2. The reaction mixture should be heated only after pivalaldehyde addition. This
prevents issues discussed in Note 1.

3. The time for completion has been observed to depend on reaction scale. Less
than 10 g proline is consumed faster.

4. The intermediate oxazolidinone is extremely moisture-sensitive. Ar should be
used when the rotary evaporator vacuum is equalized to atm. pressure.

5. Complete conversion was assumed.

6. HMPA was distilled from CaH, using vacuum distillation. The fraction was

collected at 92 °C and at 5 mmHg (or 5 Torr).

(S)-2-(3’-Butenyl)pyrrolidine-2-carboxylic Acid (6.7)

S0 SiO, gel, MeOH/H,O (5:1)
reflux, 2-3 h Oi(o
N - .
N

O .
: 83% N OH

N

6.6
The alkylated pivaloyl oxazolidinone 6.6 (10 g, 42.1 mmol) was dissolved in 5:1
methanol/water (240 mL). Silica gel (20 g) was then suspended in this reaction mixture
and the reaction was refluxed for 2 h. The mixture was then cooled to r.t. and the solvent
removed in vacuo. The dry residue was suspended in CH,Cl,/MeOH (20:1) and filtered
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to remove the silica gel which was washed with CH,Cl,. The clear filtrate was then
concentrated to a pale yellow-colored solid which was triturated thrice with hot Et,O to
give a white solid. The solid was re-crystallized (Note 1) from iPrOH/MeOH/H,0 to give
5.9 g of amino acid 6.7 (83% yield).
mp > 250 °C (dec.)
[alo —73.0 (¢ 0.12, CH3OH) [lit."” [a]p —73.6 (c 0.88, CH;OH); lit."” [a]p —73.4 (c 0.095,
CH3OH)]
'H NMR (400 MHz, D,O, gCOSY assignments) & 5.73 (dddd, 1H, J; = 12.7 Hz, J, =
10.2 Hz, J5 = 6.4 Hz, J; = 6.4 Hz, CH=CH,), 5.12—4.90 (m, 2H, CH=CH), 3.33-3.17 (m,
2H, 5-CH,), 2.29-2.22 (m, 1H, y-CH,), 2.09-1.71 (m, 7H, CH.CH.CH=CH,, B-CH, y-
CH)
3C NMR (100 MHz, D,0, gHMQC assignments) 8 175.9 (C=0), 136.9 (CH=CH,), 115.8
(CH=CHy), 74.5 (a-C), 45.9 (5-C), 35.7 (y-C), 34.6 (CH,CH,CH=CH,), 28.9
(CH,CH,CH=CHy,), 22.8 (B-C)
Notes:

1. The white solid obtained after hot Et,O treatment can be used directly without

further purification.
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N-(tert-Butyloxycarbonyl)-(S)-2-(3’-butenyl)pyrrolidine-2-carboxylic Acid

<\ BOC20, (CH3)4N OH-5 H2O <\
Oifo CHsCN, rt.,4d R D;(O
N N

H OH 85% Boc OH

6.7

(S)-2-(3-Butenyl)proline 6.7 (5.9 g, 35.0 mmol) and tetramethylammonium
hydroxide pentahydrate (6.5 g, 35.0 mmol, 1.0 equiv.) were suspended in 350 mL of
anhyd. acetonitrile (Note 1) under argon. The reaction mixture was stirred for 20 min
during which a clear solution was obtained indicating complete salt formation. Boc,O
(11.5 g, 52.5 mmol, 1.5 equiv.) was added and the reaction was stirred under Ar for 3
days after which an additional amount of Boc,O (3.8 g, 17.5 mmol, 0.5 equiv.) was
added. The reaction was allowed to proceed for another day. The reaction mixture was
then concentrated under vacuum and the residue was partitioned between 200 mL 1N
NaOH and 200 mL Et,O. The aqueous layer was extracted again with Et,O (100 mL).
The aqueous layer was cooled to 0 °C and then acidified with 3N HCI to pH 2-3. This
was then extracted with EtOAc (3 x 150 mL). The combined ethyl acetate extracts were
dried over MgSQ,, filtered and concentrated in vacuo to give a white solid. The product
was crystallized from Et,O/hexanes to give white crystals weighing 8.0 g (85 % yield).
This compound can also be carried on to the next step without crystallization.
mp 91-92 °C [lit."”® 92 °C]

[a]D +38.7 (¢ 1.8, CHsOH) [lit."°[a]p +36.2, (¢ 2.13, CHzOH); lit."” [a]p +37.4 (c 1.35,
CH30H)]

TLC Ry 0.60 (2-propanol/NH,OH, 4:1)
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'H NMR (400 MHz, CDCls) & 5.84-5.73 (m, 1H, CH=CH,), 5.04—4.94 (m, 2H, CH=CH,),
3.76-3.71 (m, 0.4H, 5-CH.), 3.55-3.28 (m, 1.6H, 5-CH.), 2.68-2.6 (m, 0.5H, B-CH.),
2.30-1.74 (m, 7.5H, CH,CH,CH=CH,, CH,CH.CH=CH,, y-CH,, B-CH,), 1.48 and 1.41
(s, 9H, G(CH)s)

'3C NMR (100 MHz, CDCls, rotamers observed about carbamate bond in a 1-2:1 ratio) &
180.9 and 175.3 ((C=0)—OH), 157.1 and 153.9 (NH—(C=0)), 138.2 and 137.4
(CH=CHy,), 115.3 and 114.8 (CH=CH,), 82.1 and 80.6 (a-C), 49.4 and 48.7 (5-C), 37.6
and 35. 3 (B-C), 34.1 and 33.6 (CHCH,CH=CHy), 28.6 and 28.0 (CH,CH,CH=CH,) 28.5
and 28.4 (C(CH,)3), 22.9 and 22.8 (y-C)

Notes:

1. Acetonitrile was rendered anhydrous by distilling from CaH..

Benzyl N-(tert-Butyloxycarbonyl)-(S)-2-(3’-butenyl)pyrrolidine-2-carboxylate (6.8)

- DBU, BnBr —
<\ Benzene, reflux <\
R 17 h -
90%
N N

Boc OH Boc OBN

6.8

1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, 4.6 mL, 30.9 mmol, 1.0 equiv.) was
added to a solution of Boc-protected amino acid in 300 mL benzene. This was followed
by the addition of BnBr (5.5 mL, 46.4 mmol, 1.5 equiv.). The solution was stirred under
Ar for 20 min. following which a thick off-white precipitate formed. The suspension was
then refluxed with vigorous stirring under Ar for 6 h. An additional amount of BnBr (1.9

mL, 15.5 mmol, 0.5 equiv.) was incorporated into the reaction mixture. Following reflux
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for another 12 h, TLC indicated complete consumption of starting material. The mixture
was cooled to r.t. and filtered to remove the DBU<HBr precipitate. The residue was
washed with EtOAc and the filtrate washed sequentially with 10% citric acid, sat.
NaHCOg3, and brine solutions. The organic layer was dried over MgSQ,, filtered and
concentrated to give a yellow-colored oil which was further purified by flash
chromatography in two portions using the Isco Combiflash Retrieve system with an 80 g
Luknova® normal phase SiO, column (gradient elution: 0-10% EtOAc in hexanes). The
product is obtained as a clear, colorless oil weighing 10.0 g (90% yield).

TLC R; 0.42 (Hexanes/EtOAc, 5:1) [lit."”® R;0.23 (hexanes/EtOAc, 10:1)]

[a]p +9.2 (¢ 1.18, CHCI) [lit."°[a]p +8.4 (¢ 1.1, CHCIy); lit."” [a]p +8.6 (¢ 1.34, CHCI3)]
'H NMR (400 MHz, CDCl3) & 7.34—7.29 (m, 5H, Ar-CH), 5.86-5.76 (m, 1H, CH=CHy),
5.19-4.91 (m, 4H, CH,Ph, CH=CH,), 3.76-3.69 (m, 0.7H, 5-CH,), 3.62—-3.56 (m, 0.3H,
5-CH.), 3.44-3.33 (m, 1H, 8-CH.), 2.49—2.43 (m, 0.3H, B-CH.), 2.32—2.20 (m, 0.7H, B-
CH,), 2.10-1.73 (m, 7H, CH,CH,CH=CH,, CH,CH,CH=CH,, y-CH,, B-CH.), 1.41 and
1.33 (s, 9H, C(CH)3)

"*CNMR (100 MHz, CDCls, rotamers observed about the carbamate bond in a 2:1 ratio)
5 174.6 and 174.5 ((C=0)—-OH), 154.0 and 153.8 (NH-(C=0)), 138.6 and 138.2 (Ar-G,),
136.2 and 135.8 (CH=CH,), 128.7 and 128.5 (Ar-C), 128.3 and 128.1 (Ar-C), 128.0 and
127.9 (Ar-C,), 114.7 and 114.4 (CH=CH,), 80.1 and 79.5 (NH—(C=0)—C(CHj)s), 67.9
and 67.4 (a-C), 66.8 and 66.7 (CH,Ph), 48.7 (5-CH,), 37.5 and 36.2 (B-C), 34.3 and 33.4
(CHCH,CH=CHy,), 28.5 and 28.0 (CH,CH,CH=CH), 28.3 (NH—(C=0)-C(CHj3)s), 23.3

and 22.7 (y-C)
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Benzyl N-(tert-Butyloxycarbonyl)-(S)-2-((propan-3’-al)yl)pyrrolidine-2-carboxylate

(6.9)
<: 1. 0sO4, NMO, THF Co

RIS 2. Nal0/SiO,, THF-H,0 \
- O
N 80% N
Boc OBn ° Boc OBn
6.8 6.9

The alkene 6.8 (13 g, 36.2 mmol, 1.0 equiv.) was dissolved in 500 mL

volume of a 5:1 THF-H,O mixture. This was followed by a sequential addition of a
solution of OsQO,4 (462 mg, 1.8 mmol, 5 mol%) in tert-butanol and N-methylmorpholine N-
oxide (NMO, 10.6 g, 90.5 mmol, 2.5 equiv.). The dark amber-colored solution was stirred
at room temperature under Ar for 17 h. A few mLs of a 10% sodium sulfite solution was
added to quench excess oxidizing agents and then THF was removed in vacuo. The
aqueous residue was washed with EtOAc and the organic layer dried over MgSQO,,
filtered and concentrated to a yellow to brown-colored oil that was used without further
purification.

To a solution of the resulting diol in 400 mL CH.Cl,, NalO,4 supported on
SiO, gel'™ (72 g, Note 1) was added in one portion. The reaction was stirred for 1-2 h at
r.t. until the starting diol was no longer detected by TLC analysis. The reaction mixture
was filtered twice through a sintered glass funnel and the SiO, was washed well with
CH.CI,. The filtrate was concentrated to a pale yellow oil which was purified by flash
chromatography (gradient elution:0-20% EtOAc/hexanes) to give the product 6.9 as a
colorless oil weighing 10 g (80% yield)
TLC Ry 0.3 (EtOAc/hexanes, 1:3)

[a]o +11.1 (¢ 1.33, CHCI,) [lit."° +11.5 (¢ 1.7, CHCl3)]
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'H NMR (400 MHz, CDCls, rotamers observed about the carbamate bond in a 1:1 ratio)
0 9.75 and 9.67 (s, 1H, (C=0)-H), 7.37-7.29 (m, 5H, aromatic-CH), 5.22-5.04 (m, 2H,
CH.Ph), 3.76-3.67 (m, 0.5H, Pro 8-CH,), 3.50-3.59 (m, 0.5H, Pro 8-CH.), 3.45-3.30 (m,
1H, Pro 8-CH,), 2.72-2.22 (m, 4H, CH,CH,-(C=0)-H), 2.15-1.75 (m, 4H, Pro B-CH,, Pro
y-CH.), 1.39 and 1.34 (C(CHs)s)

'3C NMR (100 MHz, CDCls, rotamers observed about the carbamate bond in
approximately 1:1 ratio) 202.5 and 201.4 ((C=0)-H), 174.1 and 173.9 (ester C=0), 154.4
and 153.8 (carbamate C=0), 135.9 and 135.6 (benzyl Ar-C,), 128.8, 128.6, 128.5, 128.2
and 128.1 (benzyl Ar-CH), 80.8 and 80.1 (C(CHy)3), 67.6 and 67.1 (Pro a-C), 67.1 and
67.0 (CHoPh), 48.7 and 48.6 (Pro 8-C), 39.5 and 39.1 (CH,CH,-(C=0)-H), 37.5 and 36.6
(Pro B-C), 28.4 and 28.3 (C(CHs)3), 27.8 and 27.7 (CH,CH,-(C=0)-H), 23.3 and 22.7
(Proy-C)

Notes:

1. Typically, 2g NalO,4in SiO, per mmol diol is used.

Methyl [3'S-(3'a,6'a,8'aB)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-
pyrrolidinyl]Jcarbonyl]-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-
carboxylate (6.10)

H H
S S
\) 1) 25% TFA/CH,Cl, J
XN > R N

2) Boc-L-Pro-OH, DIPEA,

N B N .
Boc O O//\oCHs HATU, DMF, 0°C tor.t. o O//\OCHs
79% over two steps O
NBoc

6.2b 6.10
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Trifluoroacetic acid (2.5 mL, 34 mmol, 40 equiv.) was added to an ice-cooled
anhydrous dichloromethane solution of the spirocycle (313 mg, 0.85 mmol, 1.0 equiv.).
The final concentration of TFA in dichloromethane was 20-25%. The reaction was
monitored by thin layer chromatography (TLC) using 25% ethyl acetate in hexanes. After
45-60 minutes, the starting material was consumed completely. Solvent and excess
TFA were removed in vacuo. The pale-yellow colored oil was used in the next step

without further purification.

Boc-L-proline (220 mg, 1.0 mmol, 1.2 equiv.) was dissolved in anhydrous DMF (5
mL). The solution was cooled in an ice-salt bath, followed by the addition of DIPEA (0.2
mL, 1.3 mmol, 1.5 equiv.) and HATU (388 mg, 1.0 mmol, 1.2 equiv.). The solution was
stirred under Ar at this temperature for 30 minutes. In another 10 mL flask, the
deprotected amine from the first step was suspended in anhydrous DMF (5mL) and the
trifluoroacetate salt neutralized with DIPEA (0.2 mL, 1.3 mmol, 1.5 equiv.). The clear
solution obtained was added to the activated acid. The mixture was stirred under Ar for
20 hours after which the solvent was removed in vacuo. The residue was dissolved in
ethyl acetate and washed sequentially with 10% citric acid, saturated NaHCO3, and brine
solutions.The organic layer was dried over anhydrous MgSO,, filtered and concentrated
in vacuo to give a yellow-colored oil which was purified by flash chromatography starting
with 100% CHCl, and increasing the polarity in discrete steps to 4% MeOH in CH.Cl, to
give the purified compound as a colorless oil in 79% yield.
[a]o -40.7 (c0.43, CDCl,)
TLC R; 0.65 (CH.Cl, / MeOH, 10:1)
'H and "®C NMR spectra indicate presence of two rotameric forms of the molecule about

the carbamate bond in a 1:1 ratio. Several peaks display the rotamers.
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"H NMR (300 MHz, CDCl;, gCOSY) 5 4.80—4.74 (m, 1H, 8'a-CH), 4.68—4.65 (m, 1H, 3’-
CH), 4.43 (app. 1, 0.5 H, J = 4.8, 9.9 Hz, Pro a-CH), 4.30 (dd, 0.5H, J= 1.2, 5.7 Hz, Pro
a-CH), 3.86-3.78 (AB qt. 0.5 H, J =9, 15 Hz, Pro 8-CH,), 3.74-3.49 (m, 2.5H, Pro &-
CHa, 5-CH,), 3.67 (s, OCHs), 3.39-3.26 (m, 2H, Pro 8-CH,, 2'-CHy), 3.15-3.09 (dd, 1H, J
=4.5,12.6 Hz, 2-CH,), 2.68-2.52 (m, 2H, 8'CH,), 2.12—1.84 (m, 9H, Pro B-CH,, Pro y-
CHo, 3-CHy, 4-CHa, 7-CH,), 1.80-1.70 (m, 1H, 7-CH,), 1.39 and 1.37 (s, 9H, Boc-CH).
'3C NMR (75 MHz, CDCl3, HMQC) & 171.4, 171.1, 170.8, 170.6 (amide and ester C=0),
154.7 and 153.9 (Boc C=0), 79.5 and 79.3 (Boc C(CHjs)3), 65.0 and 64.9 (6'-C), 63.6,
63.5, 63.4 (8'a-C and 3-C), 58.3 (Pro a-C), 52.6 and 52.5 (O-CHjs), 48.1 (Pro 5-C), 47.2
and 46.9 (5-C), 42.0 and 41.9 (3-C), 37.0 (8*-C), 33.1(2*-C), 29.8 (Pro B-C), 28.9 and
28.8 (7-C), 28.7 and 28.6 (Boc CHs), 24.3, 23.8 and 23.8, 23.6 (Pro y-C and 4-C)

ESI HRMS m/z 490.1978 [M+Na]*, (C2Hs3NsOsS+ Na*) requires 490.1988.

[3'S-(3'a,6'a,8'aB)]-1-[[17-(tert-Butyloxycarbonyl)-2”(S)-pyrrolidinyl]Jcarbonyl]-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide (6.1b)

H H
S S
W 1) LIOH, THF/H,0, -5 °C tor.t N
N P - N\N B
2) NH3, HATU, DIPEA, DMF 2
© o//\OCH3 ~78 °Ctor.t. O 7™NH,
o
O o)
NBoc NBoc
6.10 6.1b

A solution of the ester 6.10 (240 mg, 0.5 mmol, 1.0 equiv.) in 3:1 THF-water was
cooled to -5 °C in an ice-salt bath. Lithium hydroxide (37 mg, 1.5 mmol, 3.0 equiv.) was

added at this temperature. The final molarity of LIOH was 0.5 M. The reaction was
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gradually warmed to room temperature. Ester hydrolysis was determined to be complete
in less than 4 hours by thin layer chromatography. (Note 1)

The carboxylic acid obtained (211 mg, 0.5 mmol, 1.0 equiv.) was dissolved in
anhydrous DMF (3 mL) in the presence of DIPEA (0.12 mL, 0.8 mmol, 1.6 equiv.) and
the solution cooled to =5 °C in an ice-salt bath. HATU (179 mg, 0.5 mmol, 1.0 equiv.)
was added to the solution which was then warmed to room temperature for 20 minutes.
The pale-yellow colored solution obtained was cooled to —78 °C and a saturated solution
of ammonia in anhydrous CH.Cl, was added (8—10 mL). The solution turned into a bright
canary yellow color. An empty balloon was fitted onto the flask via an adaptor and the
reaction warmed to room temperature over 1 hour. The reaction mixture was stirred at
ambient temperature for 24 hours, following which an additional amount of ammonia in
CH.Cl, (3—4 mL) was added. Following another 24 hours, the solvent and excess
ammonia were removed in vacuo. The residue was dissolved in EtOAc and washed
sequentially with 10% citric acid, saturated NaHCO3, and brine solutions. The organic
layer was dried over anhydrous MgSQ,, filtered and concentrated to give a pale yellow
oil which was purified by flash chromatography using gradient elution (100% CH,CI; first
and increasing to 20 % MeOH in CH.Cl,) to give an overall 85% yield. (Note 2)

TLC Rf 0.49 (CH,Cl/MeOH, 10:1)]

[a]lp —35.8 (¢ 0.81, CDCly)

'H and "®C NMR spectra indicate presence of two rotameric forms of the molecule about
the carbamate bond in a 1:1 ratio. Several peaks display the rotamers.

'H NMR (300 MHz, CDCls, gCOSY) & 7.49 and 7.59 (s, 1H, carboxamide NH), 5.36 (br.
s, 1H, carboxamide NH), 4.81-4.75 (m, 2H, 8'a-CH and 3’-CH), 4.45-4.41 (dd, 0.5H, J =
3.0 and 8.1 Hz, Pro a-CH), 4.37-4.33 (dd, 0.5H, J = 3.0 and 8.7 Hz, Pro a-CH), 3.98-

3.91 (ddd, 0.5H, J= 3.9, 8.1, and 9.3 Hz, Pro 6-CH), 3.79-3.72 (ddd, 0.5H, J =3.0, 7.8,
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and 8.7 Hz, Pro 6-CH), 3.62-3.22 (m, 5H, Pro 6-CH, 5-CH,, 2’-CH,), 2.69-2.39 (m, 1H,
8-CH), 2.33-1.79 (m, 11H, Pro B-CH,, Pro y-CH,, 3-CH,, 4-CH,, 7-CH,, 8'-CH), 1.43
and 1.41 (s, 9H, Boc-CHs).

3C NMR (75 MHz, CDCl3, HMQC) & 172.5, 172.3, 172.2, 172.1, 170.5, and 170.2
(amide C=0), 154.8 and 153.9 (Boc C=0), 79.7 and 79.5 (Boc C(CHj,)3), 64.5, 64.4,
64.1,63.9 (6’-C, 8'a-C and 3’-C), 58.1 and 58.0 (Pro a-C), 47.96 and 47.94 (Pro 6-C),
47.1 and 46.9 (5-C), 41.2 and 41.1 (3-C), 38.1 and 38.0 (8'-C), 33.9 and 33.8 (2-C),
29.5 (Pro B-C), 28.7 and 28.6 (Boc C(CHs)s), 28.1 and 27.8 (7*-C), 24.6, 24.5, 23.5 (Pro
y-C and 4-C)

ESI HRMS m/z 475.1987 [M+Na]", (C21Hs2N4,OsS+ Na*) requires 475.1991.

Notes:

1. Two distinct spots were observed by TLC, indicative of possible epimerization of
the thiazolidine stereocenter. The mixture of carboxylic acids was used in the
subsequent coupling step.

2. Combined yield of both diastereomers differing in stereochemistry about the 3’

carbon was 85%. A 1:1 ratio of the two carboxamides were obtained.
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[3'S-(3'a,6'a,8'aB)]-1-[2”(S)-Pyrrolidinyl]carbonyl]-5'-oxospiro[pyrrolidine-2,6'-
thiazolidino[3,2-a]piperidine]-3'-carboxamide (5.2b)

H H
S S
\) 25% TFA/CH,Cl, -5 °C \)
NN, . NN~
N z : N -
o O//\NHz quant. yield 0 O//\NH2
o) o)
NBoc NH «CF;COOH
6.1b 5.9b

The Boc-protected molecule 6.1b (50 mg, 0.1 mmol, 1.0 equiv.) was dissolved in
1—2 mL anhydrous CH,Cl, and cooled to —5 °C using an ice-salt bath. Trifluoroacetic
acid (0.2 mL, 2.2 mmol, 20 equiv.) was added drop-wise to this solution, which was
stirred at that temperature for 45-60 minutes. The starting material was completely
consumed at this point (as determined by thin layer chromatography). Solvent and
excess TFA were removed in vacuo. The colorless oil obtained was suspended in
CH.Cl, and solvent removed in the rotary evaporator. This process was repeated several
times until a semi-solid material was obtained. This material was triturated with diethyl
ether and the ether decanted to remove any soluble impurities. The pure product 5.2b
was obtained as a white foam/semi-solid weighing 45 mg, indicating quantitative yield. A
solution of the molecule in 4:1 acetonitrile-water was subjected to HPLC analysis on a
Supelco Ascentis® C18 column (5 um particle size, 250 mm x 10 mm dimension), using
an isocratic 98:2 acetonitrile/ 0.1% TFA aqg. solution. A retention time of 3.75 min. was
obtained (100% compared to a blank composed of 4:1 acetonitrile-water).
TLC Rf0.53 (2-propanol / NH,OH, 4:1)

[a]p-11.5 (c 0.13, CD;OD)
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'H NMR (300 MHz, CDCl;) 5 4.89—4.84 (dd, 1H, J= 2.4 and 10.8 Hz, 8'a-CH), 4.56 (d,
1H, J = 6.6 Hz, 3-CH), 4.47—-4.42 (m, 1H, Pro a-CH), 3.72-3.65 (m, 1H, Pro 5-CH),
3.49-3.41 (m, 1H, Pro 3-CH,),3.34-3.14 (m, 4H, 2'-CH,, 5-CH,), 2.43-2.26 (m, 3H, 7"-
CH, 8-CH,), 2.15-1.86 (m, 9H, Pro B-CH,, Pro y-CHx, 3-CHa, 4-CH,, 7'-CH)

'3C NMR (75 MHz, CDCls;, HMQC) & 174.8, 171.6, 168.5 (amide C=0), 66.7 (6'-C), 65.9,
65.1 (8'a-C and 3-C), 60.5 (Pro a-C), 49.2 (Pro -C), 47.8 (5-C), 41.9 (3-C), 38.0 (8-C),
34.3 (2-C), 29.1(Pro B-C), 28.7 (7-C), 25.3, 25.0 (Pro y-C and 4-C).

ESI HRMS m/z 353.1627 [M+H]", (C1sH25N4O3S+ H*) requires 353.1642.

Methyl [3'R-(3'B, 6'a,8'af)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxylate (6.13b
and

Methyl [3'R-(3'B,6'a,8'aa)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxylate (6.13a

H H
s S S
(W /  CMPI, NEtg, CHCl, 4 L,
N HN "’/ - N N
IE\;I CO,H reflux, 12-15 h E‘oc + Bloc
¢ &/ ~OCHs O 4 “OCH, O 4/ OCH

6.12 6.13b 6.13a

The diastereomeric thiazolidine mixture (2.1 g, 5.0 mmol, 1 equiv.) was dissolved
in 150 mL anhydrous CH,Cl, (Note 1). Triethylamine (1.7 mL, 12.5 mmol, 2.5 equiv.)
was added in one portion to the solution followed by CMPI (1.5 g, 6.0 mmol, 1.2 equiv.).
A bright yellow-colored suspension was obtained. This suspension was refluxed for 17 h
at the end of which a dark amber-colored solution was obtained. The reaction mixture
was washed sequentially with 10% citric acid, sat. NaHCO3, and brine solutions. The
organic layer was dried over MgSO,, filtered and concentrated to an orange-colored

syrup that was purified using flash chromatography (gradient elution: 10—-66% EtOAc in
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hexanes; very slow increments in polarity and using a column diameter that would be
used for a 7-8 g reaction scale). The two diastereomers, 6.13b and 6.13a, were
obtained in a 1:3 ratio weighing 300 mg (white solid) and 900 mg (oil) respectively (63%

yield).

Diastereomer 6.13b

mp 160-162 °C (dec.)

TLC R; 0.42 (EtOAc/hexanes, 1:1)

[a]p —198.5 (¢ 0.4, CH,CI,)

'H NMR (400 MHz, CDCl3;, gCOSY assignment) 5 5.08 (dt, J; = 10.2 Hz, J, = 3.1 Hz, 1H,
8a-CH), 4.75 and 4.63 (s, 1H, 3'-CH), 3.72 and 3.71 (s, 3H, OCH,), 3.64-3.38 (m, 2H,
5-CH,), 2.58-1.75 (m, 8H, 7’-CH,, 8'-CH,, 3-CH,, 4-CH,), 1.60 and 1.59 (s, 3H, 2’-
C(CHs),), 1.41 (app.s, 12H, C(CHs)s, 2-C(CHs)2)

'3C NMR (100 MHz, CDCl;, gHMQC assignment, rotamers observed about the
carbamate bond) & 171.2 and 170.8 (lactam C=0), 169.2 and 169.0 (ester C=0), 154.4
and 154.0 (carbamate C=0), 80.4 and 79.3 (C(CHs)3), 72.1 and 71.8 (3'-C), 63.9 and
63.5 (2’-C), 62.7 and 62.3 (8’a-C), 52.2 and 52.1 (6’-C), 51.1 (OCH,), 48.6 and 48.4 (5-
C), 43.2 and 42.2 (3-C), 36.0 and 35.8 (7-C), 28.9, 28.8, 28.7, 28.6, 28.5 (C(CHy)s, 2*-
C(CHs),), 27.8 and 26.9 (8'-C), 22.9 and 22.4 (4-C)

ESI HRMS m/z 421.1755 [M+Na]" C19H30N20sS+Na requires 421.1768

Diastereomer 6.13a

TLC R; 0.40 (EtOAc/hexanes, 1:1)

[a]lp +13.7 (¢ 0.75, CH.Cl,)
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'H NMR (400 MHz, CDCls, gCOSY assignment) & 5.11 (dd, J; = 11.2 Hz, J, = 3.4 Hz,
0.4H, 8'a-CH), 4.97 (dd, J; = 11.4 Hz, J, = 3.4 Hz, 0.6H, 8'a-CH), 4.37 and 4.31 (s, 1H,
3-CH), 3.68 and 3.67 (s, 3H, OCHs), 3.57-3.40 (m, 2H, 5-CH,), 2.61 (ddd, J; = J> = 13.7
Hz, J; = 3.1 Hz, 0.4H, 3-CH,), 2.37 (m, ddd, J; = J» = 13.7 Hz, J; = 2.6 Hz, 0.6H, 7-CH,),
2.29-2.14 (m, 2H, 8'-CH,,3-CH,), 2.02—1.71 (m, 5H, 8'-CHs, 7'-CH,, 3-CHs, 4-CH.), 1.61
and 1.57 (s, 3H, 2-C(CHs),), 1.38 (s, 9H, C(CHs)3), 1.34 and 1.32 (s, 3H, 2'-C—(CHs),)
'®C NMR (100 MHz, CDCl;, gHMQC assignment, rotamers observed about the
carbamate bond) & 171.6 and 171.4 (lactam C=0), 170.0 and 169.8 (ester C=0), 153.9
and 153.3 (carbamate C=0), 80.1 and 79.5 (C(CHzs)3), 72.2 and 71.8 (3’-C), 64.8 and
64.7 (8'a-C), 62.3 and 62.0 (2'-C), 52.1 and 51.9 (OCHj3), 51.3 and 51.2 (6’-C), 48.7 and
48.4 (5-C), 39.6 and 38.8 (8"-C), 33.1 and 32.3 (7-C), 32.2 and 31.9 (2"-C(CH,)), 28.7
and 28.6 (C(CHa)3), 27.2 and 27.1 (3-C), 24.6 and 24.5 (2’-C(CHs),), 23.4 and 22.8 (4-C)
ESI HRMS m/z 421.1781 [M+Na]® C19H30N>OsS+Na requires 421.1768
Notes:

1. DCM was rendered anhydrous by distilling from CaH,.

2. Detailed 1-D NOE NMR studies have indicated the respective stereochemistry

about C-8’a (the bridgehead carbon).

NOE NMR analysis results:

)

T
‘T
m s

1. Irradiation of protons in 6.13b (bolded in each structure)
"‘CHy

(\];(\F wl-f) (\];(\F ,/HCH3 (o
Boc

Boc o OCH, OCH3 Bo o) OCH,

%4
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2. lrradiation of protons in 6.13a (bolded in each structure)

:-S_ ,CHj 2.48%

\
/7%
J I
> S CH3 = S CH3 .
‘, )1.98% 1.74% 4 )4.36%
R N—(, 'CHj R N— “CHs
5 H N "H, )304%
© (@)

Boc o OCH, Boc o OCH,

Methyl [3'S-(3'a, 6'a,8'aa)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxylate (6.16a)
and

Methyl [3'S-(3'a,6'a,8'aB)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxylate (6.16b).

H d H

S =S S
(m CMPI, NEt, CHCI, NJ/ NJ/
N HN “, > N A ! N A !

g COH = reflux, 12-15 h ,L%loc 2 + goc >

oc J~0CH, o) O/\OCH3 o) o/\OCH3
o 57%
6.15 over 2 steps 6.16a 6.16b

The diastereomeric thiazolidine mixture 6.15 (1.9 g, 4.7 mmol, 1 equiv.) was
dissolved in 150 mL anhydrous CH.Cl, (Note 1). Triethylamine (1.6 mL, 11.7 mmol, 2.5

equiv.) was added in one portion to the solution followed by CMPI (1.4 g, 5.6 mmol, 1.2
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equiv.). A bright yellow-colored suspension was obtained. This suspension was refluxed
for 17 h at the end of which a dark amber-colored solution was obtained. The reaction
mixture was washed sequentially with 10% citric acid, sat. NaHCO3, and brine solutions.
The organic layer was dried over MgSQ,, filtered and concentrated to an orange-colored
syrup that was purified using flash chromatography (gradient elution: 10-66% EtOAc in
hexanes; very slow increments in polarity and using a column diameter that would be
used for a 7-8 g reaction scale). The two diastereomers 6.16a and 6.16b were obtained

in a 1:1 ratio weighing 500 mg each (57% yield).

Diastereomer 6.16a

mp 166—167 °C (dec.)

TLC R; 0.34 (EtOAc/hexanes, 1:1)

[a]p +138.4 (¢ 0.5, CH,Cl,)

'H NMR (400 MHz, CDCls, gCOSY assignment) §5.32 (dd, J; = 10.8 Hz, J,= 3.9 Hz,
0.4H, 8'a-CH), 5.23 (dd, J; = 11.0 Hz, J, = 4.2 Hz, 0.6H, 8'a-CH), 4.61 and 4.57 (s, 1H,
3’-CH), 3.76 and 3.71 (s, 3H, OCH,), 3.68-3.44 (m, 2H, 5-CH,), 2.79-2.64 (m, 1H, 7’-
CH,), 2.32-2.20 (M, 2H, 8'-CHa, 3-CHo), 2.04—1.71 (m, 5H, 8'-CH,, 7'-CHp, 3-CH,, 4-
CH.), 1.59 and 1.56 (s, 3H, 2'-C(CHs),), 1.49-1.42 (m, 12H, 2’-C(CHs),, C(CHs)3)

3C NMR (100 MHz, CDCl3;, gHMQC assignment) & 171.7 and 171.0 (lactam C=0),
169.0 and 168.7 (ester C=0), 153.6 and 153.5 (carbamate C=0), 80.5 and 79.3 (NH—
(C=0)—-C(CHs)3), 72.3 and 72.1 (3’-C), 64.6 and 64.5 (2'-C(CH,).), 62.4 and 62.3 (8'a-C),
51.9 and 51.8 (O—CHy), 51.4 and 51.1 (6'-C), 48.6 (5-C), 41.0 and 38.9 (3-C), 32.5 and
31.5 (7’-C), 30.3 and 30.0 (2'-C(CHa),, 28.9, 28.5, 28.2, 27.8 (8’-C and C(CHjs)3), 27.1
and 26.6 (4-C).

ESI HRMS m/z 421.1792 [M+Na]* C19H3oN2OsS+Na requires 421.1768
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Diastereomer 6.16b

mp 163-164 °C (dec.)
TLC R; 0.26 (EtOAc/hexanes, 1:1)
[a]lp —130.5 (¢ 0.5, CH,Cly)
'H NMR (400 MHz, CDCls, gCOSY assignment) 54.93 (dd, J; = 11.1 Hz, J,= 2.1 Hz, 1H,
8'a-CH), 4.27 and 4.26 (s, 1H, 3'-CH), 3.74 and 3.69 (s, 3H, OCH,), 3.67-3.55 (m, 1H,
5-CH.), 3.52-3.39 (m, 1H, 5-CH.), 2.68-2.57 (m, 1.2H, 7’-CH,), 2.36—2.25 (m, 0.8H, 8-
CH,), 2.19-1.74 (m, 6H, 8-CH,, 7"-CH,, 3-CH,, 4-CH,), 1.59 (s, 3H, 2’-C(CHs),), 1.48—
1.38 (m, 12H, 2’-C(CHs),, C(CHs)s3)
3C NMR (100 MHz, CDCl3;, gHMQC assignment) & 172.3 and 171.8 (lactam C=0),
169.8 and 169.7 (ester C=0), 154.4 and 154.1 (carbamate C=0) 80.5 and 79.1 (NH-
(C=0)-C(CHj3)s), 73.5 and 73.4 (3-C), 72.4 and 72.3 (6'-C), 63.9 and 63.6 (8'a-C), 61.5
and 61.47 (2'-C(CH,),), 52.0 and 51.9 (O-CHy), 48.3 (5-C), 44.6 and 42.9 (3-C), 36.7
(7-C), 31.8 and 31.7 (2’-C(CHa),), 28.9 and 28.5 (8’-C), 28.3 and 28.28 (C(CH,)3), 23.5
and 23.4 (2-C(CHs),), 22.7 and 22.0 (4-C).
ESI HRMS m/z 421.1778 [M+Na]® C19H30N2OsS+Na requires 421.1768
Notes:

1. DCM was rendered anhydrous by distilling from CaH,,

2. Detailed 1-D NOE NMR studies have indicated the respective stereochemistry

about C-8’a (the bridgehead carbon).
3. Single molecule X-ray crystal structure for both 6.16a and 6.16b was

performed and relative stereochemistry confirmed.
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NOE NMR analysis results:

1. Irradiation of protons in 6.16a (bolded in each structure)

H
=S \Z/D
o N\Z{’/ ‘CH3
N' ~~H)

Boc O/’\OCH3 BOC O /\OCHS

2. lrradiation of protons in 6.16b (bolded in each structure)

Methyl [3'R-(3'B,6'a,8'aB)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-
pyrrolidinyl]carbonyl]- 2’,2’-dimethyl-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-
alpiperidine]-3'-carboxylate (6.17b)

H
S
1. 25% TFA/CH,Cl, /
0°C,2h o R N “r
— N
2. Boc-L-Pro-OH, HATU, O OCHg3
DIPEA, DMF, 0°C to r.t., o) O
36h NBoc
6.13b 77% 6.17b

A solution of the spirocycle 6.13b (115 mg, 0.3 mmol, 1.0 equiv.) in 3 mL

anhydrous CH,ClI, (Note 1) was cooled to 0 °C using an ice bath. Trifluoroacetic acid
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(0.9 mL, 11.6 mmol, 40 equiv.) was then added dropwise to this solution which was then
stirred at 0 °C until Boc deprotection was determined to be complete by TLC. This was
usually between 1.5 and 2 h. The reaction was warmed up to r.t. and the volatiles
removed by rotary evaporation. The residue was re-dissolved in CH.Cl, and the solvent
removed by evaporation twice until the excess TFA was removed. The pale yellow-
colored residue was dried to a constant weight for 5-6 h under vacuum.

A solution of Boc-L-proline (75 mg, 0.4 mmol, 1.2 equiv.) in 2-3 mL DMF (Note 2)
was cooled to -5 °C using an ice/salt bath. DIPEA (0.1 mL, 0.6 mmol, 2.0 equiv.) was
added drop-wise to this cooled solution followed by HATU (133 mg, 0.4 mmol, 1.2
equiv.). The clear solution was stirred for 30 min after which a solution of the spirocycle
free amine in 2 mL DMF [obtained by neutralizing the TFA salt (120 mg, 0.3 mmol, 1.0
equiv.) with DIPEA (0.1 mL, 0.6 mmol, 2.0 equiv.)] was added to the active ester. The
yellow colored solution was warmed to r.t. and stirred there under Ar for 36 h. At the end
of this time, DMF and other volatiles were removed in vacuo. The residue was dissolved
in 50 mL EtOAc and was sequentially washed with 10% citric acid, sat. NaHCO; and
brine solutions. The organic layer was dried over MgSQ,, filtered and concentrated to
give yellow-colored residue which was purified by flash chromatography (gradient
elution: 0—6% MeOH/CH,CI, in discrete steps) to give the product 6.17b clear oil
weighing 110 mg (77% yield).

TLC R; 0.55 (CH,Cl,/MeQOH, 20:1)

[a]lo =132 (c 3.02, CHCls)

'H NMR (400 MHz, CDCl3;, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio) 8 5.03 (dt, 1H, 8'a-CH), 4.69 and 4.67 (s, 1H, 3'-CH), 4.38 (dd, 0.5H,

J=79Hz, J, =3.5Hz Proa-CH) 4.30 (dd, 0.5H, J; = 8.4 Hz, J, = 3.6 Hz, Pro a-CH),

3.85-3.79 (m, 0.5H, Pro 6-CH.), 3.68 and 3.67 (s, 3H, OCH;), 3.68-3.64 (ovilp. m, 0.5H,
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Pro 6-CH,), 3.58-3.46 (m, 2H, Pro 6-CH,, 5-CH,), 3.41-3.28 (m, 1H, 5-CH,), 2.56-2.42
(m, 2H, 8'-CH,, 7-CH,), 2.28—1.82 (m, 9H, 3-CH,, 8'-CH,, 7-CH., Pro B-CH., Pro y-CH,,
4-CH,), 1.79-1.69 (m, 1H, 4-CH,), 1.56 and 1.55 (s, 3H, 2'-C(CHs),), 1.39-1.34 (m, 12H,
2'-C(CHs)2, C(CHs)s)
'3C NMR (100 MHz, CDCl;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1:1 ratio) 8 171.2 and 170.9 (lactam C=0), 170.5 and 170.2
(amide C=0), 169.13 and 169.11 (ester C=0), 154.6 and 153.7 (carbamate C=0), 79.3
and 79.2 (C(CHjs)s), 71.9 and 71.8 (3-C), 64.9 and 64.8 (6-C), 62.9 and 62.8 (8'a-C),
58.1 and 58.0 (Pro a-C), 52.1 and 52.0 (OCHj3), 50.9 and 50.7 (2’-C), 48.1 and 48.0 (Pro
5-C), 47.1 and 46.8 (5-C), 41.5 and 41.4 (3-C), 36.5 and 36.3 (8"-C), 29.7 (Pro B-C),
28.9, 28.8, 28.7 and 28.6 (7’-C, 2’-C(CHs).), 28.5 (C(CHa)3), 26.8 and 26.7 (2-C(CHs),),
24.4, 23.69, 23.68, 23.6 (Pro y-C, 4-C)
ESI HRMS m/z 518.2298 [M+Na]* C24H37N30¢S+Na requires 518.2295
Notes:

1. CH,CI, was rendered anhydrous by distilling from CaH,

2. DMF that was purchased was stored over 4 A molecular sieves and used directly

without further purification.
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Methyl [3'R-(3'B,6'a,8'aa)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-
pyrrolidinyl]carbonyl]- 2’,2’-dimethyl-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-
alpiperidine]-3'-carboxylate (6.17a)

1. 25% TFA/CH,Cl,
0°C,2h _ NN
> N

E’\l\g(\r 2. Boc-L-Pro-OH, HATU 0]
Boc O g DIPEA, DMF, 0°C to r.t., o ©O
36 h
NBoc

6.13a
79% 6.17a

A solution of the spirocycle 6.13a (500 mg, 1.3 mmol, 1.0 equiv.) in 11 mL
anhydrous CH,CI, (Note 1) was cooled to 0 °C using an ice bath. Trifluoroacetic acid
(3.8 mL, 50 mmol, 40 equiv.) was then added dropwise to this solution which was then
stirred at 0 °C until Boc deprotection was determined to be complete by TLC. This was
usually between 1.5 and 2 h. The reaction was warmed up to r.t. and the volatiles
removed by rotary evaporation. The residue was re-dissolved in CH,Cl, and the solvent
removed by evaporation twice until the excess TFA was removed. The pale yellow-
colored residue was dried to a constant weight for 5-6 h under vacuum.

A solution of Boc-L-proline (437 mg, 2.0 mmol, 1.2 equiv.) in 5 mL DMF (Note 2)
was cooled to -5 °C using an ice/salt bath. DIPEA (0.6 mL, 3.4 mmol, 2.0 equiv.) was
added drop-wise to this cooled solution followed by HATU (772 mg, 2.0 mmol, 1.2
equiv.). The clear solution was stirred for 30 min after which a solution of the spirocycle
free amine in 5 mL DMF [obtained by neutralizing the TFA salt (700 mg, 1.7 mmol, 1.0
equiv.) with DIPEA (0.6 mL, 3.4 mmol, 2.0 equiv.)] was added to the active ester. The
yellow colored solution was warmed to r.t. and stirred there under Ar for 36 h. At the end
of this time, DMF and other volatiles were removed in vacuo. The residue was dissolved
in 80 mL EtOAc and was sequentially washed with 10% citric acid, sat. NaHCO3;, and

brine solutions. The organic layer was dried over MgSQ,, filtered and concentrated to
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give yellow-colored residue which was purified by flash chromatography (gradient
elution: 0—6% MeOH/CH,CI, in discrete steps) to give a clear oil weighing 492 mg (79%
yield).

TLC Ry 0.47 (CH.Cl,/MeCOH, 20:1)

[alo =33 (c 1.11, CHCly)

'H NMR (400 MHz, CDCls, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio) 8 5.17 (dt, 1H, J; = 11.0 Hz, J, = 3.0 Hz, 8'a-CH), 4.44 (dd, 0.5H, J;
=7.8Hz, J,=3.4 Hz, Pro a-CH), 4.40 and 4.39 (s, 1H, 3’-CH), 4.32 (dd, 0.5H, J; = 8.5
Hz, J, = 4.0 Hz, Pro a-CH), 3.89-3.85 (m, 0.5H, Pro 6-CH.), 3.78-3.67 (ovlp. m, 0.5H,
Pro 8-CH,), 3.71 (s, 3H, OCHs), 3.60-3.49 (m, 2H, Pro d-CH,, 5-CH,), 3.46-3.33 (m, 1H,
5-CH.), 2.74-2.66 (m, 1H, 7’-CH.), 2.29—1.84 (m, 9H, 8'-CH,, Pro B-CHs, Pro y-CH., 3-
CH,, 4-CH,), 1.83-1.76 (m, 2H, 4-CH,, 7’-CH,), 1.65 and 1.64 (s, 3H, 2’-C(CHs),), 1.43
and 1.41 (s, 9H, C(CHs);), 1.36 and 1.35 (s, 3H, 2'-C(CHs),)

'3C NMR (100 MHz, CDCl;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1:1 ratio) 8 171.3 and 170.8 (lactam C=0), 170.7 and 170.6
(amide C=0), 170.1 (ester C=0), 154.6 and 153.7 (carbamate C=0), 79.5 and 79.4
(C(CHj3)3), 71.9 and 71.8 (3-C), 66.1 and 66.0 (6'-C), 62.0 and 61.9 (8'a-C), 58.1 and
58.0 (Pro a-C), 52.0 (OCHs), 51.8 and 51.2 (2’-C), 48.4 and 48.3 (Pro 6-C), 47.2 and
46.9 (5-C), 37.7 and 37.6 (8"-C), 32.3 and 32.2 (2'-C(CH,),), 31.8 and 31.5 (7’-C), 29.7
and 28.7 (3-C), 28.6 and 28.5 (C(CHz)3), 27.4 and 27.3 (Pro B-C), 24.6 and 24.5 (2’-
C(CHa),), 24.5, 24.3, 24.2 and 23.8 (Pro y-C, 4-C)

ESI HRMS m/z 518.2312 [M+Na]* C24H3sN30sS+Na requires 518.2295

Notes:

1. CH,CI, was rendered anhydrous by distilling from CaH,
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2. DMF that was purchased was stored over 4 A molecular sieves and used directly

without further purification.

Methyl [3'S-(3'a,6'a,8'aB)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-
pyrrolidinyl]carbonyl]- 2’,2’-dimethyl-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-
alpiperidine]-3'-carboxylate (6.18b)

S
S 1. 25% TFA/CH,Cl, \)/
\>/ 0°C,2h N N
S N/ ™ > N 4
N % 2. Boc-L-Pro-OH, HATU, O /—~OCH
Boc O 7~OCHs DIPEA, DMF, 0°C tor.t., o O °
36 h
NBoc
6.16b 84% 6.18b

A solution of the spirocycle 6.16b (380 mg, 0.9 mmol, 1.0 equiv.) in 8 mL
anhydrous CH.ClI, (Note 1) was cooled to 0 °C using an ice bath. Trifluoroacetic acid
(2.9 mL, 38 mmol, 40 equiv.) was then added dropwise to this solution which was then
stirred at 0 °C until Boc deprotection was determined to be complete by TLC. This was
usually between 1.5 and 2 h. The reaction was warmed up to r.t. and the volatiles
removed by rotary evaporation. The residue was re-dissolved in CH.Cl, and the solvent
removed by evaporation twice until the excess TFA was removed. The pale yellow-
colored residue was dried to a constant weight for 56 h under vacuum.

A solution of Boc-L-proline (323 mg, 1.5 mmol, 1.2 equiv.) in 4 mL DMF (Note 2)
was cooled to -5 °C using an ice/salt bath. DIPEA (0.6 mL, 3.8 mmol, 3.0 equiv.) was
added drop-wise to this cooled solution followed by HATU (570 mg, 1.5 mmol, 1.2
equiv.). The clear solution was stirred for 30 min after which a solution of the spirocycle
free amine in 4 mL DMF [obtained by neutralizing the TFA salt (520 mg, 1.2 mmol, 1.0

equiv.) with DIPEA (0.6 mL, 3.8 mmol, 3.0 equiv.)] was added to the active ester. The
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yellow colored solution was warmed to r.t. and stirred there under Ar for 36 h. At the end
of this time, DMF and other volatiles were removed in vacuo. The residue was dissolved
in 80 mL EtOAc and was sequentially washed with 10% citric acid, sat. NaHCO3, and
brine solutions. The organic layer was dried over MgSQ,, filtered and concentrated to
give yellow-colored residue which was purified by flash chromatography (gradient
elution: 0—10% MeOH/CH,ClI, in discrete steps) to give a lightly pink-colored foam/solid
which was crystallized from hexanes/EtOAc to give a white solid weighing 400 mg (84%
yield).

mp 162-163 °C

TLC Ry 0.40 (CH.Cl,/MeQH, 20:1)

[alo —125 (¢ 0.95, CHCI,)

'H NMR (400 MHz, CDCl3;, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio)  4.96—4.91 (m, 1H, 8'a-CH), 4.45 (app. t, 0.5H, Pro a-CH) 4.32 (dd,
0.5H, J; = 7.9 Hz, J, = 3.0 Hz, Pro a-CH), 4.21 and 4.20 (s, 1H, 3’-CH), 3.87-3.81 (m,
0.5H, Pro 6-CH,), 3.72-3.65 (ovlp. m, 0.5H, Pro 6-CH,), 3.683 and 3.681 (s, 3H, OCHs),
3.62-3.52 (m, 2H, Pro 8-CHo, 5-CHs), 3.41-3.29 (m, 1H, 5-CH.), 2.67—2.57 (m, 2H, 8'-
CH, 7'-CH,), 2.19—-1.73 (m, 10H, 8’-CH,, 7’-CH,, Pro B-CH,, Pro y-CH., 3-CH,, 4-CH,),
1.59 and 1.58 (s, 3H, 2'-C(CHs)2), 1.43—-1.40 (s, 9H, C(CHs)3), 1.37 and 1.36 (s, 3H, 2-
C(CHs)2)

'3C NMR (100 MHz, CDCl;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1:1 ratio) 8 171.7 and 170.4 (lactam C=0), 171.0 and 170.8
(amide C=0), 169.8 and 169.7 (ester C=0), 154.7 and 153.8 (carbamate C=0), 79.4
and 79.2 (C(CHjs)s), 73.7 and 73.6 (3'-C), 64.9 and 64.8 (6’-C), 62.6 and 62.5 (8'a-C),
58.2 (Pro a-C), 52.1 and 51.9 (2’-C), 51.04 and 51.01 (OCHj3), 47.9 (Pro &-C), 47.1 and

46.9 (5-C), 42.2 and 42.1 (3-C), 37.2 and 37.1 (8-C), 32.2 and 31.1 (2-C(CHs),), 29.7
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(Pro B-C), 28.9 and 28.7 (7’-C), 28.6 and 28.5 (C(CHs)3), 24.2, 23.8 and 23.6 (Pro y-C,
2’-C(CHa3),), 23.6 and 23.5 (4-C)
ESI HRMS m/z 518.2293 [M+Na]* C24H33N30¢S+Na requires 518.2295
Notes:
1. CH,CI, was rendered anhydrous by distilling from CaH,
2. DMF that was purchased was stored over 4 A molecular sieves and used directly

without further purification.

Methyl [3'S-(3'a,6'a,8'aa)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-
pyrrolidinyl]carbonyl]- 2’,2’-dimethyl-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-
alpiperidine]-3'-carboxylate (6.18a)

H
I s
=S 1. 25% TFA/CH,Cl, \>/
N 4 - N -
N 7 2. Boc-L-Pro-OH, HATU, O /—OCH;
Boc O O//\OCHs DIPEA, DMF, 0°C to R.T., o O
36h NBoc
6.16a 6.18a
81%

A solution of the spirocycle 6.16a (380 mg, 0.9 mmol, 1.0 equiv.) in 8 mL
anhydrous CH,CI, (Note 1) was cooled to 0 °C using an ice bath. Trifluoroacetic acid
(2.9 mL, 38 mmol, 40 equiv.) was then added dropwise to this solution which was then
stirred at 0 °C until Boc deprotection was determined to be complete by TLC. This was
usually between 1.5 and 2 h. The reaction was warmed up to r.t. and the volatiles
removed by rotary evaporation. The residue was re-dissolved in CH,Cl, and the solvent
removed by evaporation twice until the excess TFA was removed. The pale yellow-

colored residue was dried to a constant weight for 5-6 h under vacuum.
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A solution of Boc-L-proline (351 mg, 1.6 mmol, 1.2 equiv.) in 4 mL DMF (Note 2)
was cooled to -5 °C using an ice/salt bath. DIPEA (0.7 mL, 4.1 mmol, 3.0 equiv.) was
added drop-wise to this cooled solution followed by HATU (620 mg, 1.6 mmol, 1.2
equiv.). The clear solution was stirred for 30 min after which a solution of the spirocycle
free amine in 4 mL DMF [obtained by neutralizing the TFA salt (560 mg, 1.4 mmol, 1.0
equiv.) with DIPEA (0.7 mL, 4.1 mmol, 3.0 equiv.)] was added to the active ester. The
yellow colored solution was warmed to r.t. and stirred there under Ar for 36 h. At the end
of this time, DMF and other volatiles were removed in vacuo. The residue was dissolved
in 80 mL EtOAc and was sequentially washed with 10% citric acid, sat. NaHCO; and
brine solutions. The organic layer was dried over MgSQ,, filtered and concentrated to
give yellow-colored residue which was purified by flash chromatography (gradient
elution: 0—10% MeOH/CH,CI, in discrete steps) to give a lightly pink-colored foam/solid
which was crystallized from hexanes/EtOAc to give a white solid weighing 380 mg (81%
yield).
mp 140-142 °C
TLC R 0.35 (CH.Cl,/MeCOH, 20:1)

[alo +57.9 (c 0.63, CHCI,)

'H NMR (400 MHz, CDCl3;, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio) 8 5.33 (dt, 1H, 8'a-CH), 4.52 (s, 1H, 3'-CH), 4.47 (dd, 0.5H, J, =7.5
Hz , J, = 3.4 Hz, Pro a-CH) 4.33 (dd, 0.5H, J; = 8.0 Hz, J, = 3.2 Hz, Pro a-CH), 3.88 (dt,
0.5H, J; = 7.7 Hz, J; = 3.1 Hz, Pro 6-CH,), 3.74 (dt, 0.5H, J, = 8.9 Hz, J, = 3.1 Hz, Pro &-
CH,), 3.69 (s, 3H, OCHs), 3.61-3.50 (m, 2H, Pro 8-CH., 5-CH,), 3.41-3.29 (m, 1H, 5-
CH.), 2.88-2.74 (m, 1H, 7-CH.), 2.27—1.69 (m, 11H, 8'-CH,, 7’-CHs, Pro B-CH,, Pro y-
CH., 3-CHo, 4-CHo), 1.57 and 1.56 (s, 3H, 2'-C(CHs),), 1.45—1.44 (m, 3H, 2'-C(CHs)»),

1.42 and 1.39 (s, 9H, C(CHs)s)
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'3C NMR (100 MHz, CDCl3;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1:1 ratio) 8 171.0 and 170.6 (lactam C=0), 170.5 and 170.3
(amide C=0), 169.1 and 169.0 (ester C=0), 154.6 and 153.7 (carbamate C=0), 79.4
and 79.3 (C(CHj3)s), 72.5 and 72.4 (3-C), 66.1 and 66.0 (6’-C), 62.4 and 62.3 (8'a-C),
58.0 and 57.9 (Pro a-C), 51.9 and 51.8 (OCHj3), 51.4 and 51.3 (2’-C), 48.4 and 48.3 (Pro
5-C), 47.0 and 46.8 (5-C), 37.94 and 37.93 (8’-C), 31.0 and 30.8 (3-C), 30.3 and 30.2
(2'-C(CHa),), 29.7 (Pro B-C), 28.7, 28.6, 28.5 and 28.3 (7’-C, C(CHs)s), 27.13 and 27.10
(2’-C(CHs),), 24.3, 24.1 and 23.5 (Pro y-C, 4-C)
ESI HRMS m/z 518.2293 [M+Na]* Co4H3sN30sS+Na requires 518.2295
Notes:

1. CHCI, was rendered anhydrous by distilling from CaH,

2. DMF that was purchased was stored over 4 A molecular sieves and used directly

without further purification.

[3'R-(3'B,6'a,8'ap)]-1-[[1”-(tert-Butyloxycarbonyl)-2”(S)-pyrrolidinyl]carbonyl]- 2°,2’-
dimethyl-5"-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide
(6.19b)

H
S
1. LiIOH (4 equiv), 5
5 THF/H,O (3:1),r.t, 17 h N ’
N - N
° 5 2. NHg, HATU, DIPEA, DMF, O 5 NH,
O 0°Cto-78Ctor.t, 36 h 0
NBoc NBoc
6.17b 20% 6.19b

The spirobicyclic methyl ester 6.17b (430 mg, 0.86 mmol, 1equiv.) was dissolved
in 9 mL THF. LiOH (81.6 mg, 3.4 mmol, 4 equiv.) dissolved in 3 mL H,O was added to
the above solution and the reaction stirred under Ar for 17 h at which time analysis by

TLC indicated complete consumption of the starting material. THF was removed by
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rotary evaporation. The remaining aqueous residue was diluted with water while the pH
was adjusted to 12—14 using 1 N NaOH. The solution was washed with 50 mL EtOAc.
The pH of the aqueous layer was then adjusted to 2—3 using dilute HCI and the solution
washed with EtOAc (2 x 50 mL). The organic layer was dried over MgSQO,, filtered and
concentrated to give a colorless oil which converted to a foam/solid under high vacuum.
The pure carboxylic acid weighed 413 mg (quantitative yield). '"H NMR analysis indicated
that the product was a single diastereoisomer and that the ester hydrolysis had taken
place without any epimerization/racemization of any stereocenters in the molecule.

'H NMR (400 MHz, CDCl3) & 7.98 (br. s, 1H, COOH), 5.06 (dt, J; = 12.6 Hz, J, = 2.9 Hz,
1H, 8'a-CH), 4.69 and 4.66 (s, 1H, 3-CH), 4.41 (dd, J; = 7.7 Hz, J, = 3.5 Hz, 0.5H, Pro
a-C), 4.32 (dd, J; = 8.3 Hz, J> = 4 Hz, 0.5H, Pro a-CH), 3.88-3.83 (m, 0.5H, Pro 6-CH.),
3.71-3.66 (m, 0.5H, Pro 6-CH,), 3.61-3.30 (m, 3H, Pro 5-CH,, 5-CH,), 2.60-2.40 (m,
2H, 8'-CH,, 7-CH,), 2.30—1.85 (m, 9H, 3-CH,, 8'-CH,, 7’-CH., Pro B-CH., Pro y-CH,, 4-
CHs), 1.80-1.70 (m, 1H, 4-CH,), 1.60 and 1.59 (s, 3H, 2-C(CHs),), 1.47 and 1.46 (s,

3H, 2-C(CHs)), 1.40 and 1.38 (m, 9H, C(CHs)s)

A solution of the carboxylic acid (413 mg, 0.86 mmol, 1 equiv.) in 3 mL DMF was
cooled to 0 °C. This was followed by the sequential addition of DIPEA (0.3 mL, 1.72
mmol, 2.0 equiv.) and HATU (392 mg, 1.08 mmol, 1.2 equiv.). The reaction was stirred
for 20 min. at this temperature under Ar. The solution was then cooled to —78 °C. In a
cooled measuring cylinder, 2-3 mL anhydrous ammonia was condensed into 5 mL
anhydrous CH.Cl,. This solution was added to the previous solution of the active ester.
A canary yellow-colored solution was formed instantly. A glass adapter fitted with a
balloon was attached to the reaction flask. The reaction was stirred at —78 °C for 7 h and

then warmed to r.t. over the next 17 h. The next day, another 2 mL portion of liquid
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ammonia was added and the reaction stirred for another 17 h. At the end of this time, the
reaction mixture was diluted with 50 mL CH,Cl, and filtered to remove the yellow-colored
precipitate. The almost colorless filtrate was concentrated and washed sequentially with
10% citric acid, sat. NaHCOs3, and brine solutions. The organic layer was dried over
MgSQO,, filtered and concentrated. The residue was further purified by flash
chromatography (gradient elution:0—15% MeOH/CH,Cl,, pre-packed Luknova® 40g SiO,
cartridge, Combiflash Retrieve® system, 25 mL/min. flow-rate) to give a cloudy and
colorless oil. The precipitated tetramethyl urea (TMU) was removed by filtering the
product through a 0.45 um membrane filter disc to give 80 mg of pure product 6.19b
(20% yield).

TLC Ry 0.35 (CH.Clo/MeQOH, 10:1)

[a]p —162.4 (¢ 1.15, CHCly)

'H NMR (400 MHz, CDCls, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio) & 6.28 (app. br. t, 1H, NH), 5.95 (app. br. d, 1H, NH), 5.11 (dt, 1H,
8'a-CH), 4.56 and 4.54 (s, 1H, 3'-CH), 4.41 (m, 0.5H, Pro a-CH), 4.30 (m, 0.5H, Pro o-
CH), 3.86-3.80 (m, 0.5H, Pro -CH,), 3.71-3.61 (m, 0.5H, Pro 8-CH,), 3.55-3.45 (m,
2H, Pro 8-CHs, 5-CH.), 3.43-3.30 (m, 1H, 5-CH,), 2.55-2.40 (m, 2H, 8'-CH., 7'-CH.),
2.30—-1.85 (m, 9H, 3-CH,, 8'-CH,, 7-CH., Pro B-CH., Pro y-CHa, 4-CH,), 1.77-1.70 (m,
1H, 4-CHs), 1.57, 1.47 (s, 3H, 2-C(CHs),), 1.40 and 1.37 (m, 9H, C(CHs)s)

'3C NMR (100 MHz, CDCl;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1:1 ratio) 8 171.3 and 170.9 (lactam C=0), 170.9, 170.5, 170.2
(amide C=0), 154.6 and 153.8 (carbamate C=0), 79.5 and 79.3 (C(CHj3)3), 72.9 and
72.8 (3-C), 65.0 and 64.9 (6’-C), 63.3 and 63.1 (8'a-C), 58.2 and 58.1 (Pro a-C), 50.8

and 50.6 (2'-C), 48.1 and 48.0 (Pro 5-C), 47.1 and 46.9 (5-C), 41.3 and 41.2 (3-C), 36.3

197



and 36.1 (8"-C), 29.7 (Pro B-C), 29.1, 29.0, 28.8, 28.7, 28.5 and 28.4 (2'-C(CHa)», 7-C,
C(CHa)s), 26.5 (2-C(CHa)y), 24.5, 23. 9, 23.7 (Pro y-C, 4-C)

ESI HRMS m/z 503.2317 [M+Na]* Co3H3sN4OsS+Na requires 503.2299

[3'R-(3'B,6'a,8'ap)]-1-[[2”(S)-Pyrrolidinyl]lcarbonyl]- 2’,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide
Trifluoroacetate Salt (5.4b)

20% TFA/CHCIs,
0°Ctort,34h
quant. yield
NH
*CF;COOH
6.19b 5.4b

The spiro-bicyclic carboxamide 6.19b (50 mg, 0.1 mmol, 1 equiv.) was dissolved
in 2 mL anhydrous CH,Cl, and the solution cooled to 0 °C. Trifluoroacetic acid (0.4 mL,
5.1 mmol, 51 equiv.) was added dropwise to this solution which was then stirred at this
temperature for 1 h and then allowed to warm to room temperature until the reaction was
complete. The pale yellow-colored solution was concentrated to give an oil which was
repeatedly triturated with a CH,Cl./diethyl ether mixture and concentrated until a
crystalline white-colored solid was obtained. The solid was dried well under high vacuum
to give the final compound 5.4b weighing 49 mg (quantitative yield). A solution of the
molecule (1.6 mg/mL in 4:1 acetonitrile-water) was diluted (2 x by volume) with 0.05%
ammonium formate buffer solution and 10-20 uL was subjected to HPLC analysis at 214
nm using a Varian Pursuit® C18 column (3 um particle size, 100 mm x 2 mm dimension)
and using a gradient 10-90% acetonitrile in 0.05% ammonium formate buffer solution. A

retention time of 4.24 min. was obtained in a 10 min run and purity was 96.1%.
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mp 260 °C (dec.)

TLC Ry 0.75 (iPrOH/NH,OH, 4:1)

[a]lp —163 (¢ 0.5, CH;0H)

'H NMR (400 MHz, CD;0D, gCOSY assignment) & 5.23 (dd, J; = 10 Hz, J, = 3.6 Hz,
1H, 8'a-CH), 4.52 (s, 1H, 3-CH), 4.52—4.66 (ovlp. m, 1H, Pro a-CH), 3.86-3.76-3.71 (m,
1H, Pro 8-CH.), 3.57-3.51 (m, 1H, Pro 8-CH,), 3.40-3.25 (m, 2H, 5-CH,), 2.50-2.34 (m,
3H, 8'-CH,, 7-CH,, 3-CH,), 2.26—1.99 (m, 9H, 3-CH,, 8'-CH,, 7°-CH,, Pro B-CH,, Pro y-
CHo,, 4-CH,), 1.59, 1.50 (s, 3H, 2-C(CHs).)

'3C NMR (100 MHz, CD;0D, gHMQC and HMBC assignment) & 170.6, 169.8, 165.8
(amide C=0), 74.0 (3"-C), 66.7 (6’-C), 63.9 (8'a-C), 60.4 (Pro a-C), 51.6 (2"-C), 48.7 (Pro
0-C, overlapped by residual solvent peaks, gHMQC assignment), 47.7 (5-C), 41.9 (3-C),
36.5 (Pro B-C), 29.7 (2’-C(CHs),), 29.3 (8'-C), 29.2 (7’-C), 27.4 (2-C(CHa),), 25.5, 25.2
(Proy-C, 4-C)

ESI HRMS m/z 381.1961 [M+H]" C1gH29N4O3S requires 381.1955
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[3'S-(3'a,6'a,8'aa)]-1-[[17-(tert-Butyloxycarbonyl)-2”(S)-pyrrolidinyl]Jcarbonyl]- 2°,2’-
dimethyl-5'-oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide
(6.21a)

H H
-8 .S
J/ 1. LIOH (4 equiv), \)/
N N~/ THF/H,0 (3:1), r1,4-5h_ % N/ "
O /7OCH; 2 NH, HATU, DIPEA, DMF, O/ NH,
O 0°Cto-78C tor.t,48h 0
NBoc
6.18a 50% NBoc - o1a

The spirobicyclic methyl ester (370 mg, 0.75 mmol, 1 equiv.) was dissolved in 9
mL THF. LiOH (72 mg, 3 mmol, 4 equiv.) dissolved in 3 mL H,O was added to the above
solution and the reaction stirred under Ar for 4-5 h at which time analysis by TLC
indicated complete consumption of the starting material. THF was removed by rotary
evaporation. The remaining aqueous residue was diluted with water while the pH was
adjusted to 12—14 using 1 N NaOH. The solution was washed with 50 mL EtOAc. The
pH of the aqueous layer was then adjusted to 2-3 using dilute HCI and the solution
washed with EtOAc (2 x 50 mL). The organic layer was dried over MgSQ,, filtered and
concentrated to give a colorless oil which converted to a foam/solid under high vacuum.
The pure carboxylic acid weighed 360 mg (quantitative yield). '"H NMR analysis indicated
that the product was a single diastereoisomer and that the ester hydrolysis had taken
place without any epimerization/racemization of any stereocenters in the molecule.
'H NMR (400 MHz, CDCl3) & 8.00 (br. s, 1H, COOH), 5.23 (dt, J; = 10.4 Hz, J, = 3.2 Hz,
1H, 8'a-CH), 4.52 (s, 1H, 3-CH), 4.41 (dd, J; = 7.6 Hz, J» = 2.8 Hz, 0.5H, Pro a-C), 4.31
(dd, J; = 8.0 Hz, J> = 3.6 Hz, 0.5H, Pro a-CH), 3.961 (t, J= 8.4 Hz, 0.5H, Pro 6-CH,),
3.80 (t, J=10.4 Hz, 0.5H, Pro 6-CH,), 3.60-3.30 (m, 3H, Pro 6-CH,, 5-CH,), 2.51-1.67
(m, 12H, 3-CH,, 8'-CH,, 7’-CH., Pro 3-CH., Pro y-CH,, 4-CH,), 1.80—1.70 (m, 1H, 4-

CH.), 1.64 (s, 3H, 2’-C(CHs)2), 1.54 (s, 3H, 2'-C(CHs)2), 1.41 and 1.39 (m, 9H, C(CHs)s)
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A solution of the carboxylic acid (262 mg, 0.54 mmol, 1 equiv.) in 2 mL DMF was
cooled to 0 °C. This was followed by the sequential addition of DIPEA (0.2 mL, 1.1
mmol, 2.0 equiv.) and HATU (247 mg, 0.65 mmol, 1.2 equiv.). The reaction was stirred
for 20 min. at this temperature under Ar. The solution was then cooled to —78 °C. In a
cooled measuring cylinder, 4 mL anhydrous ammonia was condensed into 5 mL
anhydrous CH,Cl,. This solution was added to the previous solution of the active ester.
A canary yellow-colored solution was formed instantly. A glass adapter fitted with a
balloon was attached to the reaction flask. The reaction was stirred at —78 °C for 7 h and
then warmed to r.t. over the next 48 h. At the end of this time, the reaction mixture was
diluted with 50 mL CH,CI, and filtered to remove the yellow-colored precipitate. The
almost colorless filtrate was concentrated and washed sequentially with 10% citric acid,
sat. NaHCOQg3, and brine solutions. The organic layer was dried over MgSQO,, filtered and
concentrated. The residue was further purified by flash chromatography (gradient
elution:0-6% MeOH/CH,Cl,, pre-packed Luknova® 40g SiO, cartridge, Combiflash
Retrieve® system, 30 mL/min. flow-rate) to give the pure product as a colorless oil
weighing 130 mg (50% yield).
TLC R 0.55 (CH.Clo/MeQOH, 10:1)
[a]lo +59.3 (¢ 0.5, CHCI,)
'H NMR (400 MHz, CDCls, gCOSY assignment, rotamers observed about the carbamate
bond in a 1:1 ratio) 8 7.39 and 7.32 (br. s, TH, NHygrogen bonded), 5.15-5.11 (m, 2H, 8'a-
CH, NH), 4.43 (dd, J; = 8.8 Hz, J, = 2.8 Hz, 0.5H, Pro a-CH), 4.36 (s, 1H, 3-CH), 4.31
(dd, J; = 8.0 Hz, J, = 2.4 Hz, 0.5H, Pro a-CH), 3.95 (t, 0.5H, Pro 6-CH.), 3.79 (t, 0.5H,
Pro 8-CH,), 3.60-3.31 (m, 3H, Pro 8-CH,, 5-CH,), 2.59-2.47 (m, 1H, 3-CH,), 2.36—-2.22

(m, 2H, 8-CH,, 4-CH,), 2.15-1.72 (m, 9H, 3-CH,, 8’-CH., 7’-CH,, Pro B-CH,, Pro y-CH.,
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4-CH,), 1.66 (s, 3H, 2-C(CHs)2), 1.54 (s, 3H, 2-C(CHs),), 1.41 and 1.39 (m, 9H,
C(CHs)3)

'3C NMR (100 MHz, CDCl3;, gHMQC and HMBC assignment, rotamers observed about
the carbamate bond in a 1.5:1 ratio) 6 170.9, 170.5, 169.7, 169.5, 169.0, 168.8 (amide
C=0), 153.3 and 152.3 (carbamate C=0), 79.7 and 79.6 (C(CHs)3), 73.3 (3’-C), 66.6 and
66.6 (6’-C), 62.4 and 62.3 (8'a-C), 58.2 (Pro a-C), 52.6 and 52.5 (2’-C), 48.9 (Pro 8-C),
47.5 and 47.2 (5-C), 37.3 (3-C), 31.3 and 31.1 (7"-C), 30.3 (Pro B-C), 29.6 and 29.5 (2"-
C(CH3)2), 29.3 and 29.2 (8'-C,C(CHjs)3), 27.7 and 27.6 (2’-C(CHjs)2), 25.3, 25.0, 24.9,
24.5 (Pro y-C, 4-C)

ESI HRMS m/z 503.2317 [M+Na]" Co3H3sN4OsS+Na requires 503.2299

[3'S-(3'a,6'a,8'aa)]-1-[[2”(S)-Pyrrolidinyl]carbonyl]- 2°,2’-dimethyl-5'-
oxospiro[pyrrolidine-2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide
Trifluoroacetate salt (5.5a)

H H
=S =S
J/ 20% TFA/CH,Cly, N\)/
N N~/ 0°Ctort,3-4h N 4
" 7
NBoc NH
6.21a ’CF3COOH
5.5a

The spiro-bicyclic carboxamide (84 mg, 0.17 mmol, 1 equiv.) was dissolved in 2
mL anhydrous CH,CI, and the solution cooled to 0 °C. Trifluoroacetic acid (0.6 mL, 7.7
mmol, 45 equiv.) was added dropwise to this solution which was then stirred at this
temperature for 1 h and then allowed to warm to room temperature until the reaction was

complete. The pale yellow-colored solution was concentrated to give an oil which was
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repeatedly triturated with a CH,Cl./diethyl ether mixture and concentrated until a
crystalline white-colored solid was obtained. The solid was dried well under high vacuum
to give the final compound weighing 71 mg (85% yield). A solution of the molecule (1.6
mg/mL in 4:1 acetonitrile-water) was diluted (2 x by volume) with 0.05% ammonium
formate buffer solution and 10—-20 uL was subjected to HPLC analysis at 214 nm using a
Varian Pursuit® C18 column (3 um particle size, 100 mm x 2 mm dimension) and using
a gradient 10—90% acetonitrile in 0.05% ammonium formate buffer solution. A retention
time of 5.29 min. was obtained in a 10 min run and purity was 99.1%.

mp 260 °C (dec.)

TLC R; 0.68 (iPrOH/NH,OH, 5:1)

[a]o +80.4 (c 0.45, CH,OH)

'"H NMR (400 MHz, CD30D, gCOSY assignment) & 5.20 (dd, J; = 10.8 Hz, J, = 4.0 Hz,
1H, 8'a-CH), 4.87 (dd, J; = 8.8 Hz, J, = 5.2 Hz, 1H, Pro a-CH), 4.27 (s, 1H, 3'-CH), 3.76—
3.72 (m, 1H, 5-CH,), 3.53—-3.47 (m, 1H, 5-CH,), 3.33-3.22 (m, 2H, Pro 5-CH.), 2.45—
2.25 (m, 3H, 7’-CH., Pro B-CH,, 8-CH,), 2.20-1.86 (m, 8H, 3-CH,, 4-CH,, Pro 3-CH,,
Pro y-CH,, 7-CH,), 1.57, 1.49 (s, 3H, 2’-C(CHs),)

'3C NMR (100 MHz, CD;0D, gHMQC and HMBC assignment) 5 171.1, 170.1, 166.3
(amide C=0), 74.4 (3-C), 68.3 (6'-C), 63.4 (8'a-C), 60.3 (Pro a-C), 52.4 (2"-C), 49.5 (5-
C, overlapped by residual solvent peaks, gHMQC assignment), 47.7 (Pro 8-C), 37.9 (3-
C), 31.1 (7-C), 29.9 (2’-C(CHj3),), 29.4 (Pro B-C), 28.1 (8-C), 27.3 (2'-C(CHy).), 25.5,
25.3 (Pro y-C, 4-C)

ESI HRMS m/z 381.1946 [M+H]" C1gH29N4O3S requires 381.1955
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(4S)-5,5-Dimethyl-2-phenylthiazolidine-4-carboxylic Acid (6.24)

Ph s

PhCHO, EtOH/HO HHI\]I/\)/
rt. to 0°C z
/" ~OH
79% )
D-Penicillamine 6.24

D-Penicillamine (746 mg, 5 mmol, 1.0 equiv.) was dissolved in 10 mL water with
vigorous stirring. A solution of benzaldehyde (0.5 mL, 5 mmol, 1.0 equiv.) in 3 mL EtOH
was added drop-wise to the aqueous solution. A thick-white precipitate formed almost
immediately. Once addition was complete, the solution was further diluted (Note 1) with
an EtOH-H,O mix (4:1) and stirred vigorously for 1 h at r.t. and 4 h at 0 °C. The white-
colored precipitate was filtered and washed with water. The precipitate was then
suspended in CH.CI, first and then xylenes and subjected to rotary evaporation in order
to remove most of the water azeotropically. The slightly wet precipitate was dried under
high vacuum to give the product 6.24 as a free-flowing white powder weighing 940 mg
(79 % yield, Notes 2-3).
mp 165 °C (dec.)

TLC R;0.64 (iPrOH/NH,OH, 4:1)

[a]p +43.6 (¢ 1.2, MeOH)

'H NMR (400 MHz, DMSO-ds, diastereomers present in a 1.5—1 ratio, major
diastereomer indicated by *) & 7.60-7.50 (m, 2H, aromatic CH), 7.45—-7.20 (m, 6.3H,
aromatic CH), 5.91 (s, 0.7H, 2-CH) , 5.69* (s,1H, 2-CH), 3.73* (s, 1H, 4-CH), 3.65 (s,
0.7H, 4-CH), 1.72* (s, 3H, CHs), 1.60 (s, 2.1H, CHs), 1.42* (s, 3H, CHs), 1.36 (s, 2H,

CH).
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'3C NMR (100 MHz, DMSO-d, diastereomers present in a 1.5:1 ratio, major
diastereomer indicated by *) 6 170.7, 170.4* (C=0), 144.1, 139.1* (aromatic C), 128.5%,
126.2 (aromatic CH), 128.3*, 126.9 (aromatic CH), 128.2, 127.4* (aromatic CH), 74.1*,
73.2 (4-C), 69.1*, 67.7 (2-C), 60.1, 59.5* (5-C), 29.1*, 27.7, 28.2 *, 26.8 ((CHs)»)

ESI HRMS m/z260.0718 [M+Na]" C1.H1sNO.S+Na requires 260.0716

Notes:

1. The precipitate formed is very thick and interferes with the stirring efficiency of
the magnetic stir bar. On large scale, the starting volumes of EtOH and H,O
should be substantially adjusted to prevent this.

2. On a small scale, NMR analysis of the product in DMSO-ds immediately following
the drying process indicated the presence of the two diastereomers (C-2) in a 5:1
ratio. When the same solution was subjected to NMR analysis again after 12 h,
the diastereomeric ratio had changed to approximately 1.5:1. It is possible that
the formation of the thiazolidine is an equilibrium reaction. When the reaction was
conducted on a large scale (30 mmol vs. 5 mmol), the initial diastereomeric ratio
was > 13—-15:1.

3. Caution: Stench!

(25,4S)-N-tert-Butyloxycarbonyl-5,5-Dimethyl-2-phenylthiazolidine-4-carboxylic
Acid (6.25)

- S Ph, s
T NaOH,Boc;0, g
HN\){ tert-butanol/H,0O (1:1) BocN\%

> rt., 48 h, 82%
O//\OH

Y
Zack

6.24 6.25

205



Sodium hydroxide (80 mg, 2 mmol, 1 equiv.) was added as a powder to a
suspension of the amino acid 6.24 (475 mg, 2 mmol, 1 equiv.) in water (3 mL). Within 10
minutes, a clear solution was obtained. A solution of Boc,O (445 mg, 2.04 mmol, 1.02
equiv.) in tert-butanol (3 mL) was added to the aqueous solution. The cloudy solution
was stirred under Ar for 48 h during which a white-colored suspension was obtained.
tert-Butanol was removed by rotary evaporation and the residue diluted with H,O. The
pH of this solution was adjusted to 11-12 and it was washed with Et,O. The pH of the
basic solution was adjusted to 2—3 using HCI to give rise to a white precipitate which
was extracted into EtOAc (100 mL). The organic layer was dried over MgSQ,, filtered
and concentrated to give rise to the pure product as a white solid weighing 551 mg
(82% yield) which was further crystallized using hexanes/EtOAc/2-3 drops of MeOH to
give needle-shaped crystals. The product 6.25 was entirely a single diastereomer (Note
1).
mp 215-217 °C (dec.)

TLC R; 0.60 (iPrOH/NH,OH, 4:1)

[a]lo =75 (¢ 1.0 CHCl,)

'H NMR (400 MHz, CDCls, Note 2) 7.66 (app. d, 2H, Ar-CH), 7.35-7.24 (m, 3H, Ar-CH),
5.98 (br. s, 1H, 2-CH), 4.54 (s, 1H, 4-CH), 1.68 (s, 3H, 5-C(CHs)»), 1.47—1.55 (m, 12H,
C(CHs)s, 5-C(CHs)2)

'3C NMR (100 MHz, DMSO-d;s Note 3) 171.0 (acid C=0), 152.7 (carbamate C=0), 141.2
(Ar-C,), 127.7, 127.2, 126.6 (Ar-CH), 79.9 (C(CHs)s), 72.8 (4-C), 64.9 (2-C), 51.2 (5-C),
30.9 (5-C(CHay)2), 27.5 (C(CH,)3), 24.4 (5-C(CHa),)

ESI HRMS m/z 360.1243 [M+Na]" C47H23NO4S+Na requires 360.1240

Notes:

206



1. The pure product was crystallized and stereoselectivity was determined by X-ray
structure.

2. 'H NMR conducted in CDCl;depicts mostly one diastereomer in the product
except for some peak integrations. This property is reflected in the '*C NMR in
CDCl; except the intensities of some aliphatic region peaks are highly
attenuated.

3. "3C NMR reported above was performed in DMSO-dg which contained traces of
water. The chemical shifts reported are those corresponding to the major
diastereomer. The product appears to be in constant equilibrium with its
diastereomer (via opening and closing of the thiazolidine ring) at the NMR time-
scale, specifically when there is water present in the NMR solvent. Due to this

reason, the aliphatic peaks appear with attenuated intensity.

(2S,4S)-N-tert-Butyloxycarbonyl-5,5-Dimethyl-2-phenylthiazolidine-4-carboxamide
(6.26)

HATU, DIPEA, NHz, DMF/DCM Ph

Ph,, )
(\S>/ 0 °C to —78 °C to r.t. "rs
BocN “, > BocN\%

3 17-19 h, 89% .
//~0H Y/
O/\ O/\NHg

6.25 6.26
A solution of the carboxylic acid 6.25 (337 mg, 1 mmol, 1 equiv.) in 2 mL
anhydrous DMF (Note 1) was cooled to 0 °C. This was followed by the sequential
addition of DIPEA (0.3 mL, 2 mmol, 2 equiv.) and HATU (456 mg, 1.2 mmol, 1.2 equiv.).
The pale yellow-colored solution was stirred at this temperature for 20 min. following

which it was cooled to —78 °C. In a cooled measuring cylinder, 2 mL anhydrous
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ammonia (Note 2) was condensed into 5 mL anhydrous CH,CI, (Note 3). This solution
was added to the former active ester resulting in a canary yellow precipitate formation
almost immediately. An adapter fitted with a balloon was attached to the reaction flask.
The reaction mixture was stirred at =78 °C for 7 h and then allowed to warm to room
temperature over a 12 h period. The next morning, the reaction mixture was diluted with
CH.CI, (40 mL) and filtered to give a nearly colorless filtrate. The volatiles were removed
by rotary evaporation, including majority of DMF and the residue was dissolved in EtOAc
(60 mL) and washed sequentially with 10% citric acid, sat. NaHCOj3;, and brine solutions.
The organic layer which was opalescent at this time was dried over MgSQ,, filtered and
concentrated to give a colorless oil and some solid (Note 4) which was almost 80% pure
by NMR. It was further purified by flash chromatography (gradient elution: 0—-5%
MeOH/CH,CI,) to give the product 6.26 as a colorless oil which solidified (foam to solid)
under vacuum and which weighed 300 mg (89% yield).

mp 103-105 °C

TLC R; 0.6 (CH,Cl,/MeOH, 20:1)

[a]o —9.4 (¢ 1.03, CDCls)

'H NMR (400 MHz, CDCls) 7.46 (d, J = 7.6 Hz, 2H, aromatic CHypno), 7.29-7.18 (m, 3H,
aromatic CHmeta , CHpara), 6.32 (br. s, 1H, NH), 6.00 (s, 1H, 2-CH), 5.89 (br. s, 1H, NH),
4.3 (s, 1H, 4-CH), 1.56 (s, 3H, C(CHs),), 1.37 (3H, C(CHs),), 1.2 (s, 9H, Boc C(CHs)3)
'3C NMR (100 MHz, CDCl;) 8 171.1 (amide C=0), 153.0 (carbamate C=0), 139.1
(aromatic Cy), 127.8, 127.2, 125.7 (aromatic CH), 81.9 (C(CHa)3), 74.9 (4-C), 66.1 (2-C),
52.6 (5-C), 32.0 (5-C(CHs)s), 28.9 (C(CHs3)3), 25.0 (5-C(CHa)y).

ESI HRMS m/z359.1405 [M+Na]* C47H24N>O3S+Na requires 359.1400

Notes:

1. DMF was stored over 4 A molecular sieves and used without further purification.
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2. Anhydrous ammonia was purchased from Matheson Trigas or Sigma Aldrich in a
lecture bottle.

3. CHCI, was rendered anhydrous by distilling from CaH..

4. As per 'H and "*C NMR, the peaks at 2.8 ppm and 39.5 ppm respectively belong
to tetramethyl urea (TMU), which is a by-product of amide bond formations using
HATU. Even after flash chromatography, the product was contaminated to an

extent of 11% with TMU.

(S)-N-tert-Butyloxycarbonyl penicillamine carboxamide (6.27)

Ph/"rs o
BOCN% Li°NH3 ), —78 °Cto -40°C BocHN\_){

&/ NHe 4-5h, 78% &/ NH:

6.26 6.27

The diastereomerically pure thiazolidine 6.26 (267 mg, 0.8 mmol, 1 equiv.) was
taken in a 100 mL RBF and purged with Ar. The flask was cooled to —78 °C and
equipped with an efficient teflon-coated stir bar. Approximately 25 mL anhydrous
ammonia (Note 1) was directly condensed into the flask. The substrate dissolved in
liquid ammonia even at this temperature. An adapter fitted with a balloon was then
attached to the flask. Lithium metal (Note 2) was cut into 2 mm cubes and added to the
reaction flask. After 2 min., the entire reaction mixture took on an intense royal blue
color. The reaction was stirred vigorously at —78 °C for 2 h and then warmed to —40 °C
for approximately 15 min. before being cooled back to —78 °C. The reaction was stirred
for a further 2-3 h during which time Li metal was added to maintain the blue color. At

the end of a total 5 h, the reaction was quenched by addition of solid ammonium chloride
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(NH,CI) until the blue color disappeared and a white suspension was obtained. Ammonia
was removed under a gentle stream of Ar over 20 min. to leave behind a free-flowing
chalky white solid (Note 3). The solid was partitioned between water (pH adjusted to 7)
and CH.ClI, (60 mL each). The aqueous layer was washed 2 more times with 70 mL
portions of CH,Cl,. The organic layers were pooled together, dried over MgSQO,, filtered
and concentrated to give a colorless oil/foam with was 90% pure by NMR analysis. It
was further purified by flash chromatography (gradient elution: 0—10% MeOH/CH,CI,) to
give the product 6.27 as a white foam/solid weighing 145 mg (73%).

mp 55-57 °C

TLC R;0.58 (CH,Cl,/MeOH, 10:1)

[a]p —11.5 (¢ 0.6, MeOH)

'H NMR (400 MHz, CDCls), & 6.40 (br.s, 1H, NH,), 5.74 (br.s, 1H, NH,), 5.62 (d, J= 8
Hz, 1H, Boc NH), 4.13 (d, J= 9.2 Hz, 1H, a-CH), 1.54 (s, 3H, S-C(CHs),), 1.44 (Boc
C(CHs)3), 1.34 (s, 3H, S-C(CHs),)

3C NMR (100 MHz, CDCl;3) 8 170.9 (amide C=0), 154.8 (carbamate C=0), 80.5
(C(CHjy)s), 62.3 (a-C), 46.4 (B-C), 31.9 (C(CHs)2), 29.3 (Boc C(CHa)3)

ESI HRMS m/z271.1091 [M+Na]* C4oH2N-O3S+Na requires 271.1087

Notes:

1. Anhydrous ammonia was purchased from Matheson Trigas or Sigma Aldrich in a
lecture bottle.

2. Lithium wire purchased from Sigma Aldrich was used after the residual paraffin
was washed off using hexanes. On a large scale (13 mmol substrate),
approximately 8—10 equiv. Li metal was required to maintain the blue color of the
reaction.

3. Caution: Particles are easily aerosolized!

210



D-Penicillamine carboxamide<Hydrochloride (6.23)

HS HS
f 4N HCl/dioxane, \>/
BocHN~/ ™ anisole (2 equiv.),0°C, 4 h HoN—/ ™
O/}\NH2 quant. yield *HCI O/}\NHz
6.27 6.23

The Boc-protected penicillamine carboxamide 6.27 (145 mg, 0.6 mmol, 1 equiv.)
was dissolved in 4 N HCl/dioxane (8 mL, Note 1) and the solution cooled to 0 °C. While
the solution was vigorously stirred, anisole (0.2 mL, 2.4 mmol, 4 equiv.) was added drop-
wise to the solution (Note 2). The reaction mixture was stirred until the starting material
had been completely consumed as determined by periodic analysis by TLC. At the end
of 4 h, when all the starting material was consumed, the volatiles were removed by
rotary evaporation. The white solid residue was triturated 4 times with hot Et,O and the
organic supernatant layer decanted each time to remove most of the anisole. The
residue was dried under vacuum to give the pure product 6.23 weighing 110 mg
(quantitative yield) as a free-flowing powder.
mp > 210 °C (dec.)

TLC R; 0.73 (iPrOH/NH,OH, 4:1)

[alp —84.7 (¢ 1.0, CD;0OD)

'H NMR (400 MHz, CD;0D) & 3.84 (s, 1H, a-CH), 1.48, 1.39 (s, 3H, C(CHs)2)
3G NMR (100 MHz, CD;0D) & 167.7 (C=0), 63.2 (a-C), 44.8 (B-C), 31.0, 28.64
(C(CHz)2)

ESI HRMS m/z149.0749 [M+H]" CsH13N.OS+Na requires 149.0743

Notes:
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1. The volume of 4 N HCl/dioxane required for complete conversion depends on the
concentration of dissolved HCI and that in turn depends on the age of the opened
bottle. Lesser volume can be used from a freshly-opened bottle.

2. Anisole is commonly used as a tert-butyl cation scavenger; in this case

particularly to prevent any reaction of the latter with the sulfhydryl functionality.

[3'S-(3'a,6'a,8'aa)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-oxospiro[pyrrolidine-
2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide (6.22a) and
[3'S-(3'a,6'a,8'ap)]-1-(tert-Butyloxycarbonyl)-2’,2’-dimethyl-5'-oxospiro[pyrrolidine-
2,6'-thiazolidino[3,2-a]piperidine]-3'-carboxamide (6.22b)

H
NaHCOS, EtOHHzo ) S
rt.12-17 h 2\){
o N HN “,
92% yield g COH =
oC //\N H2
o
6.28a:* = R('")
6.28b: * = S (—=)
H H
-_S S
CMPI, NEtg, CHCl, J/ \)/
> A N - ’ + N N ”
reflux, 12-15 h ’L;:loc /, goc B
71% O 7/ NH: © o/\NH2
6.22a 6.22b

6.22a : 6.22b =1:2.5
N-Boc-a-butenylproline 6.4 (1.65 g, 6.1 mmol, 1.01 equiv.) was dissolved in a 60
mL mixture of EtOH and H,O (1:1). The solution was then cooled using an ice/salt bath.
Sodium bicarbonate (504 mg, 6.0 mmol, 1 equiv.) was then added to the solution
followed by D-penicillamide<HCI (1.1 g, 6.0 mmol, 1 equiv.). The pH of the resulting
solution was adjusted to 6.5 and the colorless solution was stirred for 17 h at room

temperature under Ar. After this time period, EtOH was removed in vacuo and the
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resulting aqueous residue was washed with EtOAc (3 x 100 mL). The pH of the aqueous
layer was adjusted to 4.0-4.5 between the washes to ensure maximum product
precipitation. The organic layers were combined and dried over MgSO,, filtered and
concentrated to give the intermediate thiazolidine mixture of 6.28a and 6.28b as a white-
colored foam weighing 2.2 g (91% yield).

The diastereomeric thiazolidine mixture (2.2 g, 5.5 mmol, 1 equiv.) was dissolved
in 165 mL anhydrous CH,Cl, (Note 1). Triethylamine (1.9 mL, 13.7 mmol, 2.5 equiv.)
was added in one portion to the solution followed by CMPI (1.7 g, 6.6 mmol, 1.2 equiv.).
A bright yellow-colored suspension was obtained. This suspension was refluxed for 17 h
at the end of which an amber-colored solution was obtained. The reaction mixture was
washed sequentially with 10% citric acid, sat. NaHCO3, and brine solutions. The organic
layer was dried over MgSQ,, filtered and concentrated to an orange-colored syrup that
was purified using flash chromatography (gradient elution: 40-100% EtOAc/hexanes
followed by 1-5% MeOH/EtOAc; Luknova 80g SiO, gel pre-packed column). The two
diastereomers, 6.22a and 6.22b, were obtained in a 1:2.5 ratio weighing 425 mg (white

foam/solid) and 1100 mg (white solid) respectively (71% yield).

Diastereomer 6.22a

mp 68-78 °C

TLC R 0.61 (MeOH/EtOAc, 2.5%)

[a]o +145.1 (¢ 1.11, CHCly)

'H NMR (400 MHz, CDCl3, gCOSY assignment) 5 7.47 (br.s, 1H, NH,), 5.16 (dd, 1H, J,
=10.8 Hz, J, = 3.6 Hz, 8a’-CH), 5.07 (br. s, 1H, NH,), 4.44 (s, 1H, 3'-CH), 3.55-3.44 (m,
2H, 5-CH,), 2.45 (app. t, 1H, 7-CHs), 2.38-2.24 (m, 2H, 3-CH., 8'-CH,), 2.02—1.74 (m,

5H, 4-CHy, 3-CHo, 7’-CHs, 8-CH,), 1.63 (2-C(CHs)s), 1.52 (2-C(CHs)s), 1.33 (C(CHs)s)
213



'3C NMR (100 MHz, CDCl3;, gHMQC assignment) & 169.9, 169.8 (lactam and
carboxamide C=0), 153.4 (carbamate C=0), 80.4 (C(CHs)3), 73.4 (3’-C), 65.2 (6’-C),
62.6 (8'a-C), 52.6 (2’-C(CHj3),), 48.9 (5-C), 38.4 (3-C), 32.2 (7’-C), 29.6 (2-C(CHa)>),
29.4 (C(CHy)s), 27.8 (8-C), 27.6 (2-C(CHa),), 24.4 (4-C)

ESI HRMS m/z 406.1789 [M+Na]* CgH29N30,S+Na requires 406.1771

Diastereomer 6.22b

mp 238-241 °C

TLC R 0.38 (MeOH/EtOAc, 2.5%)

[a]o — 43.9 (c 1.09, CDCl)

'H NMR (400 MHz, CDCl;, gCOSY assignment) 8 7.18 (br. s, 1H, NH,), 5.09 (br. s, 1H,
NH,), 4.92 (dd, 1H, J; = 11.2 Hz, J, = 2.4 Hz, 8a-CH), 4.15 (s, 1H, 3'-CH), 3.57-3.51 (m,
1H, 5-CH.), 3.45-3.39 (m, 1H, 5-CH,), 2.77 (dddd or dq, 1H, J; = J» = J3 = 15.6 Hz, Js =
4 Hz, 8'-CH,), 2.45-2.33 (m, 2H, 7'-CHa, 3-CH,), 2.11-1.94 (m, 3H, 8'-CH,, 7'-CH., 4-
CH.), 1.86—1.76 (m, 2H, 4-CH,, 3-CH,), 1.60 (s, 3H, 2"-C(CHs)»), 1.48 (s, 3H, 2"
C(CHs),), 1.37 (s, 9H, C(CHs)s)

'3C NMR (100 MHz, CDCl;, gHMQC and HMBC assignment) 8 170.0, 169.2 (lactam and
carboxamide C=0), 153.9 (carbamate C=0), 80.1 (C(CHs)3), 74.3 (3'-C), 62.9 (6'-C),
62.7 (8a’-C), 51.4 (2'-C(CHa).), 48.9 (5-C), 42.9 (3-C), 38.9 (7-C), 32.7 (2’-C(CHj3)2),
29.3 (C(CHa)s), 27.8 (8'-C), 25.1 (2-C(CHa)»), 24.7 (4-C)

ESI HRMS m/z 406.1781 [M+Na]® CigH29N30,S+Na requires 406.1771
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Comments:
Relative stereochemistry at C-8a’ assigned on the basis of 1-D NOE experiments.

Compounds will be crystallized and X-ray structure determined for absolute

configurations.

1-D NOE NMR analysis results:

1. Irradiation of protons in 6.22a (bolded in each structure)

0.5%
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