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Abstract

The goal of this study was to synthesize novel piperidine and piperidinones with
aminomethyl and hydroxymethyl appendages, to be used as probes, scaffolds or mimics.
We have demonstrated the efficiency and practicality of nitroalkane conjugate Michael
addition to o,p-unsaturated lactams while studying the effects of different nitroalkane
substitutents on the stereoselectivity. The noteworthy features of this approach are its
operational simplicity, the efficiency of the nitroalkane conjugate addition, and the facile

preparation of 2- and 4-substituted 6-oxo-piperidinones.
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Résumé

Nous avons exploré et exploité un nouveau type d’addition de Michael des nitroalcanes
pour la synthése des pipéridines et pipéridinones diversifiés, substitués par des amines et
des alcools. Nous avons démontré Defficacité et la facilité de I’addition conjuguée des
nitroalcanes aux amides cycliques o,B-insaturés, et étudié la stéréosélectivité de ’addition.
A Paide de cette réaction, nous avons généré une série de pipéridinones diversifiées, des
acides a-aminés, des nitrocyclopropanes et une nouvelle classe de pipéridines substituées
par des amines et des alcools. Finalement, nous avons développé une méthode simple et
efficace pour D’addition conjuguée des nitroalcanes afin d’obtenir des alkylamines

substituées.
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1-Peptidomimetics and Structurally Constrained Analogues
1.1  Naturally occuring piperidine derivatives

Polyhydroxylated piperidines can be considered as naturally occurring sugars with a
nitrogen in the ring (Figure 1).! Nojirimycin (1) was the first naturally occurring D-
glucopyranose with nitrogen in the ring. This class of compounds are trivially referred to as
“azasugars”. They are inhibitors of glycohydrolases, which are key enzymes in the
synthesis and processing of glycoproteins. The inhibition of glycohydrolases of potential
therapeutic value for the treatment of viral infectionsz, cancer’ , diabetes® and obesitys. Thus

the synthesis of such “azasugars” have become the object of intense synthetic efforts in the

Jast decade.®
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Figure 1. Polyhydroxylated piperidine alkaloids

Piperidine alkaloids exhibit an extensive range of pharmacological properties and
biological activities.” There is a wide occurrence of optically active 2-substituted
piperidines in a large number of natural products of biological importance.8 For example,
the natural products Coniine (8), Pseudoconhydrin (9), Solenospin A (10), Carpamic acid
(11), DKP593A (12), Histrionicotoxin (13) and Coniceine (14) (Figure 2), all contain a




piperidine nucleus. Along with the immunomodulators FK-506, (15) and Rapamycin, (16)
being the focus of many studies, the importance of the piperidine ring system and its

valuable pharmacological properties have inspired numerous, versatile and stereocontrolled

routes to substituted piperidines.9
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Figure 2. Piperidine derivatives in natural products
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1.2 Piperidine derivatives in medicinal chemistry

It has been known that disubstituted piperidines (Figure 3) are highly potent ligands for
various receptors and that they are frequently found as a key structural element in
compounds possessing broad therapeutic effects.!? All current tricyclic antidepressants have
a common mechanism of action, which consists of raising synaptic levels of
neurotransmitters, norepinephrine (NE) and 5-hydroxytryptamine (5-HT), believed to be
involved in depressive pathophysiology.ll Many studies have focused on the role of central
serotoninergic (5-HT) systems, in particular of the 5-HT| receptors, where they have been
implicated in many psychiatric and neurological disorders. However, the antidepressant
effects of 5-HT 4 partial agonists do not exceed those of currently available treatments,
neither in terms of clinical efficacy nor in terms of rapidity of onset. Thus, a novel 5-HTja
pharmacophore along with a series of 1,4-disubstituted piperidine derivatives that bind with
high affinity and selectivity to 5-HT)a receptors have been reported. Piperidine compounds
of the general formula 17 (Figure 3) have shown nanomolar affinity for 5-HT)4 binding
sites.!? With the 5-HT receptor being widely distributed in a variety of animal species,
selective antagonism of this receptor could exert beneficial effects in a number of
pathophysiological disorders; Thus, a general method for the rapid multiple synthesis of

similar 1,4-disubstituted piperidines would be of great value for drug discovery or lead

optimization. 13

1,4-Disubstituted Piperidine, 17

Figure 3. 1,4-Disubstituted piperidine ligands as 5-HT; 4 pharmacophores

The excitatory amino acid neurotransmitters glutamate and aspartate are recognized as

important mediators of neuronal function in the central nervous system (CNS).14




Experiments have distinguished three distinct receptor subtypes, which are classified by the
agonists which selectively activate them. They are N-methyl-D-aspartic acid (NMDA) 18,
quisqualic acid (QUIS) 19, and kainic acid (KA) 20."° NMDA receptors have played a
significant role in events leading to cell death both in cerebral ischemia and a variety of
neuronal disorders, including Alzheimer’s disease and Huntington’s chorea.'® A strategic
prevention for such biological misfortunes, could be the intervention of excitatory amino
acid overstimulation and subsequent prevention of neuronal degeneration by NMDA
receptor antagonists."* Following the discovery of D and L-a-aminoadipic acid as a
selective antagonist, structurally constrained related derivatives were proposed and

subsequently prepared to study their structure activity relationships.”
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Figure 4. Selective NMDA receptor antagonists with pipecolic acid and 2,4-disubstituted piperidine

framework

On that note, preparation of a series of cis-4-(tetrazolylalkyl)piperidine-2-carboxylic acids
21 as functional analogs of pipecolic acid 22, with similarities to 2,4-disubstituted
piperidine skeleton 23, have yielded potent and selective NMDA receptor antagonists'*
(Figure 1). (S)-Pipecolic acid 22, the next higher homolog of proline, is a nonproteinogenic
amino acid widely distributed in plants. This amino acid is a precursor to numerous
bioactive compounds such as synthetic peptidesls, synthetic drugs'®, potential enzyme

inhibitors? or the antifungal antibiotics.?! The chair-like conformation of the six membered




pipecolic acid and piperidine derivatives, have potential utility in the area of constrained
amino acids®® and peptidomimetics. The incorporation of this cyclic amino acid with well-
defined stereochemical and structural properties, is a useful tool to study peptide
conformation and protein folding.23 It is known that by holding the side-chain and the
backbone of the piperidine ring derivatives in a limited number of conformations, active
analogs of biologically active peptides containing this amino acid, or derivatives with a
similar skeleton, could provide valuable insight into ligand binding.24 Pipecolic acid
analogs often find a role in B-turn mimics and they can be used to replace certain natural
amino acids in the original peptide to direct peptide chains into favourable orientations. For
example, replacement of proline for its higher homologue pipecolic acid, has been reported
to bring a significant change in bioactivity of proline-containing peptides and leads to

interesting model compounds for studies on peptide conformation.”

1.3  Design of nonpeptide ligands

Bioactive peptides influence a multitude of physiological processes by signal transduction
transported through receptors as neurotransmitters, neuromodulators, and hormones.
Because of their ready metabolism and poor bioavailability, peptides are often unsuitable as
therapeutic agents and viable drug candidates. Hence, peptide bonds and peptide fragments
have been replaced with a wide variety of structural moieties in attempts to convert
peptides into chemically stable and orally available molecules. To address this problem,
peptidomimetics, compounds that act as substitutes for peptides in their interaction with
receptors or enzymes have been routinely explored, because of their higher metabolic

stability, better bioavailibility, and longer duration of action.”* The following requirements
have been proposed for increased specificity and improved pharmacokinetics of a
peptidomimetic: a) metabolic stability, b) good bioavailability, c) tight binding d) high
receptor affinity and e) high receptor selectivity. One major problem in the advent of such
valuable biological agents is the discovery of lead structures. One successful approach in
the development of peptidomimetics involves formation of conformationally restricted
analogues that imitate the receptor-bound conformation of the endogenous ligands as

closely as ossible.® Such analogues may possess increased metabolic stability and
p g




receptor selectivity, along with fewer side effects.?® Thus, conformationally restricted
analogues of peptides that show these required characteristics for recognition by receptors,
remain a valuable tool in the hands of medicinal chemists for the design of nonpeptide

ligands and possible drugs.

A major objective in the development of low molecular weight, nonpeptidic
peptidomimetics is the close reproduction of the bioactive topology. Small polyfunctional,
conformationally constrained, mono- or polycyclic molecular scaffolds which can be
substituted by the essential pharmacophores are ideal for this transformation.”” The
discovery of such structures in high throughput screening, as in collections of substances
(compound libraries) or single compounds have become an important strategy in
discovering lead compounds.24 For example, the design of 1,4-disubstituted piperidine
scaffolds could yield a potentially fruitful strategy in obtaining a lead structures of non-
peptidic ligand in screening of compound libraries prepared through parallel synthesis or an
alternative solid phase approach. One example of such an approach, is the discovery of SB
204070 24 (Figure 5), a potent and selective 5-HT, receptor an’(agonist.28 This promising
drug candidate was identified from a library of compounds generated through a 4-

hydroxymethy! piperidine.

N"Bu
o o

o)

NH,

SB 204070 24

Figure 5. Discovery of a 5-HT, receptor antagonist via high throughput screening

With an appropriate and successful design and subsequent modification of similar lead
structures, the likelihood that similar peptide mimetics could become drug candidates is

very e:ncouraging.27




1.4  24-Disubstituted piperidines and 6-oxo-piperidines as potential scaffolds or

mimics

Due to their often potent biological activities,!” we propose a novel class of 2,4-
disubstituted piperidines and 6-oxo-piperidines as constrained analogs of naturally
occurring (S)-pipecolic acid, to be used as potential scaffolds or mimics for various
receptors (Figure 6). Structures 25 and 26 could also be valuable building blocks for the
preparation of pharmaceuticals. To this end, a general method for the rapid synthesis of

compounds 25 and 26 along with the derivatization of the 2,4-disubstituted 6-oxo-

piperidine ligands is presented.

_NHR; R4= Sulfonamides, amides, sec-amines, R{HN

(R or S) i carbamates, etc (RorS)
P .OR . ,
O N ~ 2 N ~N OR2
H H
25 R,= ethers, carbamates, sulfonates 2

Figure 6. 2-Piperidine and 6-oxo-piperidine scaffolds for possible derivatization through parallel

synthesis

In the course of this study, we sought to synthesize 2,4-disubstituted piperidine and 6-oxo-
piperidine scaffolds via a nitro Michael addition as outlined in the retrosynthetic analysis
shown in Figure 7. The o,B-unsaturated lactam precursor 28 was prepared by two distinct
approaches; one involving a key cyclization step from the readily available (S)-lysine 29
and the other through a kinetic resolution of compound 30. The stereochemical outcome of
the reactions with various nitroalkanes were studied in detail and a detailed synthetic
strategy to the formation of a sulfonamide/carbamate library is presented. Furthermore, the

synthesis of novel y-substituted o-amino acids and formation of 3,4-methano-6-oxo-

pipecolic acids will also be presented.
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Figure 7. A retrosynthetic analysis for obtaining 2,4-disubstituted piperidines and 6-oxo-piperidines
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2-Synthesis of 2,4-Substituted Piperidine and 6-Oxo-piperidine Scaffolds via a Nitro
Michael Addition

2.1 Michael addition of nitroalkanes

The Michael addition of nitroalkanes provides a powerful synthetic tool in organic
synthesis.29 Conjugate addition of nitroalkyl groups to o,fB-unsaturated carbonyl
compounds is a highly useful reaction for the introduction of nitroalkyl groups.
Furthermore, denitration of the adduct leads to a conjugate addition of secondary alkyl
groups.3 % Nef oxidation of the nitro to the corresponding aldehyde3 ! or exploiting the newly
formed nitro Michael adduct in nitro-aldol reactions® is also a useful synthetic tool. The
method to obtain the aminoalkyl group consists of the reduction of the nitro group. The

precursor required for the Michael addition was the a,B-unsaturated lactam 34 (Scheme 1).

We devised two approaches to the synthesis of precursor 34. Derivative 31 was obtained
from 30 by treatment of 30 with Boc,O under aqueous basic conditions to give the racemic
free alcohol 31 (Scheme 1). It was possible to get the N-protected amino alcohol 32 in
exceptional enantiomeric purity and in satisfactory overall yield with the AA-I (enzyme
acylase I from Aspergillus species)-catalyzed butyrylation of racemic 31 in wet toluene.’®
The butyrate derivative and the alcohol were readily separated by flash chromatography,
and the enantiomerically enriched alcohol was submitted to a second enzymatic resolution
to give enantiomerically pure 32 in 37% overall yield for the two steps. With a ready
supply of this chiral building block in hand, we turned our attention to the synthesis of the
Michael precusor 34. Protection of the primary alcohol as the TBDPS ether followed by the
ruthenium tetroxide oxidation, yielded compound 33 in 80% overall yield. The synthesis of
34 was completed by the formation of the phenylselenyl intermediate of 33 and oxidative
elimination in 75% over two steps. This provided a concise 7-step synthesis of 34, starting
from a readily available and inexpensive precursor 30. Given the importance of piperidine

heterocycles,®” this chiron should be useful in a variety of applications.
y

11




vinyl butyrate

Bocy0, KoCO3 AA-I (300 U/mmol)
D e

o OH - -~ OH
ﬁ 95% g‘ ' 37%
oC
30 31
1. TBDPSCI, DMAP 1. LIHMDS, PhSeBr
N NCOH 2 RUO,xHR0 o N \\OTBDPS  27H,0,
Boc NalOy4 Boc 75%, two steps
80%, two steps
>99% ee
32 33

o N ~N OTBDPS
Boc

34
Scheme 1. Preparation of the nitro Michael alcohol precursor through a Kinetic resolution

A second method for the preparation of the enantiopure lactam derivative 34 utilizing the
readily available (S)-lysine is described below. N-Boc protection and esterification of the
readily available (S)-lysine hydrochloride 35 were achieved with Boc,O under basic
conditions, followed by the addition of diazomethane to give 36 in 96% overall yield.
Oxidation of the N-protected primary amine with ruthenium tetroxide”™ gave 37 in
quantitative yield. Direct cyclization of 37 to methyl 6-oxopipecolate 38, was readily
achieved in refluxing trifluoroacetic acid in 77% yield. Sodium borohydride reduction of
38, followed by protection of the crude primary alcohol with TBDPSCI gave 39 in 85%
overall yield. N-Boc protection with Boc;O, under basic conditions, followed once again by
a selenium mediated oxidative elimination yielded compound 34 in 60% overall yield. This
9-step sequence to 34 is somewhat longer compared to the one shown in Scheme 1, but has

the advantage of starting from readily available and inexpensive (S)-lysine and the overall

yield is better.
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35 36
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O""\ NN OTBDPS 85% O"?\‘N ~, OTBDPS 2 1-1202
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39 33
. OTBDP
o N N BDPS
Boc
34

Scheme 2. Preparation of the nitro Michael alcohol precursor starting from (S)-lysine

A second Michael precursor was considered in which the hydroxymethyl group was
replaced with an ester as in 41. The common intermediate 38, was N-Boc protected under
basic conditions in 85% vyield, and the remainder of the sequence followed the same

protocol as in Scheme 2 to give 41 in 60% overall yield.

U Boc0,DMAP 1. LIHMDS, PhSeBr B
0 N coMe - O N “COMe 0 N NCO,Me
H 90% Boc 2. Hy0, 2
75%, two steps Boc
38 40 41

Scheme 3. Preparation of the nitro Michael methyl ester precursor starting from (S)-lysine
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Scheme 4. Nitro Michael addition on o-B-unsaturated 6-oxo-piperidines

Relying on literature precedents in different contexts,>® we chose DBU as a base to study
the Michael addition of nitroalkanes to 34 and 41. It was also of interest, to study the

stereochemical outcome of the reactions with various nitroalkanes, since the steric and

14




electronic requirements to the approach could be different due to the nature of the
substituents. As shown in Scheme 4, compound 34 was reacted in neat nitromethane in the
presence of DBU to yield compounds 42 and 43 in a ratio of 1:1 which were readily
separable by flash chromatography. Along with further nOe measurements of adduct 42
corroborating the anti stereochemistry, it was observed that the anti adduct 42 had a higher
polarity than the syn adduct 43. A single adduct 44 was obtained in the case of 2-
nitropropane. The stereochemical outcome of the addition of nitromethane to the ester
derivative 41 was found to be different when compared with compound 34. A 3:1 ratio of
the antilsyn, compounds 45 and 46 respectively, was obtained and the stereochemical
assignment was made by analogy to the adduct with 2-nitropropane, compound 47, which
was confirmed by X-ray crystallography (Scheme 4). nOe measurements of appropriate
derivatives, 55 and 58 (Schemes 7 and 8), are constant with this conclusion. Since
nitrocyclohexane is not as readily available as the other nitroalkanes, we ran the Michael
addition in acetonitrile in the presence of potassium carbonate. This yielded the single trans
adduct 48, where again the stereochemical assignment was made by analogy to the adduct

with 2-nitropropane, 47.
2.2 Rationalization of the stereochemical outcome

The effect of allylic 1,3-strain (A" strain) on imide-like N-acyl piperidines have been the
object of intense synthetic and computational studies in the past.>* The reason of this
exocyclic double bond giving rise to a special case of A2 strain, is due to the ground state
overlap of the pair of electrons on nitrogen with the acyl carbonyl group.35 This A'* strain
has been demonstrated to make the C-2 axial-substituted N-acylpiperidines more stable
than the corresponding 2-equatorial isomers.’® Calculations on lactam 41 have
demonstrated that the conformer having the carboxylate in a pseudo-axial disposition 41a,
is more stable by 5 kcal mol™!, than the corresponding pseudo-equatorial conformer 41b
(Scheme 5).3 7 A preference for the pseudo-axial C-2 substituted lactams 34a and 41a, could
be rationalized with the consequence of a strong A'? strain between the C-2 substitution of
6-oxo-piperidines 34 and 41, and the Boc protecting group on the nitrogen atom (See 34b
and 41b).

15
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Scheme 5. Proposed rationalization of possible conformations for lactams 34 and 41

36b. 3% we expected a stereoelectronically syn bias to

Based on precedent literature reports,
operate during the addition of nitroalkanes to lactams 34a and 41a; hence, the major
pathway for the incoming nitroalkanes was supposed to be via a chair-like transition state to
give enolate 49 and a majority of the cis adducts (Scheme 6). However, we observed no
stereoselectivity for the conjugate addition of nitromethane to lactam 34a. Furthermore,
when the steric demand of the nucleophile was increased with the addition of 2-
nitropropane, a complete frans stereoselectivity was observed to give the single
diastereoisomer 44a (Scheme 6). Similar results were also observed for lactam 41a; the
addition of nitromethane to 6-oxo-piperidine 41a gave a majority of trans adduct 45a. The
addition of the bulkier 2-nitropropane and nitrocyclohexane, resulted once again in a
complete trans stereoselectivity giving single diastereoisomers 47a and 48a. We propose
the reaction pathway via an equatorial attack, for compounds 47a and 48a, due to a strong
1,3-diaxial interaction between the C-2 carboxylate of lactam 41a and the bulky incoming
2-nitropropane and nitrocyclohexane (see 49). This is via a twist boat-like transition state

(see 50), which collapses to the trans chair conformer. For the smaller nitromethane, the

competing steric interaction with the carboxylate of lactam 40a is not as pronounced as the

16




bulky nitroalkanes. Thus, a stereoelectronically #rans majority is formed with a preference

via the lower in energy twist boat-like transition state 50 over the chair-like one 49.
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via chair-like TS R= ggzazsgfas’ 34a via twist boat-like TS
2 ’ t
49 50

H H4O HH\/LON/BOC
R N rH "
R "Boc H

H H R
Cis Trans
R = CH,OTBDPS, R' = CH,NO,, 43a R = CH,OTBDPS, R' = CH,NO,, 42a
R = CO,Me, R' = CH,NO,, 46a R = CH,OTBDPS, R' = 2-nitropropyl, 44a

R = CO,Me, R' = CH,;NO,, 45a
R = CO,Me, R' = 2-nitropropy!, 47a
R = CO,Me, R' = nitrocyclohexyl, 48a

Scheme 6. Proposed rationalization of the stereochemical outcome of nitro Michael addition

The same analogy could be applied to compound 44a, where once again due to a strong
steric interaction, the trans chair conformer is formed via the lower in energy twist boat-
like transition state producing a favored equatorial attack. However, in the absence of the
carboxylate interaction and a lack of bulky nitroalkanes, it appears that both transition
states are equally populated during the Michael addition of nitromethane to lactam 34a, and
therefore a 1:1 mixture of diastereoisomers 42a and 43a is obtained. In the nitromethane
series for lactam 34a, attempts to equilibrate each diastereoisomer independently, under the
reaction conditions, showed no change of stereochemical composition. We therefore
conclude, the results observed for the Michael addition of nitroalkanes, are the kinetic
outcome and not the result of thermodynamic equilibration. The following proves that the

observed diastereoselectivity for the conjugate addition of nitroalkanes to cyclic lactams
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34a and 40a, could be controlled by an appropriate choice of nucleophilic reagents and an
even more appropriate choice of C-2 substitution. In our opinion, the significane of the A
strain and the size of the nucleophile are the key factors responsible for the observed

diastereoselectivity in these conjugate addition reactions.

2.3 Synthesis of 2,4-disubstituted piperidine and 6-oxo-piperidine scaffolds

With compounds 42, 43 and 44 in hand, we were ready for further elaboration towards the
synthesis of 4-aminomethyl and 2-hydroxymethyl piperidine and 6-oxo-piperidine
scaffolds.

ON O,N HzN
L oTBDPS — A . n oTBOPS ——2 OTBDPS
0NN 86% o N Pd-C o N
Boc H 95% H
42 51 52
OzN I O,N HZN I
OTBDPS TFA OTBOPS —— 2~ ’  ‘ OTBDPS
O N ~- 90% (e} N ~ Pd-C o N ~
Boc H 95% H
43 53 54
ON O,N HaN
o omeops  —TFA . o OTBOPS —— 2 - OTBDPS
o N 85% oNDN Pd-C o NN
Boc H 95% H
44 55 56

Scheme 7. Synthesis of 4-aminomethyl-6-oxo-piperidine scaffolds

In order to complete the 6-oxo-piperidine aminomethyl synthesis, the N-Boc protecting
groups of compounds 42, 43 and 44 were removed under acidic conditions to obtain
compounds 51, 53 and 55 in yields ranging from 85% to 90%. High pressure hydrogenation
of the latter was followed to give compounds 52, 54 and 56 in 95% yields. It should be

pointed out that reduction of the N-Boc intermediates, 42 and 43, resulted in an
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intramolecular attack of the amino group on the lactam carbonyl because of its imide-like
character (Scheme 10). These kind of ring-switching reactions have been reported with N-

Boc pyrrolidinone derivatives,” to furnish rearranged lactams. To circumvent this, we first

removed the Boc protecting group before the hydrogenation.

O,N § O,N. O,N .
T . /'i\ /J“\\
) OM TFA ‘ ‘ H,
ON\ e 0% O"’/\N"\’/OMe + O/,;;»\N.»\,,,OMe Pd-C
Boc O H o H o 95%
57 58 59
HoN
o N . OMe
H o
60
O,N - OoN HN
oM s oM e |
T e ———> g e - :
o N 70% o N Pd-C o N\ OMe
Boc O H o 95% H o
47 61 62

Scheme 8. Synthesis of 4-aminomethyl-6-oxo-pipecolic acid scaffolds

The 6-oxopipecolic acid series was manipulated in a similar way. The N-Boc protecting
groups of compounds 57 and 47 were removed under acidic conditions in 80% yield, to
give compounds 58, 59 and to give 61 in 70% yield (Scheme 3). Once again, it was
observed that the anti adduct 58 had a higher polarity than the syn adduct 59; further nOe
measurements of adduct 58 were in accord with the tentative stereochemical assignments.
Adducts 58 and 59 were separated by flash chromatography, and compounds 58 and 61

were reduced under high pressure hydrogenation to the corresponding amino analogs, 60

and 62, in 95% yield.
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In order to complete the piperidine aminomethy! synthesis, we chose a new sequence of
reactions to generate 2,4-disubstituted piperidine scaffolds. In an attempt to reduce the
lactam carbonyl selectively in the presence of sodium borohydride and BF;.Et,0, we
observed an efficient transformation to the corresponding enecarbamate 63. Catalytic
hydrogenation afforded the piperidine analog 64 in 95% yield. The same sequence was also

successfully applied to compound 42 to give 65 in equally good yield.

O,N ] ozN_] HoN -
orappeNeBHe BFaOEL o Hy
o NN v Sy N\ OTBOPS s Ny \ OTBDPS
Boc Boc 95% Boc
43 63 64
ON H,N
ﬁ Steps k
N . 0TBDPS ———— :
o N ~ O PS N ~N OTBDPS
Boc Boc
42 65

Scheme 9. Synthesis of 4-aminomethyl piperidine scaffolds

Along with substituted piperidine and piperidinone ring systems being the target of
considerable synthetic efforts,®!? our 10-step concise synthesis of stereochemically well
defined, enantiopure 2,4-disubstituted piperidine and 6-oxo-piperidine scaffolds could be of

great value in the quest for peptidomimetics and for a variety of synthetic applications.

2.4  Generation of a library of compounds

Having a wide range of 4-aminomethyl-2-hydroxymethyl 6-oxo-piperidines available, we
were now poised to introduce two points of diversity. To this end, we chose to prepare a
library of 4-sulfonamides and 2-carbamates as diversity points to take advantage of possible
hydrophobic and H-bonding effects. Table 1 lists the derivatization of the aminoalkyl

handles and tables 2 and 3 list the structures of 31 compounds prepared in this series. The
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protocol features the treatment of the aminomethyl compound with the appropriate sulfonyl

halide, removal of the TBDPS group and conversion of the primary alcohol to the

carbamate. Each derivative was purified on a small silica gel column affording a clean

library of 6-oxo-piperidines with 4-sulfonamide and 2-ureadomethyl groups in enantiopure

form. Compounds 77, 87, 97, and 106 were fully characterized for experimental purposes,

and the remaining of the sulfonamide/carbamate libraries 1 and 2 were characterized by

HRMS. On an ending note, the benzoyl and urea derivatives 74 and 75, were prepared in

the advent of a future benzoyl/carbamate or urea/carbamate library.

R R
0-5-0 0=5=0
HN HN HoN - HN
‘J\ . Arylsulfonyl Chloride . /' . e Arylsulfonyl Chloride .
TBD TEA o~ OTBDP . TBDP TEA >~ OTBDPS
o N - OTBDPS 20% o7 N OTBDPS 0" NNOTEDPS 70% 0N
H H H H
54 66, R = OMe; 67, R = H; 68, R = CFy 52 69, R = OMe; 70, R = H; 71, R = CFy
S
0-870 0-5-0
H,N HN HoN HN
! Thiophenesulfonyl Chioride ] : Thiophenesulfonyl Chioride H
jishatmiaiiing RS
TEA ) TEA
. . . TBOP , OTBDP
o N OTBDPS 85% o N ~ OTBDPS o N oTBDPS 90% o NS BDPS
H H H H
54 72 52 73
H
o o N
HoN . HN HoN HN
) ' Benzoyi chloride ' . ) ' Phenyt Isocyanate '
TEA . TEA
& TB . TBDP! g OTBDPS - OTBDPS
o N N OTBDPS 85% o N\ OTBOPS o N> 90% 0o N
H H H H
54 74 54 75

Table 1. Derivatization of the aminoalkyl handle
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HN HN HN HN
H Ho Me ' H Ho Me
o._.N .
0N N 0N o N 0N o O LN o N O N
H o o H o " o N o
87 88 92 83
0:8=0 0:8=0 0+8:0 0:8:0
HN | HN HN HN
H : H H H
o N N0 LN o N 0N o n N0 N 0 TN NO N
H o H o H o i [¢)
8 CFs %0 9% CFs 95

Table 2. Generation of sulfonamide/carbamate library 1 through parallel synthesis
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Table 3. Generation of sulfonamide/carbamate library 2 through parallel synthesis




2.5  Synthesis of novel y-substituted c-amino acids

As previously mentioned, reduction of the aminomethyl 6-oxo-piperidines resulted in the
formation of the ring contracted lactam 116. We exploited this reaction towards the

preparation of y-substituted o-amino acids, which can be considered as analogs of lysine.”

O2N
1.Hy /Pd-C ~—""" OTBDPS
O'V' NS OTBDPS 5 Toiuene (reflux) o~ N NHBoc
Boc 30 % H
43 116
MeONa 95%
THF
O,N —" ' OTBDPS
o | NHBoc 1.Hy /Pd-C o II\]HBOC TBAF
E ' TN 90%
MeO' - OTBDPS 2. ToIL.Je'ne (reflux) H °
Pyridine(cat.)
115 60 % 116
O
SR | OH Tempo, NaClO; e I ~ OH
o~ ,  NHBoc NaOCl o~  NHBoc
H 90% H
117 118
O5N
2 : o)
‘ Steps — ‘I’ " OH
S TBDPS P
o N ~N O 0 N NHBoc
Boc H
42 119

Scheme 10. Synthesis of y-substituted a-amino acid pyrrolidinones from nitro Michael derivatives
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Catalytic hydrogenation of 43, followed by heating to reflux the resulting aminomethyl
product in toluene afforded the 2-pyrrolidinone analog 116 in 30% yield. This yield could
be significantly improved by adopting a different protocol. Treatment of 43 with sodium
methoxide led to the methyl ester 115, which on hydrogenation and heating to reflux in
toluene in the presence of a catalytic amount of pyridine, gave 116 in 60% overall yield.
Deprotection of the silyl group and oxidation of the primary alcohol®’ led to the novel
y—substituted o-amino acid 118 in excellent yield. The diastereoisomeric 119 was prepared

in a similar manner from the 4-R nitromethyl analog 42.

This novel class of y-substituted a.-amino acids 118 and 119, may have potential utility as
constrained amino acids®® and peptidomimetics.24’ 39 These compounds could also be
valuable building blocks for the preparation of pharmaceuticals or as potential scaffolds or

mimics.”> %’ To this end, a general method for the rapid synthesis of these derivatives has

been demonstrated.
2.6 Synthesis of 3,4-methano-6-oxo-pipecolic acid

Previous work from our laboratory has described the synthesis of 4,5-methano prolines and
5,6-methano pipecolic acids.*! In the context of the present work we studied the nitro
Michael reaction on the a-bromo o,B-unsaturated lactam 120 as a reactive olefin with a
leaving group on the a-carbon. We treated the enolate derived from 40 with PhSeBr and
Br,, which led to the a-bromo o,B-unsaturated lactam analog 120 in 65% overall yield
(Scheme 11). To our surprise, treatment of 120 with DBU in neat nitromethane resulted in
the formation of two isomeric nitrocyclopropanes in a ratio of 3:1. The structure of the
minor product 122 was ascertained by single crystal X-ray crystallography as shown in

Scheme 11. The structure of the major isomer was assigned to be 121 by analogy.
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Scheme 11. Synthesis of constrained nitromethano-6-oxo-piperidines

Since the carboxylate at C-2 was demonstrated to be in a pseudo-axial position for lactam
41 (Scheme 5), we reasoned that the same conformation could be observed for compound
120. Furthermore, it was of interest to us, that like its non-bromo analog 41, the major
product corresponded to an anti attack giving a majority of the frans adduct 121. This is
probably due to the steric interaction between the C-2 carboxylate of lactam 120 and the
incoming nitromethane (see 123). The anri reaction pathway is via the lower in energy twist
boat-like transition state to give enolate 124, which collapses to the frans chair conformer
126. Hereafter, the nitromethyl adduct 126 undergoes intramolecular attack with ejection of
the 2-bromo group enabling the formation of the cyclopropane. Thus, the proposed
mechanism of this nitro Michael cyclopropanation is both intermolecular Michael addition
and intramolecular cyclization process. Attempts to equilibrate, under the reaction
conditions, the exo orientation of the nitro group of each diastereoisomer independently,
showed no change of stereochemical composition. We therefore conclude, the results
observed are the kinetic outcome and not the result of thermodynamic equilibration.
Although, the exo orientation of the nitro group, of the trans isomer, was ascertained by

nOe studies and X-ray crystallography, we have no explanation for the basis of this

stereoselectivity.
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Scheme 12. Proposed rationalization of the stereochemical outcome of the nitro Michael addition to

lactam 120

The generality of this nitro Michael cyclopropanation reaction, and the preferred

diastereoselectivity with bulkier nitroalkanes, still needs to be established. Nonetheless, 4- ‘

5-nitromethano-6-oxopipecolic acids 121 and 122 represent interesting bicyclic and
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constrained cyclic amino acid derivatives that could be of use as B-turn mimetics on the one
hand®, and as a piperidine scaffold with a potential amino vector as an additional point of

diversity on the other.”’

2.7 Conclusion

We have produced a general method for the rapid synthesis of a novel class of 2,4-
disubstituted  piperidines and 6-oxo-piperidines as constrained analogs of naturally
occuring (S)-pipecolic acid. To take advantage of possible hydrophobic and H-bonding
effects, we prepared a library of 4-sulfonamides and 2-carbamates to be used as potential
scaffolds or mimics for various receptors. Furthermore, a general method for the synthesis
of novel y-substituted o-amino acids and formation of 3,4-methano-6-oxo-pipecolic acids
were also presented. With the importance of the piperidine ring system in natural products9
along with its valuable pharmacological properties7, our synthesis of the latter chiral ligands

could be of great value for a variety of synthetic applications.
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Chapter 3




3.1  General experimental notes

All yields reported are isolated products after chromatographic purification except where
indicated. The ratio of isomers were determined from 'H-NMR spectra. Melting points
(mp) were measured on a Fisher-Johns apparatus, and they are uncorrected. Nuclear
magnetic resonance of proton spectra (*H-NMR) and carbon-13 (13C-NMR) were recorded
on a Bruker AMX-300 (300 MHz) or a Bruker AMX-400 (400 MHz) spectrometer in a
deuterated solvent as indicated with CHCl; (H, 8 = 7.27 ppm; C, & = 77.23 ppm) as internal
reference. Chemical shifts (8) and coupling constants (J) are expressed in ppm (part per
million) and Hz (Hertz), respectively. The abbreviations used for the description of the
peaks are as follows: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad; dd, doublet of
doublets; doublet of triplets. DEPT experiments were performed routinely, methyl (CH3)
and methyne (CH) give positive signal (+), methylene (CH,) gives a negative signal (-), and
carbon without hydrogen gives no signal (0). 3C.NMR and DEPT data are listed together.
All chemical shifts are measured from the center of the resolved peaks, the unresolved

multiplet and broad peaks are normally indicated as a range.

Low resolution mass spectra (MS) and high resolution mass spectra (HRMS) were
determined on a VG Micro Mass 1212 and a Kratos MS-50 TCTA mass spectrometer,
respectively, with desorption chemical ionization (CI), or fast atom bombardment (FAB).
Infrared Spectra (IR) were conducted on a Perkin-Elmer 781 or Paragon 1000 infrared

spectrophotometer in a chloroform solution with a sodium chloride cell.

Optical rotations ([a]p) were measured at the sodium line with a Perkin-Elmer 241

polarimeter at ambient temperature.

X-ray analysis was performed on the Enraf-Nonius CAD-4 diffractometer using graphite
monochromatized Mo K o radiation and the structure solved using direct methods

(MULTANSO) and difference Fourier calculations (SHELX76).




All original data and spectra are available from Professor Stephen Hanessian, Universit¢ de

Montréal.
Chromatography

Flash chromatography was carried out according to the procedure of Still*? using silica gel

60 (0.040-0.063 mm, 230-400 mesh ASTA) (E. Merck).

Thin layer chromatography (TLC) was performed using commercial precoated glass-
backed Silica Gel 60 F254 plates with a layer thickness of 250 pum (E. Merck). This
technique was used to follow the course of reactions, to determine the suitable solvent
system for flash chromatography, and to check fractions of flash chromatography. A

mixture of EtOAc-H on v/v basis, as indicated, was used as eluent.

TLC visualization

UV 254 lamp was used to view TLC plates with UV light active compounds. To develop

plates, they were dipped into the stain solution and heated to develop the colored spots.

(a) Molybdate-Ceric solution

This solution was prepared by dissolving 50 g of ammonium molybdate (VI) tetrahydrate,
(NH4)sM07024.4H,0 and 20 g of ammonium cerium (IV) sulfate dihydrate,
(NH4)4Ce(S0,).2H,0 in a solution of 1800 mL of distilled water and 200 mL of

concentrated sulfuric acid.

(b)  Ninhydrin solution
This solution was prepared by dissolving 2 g of ninhydrin dihydrate in a solution of 600

mL of butanol and 18 mL of acetic acid. This solution was used with with nitrogen-

containing compounds.
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(©) KMnQOy solution

A 10% aqueous solution of KMnOj was used with olefinic compounds.

Solvents

Hexanes, EtOAc and DCM were distilled to remove any non-volatile material for

chromatography and general use.

Anhydrous solvents were dried and distilled over suitable drying agents as listed below:

Solvent Drying agent

THF sodium/benzophenone
DCM calcium hydride
toluene calcium hydride
triethylamine calcium hydride
acetone calcium hydride

Reagents

All reagents were purchased from Aldrich, Sigma or Lancaster, and were used without
further purification, except where indicated. All commercially unavailable reagents were

prepared following known procedures.
Anhydrous Reaction Conditions

All anhydrous reactions were carried out under an atmosphere of dry nitrogen and argon.
The glass vessels, luer lock syringes, needles, and stirring bars were oven-dried at 110-140
OC or flame-dried with a propane torch, and cooled to room temperature under a current of
dry nitrogen. Micro-syringes were dried under vacuum using an oil pump at room

temperature for at least 2 h prior to use.




Temperature Control

The temperature expressed in the reaction schemes and in the text of the experimental part

are the temperatures of the outside of reaction vessels except where indicated.

-78 °C acetone-dry ice bath

-40°C acetone bath with liquid cooler
0 °C (internal) salt-ice-water bath

0°C ice-water bath

room temperature ambient temperature

|8
(V)




3.2 Experimental notes

__OH

Boc
2-Hydroxymethyl-piperidine-1-carboxylic acid tert-butyl ester (31)

2-(Hydroxymethyl)piperidine 30 (10 g, 87 mmol) was dissolved in THF (150 mL) and
treated with aqueous 1 M K,CO5 (250 mL, 250 mmol) and di-fert-butyldicarbonate (22 mL,
96 mmol). The solution was stirred at room temperature overnight, and then 5 % aqueous
HCI was added until pH = 2. The organic phase was separated and the aqueous phase was
saturated with water (100 mL) and extracted twice with AcOEt (100 mL). The combined
organic extracts were washed with brine (50 mL) and dried over sodium sulfate. The
solvent was removed under vacuo and the yellow oil was purified by crystallization from
MeOH-Et,0 to give the title compound 31 (17.8 g, 95 %) with identical spectroscopic data

to that reported in the literature.’®

N N OH
Boc

(S)-2-Hydroxymethyl-piperidine-1-carboxylic acid fert-butyl ester (32)

AA-I (36 g, 300 U/mmol) was added to a solution of N-Boc-2-(hydroxymethyl)piperidine
31 (6.5 g, 30 mmol) in toluene (200 mL). The mixture was stirred at room temperature for 5
minutes, and then was treated with vinyl butyrate (3.9 mL, 30 mmol). The heterogeneous
suspension was stirred at room temperature for 9 h, and diluted with DCM (100 mL). The
enzyme was removed by filtration and washed with DCM (50 mL). After evaporation of
the solvent, the crude product was purified by flash column chromatography, eluting with a

80-20% FtOAc/Hexane solvent gradient to give a enantiomerically enriched compound 31
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(4.1 g, 63%) and a butyrate derivative (2.9 g, 33%). The product was submitted to a second
enzymatic resolution using wet toluene (100 mL), AA-I (11.5 g, 300 U/mmol), and vinyl
butyrate (5.0 mL, 38.5 mmol). This mixture was stirred at room temperature for 8.5 h. The
same work-up and purification procedure as described above gave a butyrate derivative (1.9
g, 35%) and the enantiomeric pure alcohol 32 (4.7 g, 58%) with reported 99.6% ee. The
enantiomeric pure alcohol had identical spectroscopic data and specific rotation [a]p to that
reported in the literature.’®

Reported [a]p—40.5° (¢ 1.0, CHCls)

Calculated [o]p—39.8° (¢ 1.0, CHCl3)

o N \ OTBDPS

Boc

(S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidine-1-carboxylic acid zert-
butyl ester (33)

To a solution of compound 32 (1.9 g, 8.8 mmol) in DCM (80 mL) was added TBDPSCI
(4.85 mL, 2 equiv.), imidazole (2.1 g, 3.5 equiv.) and DMAP (0.11 g, 0.1 equiv.). The
mixture was vigorously stirred until the starting material was no longer detectable by TLC.
The reaction mixture was poured into DCM (150 mL) after adding an aqueous solution of
ammonium chloride (100 ml). The organic layer was separated and immediately washed
with water (50 mL), brine (50 mL) and dried over sodium sulfate. The solvent was
removed under vacuo and the crude oil was dissolved in EtOAc (120 mL). RuO; hydrate
(350 mg) and 10% aqueous NalO4 (350 mL) were added to the solution and the mixture
was vigorously stirred until the starting material was no longer detectable by TLC. The
aqueous layer was extracted with EtOAc (75 mL). The combined organic solutions was
treated with isopropyl alcohol (6 mL) for 2-3 h to decompose the RuO4 oxidant and filtered.
The filtrate was washed with water (50 mL) and dried over sodium sulfate. The solution

was then filtered and evaporated in vacuo. The crude product was purified by flash column




chromatography, eluting with a 25-75% EtOAc/Hexane solvent gradient to give the title
compound 33 (3.29 g, 80%).

[a]p —32.6° (¢ 8.2, CHCl;)

TH-NMR (400MHz, CDCl;): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 4.34-4.28(m,
1H), 3.74-3.70(d, J = 4.7 Hz, 2H), 2.48-2.45(t, 2H), 2.16-2.13(m, 1H), 1.95-1.85(m, 2H),
1.70-1.60(m, 1H), 1.45(s, 9H), 1.06(s, 9H)

BC.NMR (100MHz, CDCls): 8(ppm) = 171.74(0), 152.52(0), 135.44(+), 132.93(0),
129.70(+), 127.65(+), 82.52(0), 64.08(-), 55.94(+), 34.64(-), 27.80(+), 26.68(+), 24.28(-),
19.03(0), 17.42(+)

IR: (NaCl): 3071, 3050, 2958, 2932, 2858, 1770, 1716, 1473, 1428, 1392, 1368, 1293,
1253, 1147, 1113, 1027, 926, 870, 824, 792, 772, 742, 703, 614 cm™!

MS: 468.2 (m+1), 410.1, 368.1, 310.0, 290.1, 274.1, 232.0, 212.1, 197.0, 170.0, 135.0,

90.9
HRMS: C,7H37NO,Si, caled.: 467.24923; found: 490.23906 (m+Na)

NHBoc
BocHN CO,Me

(S)-2,6-Bis-tert-butoxycarbonylamino-hexanoic acid methyl ester (36)

To a suspension of (S)-lysine monohydrochloride 35 (3.0 g, 16.4 mol) in a 0.1 molar 10%
solution of triethylamine (1.5 mL) in MeOH was added di-tert-butyl dicarbonate (15 mL, 4
equiv.). The mixture was heated at reflux for 10 min and then left stirring for 18 h. After
the solution was removed in vacuo, the residue was worked up in hexanes (100 mL) and
water (100 mL). The hexane layer was separated and discarded. The aqueous layer was
extracted with DCM (150 mL), and the extracts were combined and dried over sodium
sulfate. The solvent was filtered and removed in vacuo. Freshly prepared diazomethane in
Et,O was distilled directly into the crude product, redissolved in DCM (50 mL) until a
yellow coloration of the solution was observed. The excess diazomethane was neutralized

with acetic acid 36 (added until the disappearance of the yellow coloration). The resulting




white crystalline solid (5.6 g, 95%) had identical spectroscopic data to that reported in the

literature.”"

0 NHBoc
BocHN™ 7 "CO,Me

(S)-2,6-Bis-tert-butoxycarbonylamino-6-oxo-hexanoic acid methyl ester (37)

A solution of 36 (4.65 g, 12.9 mmol) in EtOAc (170 mL) was added to a mixture of RuO,
hydrate (500 mg) and 10% aqueous NalOj (520 mL). The mixture was vigorously stirred
until the starting material was no longer detectable by TLC and the layers were separated.
The aqueous layer was extracted with EtOAc (75 mL), and the combined organic layers
were treated with isopropyl alcohol (6 mL) for 2-3 h to decompose the RuO4 oxidant and
the precipitate was filtered. The filtrate was washed with water (50 mL), dried over sodium
sulfate, followed by the solid being filtered and evaporated in vacuo. The crude product
was purified by flash column chromatography, eluting with a 50-50% EtOAc/ Hexanes to
give the title compound 37 (4.83 g, 100%) with identical spectroscopic data to that reported

in the literature.”®

o N Nco,Me
H

(S)-6-Oxo-piperidine-2-carboxylic acid methyl ester (38)

Compound 37 (1.95 g, 5.42 mmol) was dissolved in trifluoroacetic acid (50 mL) and the
solution was heated at reflux for 14 h. The solvent was removed in vacuo, the crude oil
dissolved in DCM (90 mL), washed with 10% sodium bisulfate, brine and dried over
sodium sulfate. The solvent was removed in vacuo and the yellow oil was purified by flash

column chromatography, eluting with EtOAc which afforded the title compound 38 as a




colorless oil (0.629 g, 77%) with identical spectroscopic data to that reported in the

literature.”™

o N\ OTBDPS
H

(S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-piperidin-6-one (39)

To a solution of ester 38 (0.81 g, 5.17 mmol) in ethanol (50 mL) was added sodium
borohydride (0.25 g, 1.2 equiv.). The solution was stirred for 3.5 h at room temperature.
The reaction mixture was cooled down to 0 °C and concentrated HCl was added (2 mL)
until the pH was less than 3. The white precipitate was then removed by filteration through
a sintered glass funnel containing silica (~ 1 inch thick), and the solid washed with EtOH (3
x 50 mL). The filtrate was concentrated under reduced pressure and the resulting oil was
dissolved in toluene (50 mL). After removing the solvent under reduced pressure, the crude
product was dissolved in DCM (50 mL), dried over sodium sulfate, and the solvent was
removed in vacuo to yield the crude product as a yellow oil with identical spectroscopic
data to that reported in the literature.”® The crude oil was used without further purification,
dissolved in DCM (25 mL) and DMF (25 mL). To the solution was added TBDPSCI (2.7
mL, 2 equiv.), imidazole (1.23 g, 3.5 equiv.) and DMAP (63 mg, 0.1 equiv.). The mixture
was vigorously stirred until the starting material was no longer detectable by TLC. The
reaction mixture was poured into Et,O (150 mL) after adding an aqueous solution of
ammonium chloride (100 ml). The organic layer was separated, successively washed with
water, brine and dried over sodium sulfate. The solvent was removed under vacuo and the

yellow oil was purified by flash column chromatography, eluting with EtOAc to give the
title compound 39 (1.59 g, 84%).

[a]p ~7.5° (¢ 6.0, CHCl)




'"H-NMR (400MHz, CDCl3): & (ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.44(b, 1H),
3.6-3.57(m, 1H), 3.52-3.46(m,2H), 2.36-2.32(m, 1H), 2.25-2.21(m, 1H), 1.78-1.59(m, 3H),
1.27-1.20(m, 1H), 1.04(s, 9H)

BC.NMR (100MHz, CDCl3): 8(ppm) =171.75(0), 135.35(+), 132.74(0), 129.80(+),
127.72(+), 67.34(-), 54.20(+), 31.44(-), 26.71(+), 24.24(-), 19.34(-), 19.03(0)

IR: (NaCl): 2954, 2860, 2245, 1656, 1471, 1392, 1111, 926, 823, 689, 614, 517 cm™.

MS: 368.1 (m+1), 310.1, 290.1, 232.2, 197.1, 170.0, 132.9

HRMS: C,,H39NO,Si, caled.: 367.19683; found: 368.20465 (m+1)

o N\ OTBDPS

Boc

(S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidine-1-carboxylic acid fert-
butyl ester (33)

To a solution of compound 39 (2.0 g, 5.4 mmol) in acetonitrile (54 mL) was added
triethylamine (1.5 mL, 2 equiv.), Boc,O (2.5 mL, 2 equiv.) and DMAP (0.66 g, 1 equiv.).
The mixture was vigorously stirred until the starting material was no longer detectable by
TLC. The solvent was removed under vacuo and EtOAc (100 mL) was poured into the
reaction mixture followed by adding an aqueous solution of ammonium chloride (100 mL).
The organic layer was separated and successively washed with an aqueous solution of
sodium bicarbonate (50 mL), water (50 mL), brine (50 mL) and dried over sodium sulfate.
The solvent was removed under vacuo and the yellow oil was purified by flash column
chromatography, eluting with a 25-75% EtOAc/Hexane solvent gradient to give the title
compound 33 (2.15 g, 85%) with identical spectroscopic data to that reported of the above.

o N \ OTBDPS

Boc




(S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-0xo-3,6-dihydro-2 H-pyridine-1-
carboxylic acid fert-butyl ester (34)

To a solution of the N-Boc amide 33 (1.0 g, 2.15 mmol) dissolved in anhydrous THF (22
mL) at 78 °C, under an atmosphere of N,, was added LIHMDS (2.58 mL, 1.2 equiv.) 1 M
solution in THF. After 45 min, PhSeBr (0.61 g, 1.2 equiv.) dissolved in THF (5 mL) was
added and the reaction mixture was left stirring at =78 °C for 1 h and warmed up to room
temperature over a further period of 60 min. The reaction mixture was quenched with
saturated aqueous NH,Cl (5 mL) and the aqueous layer was extracted with EtOAc (50 mL).
The combined organic layers were washed with brine and dried over sodium sulfate. After
filtration and evaporation the yellow oil was dissolved in DCM (15mL) and treated with
H,0, (30%, 2 mL) at 0 °C. After adding drops of pyridine to pH ~ 7 the mixture was stirred
at room temperature for 90 min, then quenched with saturated aqueous Na;COs (5 mL) and
the aqueous layer was extracted with DCM (25 mL). The combined organic layers were
washed with brine (10 mL) and dried over sodium sulfate. Filteration and removal of
solvent under vacuo, gave a yellow oil that was purified by flash column chromatography,

eluting with a 25-75% EtOAc/Hexane solvent gradient to give the title compound 34 (0.75
g, 75%).

[a]p + 4.4° (¢ 2.3, CHCly)

TH-NMR (400MHz, CDCl;): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.44-6.41(m,
1H), 5.84-5.82(dd, J = 2.4 Hz, 9.9 Hz, 1H), 4.61-4.57(m, 1H), 3.77-3.71(m, 2H), 2.68-
2.60(m, 2H), 1.49(s, 9H), 1.04(s, 9H)

BC.NMR (100MHz, CDClL): 8(ppm) = 162.74(0), 152.11(0), 140.39(+), 135.39(+),
132.90(0), 129.73(+), 127.68(+), 125.62(+), 82.65(0), 62.53(-), 54.15(+), 27.90(+),
26.71(+), 24.99(-), 19.06(0)

IR: (NaCl): 3073, 2961, 2860, 2250, 1760, 1711, 1634, 1472, 1393, 1296, 1244, 1155,
1113, 812, 702, 613, 505 cm”'

MS: 466.3 (m+1), 388.2,366.2,352.2,230.6, 135.1

HRMS: C,7H35NO4Si, caled.: 465.23358; found: 466.24142 (m+1)
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o N\ OTBDPS

Boc

(PAY 4R)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-nitromethyl-6-oxo-piperidine-1-
carboxylic acid fert-butyl ester (42)

To a solution of the N-Boc unsaturated amide 34 (2.0 g, 4.20 mmol) dissolved in
nitromethane (40 mL, 64 equiv.) at room temperature, under an atmosphere of N,, was
added DBU (1 mL, 1.5 equiv.). The reaction was left stirring at room temperature for 2.5 h.
The reaction mixture was quenched with saturated aqueous NH4Cl (25 mL) and the
aqueous layer was extracted with EtOAc (40 mL). The combined organic layers were
washed with brine (25 mL) and dried over sodium sulfate, filtered and removed under
vacuo to give a 1:1, syn to anti, diastereoisomers. The diastereoisomers were separated by
flash column chromatography, eluting with a 10-90% EtOAc/Hexane solvent gradient to
give the title compound 42 (0.903 g, 40%) and its diastereoisomer title compound 43 (0.903
g, 40%).

For 42:

[a]p —33.5° (¢ 2.0, CHCl3)

'H-NMR (400MHz, CDCls): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 4.57-4.21(m,
3H), 3.79-3.71(m, 2H), 3.23-3.14(m, 1H), 2.73-2.63(m, 1H), 2.28-2.21(m, 2H), 1.75-
1.67(dt, J = 5.4 Hz, 13.0Hz, 1H), 1.46(s, 9H), 1.05(s, 9H)

BC.NMR (100MHz, CDCly): &(ppm) = 168.67(0), 151.92(0), 135.47(+), 132.49(0),
129.89(+), 127.79(+), 83.24(0), 79.61(-), 64.36(-), 54.89(+), 37.72(-), 29.0(-), 28.81(+),
27.78(+), 26.62(+), 18.93(0)

IR: (NaCl): 3072, 1770, 1718, 1472, 1428, 1391, 1369, 1294, 1250, 1150, 1113, 1055, 938,
850, 741, 703, 614, 505 cm™

MS: 549.3 (m+Na), 522.2, 445.2, 427.3, 413.2,291.1, 199.1, 154.1
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HRMS: C3H3304N,SiNa, caled.: 549.23968; found: 549.23969 (m+Na)

O,N

o~ N\ OTBDPS

Boc

(2S,  4S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-nitromethyl-6-oxo-piperidine-1-
carboxylic acid zert-butyl ester (43)

For 43:

[a]p -32.7° (¢ 5.9, CHCl3)

'TH-NMR (400MHz, CDCl;): 8(ppm) = 7.63-7.59(m, 4H), 7.45-7.36(m, 6H), 4.35-4.28(m,
3H), 3.87-3.84(dd, J = 4.10Hz, 10.4Hz, 1H), 3.56-3.53(dd, J = 2.15 Hz, 10.40 Hz, 1H),
2.68-2.63(m, 2H), 2.31-2.18(m, 2H), 1.78-1.69(m, 1H), 1.47(s, 9H), 1.04(s, 9H)

BC.NMR (100MHz, CDCls): §(ppm) = 170.07(0), 152.20(0), 135.43(+), 132.61(0),
129.80(+), 127.72(+), 83.22(-), 78.85(0), 65.42(-), 54.49(+), 38.04(-), 29.89(+), 27.77(+),
26.72(-), 26.65(+), 19.00(0)

O,N

N OTBDPS
H

o

(28, 4R)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-nitromethyl-piperidin-6-one (51)

To a solution of compound 42 (0.96 g, 1.80 mmol) dissolved in DCM (20 mL) at 0 °C was
added TFA (1.8 mL, 13 equiv.). The mixture was left stirring at 0 °C for 30 min, quenched
with saturated aqueous Na;COs (5 mL) and the aqueous layer was extracted with DCM (25
mL). The combined organic layers were washed with brine (10 mL) and dried over sodium

sulfate, filtered and evaporated under vacuo. The crude yellow oil was purified by flash
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column chromatography, eluting with 100% EtOAc to give the title compound 51 (0.66 g,
86%).

[a]p +20.6° (¢ 1.6, CHCly)

"H-NMR (400MHz, CDCls): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.54(b, 1H),
4.35-4.26(m, 1H), 3.66-3.59(m, 1H), 3.58-3.55(s, 2H), 2.79-2.75(m, 1H), 2.54-2.48(dd, J =
5.5 Hz, 17.5 Hz, 1H), 2.18-2.12(dd, J = 7.9 Hz, 17.5 Hz, 1H), 1.81-1.75(m, 1H), 1.69-
1.62(m, 1H), 1.06(s, 9H)

BC.NMR (100MHz, CDCl3): 8(ppm) = 169.23(0), 135.41(+), 132.46(0), 129.97(+),
127.82(+), 78.45(-), 66.59(-), 50.88(+), 34.40(-), 28.82(+), 26.69(+), 26.13(-), 19.02(0).

IR: (NaCl): 3072, 2931, 2858, 1670, 1553, 1472, 1428, 1382, 1341, 1113, 999, 824, 800,
742,703 cm”

MS: 427.3 (m+1), 369.2, 349.02, 291.1,271.2,229.1, 199.1, 135.1

HRMS: C,3H30N,04Si, Caled.: 426.19749; found : 427.20618 (m+1)

O,N

N\ OTBDPS
H

o

(2S, 4S)-2-(tert-Butyl-diphenyl—silanyloxymethyl)-4—nitromethyl—piperidin—6-one 53)

Using the same procedure, we obtained compound 53 (0.384 g, 90%) from 43(0.530¢g,1.0

mmol).

[at]p —20.0° (¢ 2.0, CHCl;)
'H-NMR (400MHz, CDCls): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.38(b, 1H),
4.33-4.26(m, 2H), 3.65-3.63(m, 2H), 3.47(t, J = 9.30 Hz, 1H), 2.78-2.62(m, 1H), 2.12-
2.04(m, 1H), 1.89-1.80(m, 1H), 1.25-1.30(t, J = 4.2 Hz, 1H), 1.05(s, 9H)
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BC.NMR (100MHz, CDCL): 8(ppm) = 168.70(0), 136.13(+), 133.14(0), 130.75(+),
128.52(+), 79.99(-), 67.85(-), 54.25(+), 35.31(-), 32.09(+), 29.00(-), 27.44(+), 19.80(+)

HN

o N \-OTBDPS
H

(2S, 4R)-4-Aminomethyl-2-(fert-butyl-diphenyl-silanyloxymethyl)-piperidin-6-one
(32)

A solution of 51 (0.24 g, 0.56 mmol) in MeOH (6 mL) was hydrogenated over 10% Pd/C
(20 mg) at 60 psi Hy. The mixture was stirred until the starting material was no longer
detectable by TLC. The reaction mixture was filtered through celite®, the pad was washed
with DCM (20 mL) and the solvent was removed under vacuo to give the desired product

52 (0.222 g, 95%).

[a]p +11.8° (¢ 6.3, CHCl3)
TH-NMR (400MHz, CDCl3): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.36(b, 1H),
3.63-3.44(m, 3H), 2.67-2.57(m, 2H), 2.44-2.38(dd, J = 5.4 Hz, 17.4 Hz, 1H), 2.11-1.82(m +
b, 4H), 1.64-1.54(m, 2H), 1.05(s, 9H).

BC.NMR (400MHz, CDCly): 8(ppm) = 171.45(0), 135.49(+), 132.86(0), 129.91(+),
127.84(+), 67.31(-), 51.42(+), 45.75(-), 35.23(-), 32.54(+), 26.82(+), 26.46(-), 19.14(0).

IR: (NaCl): 3205, 3050, 2931, 2858, 1662, 1472, 1428, 1391, 1340, 1308, 1265, 1113,
1007, 938, 824, 740, 703, 614 cm™.

MS: 397.2 (m+1), 361.2, 241.1, 197.1, 181.0, 154.1, 135.1, 121.0.

HRMS: Cy3H3,N,0,Si, Caled.: 396.59796; found : 397.23114 (m+1)
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5~ N\ OTBDPS
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(25, 45)-4-Aminomethyl-2-(tert-butyl-diphenyl-silanyloxymethyl)-piperidin-6-one
(34

Using the same procedure, we obtained compound 54 (0.28 g, 95 %) from 53 (0.3 g, 0.7

mmol).

[a]p -3.2° (c 4.7, CHCl3)

'H-NMR (400MHz, CDCls): 8(ppm) = 7.70-7.64(m, 4H), 7.45-7.35(m, 6H), 6.33(b, 1H),
3.65-3.55(m, 2H), 3.46-3.42(m, 1H), 3.08-2.72(b, 2H), 2.71-2.50(m, 3H), 2.03-1.93(d, J =
10.0 Hz, 1H), 1.81-1.79(d, J = 10.9 Hz, 1H), 1.04-0.85(s+m, 10H)

BC.NMR (100MHz, CDCls): 8(ppm) = 171.28(0), 135.36(+), 132.58(0), 129.85(+),
127.77(+), 67.45(-), 54.06(+), 46.42(-), 35.59(-), 34.55(-), 29.45(+), 28.51(-), 26.68(+),
19.04(0)

OMe

. OTBDPS
H

0O

(2S,  4S5)-N-[2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidin-4-ylmethyl]-4-

methoxy-benzenesulfonamide (66)
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To a solution of 54 (50 mg, 0.13 mmol) dissolved in DCM (1 mL) was added 4-methoxy
benzene sulfonyl chloride (54 mg, 2 equiv.) and triethylamine (40 pL, 2 equiv.). The
mixture was left stirring at room temperature for 24 h. The solvent was removed under
vacuo and the resulting product was purified by flash column chromatography, eluting with

a 90-10% EtOAc/MeOH solvent gradient to give the title compound 66 (52 mg, 70%).

'H-NMR (400MHz, CDCls): 8(ppm) = 7.77-7.60(d, J = 8.9 Hz, 2H), 7.62-7.60(m, 4H),
7.42-7.37(m, 6H), 6.93-6.91(d, J = 8.9 Hz, 2H), 6.44(B, 1H), 6.22-6.19(t, J = 6.09 Hz, 1H),
3.81(s, 3H), 3.60-3.47(m, 3H), 2.81-2.76(2H, m), 2.08-1.97(m, 2H), 1.62-1.59(m, 2H),
1.03(s, 9H)

BC.NMR (100MHz, CDCls): &(ppm) = 171.13(0), 162.74(0), 135.51(+), 132.79(0),
131.50(0), 129.93(+), 129.04(+), 127.87(+), 114.26(+), 67.11(-), 60.40(-), 55.57(+),
51.11(+), 46.32(-), 34.77(-), 29.97(+), 26.80(+),19.14(0)

IR: (NaCl): 3395, 3073, 2933, 2860, 1663, 1598, 1498, 1467, 1428, 1337, 1307, 1159,
1113, 1028, 824 cm™

MS: 567.3 (m+1), 551.3, 509.3, 431.2, 411.2,289.1, 171.0

HRMS: C;0H33N,05SSi, Caled.: 566.22712; found: 567.23498 (m+1)

OMe

o NN OH
H

(25, 45)-N-(2-Hydroxymethyl-6-oxo-piperidin-4-ylmethyl)-4-methoxy-benzene
sulfonamide (76)

To a solution of 66 (137 mg, 0.24 mmol) dissolved in THF (3 mL) was added a 1 M
solution of TBAF (0.5 mL, 2 equiv.) in THF. The mixture was left stirring at room
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temperature for 2 h. The reaction mixture was purified directly by flash column
chromatography, eluting with a 90-10% EtOAc/MeOH solvent gradient to give the title
compound 76 (71 mg, 90%).

'H-NMR (400MHz, CD;OD): 8(ppm) = 7.80-7.78(d, J = 8.9 Hz, 2H), 7.09-7.07(d, J = 8.90
Hz, 2H), 3.87(s, 3H), 3.52-3.47(m, 3H), 2.81-2.78(m, 2H), 2.40-2.34(dd, J = 4.80 Hz, 17.06
Hz, 1H), 2.16-2.09(m, 1H), 2.06-1.99(dd, J = 9.43 Hz, 16.24 Hz, 1H), 1.84-1.81(d, J =
14.04 Hz, 1H), 1.61-1.57(m, 1H)

BC.NMR (100MHz, CD;OD): &(ppm) = 176.77(0), 166.90(0), 135.77(0), 132.65(+),
117.93(+), 68.22(-), 58.77(+), 55.25(+), 50.32(-), 38.09(-), 33.22(+), 29.73(-)

IR: (NaCl): 3274, 2928, 2397, 1627, 1597, 1498, 1460, 1413, 1328, 1260, 1154, 1094,
1024, 835, 735, 668, 562 cm’™

OMe
O::S:o
HN
‘ H
o NN O N
H o)

(2S, 4S)-Phenyl-carbamic acid 4-[(4-methoxy-benzenesulfonylamino)-methyl]-6-oxo-
piperidin-2-ylmethyl ester (77)

To a solution of 76 (19 mg, 0.05 mmol) dissolved in pyridine (0.5 mL) under an
atmosphere of N, was added phenyl isocyanate (14 pL, 2.5 equiv.). The reaction mixture
was heated to 80 °C and left stirring for 16 h. The solvent was removed under vacuo and
the resulting product was purified by flash column chromatography, eluting with a 90-10%
EtOAc/MeOH solvent gradient to give the title compound 77 (19 mg, 85%).
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TH-NMR (400MHz, CD;0D): 8(ppm) = 7.80-7.78(d, J = 8.9 Hz, 2H), 7.44-7.42(d, ] = 8.14
Hz, 2H), 7.30-7.26(m, 2H), 7.13-7.01(m, 2H), 4.23-4.19(dd, J = 4.2 Hz, 11.12Hz, 1H),
4.06-4.02(dd, J = 5.5 Hz, 11.14 Hz, 1H), 3.87(s, 3H), 3.62-3.70(m, 1H), 3.33-3.14(s, 2H),
2.82-2.81(d, J = 5.44 Hz, 1H), 2.03-1.96(m, 2H), 1.30-1.22(m, 2H)

BC_NMR (100MHz, CD;OD): 8(ppm) = 174.01, 164.20, 155.67, 139.7, 133.4, 130.50,
129.60, 123.93, 119.61, 115.21, 67.61, 55.93, 52.84, 35.66, 33.65, 30.54, 28.60

IR: (NaCl): 2358, 1724, 1634, 1598, 1503, 1463, 1418, 1325, 1258, 1152, 1091, 1023, 835,
755, 691, 668 cm™

MS: 448.1 (m+1), 307.1, 289.0, 154.0

HRMS: CyH,5N306S, Caled.: 447.14643; found : 448.15421 (m+1)

o N\ OTBDPS
H

(25, 4S)-N- [2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidin-4-ylmethyl]-

benzenesulfonamide (67)

To a solution of 54 (100 mg, 0.25 mmol) dissolved in acetonitrile (2.5 mL) was added
sulfonyl benzene chloride (80 uL, 2.5 equiv.) and triethylamine (87 pL, 2.5 equiv.). The
reaction was left stirring at room temperature for 48 h. The solvent was removed under
vacuo and the resulting product was purified by flash column chromatography, eluting with

a 100% EtOAc solvent gradient to give the title compound 67 (93 mg, 70%).
'H-NMR (400MHz, CDCls): 8(ppm) = 7.84-7.82(d, J =7.13 Hz, 2H), 7.63-7.52(m, 4H),

7.48-7.36(m, 9H), 6.42(b, 1H), 6.22-6.19(b, 1H), 3.59-3.42(m, 3H), 2.84-2.80(m, 2H),
2.38-2.33(dd, J = 4.1 Hz, 16.23 Hz, 1H), 2.08-2.00(m, 2H), 1.61-1.58(m, 2H), 1.04(s, 9H)
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BC.NMR (100MHz, CDCl3): &(ppm) = 171.07(0), 140.00(0), 135.52(+), 132.77(0),
132.60(+), 129.95(+), 129.14(+), 127.88(+), 126.86(+), 67.10(-), 51.13(+), 46.38(-), 34.71(-
), 30.02(+), 26.80(+), 26.07(-), 19.14(0)

IR: (NaCl): 3314, 3072, 2999, 2931, 2859, 2248, 1963, 1897, 1824, 1650, 1472, 1328,
1247, 1161, 1113, 1008, 910, 824, 734, 704, 614, 584, 505 cm™

MS: 537.3 (m+1), 479.2, 401.2, 381.2, 307.1, 267.1, 224.1, 191.1, 154.1, 137,1

HRMS: Cy9H36N,04SSi, Caled.: 536.21653; found : 537.22438 (m+1)

Of N\OH
H

(2S, 45)-N-(2-Hydroxymethyl-6-oxo-piperidin-4-ylmethyl)-benzenesulfonamide (86)

To a solution of 67 (93 mg, 0.17 mmol) dissolved in THF (2 mL) was added a 1 M solution
of TBAF (0.35 mL, 2 equiv.) in THF. The mixture was left stirring at room temperature for
2 h. The reaction mixture was directly purified by flash column chromatography, eluting

with a 90-10% EtOAc/MeOH solvent gradient to give the title compound 86 (46 mg, 90%).

'H-NMR (400MHz, CD;0D): 8(ppm) = 7.87-7.85(d, J = 6.11 Hz, 2H), 7.63-7.56(m, 3H),
3.50-3.41(m, 3H), 2.77-2.84(m, 2H), 2.39-2.35(dd, J = 3.94 Hz, 15.8Hz, 1H), 2.13-2.00(m,
2H), 1.85-1.81(m, 1H), 1.65-1.58(m, 1H)

13C.NMR (100MHz, CD;OD): 8(ppm) = 176.75(0), 144.39(0), 136.22(+), 132.84(+),
130.44(+), 68.21(-), 55.24(+), 50.33(-), 38.04(-), 33.29(+), 29.71(-)

IR: (NaCl): 3273, 2927, 2366, 1629, 1447, 1413, 1324, 1157, 1092, 1053, 756, 720, 690,

584 cm’!
MS: 299.2 (m+1), 289.2, 267.2, 167.2, 154.2, 136.1, 123.1, 109.1,95.0

49




HRMS: Ci3HgN,0,S, Caled.: 298.09872; found : 299.10727 (m+1)

(25, 4S)-Phenyl-carbamic acid 4-(benzenesulfonylamino-methyl)-6-oxo-piperidin-2-yl
methyl ester (87)

To a solution of 86 (10 mg, 0.03 mmol) dissolved in pyridine (0.3 mL) under an
atmosphere of N, was added phenyl isocyanate (9 pL, 2.5 equiv.). The reaction mixture was
heated to 80 °C and left stirring for 16 h. The solvent was removed under vacuo and the
resulting product was purified by flash column chromatography, eluting with a 90-10%

EtOAc/MeOH solvent gradient to give the title compound 87 (12 mg, 92%).

'"H-NMR (400MHz, CD;0D): 8(ppm) = 7.88-7.85(m, 2H), 7.65-7.55(m, 3H), 7.45-7.43(d,
J = 7.89 Hz, 2H), 7.31-7.26(m, 2H), 7.05-7.01(m, 1H), 4.12-4.04(m, 2H), 3.75-3.72(m,
1H), 2.84-2.82(d, ] = 6.79 Hz, 2H), 2.43-2.37(dd, J = 4.48 Hz, 17.15 Hz, 2H), 2.28-2.17(m,
1H), 2.07-2.02(dd, J = 9.08 Hz, 14.19 Hz, 1H), 2.00-1.88(m, 1H), 1.72-1.64(m, 1H)
BC.NMR (100MHz, CD;OD): 8(ppm) = 176.72(0), 157.02(0), 144.56(0), 142.25(0),
136.21(+), 132.82(+), 132.37(+), 130.44(+), 126.72(+), 122.41(+), 70.07(-), 52.82(+),
50.30(-), 37.99(-), 33.23(+), 30.04(-)

IR: (NaCl): 3274, 3066, 2926, 2856, 2364, 1729, 1648, 1601, 1540, 1504, 1446, 1418,
1326, 1230, 1159, 1091, 1030, 755, 690 cm”

MS: 418.3 (m+1), 397.5, 307.3, 176.1, 154.1, 136.1

HRMS: CyH33N30;58, Caled.: 417.13589; found : 418.14374 (m+1)
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(2S,  45)-N-[2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidin-4-ylmethyl]-3-

trifluoromethyl-benzenesulfonamide (68)

To a solution of 54 (100 mg, 0.25 mmol) dissolved in acetonitrile (2.5 mL) was added 3-
(trifluoromethyl) sulfonyl benzene chloride (0.1 mL, 2.5 equiv.) and triethylamine (87 pL,
2.5 equiv.). The reaction was left stirring at room temperature for 48 h. The solvent was
removed wunder vacuo and the resulting product was purified by flash column

chromatography, eluting with 100% EtOAc to give the title compound 68 (87 mg, 72%).

'H-NMR (400MHz, CDCl3): 8(ppm) = 8.13(s,1H), 8.05-8.03(d, J = 7.9 Hz), 7.81-7.79(d, J
= 7.77 Hz, 1H), 7.64-7.61(m, SH), 7.45-7.36(m, 6H), 6.51-6.48(t, ] = 6.13 Hz, 1H), 6.42(b,
1H), 3.61-3.47(m, 3H), 2.90-2.82(m, 2H), 2.42-2.37(dd, J = 4.18 Hz, 16.44 Hz, 1H), 2.16-
2.08(m, 2H), 1.65-1.61(m, 2H), 1.04(s, 9H)

3C.NMR (100MHz, CDCls): 8(ppm) = 171.16(0), 141.44(0), 135.51(+), 135.48(+),
132.71(0), 131.88(0), 131.55(0), 130.13(+), 129.95(+), 129.16(+), 127.88(+), 123.97(+),
67.10(-), 51.20(+), 46.35(-), 34.51(-), 30.17(+), 26.77(+), 26.18(-), 19.12(0)

IR: (NaCl): 3321, 3073, 2931, 2860, 2249, 1964, 1896, 1825, 1651, 1472, 1428, 1327,
1163, 1107, 1072, 999, 910, 824, 739, 702, 652, 614, 587, 504 cm”’

MS: 605.4 (m+1), 577.7, 549.6, 176.1, 155.1, 137.1

HRMS: C30H3sF3N,0,SSi, Caled.: 604.20398; found: 605.21175 (m+1)
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(2S, 45)-N-(2-Hydroxymethyl-6-oxo-piperidin-4-ylmethyl)-3-trifluoromethylbenzene
sulfonamide (96)

To a solution of 68 (50 mg, 0.08 mmol) dissolved in THF (1 mL) was added a 1 M solution
of TBAF (0.16 mL, 2 equiv.) in THF. The mixture was left stirring at room temperature for
2 h. The reaction mixture was directly purified by flash column chromatography, eluting

with a 90-10% EtOAc/MeOH solvent gradient to give the title compound 96 (26 mg, 90%).

"H-NMR (400MHz, CD50D): §(ppm) = 8.20-8.12(m, 2H), 7.96-7.94(dd, J = 0.58 Hz, 0.62
Hz, 1H), 7.83-7.79(m, 1H), 3.50-3.45(m, 3H), 2.91-2.83(m, 2H), 2.41-2.36(dd, ] = 3.94 Hz,
15.8 Hz, 1H), 2.18-2.02(m, 2H), 1.87-1.82(m, 1H), 1.66-1.59(m, 1H)

BC.NMR (100MHz, CD;OD): 8(ppm) = 174.11(0), 143.45(+), 132.05(0), 131.88(0),
131.57(+), 130.21(+), 123.22(0), 124.66(+), 65.68(-), 52.70(+), 47.77(-), 35.44(-), 30.86(+),
27.18(-)

IR: (NaCl): 3288, 2930, 2454, 2071, 1642, 1453, 1434, 1328, 1163, 1132, 1107, 1071, 806,
696, 653, 589 cm’
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(2S, 4S5)-Phenyl-carbamic acid 6-0x0-4-[(3-trifluoromethyl-benzenesufonylamino)-

methyl]-piperidin-2-ylmethyl ester (97)

To a solution of 96 (8 mg, 0.02 mmol) dissolved in pyridine (0.2 mL) under an atmosphere
of N was added phenyl isocyanate (6 uL, 2.5 equiv.). The reaction mixture was heated to
80 °C and left stirring for 16 h. The solvent was removed under vacuo and the resulting
product was purified by flash column chromatography, eluting with a 90-10%
EtOAc/MeOH solvent gradient to give the title compound 97 (9 mg, 92%).

TH-NMR (400MHz, CD;0D): 8(ppm) = 8.14-8.11(m, 2H), 7.95-7.93(d, J = 7.48 Hz, 1H),
7.81-7.77(t, = 7.82 Hz, 1H), 7.44-7.42(d, J = 7.87 Hz, 2H), 7.29-7.25(t, ] = 7.56 Hz, 2H),
7.04-7.01(t, J = 7.41 Hz, 1H), 4.23-4.19(dd, J = 4.1 Hz, ] = 11.15 Hz, 1H), 4.05-4.02(dd, J
=559 Hz, J = 11.07 Hz, 1H), 3.70-3.64(m, 1H), 2.88-2.86(d, J = 5.67 Hz, 2H), 2.40-
2.37(d, T = 14.23 Hz, 1H), 2.07-1.95(m, 3H), 1.29-1.21(m, 1H)

BC-NMR (100MHz, CD;0D): 8(ppm) = 176.95, 157.22, 145.99, 142.49, 135.95, 135.65,
134.11, 132.75, 132.37, 127.22, 126.71, 125.91, 122.34, 70.37, 55.56, 50.88, 38.32, 36.51,
32.22

IR: (NaCl): 3245, 3072, 2929, 2858, 2361, 1734, 1652, 1601, 1547, 1503, 1464, 1447,
1428, 1327, 1222, 1163, 1133, 1112, 1072, 1030, 999, 939, 904, 824 cm’!

MS: 486.2 (m+1), 458.3, 391.3, 335.1, 307.1, 154.1

HRMS: C,;H,,F;N30s5S, Calced.: 485.12326; found: 486.12762 (m+1)
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(25, 4S)-Thiophene-2-sulfonic acid [2-(tert-butyl-diphenyl-silanyloxymethyl)-6-oxo-
piperidin-4-ymethyl]-amide (72)

To a solution of 54 (135 mg, 0.34 mmol) dissolved in acetonitrile (1 mL) was added
sulfonyl thiophene chloride (0.25 g, 4 equiv.) and triethylamine (0.1 mL, 2 equiv.). The
mixture was left stirring at room temperature for 48 h. The solvent was removed under
vacuo and the resulting product was purified by flash column chromatography, eluting with

100% EtOAc to give the title compound 72 (140 mg, 76%).

IH-NMR (400MHz, CDCls): 8(ppm) = 7.63-7.62(m, 4H), 7.56-7.55(dd, J = 1.28 Hz, 1H),
7.50-7.48(dd, J = 1.28 Hz, 5.00 Hz, 1H), 7.45-7.37(m, 6H), 7.03-7.01(dd, ] = 3.77 Hz,
4.98Hz), 6.58(b, 1H), 6.52(s, 1H)

BC.NMR (100MHz, CDCL): 8(ppm) = 171.42(0), 141.05(0), 135.55(+), 132.65(+),
131.88(+), 131.71(+), 129.98(+), 127.91(+), 127.85(+), 67.42(-), 54.05(+), 47.74(-), 35.37(-
), 32.63(+), 28.39(-), 26.80(+), 19.16(0)

IR: (NaCl): 3400, 3072, 2931, 2858, 1964, 1895, 1826, 1651, 1472, 1428, 1338, 1266,
1227, 1156, 1113, 1015, 938, 856, 824, 796, 739, 614, 505 cm™

MS: 543.2 (m+1), 485.1, 407.1, 369.4, 307.1

HRMS: Cy7H3,N,04S,Si, Caled.: 542.17298; found : 543.18074 (m+1)
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(28, 4S)-Thiophene-2-sulfonic acid (2-hydroxymethyl-6-oxo-piperidin-4-ylmethyl)-
amide (105)

To a solution of 72 (140 mg, 0.26 mmol) dissolved in THF (3 mL) was added a 1 M
solution of TBAF (0.5 mL, 2 equiv.) in THF. The mixture was left stirring at room
temperature for 2 h. The reaction mixture was directly purified by flash column
chromatography, eluting with a 90-10% EtOAc/MeOH solvent gradient to give the title
compound 105 (71 mg, 90%). '

IH-NMR (400MHz, CD;0D): 5(ppm) = 7.79-7.78(dd, ] = 1.32 Hz, ] = 5.02 Hz, 1H), 7.62-
7.61(dd, T = 1.32 Hz, J = 3.73 Hz, 1H), 7.17-7.15(dd, J = 3.74 Hz, J = 5.01 Hz), 3.51-
3.43(m, 3H), 2.93-2.87(m, 2H), 2.43-2.37(m, 1H), 2.17-2.12(m, 1H), 2.08-2.02(dd, J = 8.62
Hz, J =17.21 Hz, 1H), 1.88-1.83(m, 1H), 1.67-1.60(m, 1H)

3C.NMR (100MHz, CD;0D): 8(ppm) = 176.57(0), 145.200), 135.42(+), 135.23(+),
130.92(+), 68.06(-), 55.11(+), 48.50(-), 37.92(-), 33.07(+), 29.61(-)

IR: (NaCl): 3098, 2924, 2363, 1636, 1457, 1405, 1336, 1226, 1156, 1065, 1016, 724, 668

cm’!

MS: 305.1(m+1); 289.1, 241.1, 221.1, 197.1, 154.1
HRMS: C;H;6N,0;4S,, Calcd.: 304.05528; found : 305.06304 (m+1)
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(2S, 45)-Phenyl-carbamic acid 4-(benzenesulfonylamino-methyl)-6-oxo-piperidin-2-
ylm ethyl ester (106)

To a solution of 105 (18 mg, 0.06 mmol) dissolved in pyridine (0.6 mL) under an
atmosphere of N, was added phenyl isocyanate (16 pL, 2.5 equiv.). The reaction mixture
was heated to 80 °C and left stirring for 16 h. The solvent was removed under vacuo and
the resulting product was purified by flash column chromatography, eluting with a 90-10%
EtOAc/MeOH solvent gradient to give the title compound 106 (21 mg, 82%).

IH-NMR (400MHz, CD;0D): 8(ppm) = 7.78-7.76(dd, J = 1.32 Hz, ] = 4.96 Hz, 1H), 7.62-
7.61(dd, J = 1.35 Hz, J = 3.73 Hz, 1H), 7.44-7.42(d, J = 7.65 Hz, 2H), 7.30-7.26(m, 2H),
7.16-7.14(dd, J = 3.73 Hz, J = 5.02 Hz, 1H), 7.05-7.03(m, 1H), 4.23-4.20(m, 1H), 4.13-
4.06(m, 2H), 3.70-3.66(dd, J = 5.14 Hz, 11.16 Hz, 1H), 2.92-2.91(d, J = 5.93 Hz, 2H),
2.41-2.38(dd, J = 2.16 Hz, 12.59 Hz, 1H), 2.07-1.95(m, 1H)

I3C.NMR (100MHz, CD;OD): 8(ppm) = 177.00(0), 157.93(0), 145.70(0), 142.50(0),
135.55(+), 135.39(+), 132.38(+), 131.06(+), 126.72(+), 122.36(+), 70.39(-), 55.59(+),
52.16(-), 38.41(-), 36.36(+), 32.29(-)

IR: (NaCl): 3268, 2923, 2360, 1732, 1652, 1600, 1545, 1502, 1446, 1406, 1316, 1225,
1156, 1087, 1017, 854, 735, 694, 519 cm™

MS: 424.1 (m+1), 391.3, 307.1, 289.1, 154.1, 136.0

HRMS: C;sH,;N305S,, Caled.: 423.09239; found : 424.10016 (m+1)
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(2S, 4S)-1-[2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidine-4-ylmethyl]-
benzamide (74)

To a solution of 54 (30 mg, 0.075 mmol) dissolved in DCM (0.75 mL) was added benzoyl
chloride (11 pL, 1.2 equiv.) and the reaction was left stirring at room temperature for 18 h.
The solvent was removed under vacuo and the resulting product was purified by flash

column chromatography, eluting with 100% EtOAc to give the title compound 74 (32 mg,
86%).

[o]p —5.8° (¢ 15.1, CHCl3)
IH-NMR (400MHz, CDCls): 8(ppm) = 7.76-7.74(d, J = 8.6 Hz, 2H), 7.64-7.60(m, 4H),
7.45-7.37(m, 9H), 6.95(b, 1H), 6.27(b, 1H), 3.62-3.51(m, 2H), 3.43-3.62(m, 3H), 2.52-
2.47(dd, J = 2.8 Hz, 17.1 Hz, 1H), 2.18-2.16(m, 1H), 2.02-1.96(dd, J = 11.0 Hz, 16.3 Hz,
2H), 1.79-1.76(m, 1H), 1.04(s, 9H)

BC.NMR (100MHz, CDCly): 8(ppm) = 168, 45(0), 165.35(0), 132.91(+), 131.67(0),
130.12(0), 129.01(+), 127.44(+), 125.95(+), 125.34(+), 124.45(+), 65.07(-), 51.54(+),
41.95(-), 33.28(-), 30.35(+), 26.24(-), 24.25(+), 16.60(0)

IR: (NaCl): 3458, 3396, 3073, 2932, 2860, 2360, 2247, 1656, 1519, 1428, 1280, 1280,
1113, 896, 823, 796 cm’™

MS: 501.2 (m+1), 443.1, 423.1, 307.0, 289.0, 231.1, 197.1

HRMS: C3,H36N,0;Si, Caled.: 500.24096; found : 501.25748 (m+1)
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(25, 4S5)-1-[2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-oxo-piperidine-4-ylmethyl]-3-
phenyl-urea (75)

To a solution of 54 (30 mg, 0.075 mmol) dissolved in DCM (0.75 mL) was added phenyl
isocyanate (20 pL, 2.5 equiv.) and the reaction was left stirring at room temperature for 18
h. The solvent was removed under vacuo and the resulting product was purified by flash

column chromatography, eluting with 100% EtOAc to give the title compound 75 (35 mg,
90%).

[a]p —5.4° (¢ 10.4, CHCl3)

'"H-NMR (400MHz, CDCls): 8(ppm) = 7.89(b, 1H), 7.64-7.62(m, 4H), 7.46-7.34(m, 8H),
7.21-7.17(t, J = 7.5 Hz, 2H), 6.94-6.90(t, J =7.0 Hz, 1H), 6.43(b, 1H), 6.12(b, 1H), 3.65-
3.62(dd, J = 3.1 Hz, 10.0 Hz, 1H), 3.55-3.50(m, 1H), 3.46-3.35(m, 1H), 2.95-2.92(m, 1H),
2.58-2.54(d, ] = 15.3 Hz, 1H), 1.07-0.89(m + s, 10H)

BC.NMR (100MHz, CDCls): 8(ppm) = 171.83, 156.10, 139.42, 135.34, 132.44, 130.00,
128.82, 127.84, 122.24, 118.84, 67.27, 54.08, 44.26, 35.93, 32.82, 28.28, 26.72, 19.07

IR: (NaCl): 3395, 3073, 2932, 2860, 2247, 1646, 1553, 1500, 1312, 1232, 1114, 823, 704,
652 cm™

MS: 516.2 (m+1), 458.1, 307.0, 154.0

HRMS: C30H37,N30;Si, Calcd.: 515.26048; found : 516.26835 (m+1)
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(28, 4R)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-(1-methyl-1-nitro-ethyl)-6-oxo-
piperidine-1-carboxylic acid fert-bytl ester (44)

To a solution of compound 34 (0.1 g, 0.21 mmol) dissolved in 2-nitropropane (2 mL, 111
equiv.) at room temperature, under an atmosphere of Ny, was added DBU (49 uL, 1.5
equiv.). The mixture was left stirring at room temperature for 6 h. The reaction mixture was
quenched with saturated aqueous NH,4CI (1 mL) and the aqueous layer was extracted with
EtOAc (10 mL) . The combined organic layers were washed with brine (5 mL) and dried
over sodium sulfate, filtered and removed under vacuo to give a yellow crude oil which
was purified by flash column chromatography, eluting with a 25-75% EtOAc/Hexane
solvent gradient to give the title compound 44 (84 mg, 70%).

[a]p =7.5° (¢ 4.0, CHCl3)

'H-NMR (400MHz, CDCls): 8(ppm) = 7.68-7.63(m, 4H), 7.44-7.26(m, 6H), 4.35-4.32(m,
1H), 3.78-3.66(m, 2H), 3.13-3.08(m, 1H), 2.60-2.54(m, 1H), 2.33-2.26(dd, J =11.78 Hz, J
= 16.94 Hz, 1H), 2.13-2.09(dd, J = 2.70 Hz, J = 13.39 Hz, 1H), 1.56(s, 6H), 1.43(S, 9H),
1.05(s, 9H)

BC.NMR (100MHz, CDCl): 8(ppm) = 169.35(0), 151.78(0), 135.46(+), 132.50(0),
129.83(+), 127.74(+), 89.98(0), 83.16(0), 64.11(-), 54.72(+), 37.41(+), 35.88(-), 27.74(+),
26.34(-), 26.34(-), 26.59(+), 23.21(+), 21.94(+), 18.91(0)

IR: (NaCl): 3426, 3073, 3059, 2932, 2859, 1770, 1717, 1590, 1539, 1472, 1428, 1393,
1369, 1346, 1291, 1250, 1151, 1112, 1087, 1053, 1027, 998, 890, 882, 852, 823, 778, 743,
704, 614 cm’

MS: 555.3 (m+1), 517.2, 477.3, 455.3, 441.2, 408.3, 366.2, 319.1, 307.1, 272.1,230.1
HRMS: C30H4,N,06Si, Caled.: 554.28122; found: 555.28906 (m+1)
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(2S, 4R)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-(1-methyl-1-nitro-ethyl)-
piperidin-6-one (55)

To a solution of the compound 44 (80 mg, 0.14 mmol) dissolved in DCM (1.5 mL) at 0 °C
was added TFA (0.15 mL, 13 equiv.). The mixture was left stirring at 0 °C for 30 min. The
reaction mixture was quenched with saturated aqueous Na;CO;s (1 mL) and the aqueous
layer was extracted with DCM (10 mL). The combined organic layers were washed with
brine (5 mL) and dried over sodium sulfate, filtered and removed under vacuo. The crude
yellow oil was purified by flash column chromatography, eluting with EtOAc to give the

title compound 55 (54 mg, 85%).

TH-NMR (400MHz, CDCl3): 8(ppm) = 7.65-7.62(m, 4H), 7.47-7.39(m, 6H), 6.37(b, 1H),
3.61-3.51(m, 3H), 2.62-2.58(m, 1H), 2.40-2.34(m, 1H), 2.13-2.06(dd, J = 12.42 Hz; 16.9
Hz; 1H), 1.78-1.75(m, 1H), 1.63-1.54(m+s, 4H), 1.53(s, 3H), 1.06(s, 9H)

BC.NMR (100MHz, CDCls): &(ppm) = 170.40(0), 135.38(+), 132.51(0), 129.89(+),
127.77(+), 89.92(0), 66.08(-), 51.28(+), 37.20(+), 32.94(+), 26.63(+), 24.49(-), 23.66(-),
21.74(+), 18.97(+)

IR: (NaCl): 3213, 3072, 2931, 2858, 1669, 1590, 1539, 1472, 1428, 1400, 1375, 1346,
1320, 1265, 1187, 1113, 1047, 998, 926, 853, 824, 800, 705, 703, 614 cm’

MS: 455 (m+1), 291, 221, 199, 154, 136

HRMS: C,5H34N>04Si, Calcd.: 454.22879; found: 455.23660 (m+1)
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(28, 4R)-4-(1-Amino-1-methyl-ethyl)-2-(tert-butyl-diphenyl-silanyloxymethyl)-
piperidin-6-one (56)

A solution of 55 (18 mg, 0.04 mmol) in MeOH (1 mL) was hydrogenated over 10% Pd/C
(5 mg) at 60 psi Hy. The mixture was stirred until the starting material was no longer
detectable on a TLC plate. The reaction mixture was filtered through celite® and the pad
was washed with DCM (5 mL). The solvent was removed under vacuo and the resulting

product 56 (16 mg, 95%) was used without further purification.

[a]p +36.5° (¢ 1.7, CHCL3)

'H-NMR (400MHz, CDCL3): 8(ppm) = 7.65-7.62(m, 4H), 7.44-7.26(m, 6H), 6.23(B, 1H),
3.57-3.54(m, 3H), 2.45-2.40(dd, ] = 4.65, 16.96 Hz, 1H), 1.88-1.81(dd, J = 12.00 Hz, 16.96
Hz, 1H), 1.89-1.86(d, J = 13.52, 1H), 0.99(s, 3H), 0.97(s, 3H)

3C.NMR (100MHz, CDCls): 8(ppm) = 172.43(0), 135.36(+), 132.69(0), 129.78(+),
127.71(+), 66.65(-), 51.88(+), 50.54(0), 39.32(+), 33.29(-), 28.27(+), 27.31(+), 26.66(+),
24.01(-), 18.99(0)

IR: (NaCl): 3206, 3072, 3050, 2961, 2931, 2858, 2360, 2240, 1666, 1538, 1472, 1428,
1390, 1365, 1189, 1113, 910, 824, 737, 703, 614

HRMS: CsHssN,0,Si, Caled.: 424.25460; found: 425.26242 (m+1)

Boc O

(S)-6-Oxo-piperidine-1-carboxylic acid fert-butyl ester 2-carboxylic acid methyl ester
(40).
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To a solution of 38 (2.5 g, 15.92 mmol) in DCM (16 mL) was added triethylamine (4.3 mL,
2 equiv.), Boc,O (7.31 mL, 2 equiv.) and DMAP (1.94 g, 1 equiv.). The mixture was
vigorously stirred until the starting material was no longer detectable on a TLC plate. The
solvent was removed under vacuo and the residue was dissolved in EtOAc (50 mL) and
extracted with an aqueous solution of ammonium chloride (50 mL). The organic layer was
separated and washed with an aqueous solution of sodium bicarbonate (25 mL), water (25
mL), brine (25 mL) and dried over sodium sulfate. The solvent was removed under vacuo
and the yellow oil was purified by flash column chromatography, eluting with a 50-50%
EtOAc/Hexane solvent gradient to give the title compound 40 (3.68 g, 90%) with identical

spectroscopic data to that reported in the literature.”
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(S)-6-0x0-3,6-dihydro-2 H-pyridine-1-carboxylic acid fert-butyl ester 2-carboxylic acid
methyl ester (41)

To a solution of compond 40 (1.0 g, 3.92 mmol) dissolved in anhydrous THF (35 mL) at —
78 °C, under an atmosphere of N,, was added LIHMDS (4.70 mL, 1.2 equiv.) 1 M solution
in THF. After 45 min, PhSeBr(1.11 g, 1.2 equiv.) dissolved in THF (10 mL) was added to
the reaction mixture. The reaction was left stirring at —78 °C for 1 h and warmed up to room
temperature over a further period of 60 min. The reaction mixture was quenched with
saturated aqueous NH,Cl (5 mL) and the aqueous layer was extracted with EtOAc (50 mL).
The combined organic layers were washed with brine and dried over sodium sulfate. Once
filtered and removed under vacuo, the yellow oil was used without further purification.
This material was dissolved in DCM (15 mL) and treated with H,O, (30%, 2 mL) at 0 °C.
After adding drops of pyridine to pH ~ 7 and the mixture was stirred at room temperature
for 90 min, then treated with saturated aqueous Na,COs (5 mL), and the aqueous layer was
extracted with DCM (35 mL). The combined organic layers were washed with brine (20

mL) and dried over sodium sulfate. Filteration and removal of solvent gave a yellow oil
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which was purified by flash column chromatography, eluting with a 50-50%
EtOAc/Hexane solvent gradient to give the title compound 41 (0.75 g, 75%).

[a]p +31.0° (¢ 2.0, CHCl3)

'TH-.NMR (400MHz, CDCls): 8(ppm) = 6.57-6.52(m, 1H), 5.89-5.85(m, 1H), 4.99-4.97(dd,
J=1.16 Hz, 6.49 Hz, 1H), 3.66(s, 3H), 1.46(s, 9H)

BC.NMR (100MHz, CDCls): 8(ppm) = 170.92(0), 162.12(0), 152.09(0), 139.68(+),
126.30(+), 83.39(0), 55.40(+), 52.67(+), 27.76(+), 26.99(-)

IR: (NaCl): 3627, 3539, 3408, 2981, 2600, 2386, 2253, 1714, 1632, 1476, 1458, 1438,
1399, 1369, 1292, 1154, 1088, 1048, 1007, 983, 961, 924, 895, 854, 815, 778, 756, 648,
593 cm™

MS: 255.1 (m), 200.6, 191.1, 172.0, 156.6, 96.0

HRMS: C2H;7NOs, Caled.: 255.11067; found: 255.11187 (m)

NO,

§

o N \_OMe
Boc O

(2S, 4RS)-4-Nitromethyl-6-oxo-piperidine-1-carboxylic acid tert-butyl ester 2-
carboxylic acid methyl ester (57)

To a solution of 41 (0.85 g, 3.32 mmol) dissolved in nitromethane (35 mL, 195 equiv.) at
room temperature, under an atmosphere of N,, was added DBU (0.65 mL, 1.3 equiv.). The
reaction was left stirring at room temperature for 3 h. The reaction mixture was quenched
with saturated aqueous NH4Cl (25 mL) and the aqueous layer was extracted with EtOAc
(40 mL). The combined organic layers were washed with brine (25 mL) and dried over
sodium sulfate, filtered and removed under vacuo to give a 3:1, anti to syn, non-separable
diastereoisomers. The diastereoisomers were purified by flash column chromatography,
eluting with a 50-50% EtOAc/Hexane solvent gradient to give the non-separable title
compound 57 (0.84 g, 80%).




_NO,

SN

H o

(2S, 4R)-4-Nitromethyl-6-oxo-piperidine-2-carboxylic acid methyl ester (58)

To a solution of compound 57 (70 mg, 0.22 mmol) dissolved in DCM (4 mL) at 0 °C was
added TFA (0.22 mL, 13 equiv.). The mixture was left stirring at 0 °C for 25 min, then
quenched with saturated aqueous Na;COs (1 mL) and the aqueous layer was extracted with
DCM (10 mL). The combined organic layers were washed with brine (5 mL) and dried over
sodium sulfate. Once filtered, the solvent was removed under vacuo to give the 3:1, anti to
syn, mixture of diastereoisomers which were now separable by flash column
chromatography. Eluting with a 85-15% EtOAc/Hexane solvent gradient we obtained the
anti 58 (25 mg, 60%) and syn 59 (8 mg, 20%).

Note: Compound 59 was never characterized.

For 58:

[a]p +20.0° (¢ 1.3, CHCly)

"H-NMR (400MHz, CDCls): 8(ppm) = 6.50(b, 1H), 4.38-4.37(d, J = 7.01Hz, 2H), 4.24-
4.22(m, 1H), 3.80(s, 3H), 2.80-2.75(m, 1H), 2.64-2.57(m, 1H), 2.33-2.29(d, J = 13.58
Hz,1H), 2.22-2.15(dd, J = 10.30 Hz, 17.51 Hz, 1H), 1.96-1.88(m, 1H)

BC-NMR (400MHz, CDCls): 8(ppm) = 171.07(0), 168.95(0), 78.43(-), 52.92(+), 52.54(+),
34.18(-), 29.08(+), 27.53(-)

IR: (NaCl): 3362, 2958, 2360, 1741, 1667, 1551, 1436, 1378, 1335, 1217, 1151, 1121,
1062, 1012, 971, 911

MS: 217.0 (m+1), 186.0, 157.0

HRMS: CgH/,N,0s, Caled.: 216.07462; found: 217.08201 (m+1)
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(2, 4R)-4-Aminomethyl-6-oxo-piperidine-2-carboxylic acid methyl ester (60)

A solution of 58 (50 mg, 0.23 mmol) in MeOH (2 mL) was hydrogenated over 10% Pd/C
(5 mg) at 60 psi Hy. The mixture was stirred until the starting material was no longer
detectable on a TLC plate. The reaction mixture was filtered through celite® and the pad
was washed with DCM (5 mL). The solvent was removed under vacuo and the resulting

product 60 (41 mg, 95%) was used without further purification.

[a]p +6.6° (¢ 5.0, CHCl3)

'H-NMR (400MHz, CDCl3): 8(ppm) = 6.56(b, 1H), 4.19-4.16(m, 1H), 3.76(s, 3H), 2.68-
2.63(m, 2H), 2.53-2.47(dd, J = 4.72 Hz, 17.42 Hz, 1H), 2.23-2.20(d, J = 12.82 Hz, 1H),
2.08-2.02(dd, ] = 9.62 Hz, 17.34 Hz, 1H), 1.89-1.78(m, 2H), 1.42-1.37(b, 2H)

BC.NMR (100MHz, CDCl3): 8(ppm) = 171.99(0), 171.38(0), 53.13(-), 52.57(-), 46.16(+),
35.04(+), 33.01(-), 28.09(-)

IR: (NaCl): 3369, 2955, 2360, 1737, 1657, 1480, 1441, 1408, 1327, 1219, 1005, 962
HRMS: CgH4N,0;, Calcd.: 186.10044; found: 187.10325 (m+1)

. NO,

O,;;L?a\ N - OMe
Boc O

(2S5, 4R)—4—(1-Methyl-1-nitro-ethyl-)-6-0x0-piperidine-l-carboxylic acid fert-butyl-ester
2-carboxylic acid methyl ester (47)
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To a solution of compound 41 (0.352 g, 1.37 mmol) dissolved in 2-nitropropane (25 mL,
200 equiv.) at room temperature, under an atmosphere of N,, was added DBU (0.27 mL,
1.5 equiv.). The mixture was left stirring at room temperature for 6 h, then treated with
saturated aqueous NH4Cl (5 mL) and the aqueous layer was extracted with EtOAc (15 ml).
The combined organic layers were washed with brine (5 mL) and dried over sodium
sulfate, filtered and removed under vacuo to give a yellow crude oil which was purified by

flash column chromatography, eluting with a 50-50% EtOAc/Hexane solvent gradient to

give the title compound 47 (0.4 g, 85%).

[a]p +26.9° (¢ 1.8, CHCl3)

'TH-NMR (400MHz, CDCl;): 8(ppm) = 4.82-4.79(dd, J = 2.49 Hz, 5.72Hz, 1H), 3.80(s,
3H), 2.71-2.68(dd, J = 2.60 Hz, 5.47 Hz, 1H), 2.65-2.49(m, 1H), 2.33-2.24(dd, J = 11.64
Hz, 16.57 Hz, 1H), 2.18-2.04(m, 1H), 1.84-1.73(m, 2H), 1.54(s, 6H), 1.50(s, 9H)
BC.NMR (100MHz, CDCL): 8(ppm) = 171.12(0), 167.87(0), 151.51(0), 89.46(0),
84.08(0), 56.92(+), 52.77(+), 37.83(+), 35.82(-), 27.72(+), 27.00(-), 23.85(+), 21.35(+).

IR: (NaCl): 3064, 2984, 2932, 1779, 1750, 1725, 1543, 1458, 1371, 1290, 1249, 1212,
1150, 852, 748, 708 cm”’

MS: 345.2 (m+1), 307.2, 289.2,245.2,198.2, 154.1, 137.1

HRMS: C;5H,4N,05, Calcd.: 344.15835; found: 345.16710 (m+1)

X-Ray Diffraction Analysis Data (see annex)

NO,

O,:? NN OMe
H o

(2, 4R)-4-(1-Methyl-1-nitro-ethyl-)-6-oxo-piperidine-2-carboxylic acid methyl ester
(61)

To a solution of 47 (0.1 g, 0.29 mmol) dissolved in DCM (3 mL) at 0 °C was added TFA

(0.29 mL, 13 equiv.). The mixture was left stirring at 0 °C for 25 min. The reaction mixture
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was quenched with saturated aqueous Na,CO; (1 mL) and the aqueous layer was extracted
with DCM (10 mL). The combined organic layers were washed with brine (5 mL) and dried
over sodium sulfate, filtered and removed under vacuo. The crude yellow oil was purified
by flash column chromatography, eluting with a 100% EtOAc solvent gradient to give the
title compound 61 (49 mg, 70%).

[a]p +52.5° (¢ 0.8, CHCls)

TH-NMR (400MHz, CDCls): 8(ppm) = 7.14(b, 1H), 4.20-4.17(m, 1H), 3.76 (s, 3H), 2.48-
2.40(m, 2H), 2.17-2.08(m, 2H), 1.76-1.68(dt, ] = 6.04 Hz, 12.84 Hz, 1H), 1.54(s, 9H)
I3C.NMR (100MHz, CDCl3): 8(ppm) = 171.43(0), 170.41(0), 89.67(0), 52.91(+), 37.94(+),

32.75(-), 26.01(-), 23.59(+), 21.69(+)
IR: (NaCl): 3240, 2994, 2955, 1744, 1618, 1538, 1470, 1402, 1377, 1348, 1326, 1215,

1148, 1104, 1058, 1004, 964, 854 cm™
HRMS: C;0H¢N,0s, Calcd.: 244.10592; found: 245.11375 (m+1)

- NH;

. OMe

Irz

(28, 4R)-4-(1-amino-1-methyl-ethyl)-6-oxo-piperidine-2-carboxylic acid methyl ester
(62)

A solution of 61 (49 mg, 0.2 mmol) in MeOH (2 mL) was hydrogenated over 10% Pd/C
(10 mg) at 60 psi H,. The mixture was stirred until the starting material was no longer
detectable by TLC. The reaction mixture was filtered through celite® and the pad was

washed with DCM (5 mL). The solvent was removed under vacuo and the resulting product

62 (41 mg, 95%,).

[a]p +31.0° (¢ 2.6, CHCl3)
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TH-NMR (400MHz, CDCls): 8(ppm) = 7.27(b, 1H), 4.18-4.16(m 1H), 3.70(s, 3H), 2.48-
2.42(m, 1H), 2.33-2.30(d, J = 11.20 Hz, 1H), 2.15-2.08(dd, J = 11.71 Hz, 17.33 Hz, 1H),
1.88(b, 2H), 1.72-1.58(m, 2H), 1.06(s, 3H), 1.03(s, 3H)

BC_NMR (100MHz, CDCls): 8(ppm) = 172.53(0), 172.20(0), 53.52(+), 52.51(+), 50.46(0),
40.22(+), 32.98(-), 28.11(+), 27.03(+), 25.78(-)

IR: (NaCl): 3352, 2966, 2363, 1737, 1657, 1478, 1440, 1407, 1370, 1333, 1217, 1114,
1055, 1003, 963, 918 cm™

MS: 214.13(m), 200.1, 182.1, 170.1, 156.1, 155.1, 139.1, 126.9, 113.8, 86.6, 72.0

HRMS: C,oH,sN,0;, Calcd.: 214.13174; found: 214.13174 (m)

2S, 4R)-4-(1-Nitro-cyclohexyl)-6-oxo-piperidine-1-caboxylic acid fert-butyl ester 2-
carboxylic acid methyl ester (48)

To a solution of 41 (25 mg, 0.1 mmol) dissolved in acetonitrile (1 mL) at room
temperature, under an atmosphere of N;, was added potassium carbonate (69 mg, 5 equiv.),
tertra-n-butyl ammonium bromide (16 mg, 0.5 equiv.), and nitrocyclohexane (25 pL, 6
equiv.). The reaction was left stirring at room temperature for 7 days. The reaction mixture
was quenched with saturated aqueous NH4Cl (1 mL) and the aqueous layer was extracted
with EtOAc (10 mL). The combined organic layers were washed with brine (5 mL) and
dried over sodium sulfate, filtered and removed under vacuo to give a yellow crude oil
which was purified by flash column chromatography, eluting with a 25-75%
EtOAc/Hexane solvent gradient to give the title compound 48 (25mg, 65%).
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TH-NMR (400MHz, CDCls): 8(ppm) = 4.79-4.77(dd, J = 2.47 Hz, 5.78, 1H), 3.78(s, 3H),
2.72-2.66(m,1H), 2.50-2.57(m, 4H), 2.20-2.11(m, 1H), 1.74-1.53(m, SH), 1.51-1.49(s+m,
10H), 1.47-1.23(m, 4H)

BC.NMR (100MHz, CDCL): S(ppm) =171.36(0), 168.04(0), 151.60(0), 92.44(0),
84.02(0), 56.93(-), 52.73(+), 38.25(-), 35.38(+), 31.91(-), 30.56(-), 27.73(+), 26.54(-),
24.37(-), 21.93(-), 21.87(-)

IR: (NaCl): 3064, 2945, 2870, 1779, 1749, 1725, 1538, 1453, 1371, 1290, 1260, 1210,

1151, 847 cm™
MS: 385.0 (m+1), 329.0, 307.0, 285.0, 260.0, 238.0, 178.0, 154.0, 137.0
HRMS: C;sH,5N,0,, Calcd.: 384.18978; found: 385.19755 (m+1)

NO,
-y \ OTBDPS

Boc

(25, 45)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-4-nitromethyl-3,4-dihydro-2 H-
pyridine-1-carboxylic acid zert-butyl ester (63)

To a solution of 43 (50 mg, 0.09 mmol) dissolved in THF (1 mL) under an atmosphere of
N,, was added NaBH; (15 mg, 4 equiv.). The reaction mixture was left stirring at room
temperature for 4 h and then cooled to =78 °C and BF3.OEt;(25 ul, 2 equiv.) was added.
The reaction mixture was left stirring at ~78 °C for 3.5 h. The reaction was quenched by
adding saturated aqueous NH4Cl (1 mL) and the aqueous layer was extracted with EtOAc
(5 mL). The combined organic layers were washed with brine (1 mL) and dried over
sodium sulfate, filtered and removed under vacuo. The crude yellow oil was purified by

flash column chromatography, eluting with a 20-80% EtOAc/Hexane solvent gradient to

give the title compound 63 (45mg, 94%).

[at]p —60.0° (¢ 2.0, CHCl3)
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'H-NMR (400MHz, CDCLy): 8(ppm) = 7.67-7.63(m, 4H), 7.41-7.38(m, 6H), 6.85(b, 1H),
4.76(b, 1H), 4.45-4.27(m, 3H), 3.79-3.75(dd, J = 6.07 Hz, 10.34 Hz, 1H), 3.40-3.35(t, J =
10.30 Hz, 1H), 3.05-3.04(b, 1H), 2.36(b, 1H), 2.07-2.00(m, 1H), 1.51-1.23(m, 9H), 1.07(s,
9H)

I3C.NMR (100MHz, CDCly): 8(ppm) = 149.22, 132.97, 130.30, 127.44, 125.28, 123.91,
100.34, 78.81, 77.45, 58.46, 47.39, 26.11, 25.55, 24.32, 21.27, 16.59

IR: (NaCl): 2930, 2858, 2283, 1693, 1473, 1413, 1391, 1365, 1248, 1157, 1112, 823, 471,
702

MS: 511.3 (m+1), 455.2, 437.2, 397.1, 377.1, 353.1, 333.2, 292.1, 246.1, 199.1, 154.1
HRMS: Cy5H3sN,058i, Caled.: 510.25506; found: 511.26283 (m+1)

NH;,
Ny \ OTBDPS

Boc

(25, 4R)-4-Aminomethyl-2-(tert-butyl-diphenyl-silanyloxymethyl)-piperidine-1-
carboxylic acid fert-butyl ester (64)

A solution of 63 (50 mg, 0.1 mmol) in MeOH (2 mL) was hydrogenated over 10% Pd/C (5
mg) at 60 psi H,. The mixture was stirred until the starting material was no longer
detectable by TLC. The reaction mixture was filtered through celite® and the pad was

washed with DCM (10 mL). The solvent was removed under vacuo and the resulting

product 64 (47 mg, 95%).

[a]p -66.5° (c 4.2, CHCl3)

'H-NMR (400MHz, CDCl3): 8(ppm) = 7.68-7.64(m, 4H), 7.46-7.38(m, 6H), 3.99-3.96(m,
1H), 3.85-3.81(dd, J = 4.08 Hz, 10.22 Hz, 1H), 3.32-3.31(dd, J = 1.65 Hz, 3.29 Hz, 1H),
3.27-3.25(m, 1H), 2.91-2.89(d, J = 6.86 Hz, 1H), 1.94-1.87 (m, 4H), 1.42-1.32(m + s, 11H),
1.06(s, 9H)
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BC.NMR (100MHz, CDCly): 8(ppm) = 159.37(0), 139.07(+), 136.80(0), 133.40(+),
131.28(+), 83.59(0), 68.72(-), 58.25(+), 48.00(-), 41.50(-), 34.10(+), 31.12(+), 30.69(-),
29.88(-), 29.75(+), 22.42(0)

MS: 483.3 (m+1), 409.2, 383.2, 306.1, 286.2, 197.1, 154.1, 135.1, 96.1

HRMS: CsgHoN,058i, Caled.: 482.29647; found: 483.30429 (m+1)

—"""| oTBDPS
o~ - N NHBoc

H

(1S, 35)-[1-(tert-Butyl-diphenyl-silanyloxymethyl)-2-(5-oxo-pyrrolidin-3-yl)-
ethyl]carbamic acid fert-butyl ester (116)

To a solution of 43 (50 mg, 0.1 mmol) dissolved in anhydrous THF (1 mL) at 0 °C under an
atmosphere of N, was added NaOMe (0.39 mL, 2.0 equiv.) 0.5 M solution in MeOH. The
reaction mixture was left stirring at 0 °C for 45 min, then quenched by adding saturated
aqueous NH,Cl (1 mL) and the aqueous layer was extracted with EtOAc (5 mL). The
combined organic layers were washed with brine (5 mL) and dried over sodium sulfate,
filtered and removed under vacuo. The crude oil was used without further purification,
dissolved in MeOH (3 mL) and hydrogenated over 10% Pd/C (5 mg) at 60 psi of Hy. The
mixture was stirred until the starting material was no longer detectable on a TLC plate. The
reaction mixture was filtered through celite® and the pad was washed with DCM (10 mL).
The solvent was removed under vacuo, the residue dissolved in toluene (6 mL) and the
mixture was heated at reflux for 24 h. The toluene was removed in vacuo and the resulting
product was purified by flash column chromatography, eluting with 100% EtOAc to give
the title compound 116 (25mg, 60%).

'H-NMR (400MHz, CDCls): 8(ppm) = 7.69-7.66(dd, J = 1.48 Hz, 7.80 Hz, 4H), 7.46-

7.39(m, 6H), 6.51-6.49(d, J = 9.1 Hz, 1H), 3.67-3.51(m+s, 3H), 3.51-3.47(t, J = 8.71 Hz,
1H), 3.03-2.99(dd, J = 7.11 Hz, 9.64 Hz, 1H), 2.53-2.49(m, 1H), 2.42-2.36(dd, J = 8.59 Hz,
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16.73 Hz, 1H), 2.06-2.00(dd, J = 8.06 Hz, 16.93 Hz, 1H), 1.68-1.65(m, 1H), 1.54-
1.45(m+s, 10H), 1.06(s, 9H)

BC.NMR (100MHz, CDCly): 8(ppm) =180.61(0), 158.18(0), 136.70(+), 134.57(0),
130.92(+), 128.83(+), 80.02(0), 67.51(-), 52.24(+), 49.61(-), 38.21(-), 37.04(-), 33.36(+),
28.81(+), 27.35(+), 20.05(0)

IR: (NaCl): 3274, 3072, 2932, 2859, 2382, 1693, 1590, 1490, 1428, 1392, 1366, 1256,
1171, 1113, 998, 824, 798, 741, 703, 614, 505 cm’

MS: 497.3 (m+1), 441.2, 397.2, 362.2, 319.2, 289.1, 241.1, 199.1, 154.1, 137.0

HRMS: CygHioN,04Si, Caled.: 496.27577; found: 497.28364 (m+1)

(1S, 35)-[1-Hydroxymethyl-2-(5-oxo-pyrrolidin-3-yl)-ethyl]-carbamic acid fert-butyl
ester (117)

To a solution of 116 (35 mg, 0.07 mmol) dissolved in THF (1 mL) was added a 1 M
solution of TBAF (0.14 mL, 2 equiv.) in THF. The reaction was left stirring at room
temperature overnight. The reaction mixture was directly purified by flash column

chromatography, eluting with a 90-10% EtOAc/MeOH solvent gradient to give the title
compound 117 (16 mg, 90%).

[at]p —20.9° (¢ 1.2, CHCls)

'H-NMR (400MHz, CD;0D): 8(ppm) = 3.55-3.41(m, 4H), 3.08-3.02(dd, J = 6.97 Hz, 9.90
Hz, 1H), 2.57-2.49(m, 1H), 2.47-2.38(dd, J = 8.82 Hz, 16.37 Hz, 1H), 2.10-2.02(dd, J =
8.25 Hz, 16.49 Hz, 1H), 1.75-1.67(m, 1H), 1.56-1.43(m+s, 10H)

13C.NMR (100MHz, CD;0D): 8(ppm) = 181.07(0), 158.25(0), 80.60(0), 65.57(-), 52.3(+),
49.51(-), 38.26(-), 37.09(-), 33.42(+), 28.73(+)

IR: (NaCl): 3345, 2930, 1683, 1418, 1366, 1255, 1166, 1062
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HRMS: C1,H2;N,04, Caled.: 258.15796; found: 259.16577 (m+1)

(1S, 35)-2-tert-Butoxycarbonylamino-3-(5-oxo-pyrrolidin-3-yl)-propionic acid (118)

A mixture of alcohol 117 (100 mg, 0.4 mmol), TEMPO (4.4 mg, 0.07 equiv.), MeCN (2
mL), and sodium phosphate buffer (1.5 mL, 0.67 M, pH = 6.7) is heated to 35 °C. Sodium
chlorite (90 mg, 2 equiv.) dissolved in 0.4 mL of water and dilute bleach (0.05 mL, 2.0 mol
%) were added simultaneously and the mixture was stirred at 35 °C overnight. After
cooling to room temperature, water (5 mL) was added, and the pH was adjusted to 8.0 with
2.0 N NaOH. The reaction was quenched by pouring into cold Na;SOj; solution (5 mL).
After stirring for 30 min. at room temperature, DCM (10 mL) was added, the organic layer
was separated and discarded. More DCM (10 mL) was added, and the aqueous layer was
acidified with 2.0 N HCI to pH = 3-4. The organic layer was separated, washed with water
(10 mL) and brine (5 mL). Once dried over sodium sulfate, filtered and the solvent
removed under vacuo, we obtained the title compound 118 (98 mg, 90%) without further

purification.

[a]p—-27.6° (¢ 1.2, CHCI3)

'H-NMR (400MHz, CD;0D): 8(ppm) = 4.23-4.26(dd, J = 15.0 Hz, 7.2 Hz, 1H), 3.52-
3.46(m, 1H), 3.12-3.08(dd, J = 6.17 Hz, 8.90 Hz, 1H), 2.57-2.49(m, 1H), 2.45-2.38(dd, J =
8.01 Hz, 15.37 Hz, 1H), 2.25-2.29(m, 1H), 1.75-1.78(m, 1H), 1.45(m+s, 10H)

BC.NMR (100MHz, CDs;OD): 8(ppm) = 177.06(0), 174.72(0), 157.57(0), 70.62(0),
55.86(+), 43.17(-), 40.05(-), 37.04(-), 28.75(+), 23.14(+)

MS: 273.1 (m+1), 256.6,215.2, 154.1, 137.3, 96.1

HRMS: C;>HyoN,0s, Caled.:272.13722; found: 273.13952 (m+1)
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(S)-5-Bromo-6-0x0-3,6-dihydro-2H-pyridine-1-carboxylic acid tert-butyl ester 2-
carboxylic acid methyl ester (120)

To a solution of 40 (1.07 g, 4.2 mmol) dissolved in anhydrous THF (42 mL) at —78 °C,
under an atmosphere of N,, was added LIHMDS (5.0 mL, 1.2 equiv.) 1 M solution in THF.
After 45 min, PhSeBr (1.29 g, 1.3 equiv.) dissolved in THF (5 mL) was added to the
reaction mixture. Upon leaving the mixture stirring at =78 °C for 1 h, LiIHMDS (2.1 mL,
0.5 equiv.) was added to the reaction mixture once more and left stirring at -78 °C for 30
min. This was followed by the addition of Br; (0.43 mL, 2.0 equiv.) and the mixture was
left stirring at 78 °C for 1 h and warmed up to room temperature over a further period of
60 min. The mixture was quenched with saturated aqueous NH,4Cl (10 mL), the aqueous
layer was extracted with EtOAc (40 mL) and the combined organic layers were washed
with brine (20 mL) and dried over sodium sulfate. The filtration and evaporation gave a
yellow crude oil which was used without further purification. This material was dissolved
in DCM (45 mL) and treated with H,O; (30%, 12 mL) at 0 °C. After adding drops of
pyridine to pH ~ 7, the mixture was stirred at room temperature for 90 min and then treated
with saturated aqueous Na;COs (5 mL). The aqueous layer was extracted with DCM (35
mL) and the combined organic layers were washed with brine (20 mL) and dried over
sodium sulfate. Filtration and removal of the solvent gave a yellow oil which was purified
by flash column chromatography, eluting with a 15-85% EtOAc/Hexane solvent gradient to
give the crude product which was purified by flash column chromatography, eluting with a

15-85% EtOAc/Hexane solvent gradient to give the title compound 120 (0.858 g, 65%).

[o]p +78.3° (¢ 0.6, CHCl3)

'H-NMR (400MHz, CDCL3): 8(ppm) = 7.02-6.98(m, 1H), 5.06-5.03(m, 1H), 3.73(s, 3H),
2.86-2.82(m, 2H), 1.52(s, 9H)

BCINMR (100MHz, CDCL): 8(ppm) = 170.45(0), 157.50(0), 152.19(0), 140.21(+),
119.67(0), 84.33(0), 55.64(+), 53.00(+), 28.86(-), 27.86(+)
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IR: (NaCl): 2982, 2957, 1750, 1727, 1626, 1476, 1457, 1438, 1385, 1370, 1296, 1255,
1217, 1149, 1090, 1061, 1008, 972, 951, 900, 846, 826, 723, 648, 608 cm™!

MS: 335.2 (m+1), 333.2(m+1), 305.8, 277.9, 279.9, 274.1, 235.9, 233.9, 175.9, 173.9
HRMS: C;,H;4BrNOs, Calcd.: 332.02124; found: 333.02218 (m+1)
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(2S, 4R, 5S, 75)-7-Nitro-6-oxo-1-aza-bicyclo[4.1.0]heptane-1-carboxylic acid zers-butyl
ester 2-carboxylic acid methyl ester (121)

To a solution of compound 120 (100 mg, 0.3 mmol) dissolved in nitromethane (4 mL, 245
equiv.) at room temperature, under an atmosphere of N», was added DBU (54 uL, 1.2
equiv.) and left stirring at room temperature for 18 h. The reaction mixture was quenched
with saturated aqueous NH4Cl (1 mL) and the aqueous layer was extracted with EtOAc (10
mL). The combined organic layers were washed with brine (5 mL) and dried over sodium
sulfate, filtered and removed under vacuo to give 3:1, anti to syn, mixture of
diastereoisomers which were separated by flash column chromatography, eluting with a 15-
85% EtOAc/Hexane solvent gradient to give the anti diastereoisomer 121 (30 mg, 45%)

and its syn diastereoisomer 122 (12 mg, 15%).

For 121:

[a]p -22.3° (¢ 15, CHCl3)

'H-NMR (400MHz, CDCl3): &(ppm) = 4.76-4.74(dd, J = 3.03Hz, 5.80 Hz, 1H), 4.44-
4.43(t, T = 2.89 Hz, 1H), 3.82(s, 3H), 2.87-2.84(dd, J = 2.84 Hz, 9.98 Hz, 1H), 2.76-2.69(m,
1H), 2.60-2.56(m, 1H), 1.49(s, 9H)

BC.NMR (100MHz, CDCls): 8(ppm) = 168.20(0), 161.57(0), 149.32(0), 82.29(0),
62.49(+), 54.62(+), 50.71(+), 26.27(+), 25.29(+), 22.86(-), 20.24(+)
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IR: (NaCl): 3080, 2983, 1780, 1731, 1551, 1439, 1369, 1294, 1256, 1212, 1153, 1099, 999,
920, 842, 785, 734, 678 cm”’

MS: 315.2 (m+1), 289.2, 259.1, 237.1, 215.1, 154.1, 137.1

HRMS: C;3H;sN,05, Caled.: 314.11143; found: 315.11858 (m+1)

For 122:
O:N H
o™
0" N ,\,OMe
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(28, 4S, 5R, 7R)-7-Nitro-6-oxo-1-aza-bicyclo[4.1.0]heptane-1-carboxylic acid tert-butyl
ester 2-carboxylic acid methyl ester (122)

'TH-NMR (400MHz, CDCls): 8(ppm) = 4.91-4.86(m, 1H), 3.84(s, 3H), 2.99-2.96(dd, J =
2.30 Hz, 10.00 Hz, 1H), 2.72-2.63(m, 2H), 2.46-2.43(m, 1H), 1.49(s, 9H)

BC.NMR (100MHz, CDCl3): 8(ppm) = 169.44(0), 161.41(0), 148.86(0), 82.31(0),
56.96(+), 52.44(+), 50.83(+), 27.28(+), 25.23(+), 22.82(-), 18.07(+)

X-Ray Diffraction Analysis Data (see Annex)
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tructure résolue au laboratoire de diffraction des rayons X de 1l’'Université de

ontréal par Dr. Michel Simard.




Table 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Density (calculated)

icient

o
O
n
@]
Ll
'0
rt
[WR
Q
3
9]
o
1]
(81}
h

Crystel size

Theta range for data collection

jas}

eflections collected
Independent reflections
2Zbsorption correction
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices ([I>2sigma(I)]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

Crystal data and structure refinement for C15 H24 N2 07.

HAN286

C1l5 H24 N2 07
344.362

283 (2)K

1.541784A
Orthorhombic

P2,2,2;

6.3560(2)A o
16.3419(4)A ]
17.1211(5)A v

80°
90°
so°

a
b
c

honon
R T

1778.35(9) A3

4

1.2862 Mg/m®

0.863 mm™*t

736.0

0.68 x 0.06 x 0.06 mm

3.74 to 72.95°

-6<=h<=7, -20<=k<=20, -2il<=1<=21
21550
3529 [R(int) = 0.0507)

Multi-scan
0.9640 and 0.8340
Full-matrix least-sguares on F2

3529 / 0 / 223

0.987
R1 = 0.0576, wR2 = 0.1455
R1 = 0.0806, wR2 = 0.1564
0.2(4)

0.176 and -0.160 e.A™3




Table 2. Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (AZ x 103) for C15 H24 N2 O7.

U(eg) is defined as one third of the trace of the orthogonalized
Uij tensor.

X Yy z Uleq)
o(6) 2658 (4) 6073(2) 64(1) 80(1)
0(7) 5463 (4) 5029(2) -491(2) 92(1)
0(8) 8124 (4) 4886 (1) 329(1) 60(1)
0(12) 6705 (4) 5276(2) 19396 (2) 73(1)
0(13) 10008 (3) 5742 (1) 1947(1) 63(1)
0(141) 2025(6) 7416 (3) 2858(2) 120(1)
0(142) 1245(5) 8373(2) 2071 (3) 135(2)
N(1) 6041 (4) 5961 (1) 494(1) 44 (1)
N(14) 2491 (5) 7929 (2) 2383(2) 72(1)
C(2) 7747 (4) 6245(2) 1006(1) 37(1)
C(3) 7362 (4) 7110(2) 1315(2) 44(1)
C(4) 5180(4) 7178(2) 1660(2) 39(2)
C(3) 3673(5) 7050(2) 8982 (2) 60(2)
C(€) 4061 (5) £318(2) 474 (2) 49 (1)
C{7) 6445(5) 5246(2) 50(2) 52(1)
C{8) 8997 (6) 4104 (2) 22(2) 59(1)
c(9) 10708(8) 3915(2) 596 (3) 88(2)
C(10) 8859 (7) 4259 (3) -775(2) 84 (1)
C{11l) 7344(8) 3448(2) 35(3) 1CS(2)
C(12) 8C50(5) 5681(2) 1696(2) 45(1)
C(13) 10598(8) S311(3) 2647 (3) 94 (1)
Ci{lé) 4808 (¢) 7882(2) 2113(2) 49 (1)
C{15) 5103(7) 8742 (2) 1638(2) 76 (1)
C{is) 6100 (€) 8003 (3) 2856 (2) 77(1)




Table 3. Hydrogen coordinates (x 10%) and isotropic displacement
parameters (A% x 103%) for C15 H24 N2 0O7.

X Yy z U(eq)
H(2) 9054 6250 703 45
H(3Aa) 8402 7240 1711 53
H({3B) 7513 7501 893 53
H(4) 5003 6723 2026 47
E(5A) 2260 7008 1183 71
Y (5B) 3714 7534 654 71
H(SA&) 11701 4358 606 146
H(9B) 11411 3420 444 146
H(9C) 10108 3847 1107 146
H(10A) 10664 4756 -772 126
H(10B) 8721 4310 -1141 126
H(10C) 10748 3811 -927 126
E{(11a) 7968 2933 ~104 163
H(11B) 6255 3580 -332 1€3
H(11lC) 6753 3410 550 163
H(13a) 10107 5608 3095 141
E(13B) 12101 5262 2670 141
H(13C) 5977 4775 2643 141
H(154) 4735 9211 1945 113
E(15B) 4217 8719 1184 113
H(15C) €547 8783 1478 113
H(1l6x) 7561 8072 2726 115
H{16B) 5307 7509 3142 115
E(16C) 5652 8463 3171 115




Anisotropic parameters (A% x 103) for C15 H24 N2 0O7.

Table 4.

The anisotropic displacement factor exponent takes the form:
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for C15 H24 N2 07

[A] and angles [°]

Bond lengths

Table 5.
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(¢} for C1S5 H24 N2 0O7.

Torsion angles

" Table 6.
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Q

ORTEP view of the C15 H24 N2 07
ccmpound with the numbering scheme adopted. Ellipsoids drawn at

30% probality level. Hydrogens represented by sphere of arbitrary size.
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Structure résolue au laboratoire de diffraction des rayons X de 1'Université de
Montréal par Dr. Michel Simard.




Table 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z
Density {(calculated)

Abscrption coefficient

1y

(CCO)

Crvstal size

Theta range for data collection
Incex ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goocdness-of-fit on F?

Firal R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Crystal data and structure refinement for C13 H18 N2 07.

HAN282

Cl1l3 H18 N2 07

314.294

293(2)K

1.541784A

Monoclinic

P2,

90°

114.5290(10)°
90¢°

10.4922(2)A  «
6.3802(2)A B
12.3684(3)A v

[oam ]
woon

LTI

753.25(3)A3

1.3857 Mg/m’

0.970 mm™?

332.0

0.80 x 0.24 x 0.05 mm
3.93 to 72.64°
-12<=h<=10, -6<=k<=7,

o
o)

o))

93
2343 [R(int) = 0.0300]
Multi-scan

0.9720 and 0.6600

Full-matrix least-scguares on F*

2343 7/ 1 / 198

1.094
R1 = 0.0615, wR2 = 0.1717
R1 = 0.0671, wR2 = 0.1770

0.0(3)

0.328 and -0.308 e.A™?




Table 2. Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (A% x 103) for C13 H18 N2 07.

U(eg) is defined as one third of the trace of the orthogonalized
Uij tensor.

X Yy z Uleq)
0(2) 4901(3) 6599 (4) 5940 (3) 68(1)
0(8) 2849 (3) 3789 (5) 5511(3) 73(1)
0(9) 3630(2) 1183 (4) 6850 (3) 68(1)
0(13) 6090(3) 2638(5) 9082 (2) 63(1)
0(14) 6585 (3) -688(5) 8854 (2) 68(1)
0(71) 9573 (4) 6990(6) 9931 (4) 100(1)
0(72) 9903 (3) 7310(6) 8327 (4) 93(1)
N(3) 5214 (3) 3233 (4) 6620(2) 43(1)
N(7) 9285(3) 6603 (6) 8888 (4) 66 (1)
C(1) 7217(3) 5554 (5) 6976 (3) 45(1)
C(2) 5685(3) 5220(5) 6468 (3) 45(1)
c(4) 6162(3) 1488(5) 7241 (3) 41 (1)
C(5) 7586(3) 1614(5) 7182(3) 45(1)
C(€) 8214 (3) 3757(5) 7382(3) 46 (1)
C(7) 8114 (3) 5169 (5) 8301(3) 48 (1)
c(g) 3758(4) 2830(6) 6243 (3) 50(1)
C{9} 2275 (4) 223(7) 6649 (4) 59(1)
c(10) 2740(5) -1595(9) 7539 (5) 84 (1)
Cc(i1) 1571(6) -511(10) 5394 (4) 89(2)
Cc(i2) 1400 (6) 1735(11) €959 (4) 93(2)
c(13) 6266 (3) 1277(5) 8497 (3) 46 (1)
Cc(ig) €694 (5) -1175(11) 10027 (5S) S0(2)




Table 3. Hydrogen coordinates (x 10%) and isotropic displacement
parameters (A% x 10°) for C13 H18 N2 0O7.

x v z U(eq)
H(1) 7525 6726 6630 54
H(4) 5713 203 6821 49
H(5A) 8230 674 7773 54
H(5B) 7483 1123 6407 54
H(6) 95066 2904 7247 55
H(7) 7637 4623 8775 57
H(10Aa) 3290 ~-2565 7319 125
H(10B) 1929 -2297 7536 125
H(10C) 3292 -1059 8321 125
H(11a) 1244 676 4875 134
H(11B) 791 -1390 5305 134
H(11C) 2225 -1294 5194 134
H(12A) 1903 2196 7764 140
H(12B) 546 1064 6877 140
H(12C) 1185 2920 6434 140
H(14a) 7494 -474 10609 134
H(14B) 6797 -2661 10154 134
H(14C) 5862 -714 10100 134




Anisotropic parameters (A2 x 103) for C13 H18 N2 O7.

Table 4.

The anisotropic displacement factor exponent takes the form:
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Table 5. Bond lengths [A] and angles [°] for C13 H18 N2 07
(2)—C(2) 1.197(4) 0O(8)-C(8) 1.177(4)
0(9)-C(8) 1.331(4) 0(9)-C(9) 1.471(5)
O(13) C(13) 1.193(4) 0(14)-C(13) 1.325(4)
0(14)-C(14) 1.442(6) O(71)-N(7) 1.222(5)
o(7 ) -N(7) 1.217(5) N(3)-C(2) 1.401(4)
N(3)-C(8) 1.423(4) N(3)-C(4) 1.478(4)
N(7) C(7) 1.461(5) C(l)-C(2) 1.479(5)
C(1)-C(6) 1.491(4) C(1l)-C(7) 1.533(5)
C(4)- C(l3) 1.518(5) C(4)-C(5) 1.528(5)
C(5)-C( 1.493(5) C{6)-C(7) 1.488(5)
C(9) ( 2) 1.488(6) C(9)-C(11) 1.481(¢)
C(9) (10) 1.533(7)
C(8)-0(38)-C(9) 123.4(3) C(13)-0(14)-C(14¢) 116.3(4)
C(2)-N(3)-C(8) 120.6(3) C{2)-N(3)-C(4 123.6(3)
C(8)-N(3)-C(4) 115.7(2) O(72)-N(7)-0(71) 124 .8(4)
O(72)-N(7)-C(7) 119.1(4) O(71)-N(7)-C(7) 116.1(4)
C(2)-C(1)-C(6) 121.2(3) C(2)-C(1)-C(7) 120.5(3)
c(6)~-C(1)-C(7) 58.9(2) 0(2)-C(2)-N(3) 122.5(3)
o(2)-Cc(2)-Cc(1) 120.4(3) N(3)-C(2)-C(1) 117.1(3)
N(3)-C({4)-C(13) 110.2(3) N(3)-C(4)-C(5) 113.3(3)
C(1l3)-C(4)-C(5) 113.4(3) C(6)-C(5)-C(4) 114.4(2)
C(7)-C{6)-C(1) 62.0(2) C(7)-C(6)-C(5) 121.0(3)
C(l)-C(6)-C(5) 116.7(3) N(7)-C(7)-C(6) 116.6(3)
N(7)-C(7)-C(1) 116.6(3) C(6)-C(7)-C(1) 59.1(2)
0(8)-C(8)-0(9) 127.2(4) 0(8B)-C(8)-N(3} 125.1(4)
0(9)-C(8)-N(3) 107.7(3) O0(9)-C(9)-C(12) 110.1(4)
0(8)-C(9)-C(11) 109.5(3) C(l2)-C(9)-C(11) 112.3(¢)
O0(8)-C(9)-C(10) 101.3(3) C(12)-C(8)-C(10) 110.6(4)
C(11)-C{(9)-C(10) 112.5(4) O(13)-C(13)1-0(14) 124.6(2)
O(13)-C(13)-C(4) 126.4(3) 0(14)-C(13}-C(4) 102.0(2)
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[°] for C13 H18 N2 O7.

Torsion angles

Table 6.
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ORTEP view of the C13 H18 N2 07

comzzund with the numbering scheme adopted. Ellipsoids drawn at

30% prozzlity level. Hydrogens represented by sphere of arbitrary size.
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