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ABSTRACT 

 

CONSTRAINED β–PROLINES 

  

I. METHANOPYRROLIDINE -AMINO ACIDS: SYNTHESIS AND 

CHARACTERIZATION OF NOVEL C6- SUBSTITUTED ANALOGUES AND PEPTIDE 

OLIGOMERS 

 

In the study of structurally restricted cyclic -amino acids and peptides, 

methanopyrrolidine-5-carboxylic acids (MetPyr-5-acids), or 5-syn-carboxy-2-azabicyclo[2.1.1] 

hexanes, and derivatives were investigated. MetPyr-5-acids are a series of highly 

conformationally constrained -proline derivatives, which belong to a novel category of β-amino 

acids utilized as building blocks for the synthesis of β-peptides. These -peptides lack the 

backbone hydrogen bonds necessary for folding in the usual manner. Substituents and functional 

groups in this ring system were envisioned to impact the folding properties and functionalities of 

the corresponding β-peptides. In the present study, the analogues of MetPyr-5-acids with C6- 

substitutions were prepared, and the folding properties of their peptides were explored.  

 

To introduce different functionalities at C6 in MetPyr-5-acids, 6-syn-hydroxymethyl 

substituted derivatives were synthesized and were used as key intermediates. In the synthesis of 

this core structure, the major steps in their preparation included the Michael addition of 

benzyloxymethyl allyl amine to 3-butynone, followed by UV light irradiation of the diene to 
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afford 5-acetyl-6-benzyloxymethyl-2-azabicyclo[2.1.1]hexane. Haloform (Br2/NaOH) oxidation 

of the acetyl group leads to the 6-substituted MetPyr-5-acid. Resolution of the racemate was 

achieved either by resolving (±)-6-syn-benzyloxymethyl-MetPyr-5-acid via a classical 

crystallization resolution method using (S)-(-)-α-methylbenzylamine, or by chiral preparative 

HPLC separation of (±)-6-syn-benzyloxymethyl-MetPyr-5-acid methyl ester. The absolute 

stereochemistry was confirmed by X-ray crystallography of a derivative.  Novel analogs with a 

range of functionalities incorporated at the C6 position in MetPyr-5-acid were synthesized from 

6-syn-hydroxymethyl-MetPyr-5-acid methyl ester, and include hydrophilic groups such as 

hydroxyl, amino, methyl ether, and hydrophobic groups, such as substituted phenyl groups and 

triazole.  

 

From the protected C6-substituted analogs of MetPyr-5-acids, peptide oligomers of C6-

benzyloxymethyl-2,4-methanopyrrolidine--amino acid were prepared up to the length of 

octomer in high yields. This series of oligomers were characterized by circular dichroism (CD) 

and indicated enhanced order of folding uniformity for the tetramer and up, with increasing 

ordered folding for longer oligomers. The octomer exhibited minimal solvent effects, and was 

stable with increasing temperature up to 80 °C. Analysis by NMR of the iso-butyric amide 

capped monomer indicated a mixture of cis/trans conformation favoring the cis conformation. 

This was slightly different from the C6 unsubstituted iso-butyric amide derivative, which favored 

the trans conformation. For the dipeptide, the C6-benzyloxymethyl substitution increased the 

percentage of cis conformation of the dipeptide amide bond, but the major peptide had the trans 

conformation. This demonstrated that C6 substitutions could shift the cis/trans equilibrium 

towards the cis conformation. Longer oligomers showed ordered secondary folding structure as 
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demonstrated by the increase in ellipticity per amino acid unit, but was too complicated to be 

determined by NMR analysis. Both the CD patterns and molecular model calculation predicted 

that the longer oligomers (tetramer and above) favor the trans conformation. This preference was 

driven by the backbone dipole effect.  

 

II. SYNTHESIS OF 2,2-DISUBSTITUTED PYRROLIDINE-3-CARBOXYLIC ACIDS 

 

Due to the perceived steric influence of 2,2-disubstitution in the pyrrolidine-3-carboxylic 

acid, it is believed that the adjacent amide/peptide bonds should result in a trans amide bond 

conformation. Because of the difficulty in introducing disubstitution at the hindered C2 position, 

the synthesis of such derivatives has not been successful. For this reason a new method was 

introduced to prepare novel derivatives, at the N- and C- termini of protected 2,2-dimethyl 

pyrrolidine-3-carboxylic acid, i.e., benzyloxycarbonyl protected 2,2-dimethylpyrrolidine-3-

carboxylate. This procedure included the Michael addition of 2-nitropropane to dimethyl 

fumarate, followed by ring closure of the amino ester derived from reduction of the nitro ester 

providing the pyrrolidinone. Reduction of the pyrrolidinone to the pyrrolidine with borane 

finished 2,2-dimethylpyrrolidine-3-carboxylate in moderate overall yield. A preliminary set of 

two amides, iso-butyric amide and 3,5-dichlorobenzamide of this 2,2-dimethylpyrrolidine-3-

carboxylate, were also prepared. NMR analysis of this pyrrolidine derivative suggested the 

amide bonds adopted the trans conformation. It was concluded that steric bulk of the 2,2-

disubstitution favorably influenced the trans amide conformation. This demonstrated that trans 

amide conformation control of a -proline amide was possible.   
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CHAPTER 1. INTRODUCTION 

 

-Amino acids and -peptides as peptidomimetics 

 

Proteins exert their specific complicated biological activities, such as catalysis and signal 

transduction, through their specific structural complexity of peptides. These peptides consist of 

specific sequences of about twenty naturally occurring -amino acids. To probe the functions of 

proteins, and to design molecules which change the functions of naturally occurring amino acids 

or peptides, modifications of the natural amino acids and peptides are necessary. Molecules 

bearing identifiable resemblance to peptides that imitate the functions of peptides as ligands of 

biological receptors, or as similar agents of biological processes, are peptidomimetics. 

Peptidomimetics are compounds whose essential elements (pharmacophores) mimic natural 

peptides or proteins in 3-dimensional space, and retain the ability to interact with the biological 

targets to produce the similar biological effects. They are designed to circumvent some of the 

problems associated with natural peptides such as stability against proteolysis (duration of 

activity) and poor bioavailability. Certain other properties including receptor selectivity and 

potency can often be substantially improved. Hence peptidomimetics have great potential in drug 

discovery.
1
 

 

Proteolysis of proteins occurs by the hydrolytic cleavage of the peptide amide bonds, and 

is most commonly achieved by the catalysis of proteases. Any subtle modifications of the protein 

substrates at the cleavage sites may alter the proteolytic properties dramatically. Common 



2 

 

approaches taken to design peptidomimetics usually include minor modifications of the amino 

acids at or near the cleavage sites by using different amino acids, or using non-natural amino 

acids. 

 

Besides investigations on naturally occurring peptides for their biological functions and 

mechanisms, peptides and peptitomimetics composed of non-natural components have drawn 

extensive attention.
1b

 These include using non-natural amino acids, especially β-amino acids and 

β-peptides as the replacements of -amino acids and peptides due to the evolving understnding 

of their properties. β-Amino acids represent the smallest step away from α-amino acids in that 

each residue has an extra carbon inserted between the α-carbon and the amino nitrogen atom.  

Structurally, β-amino acids can be subdivided into β
2
–, β

3
–, β

2,3
–amino acids, depending upon 

the positions of the side chain(s) on the 3-aminopropionic acid skeleton (Figure 1).
2  

Given the 

extra carbon between the amino group and the carboxylic group, the structure diversity is 

expanded comparing to -amino acids by the possibility of different substitutions and ring 

formations among the ,  and NH2 positions. This allows expanded working space for the 

design of peptidomimetics based on β-amino acids.  

 

Figure 1. Types of α- and β-amino acids 
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It has become clear that short peptide oligomers constructed from subunits other than -

amino acids can adopt discrete secondary structures.
3,4  

 Short β-peptides (constructed from β-

amino acids) have been documented to have the ability to form ordered structures including all 

three types of regular peptide secondary structures - helix, sheet, and reverse turn, similar to their 

naturally occurring α-amino acid peptide (constructed from α-amino acids) counterparts. In 

addition to the ability to form discrete secondary structures, this class of compounds is 

characterized by another important feature: -peptides demonstrate enhanced stability to protease 

digestion,
5
 and resistance to many mammalian proteases and peptidases.

6  
 These properties 

warrant their potential utility to be studied as peptide oligomers and peptidomimetics.
7,8   

Interestingly, ordered oligomers of -peptides have been found to be able to adopt well-defined 

conformations to form foldamers. The rapidly emerging and expanding study on non-natural 

peptide foldamers from -amino acids demonstrates the ability to control molecular shapes of 

foldamers and allow the creation of foldamers with interesting functions.
9, 10 

 

 

1.2 Conformation of β-peptides 

 

The conformations of –peptides can be characterized and analyzed in terms of the main 

chain torsional angles, which are assigned the angles , , θ,  (Figure 2) in the convention of 

Balaram.
11  

The effects of substituents on the conformation of -amino acids have been the 

subject of extensive  studies.
3a, 12-14   
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Figure 2.  Definitions for the torsional angles in β-peptides.
11   

 

Folded helical or turn-like conformations of -peptides require a gauche conformation 

about the θ torsion angle defined by the C
2
-C

3
 bond (Figure 3).

11
 Gauche-type torsion angles are 

even more strongly promoted when the substituents of -amino acids are confined in a 

cyclohexane or cyclopentane ring, as in trans-2-aminocyclohexanecarboxylic acid (ACHC),
15  

 

trans-2-aminocyclopentanecarboxylic acid (ACPC),
16  

or trans-3-amino-pyrrolidine-4-carboxylic 

acid (APC).
17  

 

 

 

Figure 3. Rotamers of β-alanine regarding the θ dihedral
11

  

 

In many cases, the helix structures of oligomers from non-natural β-amino acids are 

significantly stabilized by intermolecular hydrogen bondings between main-chain amide 

moieties.
18,19  

Such structures, however, are generally susceptible to the environment, in which 

helices are often unfolded (destabilized) in protic solvents such as water.
13,20,21 

Therefore, 
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development of β-peptides with robust organized structure without utilizing hydrogen bonding is 

an important goal in the area of peptide engineering and medicinal chemistry.
6b,15c,22,23   

 

 

In proteins, regular secondary structures are defined largely in terms of H-bonding 

between sites embedded in the polymeric backbone. However, it should be noted that H-bonding 

is not necessarily the only, or even the major, driving force for observed secondary structures. 

Dipolar forces or the intrinsic conformational preferences of subunits of the protein backbone, 

such as the pyrrolidine ring in proline, are other important factors.  

 

Scheme 1. Amide bond cis/trans equilibrium 

 

 

Control of cis/trans isomerization of the amide linkage is crucial for the robustness of 

ordered structures. Nevertheless, tailoring of cis/trans isomerization of non-hydrogen-bonding 

amides, i.e., tertiary amides in most cases, is intrinsically difficult due to the small sterical 

difference with respect to cis and trans orientation (Scheme 1). This is significantly different 
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from the situation in the case of secondary amides, which show strong preference for trans 

conformation along the main chain, together with hydrogen-bond formation.  

 

1.3 Cyclic β-amino acids 

 

With the extension by one carbon from -amino acids to β-amino acids, the molecular 

structural flexibility is greatly enhanced. In order to control the amide bond conformation of β-

oligopeptides and foldamers, cyclic β-amino acids have been the subject of a vast amount of 

research across the chemical, biological, and medicinal disciplines.
9 

These molecules are 

synthetic precursors for a wide variety of useful compounds, including natural products and 

modified peptides (Figure 4).
 
 

 

 

 

Figure 4.  Examples of biologically active cyclic -amino acid derivatives 
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In recent years, interest in cyclic β-amino acids has resulted not only from their biological 

activities, but also from the properties of their oligopeptides pioneered by the work of Gellman
9
 

and Seebach,
14 

who have found that oligomeric structures derived from β-amino acids adopted 

defined secondary structures analogous to those observed in natural proteins.  Their structural 

features allow the tailoring of conformational control of secondary peptide structures. 

 

1.4 Proline, polyproline and its peptide structures 

 

Among all the natural amino acids, proline has two prominent attributes that are unique 

among the proteinogenic amino acids: only proline has a saturated ring, and only proline is a 

secondary amine, which makes it more conformationally restricted. Both features make the 

proline residue a key determinant of protein structures.
24,25  

As a secondary amine, proline has a 

much greater tendency than other natural amino acids to form cis peptide bonds (Scheme 1).
26,27 

 

Proline amide linkages are, therefore, tertiary amides, which cannot serve as hydrogen bond 

donors. Despite the lack of internal hydrogen bonding, oligomers and polymers of L-proline 

adopt discrete secondary structures because proline’s ring structure makes it more 

conformationally restricted than other amino acids.  

 

There are two stable secondary structures of polyproline helices (Figure 5): polyproline I 

(PPI) and polyproline II (PPII), which differ in their amide conformations.
28  

PPI is a right-

handed helix containing all cis peptide bonds and the backbone dihedral angles of , ,  are -

75, 160, 0 respectively. The PPI helix is compact and has a helical pitch of 5.6Å and 3.3 

residues per turn. In comparison, PPII is a left-handed helix with all trans peptide bonds and the 
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backbone dihedral angles of , ,  are -75, 145, 180 respectively. The PPII helix is extended 

and has a helical pitch of 9.3Å and 3.0 residues per turn. The PPI helix is favored in organic 

solvents, such as 1-propanol, whereas the PPII helix dominates in aqueous solution.
29,30  

 

 

       

cis                                           trans 

Figure 5. Side view of a polyproline I helix (left) and a polyproline II helix (right) 

 

1.5 β-Proline analogs and synthesis 

 

Given the unique properties of proline, its -amino acid surrogate, i.e., -proline, and 

analogs, have attracted extensive attention as unique -amino acids for structural, chemical and 
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biological studies.
9,14

 Therefore the synthesis of -proline and analogs has been explored 

extensively.
 

 

1.5.1 Synthesis of unsubstituted β-proline 

 

In 1995, Gmeiner, et al., reported the synthesis of optically active -amino acids 

including-proline derivative 10 from 2-dibenzylaminobutane-1,4-diol 6, which is readily 

available from natural aspartic acid. In this synthesis, diol 6 was converted to bis-mesylate 7.  

Through an aziridium intermediate and amino group transposition to give salt 8. Hydrogenation 

of 8 provided N-benzyl-3-hydroxylsulfonate 9. Displacement of the mesylate with a cyano 

group, followed by acid hydrolysis furnished the carboxylic acid group (Scheme 2).
31  

 

 

Scheme 2. Gmeiner’s synthesis of -proline 

 

 

Furstoss soon reported the synthesis of both S and R  -prolines in high optical purity via 

a common chiral starting material, lactone (R)-11, prepared using a microbiological 

stereoselective Baeyer-Villiger oxidation (Scheme 3).
32 

 Lactone 11 was reduced to diol 6, which 

was converted to bis-methanesulfonate 12, followed by displacement with benzylamine for the 
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formation of the pyrrolidine ring in 13. Further functional group transformations gave (S)--

proline 14. From the same lactone intermediate 11, (R)--proline 14 was obtained through azide 

15 and lactam 16.  

Scheme 3. Furstoss’s synthesis of (S)- and (R)--proline  

 

Through a similar lactam intermediate, Blanchet reported an efficient synthesis of (S)--

proline 14 via a chiral pyrrolidinone intermediate 18 obtained from the diastereomeric adduct of 

methyl itaconate and (R)--methylbenzylamine.
33

 Pyrrolidinone 18 was converted to pyrrolidine 

through thiolactam intermediate 19. It was a short, reliable, and cheap synthesis with 72% 

overall yield (Scheme 4).  

 

Scheme 4. Blanchet’s synthesis of -proline 

 

-Proline derivatives were also prepared by [3+2] cycloaddition reaction between N-

benzyl-N-(methoxymethyl)trimethylsilylmethylamine (20) and acrylate 21.
34

  By applying this 
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strategy, Muraglia reported the synthesis -proline amide derivative 23 as a sodium channel 

blocker via adduct 22 (Scheme 5).
34   

 

Scheme 5. Muraglia’s synthesis of -proline derivative 

 

1.5.2 Synthesis of 2-substituted β-proline 

 

2-Substituted-3,4-dehydro--prolines 27 were prepared by Tolomelli and co-workers 

starting from allylic carbonates 24 via a two-step allylic amination and ring closing metathesis 

(RCM) protocol.
35

 Allylic chiral amination afforded diene 25. After protection of the amine,  

RCM of diene 26, and then deprotection gave (S)-2-alkyl-dehydro--prolines 27 in good yields 

(Scheme 6).
 

 

Scheme 6. Tolomelli’s synthesis of 2-substituted 3,4-dihydro--prolines  
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1.5.3 Synthesis of 3-substituted β-prolines 

 

Similar to the synthesis of 23, 3-fluoro--proline 30 was prepared from commercially 

available methyl 2-fluoroacrylate 28 in three steps with overall yield of 57% (Scheme 7).
36  

Adduct 29  was prepared by a [3+2] cycloaddition reaction between 2-fluoromethyacrylate 28 

and N-benzyl-N-(methoxymethyl)trimethylsilyl-methylamine (20) in 95% yield, followed by 

saponification of the methyl ester 29, and removal of the benzyl group. 

 

Scheme 7. Yarmolchuk’s synthesis of 3-F--proline 

 

 

 

Recently, the asymmetric synthesis of 3‑methyl-β-proline (36) was reported by Nagata 

and co-workers to be used as a catalyst for Mannich-type reactions (Scheme 8).
37 

Asymmetric 

phase-transfer-catalyzed alkylation of cyanopropanoate 31 with iodoacetate 32 as a key step 

established the all-carbon stereogenic center in 33. Reduction of the cyano group to amine and 
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ring closing gave pyrrolidinone 34, which was converted to pyrrolidine 35 via thiolactam 

reduction to afford enantiomerically pure 3-methyl-β-proline (36). 

 

 

 

Scheme 8. Nagata’s synthesis of 3-methyl--proline 

 

 

 

1.5.4 Synthesis of 4-substituted β-prolines 

 

Derivatives of 4-substituted β-prolines, i.e., 4-substituted-3-pyrrolidinecarboxylic acids, 

have been reported and evaluated as building blocks for drug discovery.
38-40  

In 2001, Wustrow, 

et al., reported the preparation of four possible stereoisomers of the 3-carboxyl-4-iso-

propylpyrrolidine, such as (3R,4R)-39, as analogs of pregabalin and gabapentin, which are agents 

for neuropathic pain.
41  

The trans isomers were obtained via a highly stereoselective 1,3-dipole 

cycloaddition of azamethine ylide. Chiral oxazolidinone was used as the chiral auxiliary in 37 for 

the stereoselectivity control. Adduct 38 was then converted to β-proline 39 after  removal of the 
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oxazolidinone and the benzyl group. Alternatively, the cis isomer was obtained through chiral 

resolution with diastereomeric salts. A representative synthesis such as compound (3R,4R)-39 is 

shown in Scheme 9. 

 

 

Scheme 9. Wustrow’s synthesis of 4-substituted -proline 

 

 

Galeazzi’s group reported the preparation of the same trans-4-iso-butyl-3-pyrrolidine 

carboxylic acid (3S,4S)-39, a restricted analog of pregabalin, through a different approach 

(Scheme 10).
42 

Substitution at C4 was introduced by alkylation of 4-benzyloxymethyl pyrrolidin-

2-one 40 leading to 3,4-trans disubstituted pyrrolidin-2-one 41 in good yield and good 

diastereoselectivity. Reduction of the pyrrolidinone to pyrrolidine, followed by N-deprotection 

and Boc re-protection afforded trans 3,4-disubstituted pyrrolidine 42. Cleavage of the benzyl 

ether moiety, followed by oxidation of the hydroxyl group, gave the corresponding trans-4-iso-

butyl-3-pyrrolidine carboxylic acid (3S,4S)-39 in good yield. 

 

Scheme 10. Galeazzi’s synthesis of 4-substituted -proline 
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Ma, et al., reported a highly effective catalytic procedure for the stereoselective Michael 

addition of the enolates of aldehydes to nitroalkenes catalyzed by O-TMS-protected 

diphenylprolinol.
43  

Similarly, Yoshida and co-workers in 2012 carried out a similar procedure by 

using different catalysts such as L-phenylalanine, and its lithium salt, to achieve stereoselectivity 

for the synthesis of  nitroaldehyde 43, which led to the synthesis of 4-substituted, and 4,4-

disubstituted -prolines, such as 44, after reduction of the nitro group and simultaneous reductive 

amination ring closure as demonstrated in Scheme 11.
44 

   

 

Scheme 11. Ma and Yoshida’s synthesis of 4,4-disubstituted -proline derivatives 

 

 

1.5.5 Synthesis of 5-substituted -proline 
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The synthesis of 5-substituted and 5,5-disubstituted--prolines such as 49 was reported 

by Kawahara, et al.,
45a 

and by Gellman et al.
45b 

As summarized in Scheme 12, they were accessed 

through 4-hydroxylproline derivatives such as 45, by alkylation at the C2-position to afford 46, 

followed by transformation of the proline acid/ester group to other functionalities to furnish di-

substitutions in 47. The 3-hydroxyl group was then converted to carboxylic acid through the 

cyanide intermediate 48 to afford 5,5-disubstituted--proline 49. 

 

Scheme 12. Nagumo and Gellman’s synthesis of 5,5-disubstituted -prolines 

 

 

 

1.6 Fused bicyclic -proline analogs and synthesis 

 

Due to their enhanced conformational restrictions compared to the monocyclic β-proline 

analogs, bicyclic fused -proline analogs are of interest to medicinal chemists, who utilize them 

to achieve specific binding conformations as enzyme ligands.
46 

They are also attractive 

molecules for peptide researchers, who use them to achieve constrained conformation control of 
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peptide bond orientation. Common fused bicyclic analogs of -proline are 3,4-methano-β-proline 

(50), 2,4-methano-β-proline (51), and 2,5-ethano-β-proline (52) as shown in Figure 6.
 
 

 

 

Figure 6. Fused bicyclic -proline analogs 

1.6.1 3,4-Methano--proline analogs and synthesis 

 

3,4-Methano--proline analogs have been explored as building blocks in drug discovery 

in the pharmaceutical industry.
47,48 

They have also been of interest as conformationally 

constrained -proline derivatives for peptide oligomers and foldamers formation.
6b,6c

 The 

synthesis has been mostly focused on utilizing cyclopropanation chemistry. The synthesis of 

enantiomerically pure and conformationally constrained -proline derivatives, such as 3,4-

methano--prolines, was reported recently starting with a readily available bicyclic lactone 53 by 

following a synthetic route outlined in Scheme 13.
49 

Ring opening of lactone 53 with 

trimethylsilyl bromide provided bromo ester 54. Then the bromide was displaced with azide, 

which was converted to amine with simultaneous ring closure to afford lactam 55. The lactam 

was reduced to provide 56, followed by a two-step oxidation procedure to give 3,4-methano--

proline 57. 
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Scheme 13. Medda’s synthesis of 3,4-Methano-β-proline 

 

 

By utilizing metal catalyzed ring closing reactions, Nishino recently developed a 

convenient procedure for the synthesis of 3-azabicyclo[3.1.0]hexan-2-ones using the oxidation of 

N-propenyl-3-oxobutanamides with manganese(III) acetate in ethanol. N-Propenyl-3-

oxobutanamides 58 underwent the manganese(III)-induced oxidative intramolecular cyclization 

to produce 3-azabicyclo[3.1.0]hexan-2-ones 59 in good yields (Scheme 14).
50  

 

 

Scheme 14. Nishino’s synthesis of 3,4-methano-β-proline analogs  

 

 

Following a similar strategy, Li’s group synthesized a series of similar 3,4-methano-β-

proline derivatives.  N-Allylynamides, such as 60, were converted into 3-aza-

bicyclo[3.1.0]hexan-2-one derivatives, such as 61, in moderate to high yields.  Various 
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functional groups and different substitutions were tolerated under the reaction condition using 

IMesAuCl/AgBF4 as the catalyst, and pyridine N-oxide as the oxidant (Scheme 15).
51 

 

 

Scheme 15. Li’s synthesis of 3,4-methano-β-proline analog 

 

 

1.6.2  2,5-Ethano--proline analogs and synthesis  

 

The 7-azabicyclo[2.2.1]heptane skeleton is a common structure often found in 

biologically active alkaloid compounds.
52   

Its 2-carboxylic acid derivatives, i.e., 2,5-ethano-β-

proline analogs, represent a unique category of conformationally constrained -amino acids of 

interest to synthetic, medicinal, and peptide chemists. Avenoza, et al.,
52

 reported details of the 

synthesis of azanorbornane analogs and derivatives from methyl N-Boc-7-

azabicyclo[2.2.1]heptane-1-carboxylate. These are conformationally constrained analogs of -

proline.
52

 Scheme 16 outlines the synthesis of methyl N-Boc-4-hydroxyl-7-

azabicyclo[2.2.1]heptane-1-carboxylate (63), a key intermediate for further analog preparation. 

The synthesis started from the commercially available methyl 2-acetamidoacrylate, which 

underwent a Diels-Alder reaction with 1,3-butadiene to give cyclohexene derivative 62. N-

Iodosuccimide mediated neighboring group assisted functionalization of this adduct, followed by 

ring closing,  afforded the 1,3-disubstituted 7-azabicyclo[2.2.1]heptane core structure. Further 
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functional group manipulations gave the desired product 63 with the appropriate protecting 

groups in place for further elaborations.  

 

Scheme 16. Avenoza’s synthesis of derivatives of 7-azabicyclo[2.2.1]heptane-1-carboxylate 

 

 

Based on key intermediate 63 from the synthesis of Avenoza and co-workers, Ohwada, et 

al., recently reported the synthesis of the bridgehead substituted 7-azabicyclic[2.2.1]heptane-2-

endo-carboxylic acid derivatives, which were used for the construction of oligomers.
53 

The 

synthesis of one analog (66) is shown in Scheme 17. The carboxylic acid function was 

incorporated at the C3 position from 3-hydroxyl group in 63 following a series of steps including 

Swern oxidation, Wittig reaction, hydroboration-oxidation of olefin, followed by a two-step 

oxidation of the alcohol and esterification to afford 65. The C1-ester was reduced to the alcohol, 

protected, and at a later stage, was de-protected and methylated with trimethylsilyldiazomethane 

to give methyl ether 66.  The endo-isomer was obtained as the major isomer.  

 

Scheme 17. Ohwada’s synthesis of bridgehead-substituted 2,5-methano--proline derivatives 
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1.7  Peptides, oligomers, and foldamers of substituted proline, β-proline analogs  

 

Within the past decade, several groups have reported the preparation of unnatural peptide 

oligomers, especially -peptides and mixed /-peptides, which demonstrated interesting 

conformational properties.
5-7,54  

The studies have revealed that success in function-oriented 

design can depend critically upon access to multiple foldamer scaffolds, each of which provides 

a distinctive way to orient sets of side chains in defined space. Those efforts also have suggested 

that control over oligomer folding could lead to new types of molecules with useful biological 

properties. For example, Gellman and co-workers designed a series of 14-helical -peptides 

containing tran-2-aminocyclohexanecarboxylic acid (ACHC) to mimic the globally amphiphilic 

-helical conformations of many host-defense peptide prototypes in which hydrophilic groups 

align on one side and lipophilic groups align on the opposite side along the peptide helix (Figure 

7).
15c  

It was found that peptide (ACHC-
3
Val-

3
Lys)3 (Figure 7A) was conformationally 

oriented with cationic lysines aligned on one side and hydrophobic valines on the other side. 

Peptide 7A demonstrated antifungal activity similar to that of the globally amphiphilic natural -
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peptides. On the contrary, the other 14-helical -peptide (Figure 7B), which was not globally 

amphiphilic (scrambled 14-helical -peptide), was inactive. 

 

 

 

Figure 7.  Gellman’s helical -peptides with/without antifungal activity 

  

Seebach and co-workers described the synthesis and conformational studies of oligomers 

constructed from homo-proline -amino acids: (S)-pyrrolidine-2-acetic acid (67) and (S)-

piperidine-3-carboxylic acid (68) (Figure 8).
55  

The circular dichroism (CD) spectra of the all 67 

(homo-oligomers of 67) and the all 68 (homo-oligomers of 68) containing -peptides displayed 

novel and intensive CD patterns. These results were indicative of the formation of ordered 

oligomers, i.e., foldamers. Gellman’s group studied the oligo-tertiary amides constructed from 

(S)-pyrrolidine-3-carboxylic acid (69) (Figure 8), a cyclic -amino acid.
56 

 The preliminary 

evidence for ordered folding of 69 homo-oligomers suggested that the conformational analogy 

between conventional -peptides and -peptides extended beyond hydrogen-bonded secondary 

structures to non-hydrogen bonded structures such as the PPII helix. These pioneering works 
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demonstrated that -peptides can form the same or analogous conventional secondary structures 

similar to -peptides. 

 

 

Figure 8. Common -prolines explored for foldamers 

 

To demonstrate a secondary structural preference at the amide bonds of -peptides, 

Gellman and coworkers described the 2D NMR and CD conformational studies of the homo-

oligomers based on 5,5-disubstituted pyrrolidine-3-carboxylic acid compounds 70.
57

 Distinct 

conformational preferences were suggested by CD. NMR suggested at least partial population of 

folded conformations by NOEs between amino acid i→i+2 units.
  
It was expected that oligomers 

of unsubstituted -amino acid 69 would possess higher conformational flexibility than those of 

-proline because the tertiary amide group was one more carbon away from the carboxylate. 

NMR studies of -peptides prepared from 5-monosubstituted pyrrolidine-3-carboxic acid (R or 

R’ as H on C5 of compound 70) indicated multiple rotameric states, which gave multiple sets of 

1
H and 

13
C conformation signals.

57 
 

 

A stronger rotamer bias is observed for -peptides derived from 5,5-disubstituted -

proline 71 (Figure 9). Both NOE and X-ray crystal structure of compound 71 showed that the 

amide linkage adopted the expected cis conformation due to the C5 steric bulkiness. 

Accordingly, 2,2-disubstituted -proline 72 could induce a trans conformation of the N-terminal 
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amide as the major rotamer. However, because of the difficulty in introducing groups at the 

hindered C2-position, synthesis of related -amino acids or -peptides was unsuccessful.
57b 

 The 

goal of preparing solely pyrrolidine-based -peptides of defined secondary structure has not been 

achieved. 

 

 

Figure 9. 5,5- and 2,2-disubstituted -prolines designed for conformation control 

 

Recently, Caumes and colleagues reported the homo-oligomers of enantiomerically pure 

(2S,3R)-3-methyl-proline (73), (3R,4R)-4-methyl--proline (74) and (3R,4S)-3,4-dimethyl--

proline (75), which were studied using CD in water, methanol and propanol, and by NMR in 

water searching for ordered oligomers (foldamers) and secondary peptide structrual paterns 

(Figure 10).
58

 Changes in the far-UV CD spectrum of 73 were observed from dimers to 

hexamers, but little change was observed from hexamers to octamers or nonamers, in water and 

in methanol. This demonstrated that order started with the increase of oligomer -amino acid 

units (6 and more). Further characterization and analysis of the amide conformations by NMR 

concluded that oligomers of C3-substituted prolines with more than six residues adopted a 

characteristic PPII secondary structure both in water and in aliphatic alcohols. Oligomers of 74 

demonstrated the same CD signature as non-substituted -proline oligomers, suggesting that 
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substitution at the C4-position alone was not sufficient enough to reduce conformational 

heterogeneity in -proline oligomers. In the case of 3,4-disubstituted--proline oligomers, an 

atypical signature with an extra negative band at around 225 nm was observed, together with a 

concentration dependent CD spectrum indicating association properties. Nevertheless, NMR 

studies of 
13

C labeled oligomers (used to locate the positions of individual amino acids) of 3,4-

disubstituted--prolines revealed a complex mixture of cis/trans conformers even for longer 

oligomers.
58 

 This suggested that simple substitution patterns on -proline might not be enough 

to induce ordered foldamer structures. 

 

 

 

 

Figure 10. Caumes’ -proline for foldamers 

 

Another interesting class of foldamers from conformationally constrained -proline 

analogs derived from the bridgehead substituted 7-azabicyclo[2.2.1]heptane-2-endo-carboxylic 

acids (76, n=0) was recently reported (Figure 11).
53 

Structure characterizations found that the 

bridgehead methoxymethyl substituent completely biased the cis/trans equilibrium to the cis 

amide structure along the main chain, and helical structure based on the cis amide linkage was 

generated independently of the number of residues, from the dimer through the tetramer, 

hexamer, and up to the octamer, and irrespective of the solvents. These observations were 
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attributed to the constrained structure of azabicyclo[2.2.1]heptane with a substituent at the C1 

position, and the lack of hydrogen bonding in the oligomers. 

 

 

 

Figure 11.  Cis amide structure of 7-azabicyclo[2.2.1]heptanes-2-endo-carboxylic acid 

oligomers  

 

Changing the equilibrium of cis/trans isomerization of tertiary amides in the case of -

amino acids, particularly -proline and its mimetics, has been accomplished sterically by 

introducing substitutions at the -position of the nitrogen atom,
59,60  

or stereoelectronically by 

use of the gauche effect, which influences puckering of the pyrrolidine ring, leading to direct 

interaction of the amide linkage and the carboxylic functionalilty.
61 

 In most cases, the trans 

amide structure was favored over the cis amide due to steric effects. But 5,5-dimethyl--proline 

and analogs were found to drive the equilibrium towards the cis amide when steric bulkiness was 

introduced at the C5 position.
60

 Thus steric and stereoelectronic factors can be used to modify the 

cis/trans amide isomerization to various extents.  

 

1.8 Methanopyrrolidine--amino acids  
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Krow’s approach to pyrrolidine-based backbones that fold into predictable shapes was to 

replace the 2,2-disubstituted pyrrolidines with a bridged 2,4-methanopyrrolidine (MetPyr, 51) 

(Figure 12).
62 

 The methylene bridge may control the amide conformation by limiting rotations of 

 and  (Figure 13), which in turn may play a role in the folding of oligomers such as one from 

51.  

 

Figure 12. Methanopyrrolidine--amino acid, derivatives, and oligomers 

                                                                        

 

Figure 13. (A) Torsional angles in β-proline.  (B) Torsional angles in β-methanopyrrolidine. 

 

Krow’s group prepared a series of homo-oligomers N-Boc-(MetPyr)n-CO2Me (77, n = 1, 

2, 4, 6, 8) from unsubstituted MetPyr 51.
62 

 The CD spectra of the oligomers clearly showed that 

an ordered conformation started to form on tetramer 77c (n = 4), and enhanced for longer 

oligomers such as hexamer 77d (n = 6) and octamer 77e (n = 8). The X-ray analysis of the 

tetramer 77c indicated that the oligomer had a trans structure. This was the first report of 
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foldamers formed from 2,5-MetPyr-5-acid core structure. Substituent effects on the folding of 

oligomers of this series was not investigated. 

 

1.9 Summary 

 

In summary, -amino acids/peptides have been attracting extensive attention. Among 

them, -prolines and analogs are of special interest due to their unique cyclic structural features 

as amino acids (cyclic -amino acids) and non-hydrogen bonding properties (tertiary amide 

bonds) in their peptides. Reported syntheses have mostly focused on monocyclic -amino acids 

such as on substituted -prolines. Among them, gem-disubstitutions at the C5 position is 

particularly attractive due to the proximity to the amide bonds. However, there are no reports on 

the synthesis and conformational properties of -prolines having gem-disubstitution at the C2 

position. More importantly, more conformationally constrained fused bicyclic -proline analogs 

have started to attract increasing attention due to the pre-defined conformation control along the 

-peptide backbones.    

 

-Peptides have been demonstrated to form foldamers similar to the conventional 

secondary structures from -peptides with potential improvements in stability and flexibility in 

conformation control. Cyclic -amino acids, especially -prolines are able to form ordered 

helical peptide structures. Substituents were introduced at different positions of the pyrrolidine 

ring of -prolines to enhance the formation of foldamers with varied success.  Fused bicyclic -

proline analogs such as aza[2.2.1] and aza[2.1.1] emerged as attractive candidates for foldamers 
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due to enforced rigidity for adapted conformations. Significant progress on the investigations of 

peptides, peptidomimetcs of -prolines and analogs has been made.  
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CHAPTER 2. SYNTHESIS OF C6-SUBSTITUTED 2,4-

METHANOPYRROLIDINE -AMINO ACIDS 

 

2.1 2,4-Methano-β-proline 

 

The control of the cis/trans equilibrium of the tertiary amides from -proline analogs, 

especially constrained fused bicyclic -proline analogs, has not been well explored.
55,56,63  

2,4-

Methanopyrrolidine--amino acid (51) represents a novel category of β-proline analogs. The 

strategy of this pyrrolidine-based backbone is to replace 2,4-disubstituted pyrrolidines (78) with 

a bridged methanopyrrolidine (MetPyr, 51) (Scheme 18). The 2-azabicyclo[2.1.1]hexane 

derivatives are highly conformationally constrained with defined orientation, and with limited 

substitution positions allowed. This may serve to control the geometry of the amide bonds, and 

therefore the conformations of oligomers composed of its derivatives.
64 

It is envisioned that 

substituents on the C6 methylene (79, R = H) and C1 bridgehead (79, R’ = H) will significantly 

affect the amide bond conformation. In addition, substitutions can be used to introduce different 

functional groups similar to the side chains of natural -amino acids for structural diversity. 

These derivatives can be utilized as proline analogs in oligomer/foldamer investigations, and in 

drug discovery as conformationally constrained enzyme ligands. In addition, pyrrolidines are 

common to many biologically significant molecules. In the search for selective bioactive 

molecules binding to enzyme targets, one frequently used approach is to incorporate the key 

pharmacophoric entities to form less flexible structures with pre-defined conformations. 2-
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Azabicyclo[2.1.1]hexane is one example of a constrained model for pyrrolidines. Substituted 

derivatives are, therefore, of interest in structure-based target design in drug research.
65 

 

 

 

Scheme 18. Evolution and design of targets based on MetPyr--amino acid derivatives 

 

The objective of this research is to explore the synthesis of methanopyrrolidine-based 

target structures to create a new type of methanopyrrolidine based –amino acid analogs. 

Different functionalities are to be introduced to mimic naturally occurring amino acids.  

Oligomers will be synthesized and characterized.
 
 Specifically, the objective of this research is to 

discover and optimize practical methods for the synthesis of C6- substituted methanopyrrolidine-

-amino acid derivatives of 79 (Scheme 18). Oligomers 80 will be characterized in search of 

folding orders and structural features as foldamers.
 
  

 

2.2 Reported synthesis 

 

There have been limited reports on the synthesis of azabicyclo[2.1.1]hexane and its 

derivatives. Three major different methods have been used to prepare this ring system.
66 

 These 

include nucleophilic ring closure of substituted cyclobutanes (see section 2.2.1), the 
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rearrangement from 2-azabicyclo[2.2.0]hex-5-enes,
67 

and intramolecular [2+2] photochemical 

cycloadditions (see section 2.2.3).  

 

2.2.1 Nucleophilic ring closure  

 

Lescop and Huet reported the synthesis of 2-azabicyclo[2.1.1]hexane-5-carboxylic acid 

(51) as outlined in Scheme 19.
68 

 The key step of this strategy involved an electrophilic addition 

of phenyl selenium bromide to the double bond of substituted cyclobutene 81 and subsequent 

ring closing in the presence of sodium hydride.  Compound 82 was obtained in good overall 

yield. Displacement of the sulfonimide activated amino group in 83 with acetate yielded 

hydroxyl derivative 84. Reductive removal of the phenyl selenyl group was followed by 

protecting group manipulations. Final oxidation of the alcohol under Jones’ oxidation condition 

afforded 51, which was the first reported -isomer of 2,4-methanoproline.  

 

Scheme 19. Huet’s synthesis of 2,4-methano--proline 

 

 

Rammeloo and co-workers reported a shorter synthesis of a 2,4-methano--proline 

analog (Scheme 20).
69  

The synthesis included the reversible addition of hydrogen cyanide to 
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imine 85 allowing ring closure with up to 73% yield under the reaction condition. Finally, 2-

benzyl-2-azabicyclo[2.1.1]hexane-1-carbonitrile (86) was converted to the corresponding amino 

acid 87 in two steps. 

 

Scheme 20. Rammeloo’s synthesis of 2,4-methano--proline 

 

2.2.2 Rearrangement approach 

 

Krow’s group reported a short synthesis of 3,5,6-trisubstituted 2-azabicyclo[2.1.1]hexane 

derivatives 89 (Scheme 21).
67 

 When azabicyclo[2.2.0]hex-5-ene derivative 88 was treated with 

NBS, the putative bromonium ion intermediate underwent reactions by path a or path b 

depending on the nature of the R groups on the C7 oxygen.  

 

Scheme 21.  Krow’s synthesis of 2-azabicyclo[2.1.1]hexane derivative 89 
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Among the R groups investigated, only compound 88 bearing the strong electron-

withdrawing nosyl group underwent the aziridinium intermediate electrophilic-rearrangement 

route (path a) to give the desired azabicyclo[2.1.1]hexane 89 in 69% yield. Compound 88 with 

all other investigated R groups gave the unwanted competitive oxonium intermediate (path b) by 

oxygen neighboring group participation resulting in the tricyclic products or the R group 

migrated product.  

 

2.2.3 [2+2] Cycloaddition  

 

Winkler and co-workers
66a-c 

as well as Krow’s group,
66f 

 reported the synthesis of C5-

acetyl-2-azabicyclo[2.1.1]hexane 91 by employing a [2+2] photochemical cycloaddition 

reaction. The diene substrate 90 was prepared by the Michael addition of but-3-yn-2-one and 

allylamine. This was followed by Boc protection of the amino group.  Diene 90 was irradiated to 

afford 91 in good yield. This approach represents a short and efficient synthesis of C5-acetyl 

azabicyclo[2.1.1]hexane (Scheme 22).  

 

Scheme 22. Winkler’s synthesis C5-acetyl-2-azabicyclo[2.1.1]hexane  
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While investigating the same intramolecular cycloaddition aimed at the synthesis of 92, 

Krow, et al., converted the C5-acetyl group in 91 to the carboxylic acid by sodium hypochlorite 

oxidation. The frame of 92 represents a novel series of highly constrained –amino acid 

structures (Scheme 23).
66f 

This Krow-Winkler method of employing the photo-reaction of diene 

90, followed by the oxidation of methyl ketone 91 to acid 92, allowed the quick access to 

unsubstituted 2,4-methano--proline. This synthesis was run several times, and (±)-92 was 

prepared in yields of 71-91 %.
70 

 

 

Scheme 23. Krow’s synthesis of unsubstituted 2,4-methano--proline 

 

 

2.3 Synthesis of C6-substituted 2,4-methanopyrrolidine--amino acids 

 

Based on the discovery of Winkler and co-workers,
66a-c 

and the early work of Krow’s 

group,
66f,70  

the intramolecular [2+2] photochemical cycloaddition method was extended to the 

preparation of C6-substituted methanopyrrolidine--amino acids (93). This synthetic approach 

was short, efficient, and the starting materials were readily available.  In order to introduce a 

variety of functionalities at the C6 position of 93, it was ideal to have a versatile C6 functional 

group. This group could be introduced at the beginning of the synthetic scheme, and must be 

compatible with the reaction conditions for the construction of the 2-azabicyclo[2.1.1]hexane 
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core structure. In addition, this group must tolerate the photochemical cycloaddition reaction 

condition. Once the key building block was obtained, the C6 functional group would be 

converted into other functionalities for derivative synthesis. Compound 94 had three different 

functional groups at the N2, C5 and C6 positions (Scheme 24). The Boc protecting group on N2 

could be removed for amide bond formation in peptide synthesis. The methyl ester at C5 could 

be transformed into an amide. The benzyl ether group at C6 position, after being converted into a 

hydroxyl group, served as a handle for the synthesis of many other analogs. 

 

Scheme 24. Key intermediate 94 for C6-analogs of 2,4-MetPyr--amino acids 93  

 

 

2.3.1 Retrosynthetic analysis 

 

The retro-synthetic plan is outlined in Scheme 25, where the C6-substituted 

methanopyrrolidine--amino acid 93 is derived from intermediate 94. The carboxyl group at C5 

is obtained from the acetyl group in 95. The hydroxyl group at C6 comes from benzyl ether 

derived from the substituted allylamine. The amine at N2 in 94 is protected with Boc in the 2-

azabicyclo[2.1.1]hexane core. The azabicyclo[2.1.1]hexane core structure of 95 is to be prepared 

through an intramolecular [2+2] photochemical cycloaddition with the appropriate substitutions 
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in place in diene 96. Diene 96 is synthesized from but-3-yn-2-one and 4-(benzyloxy)but-2-en-1-

amine. 

 

Scheme 25.  Retrosynthesis of C6-substituted derivatives of 2,4-MetPyr--amino acids 

 

 

2.3.2 Synthesis of C6-benzyloxymethyl methanopyrrolidine--amino acid methyl ester 

 

The synthesis of 95 is outlined in Scheme 26. Compound 97 was prepared from 

commercially available Z-benzyloxymethyl allyl alcohol and phthalimide under the Mitsunobu 

reaction condition in excellent yield. Allylamine 98 was obtained from phthalimide 97 after 

hydrazinolysis removal of the phthalimide protecting group. The Michael-addition of 98 to but-

3-yn-2-one, and the subsequent protection of the amine with the Boc group, afforded enamide 96 

in 96% yield. The E geometry of the enamine C=C bond was assigned on the basis of a 14.5 Hz 

coupling constant for the vicinal protons of the double bond.  By employing the [2+2] 

cycloaddition reaction condition similar to the synthesis of 91,
66,70  

diene 96 placed in a photo 

reactor in acetonitrile was irradiated (Hanovia, 450 watts) at ambient temperature for ~18 h. 

After removal of the solvent and chromatography, 5-syn-acetyl-6-syn-benzyloxymethyl-N-Boc-
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2-azabicyclo[2.1.1]hexane (95) was obtained in 50% isolated yield as the major product on a 7.5 

g reaction scale. The minor components of the reaction included unreacted starting material and 

the 5-anti isomer (14% yield). The 5-syn, 6-syn stereochemistry was assigned to 95 by the 

observed strong NOE between H5a at  2.54 and H6a at  2.15. Integrations of methyl ester and 

H1 from 
1
H NMR indicated ~1.2:1 ratio of conformational isomers from the N2 N-C(O) bond.  

 

Scheme 26. Synthesis of C5-acetyl-C6-benzyloxymethyl-N2-Boc-azabicyclo[2.1.1]hexane 

 

 

 

The acetyl group in 91 was oxidized to give acid 92 with NaClO (Scheme 23).
70 

Oxidation of the acetyl group in 95 using the same condition was observed with limited success 

(Table 1, entry 1-3). When the reaction was carried out at rt, the starting material was recovered. 

When the reaction was performed at elevated temperature (entry 3), the yield of the desired 

product was not significantly improved with the loss of the starting material. After several trials 

(Table 1), it was found that, by using stronger, freshly generated sodium hypobromite, the 

oxidation went smoothly at 0 °C, but was incomplete after 1 h. (Table 1, entry 4-5). The fresh 

hypobromite solution was prepared by adding Br2 to an aqueous NaOH solution before using. 
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When the reaction was carried out from 0 °C to rt, the conversion was complete within 1 h. After 

aqueous workup, acid 99 was obtained as a pure white solid and additional purification was not 

required.  

 

Acid 99 was converted to methyl ester 94 on the treatment with 

trimethylsilyldiazomethane in quantitative yield (Scheme 27). Two rotationary conformers 

originating from the Boc carbamate of the asymmetric secondary amine were observed by both 

1
H NMR and 

13
C NMR. Integration of methyl ester, Boc,  and H3/H3’ from 

1
H NMR indicated an 

average of 1.2:1 ratio of two conformers. In addition, 
13

CNMR showed two conformer peaks of 

all carbons. Key NMR correlations are shown in Figure 14.  Major COSY correlations include 

H1 (4.58 & 4.50 ppm) - H5 (2.62 ppm), H1-H6 (2.19 ppm), H4 (3.02 & 3.04 ppm) – H5,  H4 – H6. 

Three strong major NOESY correlations including H5 – H6, CH3O (3.6 ppm) – H3 (3.47 ppm) 

and H7 (3.25-3.30 ppm) – H3’ (3.10 ppm), confirmed the 5-syn and 6-syn structure.  

 

Scheme 27. Synthesis of C6-benzyloxymethyl-2,4-methanopyrrolidine--amino acid methyl 

ester  
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Table 1. Conversion of 95 to 99 

Entry Condition Yield of 99 Recovered 95 

1 NaClO (bleach, 4-7%), THF/H2O, 0 – 40 °C, 2 h
70 

0% 95%
 a
 

2 NaClO (Aldrich, fresh, 10-15%), THF/H2O, 0 – rt, 2 h
62 

Trace
b
 80%

 a
 

3 NaClO (Aldrich, fresh, 10-15%), THF/H2O, 40 °C, 2 h
 

10%
b
 42%

 a
 

4 Br2/NaOH, dioxane/H2O, 0 °C, 1 h 75%
a
 25%

a
 

5 Br2/NaOH, dioxane/H2O, 0 °C to rt, 1 h 92%
 a
 Trace

b
 

a.  isolated yield; b. by LCMS 

 

 

Figure 14. Key COSY and NOESY correlations of 94 

 

2.3.3 Synthesis of C6-hydroxyl derivatives 

 

Ester 94 with the benzyl ether at C6 is the building block for the C6 derivatives and 

homooligomers. First, hydrogenation of 94 with Pd/C catalyst in MeOH under 1 atm of hydrogen 

converted the C6 benzyl ether to C6-hydroxymethyl derivative 100 in 98% yield (Scheme 28). 

The hydroxymethyl group at the C6 is intended to mimic the hydrophilic side chain of serine, 

and it also serves as a handle for further functional group transformation. Because the oligomers 

of a methyl ether derivative from azabicyclo[2.2.1]heptane -amino acid (see compound 76 in 

Chapter 1) were water soluble as reported in literature,
53

 the methyl ether derivative 101 is an 
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interesting analog of methanopyrrolidine--amino acid. To synthesize methyl ether 101, 

methylation of the hydroxyl group was accomplished by treating 100 with NaH and iodomethane 

at 0 °C providing 101 in 70% isolated yield (Scheme 28). With the absence of an aromatic 

chromophore in 101, UV absorption was extremely weak during silica gel chromatography 

purification.      

 

Scheme 28. Synthesis of C6-hydroxymethyl and methyl ether derivatives  

 

 

2.3.4  C6-Hydroxymethyl N2-naphthalenesulfonamide analog 104 

 

To increase the UV visibility of the C6 substituted analogs of 2,4-methanopyrrolidine--

amino acid, the Boc protecting group at N2 in 94 was changed to a 1-naphthalenesulfonyl group. 

This change not only enhanced the UV visibility for chromatography purifications, but also 

simplified the NMR spectra by eliminating the rotameric mixture induced by the Boc amide 

group.  In order to perform this change, as shown in Scheme 29, the Boc group in 94 was 

removed by treatment with TFA in dichloromethane to give amine 102. The amine was then 

treated with 1-naphthalenesulfonyl chloride to afford sulfonamide 103 in 96% isolated yield for 

the two steps. With the absence of rotameric mixtures, the observed 
1
H NMR and 

13
C NMR 

signals of 103 were simplified. Correlations from NOESY experiment found the proton of 
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naphthalene at  8.65 ppm (dd, J = 8.1, 0.8 Hz) correlated to H1, H3 and H3’. Interestingly, the 

chemical shift of the methyl ester shifted upfield from  3.63 ppm in 94 to  3.13 ppm in 103, 

which was undoubtly due to the magnetic shielding effect induced by naphthalene. 

Hydrogenation of 103 provided the C6-hydroxymethyl derivative 104 in 90% yield. The 

naphthalenesulfonyl group of the N2 position could be removed by following a reported 

procedure,
71 

as demonstrated by the conversion of sulfonamide 103 to amine 102 on the 

treatment of 103 in concentrated HCl-AcOH-water to give 102 in 85% yield.  

 

Scheme 29. Synthesis of N2-naphthalenesulfonamide 103 and 104 

  

 

2.3.5 Synthesis of C6-azidomethyl and aminomethyl analogs 

 

Azido and amino derivatives at the C6 position of methanopyrrolidine--amino acid 

methyl ester were subsequently prepared (Scheme 30). Alcohol 104 was converted to 

methylsulfonate 105 by treating with methanesulfonyl chloride and triethylamine at 0 °C for 1 h.  

The formation of the methylsulfonate was confirmed by LCMS. The crude methylsulfonate 105 
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was treated with sodium azide in DMF at 60 °C for 16 h to afford the azido derivative 106 in 

96% isolated yield over two steps.  The C6 primary amine 107 was obtained by palladium 

catalyzed hydrogenation of 106 in MeOH in excellent yield. The results from 
1
H NMR and 

13
C 

NMR analysis of 107 indicated the absence of rotameric isomers. Correlations from H-H COSY 

were observed between H1 (4.48 ppm) - H5 (2.60 ppm), H1 – H6 (2.0 ppm), H4 (3.05 ppm) - 

H5, H4 - H6 and H6 -H7 (2.7 and 2.5 ppm). The observed HNMR chemical shift of the methyl 

ester also shifted upfield to 2.91 ppm, which indicated the aromatic nathphalene ring’s shielding 

effect. With amine 107 available, an amide derivative was prepared. When amine 107 reacted 

with 4-hydroxybenzoic acid under (dimethylamino)-N,N-dimehtyl(3H-[1,2,3]triazolo-[4,5-

b]pyridin-3-yloxy)methaniminium hexafluorophosphate (HATU) and DIEA amide coupling 

condition to afford 108 in 91% yield. Phenol derivative 108 was designed to mimic the side 

chain as a tyrosine surrogate. 

 

Scheme 30. Preparation of the C6- amine derivatives 
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2.3.6 Synthesis of the C6-triazole derivative 

 

The azido analog 106 provided the opportunity for the preparation of triazole containing 

derivatives using “click” chemistry at the C6-position of 2,4-methanopyrrolidine--amino acid. 

The C6 azido can also be used as a functional group for the introduction of other groups, or as a 

linker to other moieties of biological importance via triazole chemistry. One reported example is 

to study the azidoproline-containing collagen model peptides.
72 

 In this example, the azido group 

and its triazole functionalized collagen model peptides were synthesized. They were found to 

have a similar stabilizing effect on the collagen triple helix as that of the natural hydroxyproline. 

This finding was intriguing for the development of functional collagen-based materials. In this 

regard, azido analog 106 was allowed to react with propargyl alcohol by following a literature 

procedure reported by Sharpless, et al.,
73 

to give hydroxylmethyl triazole derivative 109 in 73% 

yield (Scheme 31). The CuI catalyst is used to accelerate the reaction at low temperature, and to 

enhance regio selectivity.
73 

Regioisomer 109 was isolated as the major product in 73% yield. The 

regiochemistry was confirmed by NOESY experiment, in which the correlation between H7 and 

H9 was observed (Figure 15).  

 

Scheme 31.  C6-Triazole derivative 109 
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Figure 15.  Key COSY and NOESY correlations of 109 

 

2.4 Resolution of (±)-99 and (±)-94  

 

Resolution of ester (±)-94 was accomplished by chiral HPLC, and the resolution of acid 

(±)-99 was obtained by crystallization. (S)-(-)--Methylbenzylamine was used as the resolving 

agent for acid (±)-99 as described earlier for the resolution of 2,4-methanopyrrolidine--amino 

acid 92 (Scheme 32). Crystallization of the salt from (S)-(-)-α-methylbenzylamine and racemic 

acid (±)-99 was found to form in acetone as the solvent, which afforded (-)-acid salt in 79% dr. 

After one recrystallization of the salt, the enriched (-)-acid was in greater than 98% dr with an 

overall 32% yield. The enantiomeric excess was determined by chiral HPLC after converting the 

diastereomeric salt (-)-110 to amide (-)-112 (ee >98). The acid was freed from the diastereomeric 

salt by using ethyl acetate extraction from acidic aqueous solution. The optical rotation of the 

free acid was –10.7 (c 2.34, chloroform, 20 °C). Using (R)-(+)--methylbenzylamine, the other 
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enantiomer, acid (+)-99 was separated from the above mother liquor following the same 

resolution procedure (38% yield with 96% ee).  

 

The absolute configuration of (-)-99 was established by the X-ray crystal structure of 

diastereomer (-)-112. After the diastereomeric salt 110 was converted to amide 112 (Scheme 32), 

slow evaporation of the solution of amide (-)-112 in THF/hexane provided short needle-like 

crystals suitable for X-ray analysis. The structure of (-)-112 was determined by X-ray 

crystallography (Figure 16). The absolute configuration of acid (-)-99 was therefore assigned as 

(1S,4R,5R,6S). Accordingly, the enantiomer, acid (+)-99, has absolute configuration of 

(1R,4S,5S,6R) (Figure 17).  

 

Scheme 32. Diastereomeric salts for chiral resolution 
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Figure 16. X-ray crystal structure of amide (-)-112 

 

 

Figure 17. Absolute configurations of (-)-99 and (+)-99 

 

With the absolute stereochemistry of (-)-99 and (+)-99 established, separation of methyl 

ester (±)-94 was performed by chiral HPLC. After screening different chiral HPLC separation 

conditions, it was found that racemate (±)-94 was separated into two enantiomeric peaks using 

ChiralPak AD column eluting with 20% IPA in heptane (Scheme 33). The two enantiomers of 

ester 94 were obtained as white solids in 48% and 47% yields respectively with ee > 99%.  
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Scheme 33. Chiral HPLC resolution of 94 

 

 

In order to assign the absolute configurations of the chiral HPLC separated ester 

enantiomers, (+)-94 was converted to the corresponding C5 carboxylic acid by treatment of the 

methyl ester with lithium hydroxide in THF and water (Scheme 34). Acid (+)-99 was obtained in 

96% yield. The optical rotation of acid (+)-99 was the same as that enantiomer isolated from 

crystallization resolution with its absolute stereochemistry established by X-ray crystallography.   

 

Scheme 34. Synthesis of (+)-99 from (+)-94 

 

 

2.5 Summary  

 

An efficient method for the synthesis of the core building block, C6-benzyloxylmethy-

2,4-methanopyrrolidine--amino acid methyl ester (94) was developed.  The benzyloxylmethyl 

group at C6- position was introduced from a substituted allylamine. A photochemical 

cycloaddition reaction afforded 5-acetyl-6-benzyloxymethyl-N-Boc-2-azabicyclo[2.1.1]hexane 
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(95). A new method was introduced for the conversion of the C5-acetyl to the carboxylic acid 

using Br2/NaOH oxidation at low temperature, and acid 99 was obtained in excellent yield. After 

esterification of acid 99, key building block compound 94 was obtained in good overall yield. 

From methyl ester 94, a variety of C6-substituted derivatives were prepared with different 

functional groups including hydroxyl, methyl ether, amine, amide, and a triazole. The pure 

enantiomers of methyl ester 94 and acid 99 were obtained by chiral HPLC and crystallization, 

respectively. The absolute configurations of enantiomers (+)-99 and (-)-99 were determined by 

X-ray crystallography of -methyl phenyl amine diastereomer (-)-112.  The assignment of the 

absolute configurations of enantiomers (+)-94 and (-)-94 were established by converting them to 

enantiomers of 99, and comparing their optical rotations.  
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF 

OLIGOMERS OF C6-SUBSTITUTED AZABICYCLO[2.1.1] 

HEXANE-5-CARBOXYLIC ACIDS 

  

3.1 Oligomers from methanopyrrolidine--amino acids 

 

Conformational control of peptide amide orientations has been focused on restricting the 

freedom of rotation along the -peptide main chain bonds [N–C(β)–C(α)–CO–N].  In addition to 

the introduction of substituents on the C( and C( carbons for steric control and electronic 

influence, an alternative approach is the introduction of fused rings. For example, the 

incorporation of a methano bridge into an N-acyl-pyrrolidine ring maintains an idealized C
β 

ring 

pucker, as shown in Figure 18.
70

 The methano bridge constrains two internal angles of the 

pyrrolidine (Φ ~ –127° and θ ~ 54°).  Of the two remaining rotatable bonds, the amide bond 

might be biased with the carbonyl oriented either syn or anti to the bridgehead C1, so that ω is ~ 

180° or 0°.  Thus, the major remaining rotational freedom responsible for secondary structure 

would be from the external C5–CO bond (ψ).  Introducing such a conformational constraint in β-

proline oligomers could provide entry into a well-defined and potentially useful foldamer 

secondary structure. Previously, Krow and co-workers prepared a series of peptide homo-

oligomers of azabicyclo[2.1.1]hexane-5-carboxylic acid (methanopyrrolidine--amino acid, 

MetPyr),  N-Boc-(MetPyr)n-CO2Me (77, n = 1, 2, 4, 6, 8), from unsubstituted MetPyr 51, which 

demonstrated ordered foldamers that preferred an all trans amide conformation.
62

  To introduce 
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functional groups, and to explore their influence on the folding properties of these oligomers, 

substitutions at the C6 position of 2,4-methanopyrrolidine--amino acid were introduced.  

 

Figure 18.  C6 substituted MetPyr--amino acid oligomers 

 

3.2 Oligomer synthesis 

 

With access to the C6-substituted derivatives of (1R,4S,5S,6R)-6-((benzyloxy)methyl)-2-

azabicyclo[2.1.1]hexane-5-carboxylic acid (113) as described in the previous chapter, the 

preparation of their oligomers was pursued. Enantiomerically pure N-Boc-C6-benzyloxymethyl-

2,4-methanopyrrolidine--amino acid methyl ester (+)-94 was used to construct the homo-

oligomers based on monomeric -amino acid 113 (Figure 19). Since the amino group in (+)-94 

was protected with tert-butyloxycarbonyl (Boc) group, Boc peptide chemistry
74 

was utilized 

without additional manipulations of the protecting groups. In Boc peptide chemistry, the N-

terminal amino group is protected with Boc to suppress its nucleophilicity. The C-terminal 

carboxylic acid is covalently linked either to a solid support, for solid phase peptide synthesis, or 

to a protecting group for solution phase peptide synthesis. Next, the Boc group is removed using 

trifluoroacetic acid (TFA). The NH-amino group is coupled to an activated carboxylic acid (via a 

coupling reagent) to form an amide bond. Repeating the deprotection and coupling cycle extends 

the length of the peptide.   
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Since (+)-94 has a methyl ester as its C-terminus, the synthesis of its peptide oligomers 

was extended from the C-terminus to the N-terminus by following the iterative reactions of Boc-

deprotection and amide bond formation. To achieve this, C6 benzyloxymethyl 2,4-

methanopyrrolidine--amino acid  methyl ester (+)-94 was converted to both its acid (+)-99 by 

lithium hydroxide hydrolysis, and to its amine (-)-102 by the treatment with TFA to remove Boc 

group, in excellent yields (Figure 19). This sets the stage for peptide amide coupling reactions 

for the synthesis of the oligomers. 

 

 

Figure 19.  The amino acid monomer for synthesis of oligomers 

 

Scheme 35. Preparations of the acid and the amine monomers for synthesis of peptide oligomers 
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Preparation of dipeptide (dimer) (+)-114 via amide coupling was carried out under a 

commonly used amide formation condition using (dimethylamino)-N,N-dimethyl(3H-

[1,2,3]triazolo-[4,5-b]pyridin-3-yloxy)methaniminium hexafluorophosphate (HATU) as the 

coupling reagent (Scheme 36). Dissolving acid (+)-99 and amine (-)-102 in 1:1 ratio in DMF in 

the presence of N,N-di-iso-propylethylamine (DIEA) and HATU at 0 °C resulted in rapid amide 

formation. The reaction was monitored by LCMS, and it was complete in 30 minutes to 2 h. The 

DMF reaction mixture was used directly for the reverse phase HPLC purification efficiently 

without additional workup. Once complete, the reaction mixture was purified by reverse phase 

preparative HPLC to afford dipeptide (+)-114 in 83% isolated yield as oil. The purity of the 

product was analyzed by HPLC. The mass spectrum indicated desired molecular ion of 591.3 for 

(M+H)
+
.
  1

HNMR and 
13

CNMR indicated a mixture of four conformers. The 
1
HNMR signals of 

the OMe and the Boc group each showed a set of four peaks, and 
13

CNMR gave a set of four 

signals for each carbon. The 
1
HNMR integrations of proton counts were in agreement with the 

dipeptide structure. 

 

Scheme 36. Synthesis of dipeptide (+)-114 

 

 

To prepare the higher oligomers than the dipeptide (dimer), dimer (+)-114 was treated 

with TFA to remove the Boc group, and then the amine intermediate was coupled with acid (+)-

99 using HATU at 0 °C for 30 minutes to afford the tripeptide (trimer) (+)-115 in 91% yield. 
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Trimer (+)-115 was again treated with TFA, and coupled with amino acid (+)-99 to give tetramer 

(+)-116 in 78% yield. By following a similar strategy of homologation, pentamer (+)-117, 

hexamer (+)-(118), heptamer (+)-(119) and octamer (+)-(120) were also prepared in good yields 

(Scheme 37). All oligomers were purified by reverse phase preparative HPLC using 

acetonitrile/water as the mobile phase. After HPLC purification, the desired fractions were 

freeze-dried. Dimer (+)-114 and trimer (+)-115 were isolated as oils. Tetramer (+)-116, pentamer 

(+)-117, hexamer (+)-(118), heptamer (+)-(119) and octamer (+)-(120) were obtained as white 

amorphous solids after lyophalizing.  Due to the mixture of conformers present, the signals from 

1
H NMR, 

13
C NMR, 2D-NOESY, HMQC and HMBC were too complicated to interpret clearly. 

The oligomers were characterized by mass spectra (low and high resolutions), LCMS (for low 

resolution MS and purity), analytical HPLC for purity, and optical rotation for chirality. Both 

LCMS and HRMS results were consistent with the oligomer structures and HPLC indicated 

purity of >95% for all oligomers. The reaction yields, mass spectra, and optical rotation data 

were summarized in Table 2. 

 

Scheme 37. Synthesis of oligomer of C6-benzyloxymethyl-2,4-methanopyrrolidine-5-carboxylic 

acid 
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Table 2.  Oligomers of C6-benzyloxymethyl-2,4-methanopyrrolidine--amino acid 113 

Entry Oligomers Yield (%)
a 

m/z [M+H
+
]     

   

1 Dimer-114 83 591.3 +28.0 (c0.200, CHCl3) 

2 Trimer-115 91 820.5 +33.0 (c0.200, CHCl3) 

3 Tetramer-116 78 1049.3 +49.2 (c0.214, MeOH) 

4 Pentamer-117 81 1278.3 +63.9 (c0.158, MeOH) 

5 Hexamer-118 93 1507.3 +54.7 (c0.102, CHCl3) 

6 Heptamer-119 71 1736.8 +69.8 (c0.163, MeOH) 

7 Octomer-120 83 1965.1 +63.5 (c0.100, CHCl3) 

a
Isolated yields 

 

3.3 Characterization of the oligomers by circular dichroism 

 

When polarized components of equal magnitude of circular light pass through an 

asymmetrical environment, the left-handed and right-handed components are not absorbed 

equally. Circular dichroism (CD) refers to the different absorption of these two components, and 

the resulting radiation is noted to possess elliptical polarization with an observed CD signal.
75 

 

 

Circular dichroism spectroscopy is a powerful method in structural biology that has been 

used to examine proteins and peptide structures since the 1960s.
76 

 Because the spectra of these 

molecules in the far ultraviolet (UV) regions are dominated by the n→π* and π→ π* transitions 

of amide groups, and are influenced by the geometries of the polypeptide backbones, their 

spectra are reflective of the different types of secondary structures presented. Each type of 

secondary structure of the proteins displays a characteristic far UV CD signature.
77
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Consequently, methods have been developed to decipher the various contributions arising from 

the different types of secondary structures in a single molecule, thereby providing information on 

the overall structure of that protein. Using reference spectra derived from proteins of known 

secondary structures, which have been determined by X-ray crystal structures, a wide range of 

peptide secondary structure information can be obtained.
78 

 

 

Not as abundant as -peptides/proteins, which consist of naturally occurring -amino 

acids, the number of different type of -peptides is relatively limited, and the length of -

peptides is generally shorter due to the fact that most of them are man-made. Nevertheless, 

ordered secondary structures have been established from known flexible linear -peptides and 

more conformationally constrained cyclic -peptides.
79 

Given the extra carbon between the 

carbonyl and the amino group, -peptides can form conformations of secondary structures such 

as stable helices, circular stacks and extended chains.
9
  Some key CD features of a few -

peptides have been demonstrated in these secondary structural categories. Together with the 

NMR and X-ray crystal information, the relationship between the CD finger prints and the 

corresponding secondary structures have been established for the more common -peptides.
3
  

 

Most regular secondary structures in proteins display a characteristic backbone hydrogen-

bonding pattern that depends on the ability of secondary amide groups to serve as the hydrogen 

bonding donors and acceptors. Despite the lack of internal hydrogen bonding, however, 

oligomers and polymers of proline adopt discrete secondary structures, such as polyproline I 

(PPI) and polyproline II (PPII) helices, depending on the solvent as discussed in chapter 1.
29,30

 

The CD signature of PPI helix formed by oligomers of (S)-proline is indicated by a weak 
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minimum at 232 nm, a strong maximum at 215 nm, and a strong minimum at 200 nm. The PPII 

helix gives rise to a weak maximum at 226 nm and a strong minimum at 206 nm.
28,80 

The CD 

spectra of tetramer, pentamer and hexamer of (S)-pyrrolidine-3-carboxylic acid (PCA, 69, Figure 

8) displays a minimum at ca. 214 nm and a zero crossing at ca. 203 nm.
56 

 The CD data of 

tetramer, pentamer and hexamer of (S)-nipeconic acid (68, Figure 8, page 23) shows a weak 

maximum at ca. 228 nm and a strong minimum at ca. 208.
55

 This CD signature differs from that 

of the corresponding PCA oligomers, suggesting that there is a difference between the secondary 

structures favored by these two -peptides. 

 

In this study, the CD spectra of the homo-oligomers of 113 were recorded to determine if 

the oligomers adopted an ordered secondary structure. The CD analysis was carried out on 

samples (+)-94 (A-1, momomer), (+)-114 (A-2, dimer), (+)-116 (A-4, tetramer), (+)-118 (A-6, 

hexamer) and (+)-120 (A-8, octamer) in methanol. The molar ellipticity values were normalized 

in terms of concentration and the number of residues, which facilitated comparisons among 

oligomers of different length. The CD spectra of tetramer, hexamer and octomer of this series 

show a CD pattern with a weak maximum at ca. 232 nm, a strong minimum at ca. 213 nm, a zero 

crossing at ca. 205 nm, and a strong maximum at ca. 200 nm. Length dependent molar ellipticity 

(θ value) increase was also observed (Table 3), which indicates the increase of homogeneous 

order of their secondary structures.  
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Table 3. CD data of homo-oligomers of 113 

Compound 94(A-1) 114(A-2) 116(A-4) 118(A-6) 120(A-8) 

Wavelength (nm) 218 215 214 213 212 

[θ] (deg cm
2
 dmol

-1
 residue

-1
) -1.0 +4.4 -5.6 -7.8 -13.9 

 

The CD signature of tetramer (116), hexamer (118) and octomer (120) is different from 

those of the smallest numbers of this series, (+)-94 (A-1, monomer) and (+)-114 (A-2, dimer), 

which demonstrated a weak signal for (+)-94, and an opposite signal for (+)-114, which may 

indicate the conformation change of the dipeptide amide bond. The overlapping of spectra from 

monomer to octamer clearly shows that substantial order begins to develop at the tetramer level, 

which is consistent with literature report on the ordered foldamer formation at the tetrapeptide 

level (the pitch of folders is around 4-mer’s length).
56 

As seen in Figure 20, tetramer 116 (A-4) 

starts to shows a clear CD pattern of order. Instead of a randomly scrambled CD pattern as 

observed for monomer 94 (A-1) and dimer 114 (A-2), a clear alternative maximum and 

minimum CD trace is demonstrated for tetramer 116 (A-4).  After a strong maximum at ca. 200 

nm and a zero crossing at 208 nm, a strong minimum follows at 214 nm, and then a weak 

maximum at around 230 nm (Figure 20, A-4). From 116 (A-4) to 118 (A-6), and to 120 (A-8), 

the molar ellipticity increases with increasing oligomer length, and shifts slightly towards shorter 

wavelength. The magnitude of the CD intensity per oligomer unit is strongest for the octamer 

120 (A-8). This is also demonstrated by the length dependent molar ellipticity (θ value) increase 

(Figure 20). This implies the extent of homogeneous order of secondary structure is enhanced in 

longer oligomers. This is comparable to that observed in the oligomers of unsubstituted homo-

oligomers N-Boc-(MetPyr)n-CO2Me (77, n = 1, 2, 4, 6, 8) from 51.
62

  As the CD curve is largely 
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dependent on the relative orientation of the backbone dipoles, the similar curves of oligomer of 

113 to 51 suggest similar folding patterns.  

 

 

Figure 20. CD spectra of oligomers of -amino acid 113 

 

This oligomeric series of secondary -amino acid 113 lacks the ability to form internal 

backbone hydrogen bonds between different amino acid residues. Therefore, their folding order 

should largely depend on steric and electronic (dipole) factors, but not on internal hydrogen 

bonding effect, which is a key driving force for folding of peptides from primary amino acids. 

Therefore the folding tendency for oligomers of 113 will not be affected as much by factors that 

disrupt hydrogen bonding, such as protic solvents versus non-protic solvents, and the ordered 

foldamers will demonstrate minimal protic solvent effect.  The CD spectra of compound 120 

(Figure 21) in all three solvents are similar, which indicates minimum protic solvent effects. 
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Figure 21. CD spectra of octomer (+)-120 in different solvents 

 

Variable temperature experiments are used as a way of assessing foldamer stability. As 

temperature changes, the folding conformation will change to adapt to higher energy 

conformations, or simply less ordered state. The folding uniformity of secondary structure will 

be disrupted. When the temperature is increased to a certain point, the existing folding order of 

the foldamer’s secondary structure will decrease dramatically with observed decrease of the 

ellipticity value on the CD curve. This phenomenon is termed melting. Less stable foldamers 

have lower melting temperatures relative to more stable foldamers. The stability of foldamer 

octomer (+)-120 in methanol was evaluated.  Within the tested temperature range of 5 to 80 °C, 

the CD spectra (Figure 22) indicated that temperature change causes little variation in the CD 

signature in terms of the CD peaks’ wavelengths and ellipticity intensities. This suggests that the 

foldamer’s folding order of octomer (+)-120 is stable up to 80 °C. 
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Figure 22. CD spectra of octomer (+)-120 at different temperature in MeOH 

 

3.4 Characterization of the oligomers by NMR 

 

The CD spectra of oligomers 116, 118 and 120 indicated ordered secondary structures. 

The NMR of these oligomers may provide additional information of the backbone conformations 

by observing correlations of groups that are near in space. In order to identify the NMR signals, 

the N-terminal Boc group was replaced with an iso-butyric amide capping group, which was first 

introduced by Gellman, et al., for related NMR studies.
57 

The iso-butyric amide was chosen 

because of the iso-propyl group geometry, and NMR signal of the methine proton permits the 

identification of other protons and carbons in the structure through long range correlation 2D 

NMR experiments, such as NOESY and HMBC.  

 

The iso-butyric amide capped monomer of bicyclic -amino acid 121 was synthesized to 

investigate any preference for a single conformation for this -amino acid series. It was prepared 

by coupling amine (-)-102 with iso-butyric acid to give 121 in 93% yield (Scheme 38). Two 
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major conformers, determined by H NMR integration, were observed in ~6/4 ratio favoring the 

cis conformer (see analysis below). This is opposite of the result for the parent 

methanopyrrolidine--amino acid 51 (without benzyloxymethyl group at C6), which has mainly 

the trans form (60:40 trans:cis) for the monomer.
62

 This subtle difference resulting from the C5 

substitution may be attributed to the steric effect between the N2 and C5, which slightly favors 

the cis conformation by placing the two substituents opposite each other.  

 

Scheme 38. Iso-butyl amide of monomer 

 

 

In the NMR analysis of the cis and trans conformations (Figure 23), the  H1 peaks are at 

4.96 ppm (0.38 H minor isomer) and 4.59 ppm (0.58 H, major isomer). The minor isomer has the 

iso-propyl syn to H3 and the major has the iso-propyl syn to H1.  The 4.96 ppm peak has an NOE 

with 2.66 ppm and 2.24 ppm for H5, H6.  The 4.59 peak has an NOE with 2.65 and 2.29 for H5, 

H6 and CH-Me2.  The reason that the cis conformation is assigned as the major isomer is that the 

H3 at 3.42 had NOE to none but to its partner H3, while the minor conformer had an NOE of the 

H3 3.69 and 3.17 with the iso-propyl group.  The H3 peaks are identified by integration, and by 

a COSY correlation of H1 with H4 at 3.07. The H4 proton has a cross peak with H3a and H3s at 

3.25, 3.43, and cross peaks for H5 and H6 at 2.75 and 2.3.  
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Figure 23. Cis/Trans conformation of 121 

 

The iso-butyric amide capped dipeptide 122 was synthesized from Boc protected 

dipeptide 114 by removal of the Boc, and the formation of the capping amide group in 89% yield 

(Scheme 39). It was obtained as an oil. The structure was confirmed by mass spectrum which 

had a molecular ion of m/z 561 [M+H
+
]. From NMR studies, two major conformations of the 

internal amide bond of dipeptide 122 were identified in 38% and 30%, by NMR integrations. 

They are assigned trans(major) and cis(minor) based on detailed NMR analysis (see below), 

which accounts for 2/3 of the mixture in 55:45 ratio, and 1/3 other minor conformers that can't be 

clearly solved by NMR data.  

 

Scheme 39.  Preparation of iso-butyl amide dipeptide 
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In the NMR analysis and interpretations, all C-H attachments were assigned by HMQC 

using DEPT NMR experiments. Integration was normalized by setting the range of 5.15-4.30 to 

six protons (two H1 protons and four CH2Ph). Integrations of H1 therefore represent the 

percentage of the conformations. Demonstrated in Figure 24 and Figure 25, the major peaks for 

H1 are at 5.08, 4.85, 4.64 and a buried peak around 4.38 or 4.54.  The 5.08 peak (38% of the 

mixture of conformers) is coupled to H4 at 3.16.  The 5.08 peak gives an NOE with H3 at 3.47 of 

the second unit, since it can't have NOE with the first unit H3.  The N-terminus trans amide 

conformation is defined by NOE of i-PrCH to H3 of unit 1. An H3 peak at 3.80 gives an NOE 

with 2.47 (i-Pr) and 3.16, which is either the H4 of the first unit or H3 of the first unit, or 

both.  Trans conformation of the dipeptide bond is defined by NOE of (unit i H1) to (unit i+1 

H3), and the trans conformation integrates for ~38% (H1 at 5.08 ppm) of the observed 

conformers.  The N-terminus cis conformation is defined by NOE of i-PrCH (2.82 ppm) to H1 

(4.64 ppm) of unit 1. The dipeptide cis conformation is defined by NOE of (unit i H4, 2.95 ppm) 

to (unit i+1 H1, 4.41 ppm).  The cis conformer integrates for ~30% (H1 at 4.64ppm) of the total 

observed conformers.  

 

Figure 24. NMR analysis of the trans conformation of 122 
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Figure 25. NMR analysis of the cis conformation of 122 

 

The oligomer series of bicyclic -amino acids 113 did not display an ordered foldamer 

structure by CD, until the tetramer 116. Accordingly, the iso-butyl amide capped tetrapeptide 

122 was synthesized as shown in Scheme 40. After HPLC purification and lyophilizing from 

water, an amorphous white solid was obtained. Attempt to obtain crystalline material was 

unsuccessful. The structure was characterized by mass spectrum, of which the observed 

molecular ion was m/z 1019.2 for (M+H)
+
. Unfortunately the NMR spectra (including 

1
H NMR, 

13
C NMR, COSY, NOESY, HMBC and HMQC) contained too many overlapping peaks, which 

made it impossible to elucidate the conformations. 
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Scheme 40. Synthesis of i-butyric amide capped tetrapeptide 122 

 

 

 

3.5 X-ray crystallography and Molecular Mechanics Calculations of Tetramer 77(c)  

 

Attempts to obtain crystals for X-ray diffraction analysis of oligomers 116-120 have not 

been successful. Various conditions including different solvent combinations and slow solvent 

evaporation have been tried. Previously, an X-ray crystal structure of the unsubstituted tetramer 

(-)-77c was obtained (Figure 26).
62

  The trans arrangement placed alternate carbonyls in roughly 

opposite directions, which was consistent with the solution structure indicated by NMR. Given 

that the trans and cis ratio of the NMR result for dipeptide 122 slightly favors the trans 

conformation, and that there is less conformational uniformity in NMR of the tetrapeptide 123, 

the C6 benzyloxymethyl group tends to increase the cis conformation percentage, even though 

trans  conformation is still preferred. 
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Figure 26. X-ray structure of unsubstituted MetPro (-)-77c 

 

Molecular mechanics calculations
81 

of single point energies conclude that the trans 

conformation is favored and remains at a low dipole moment through opposite orientation of the 

amide carbonyls which minimizes the dipole. The cis does not adopt this conformation. This 

difference in energy does not change significantly past the monomer and continually favors the 

trans conformation. (Figure 27 and 28). The CD studies have shown that ordered structures are 

maintained with the introduction of substituents at C6. Presumably, conformational control could 

be further tuned by the introduction of other substituents. 
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Trans tetramer     Cis tetramer  

Figure 27. Molecular models of  tetramer 77 of trans and cis conformers 

 

 

Figure 28. Molecular dipole moment of oligomers 

 

3.6 Summary 

 

Novel peptide oligomers of C6-benzyloxymethyl-2,4-methanopyrrolidine--amino acid, 

-amino acid 113,  were prepared with the oligomer length up to the octomer. This series of 

oligomers were characterized by circular dichroism (CD) for the first time. The results of CD 

spectra indicated that uniformity of foldamers starting at the tetramer with an increase in order 

for longer oligomers. Octomer 120 exhibited minimal solvent effects, and was stable with the 

increase of temperature up to 80 °C. Analysis by NMR of the iso-butyric amide capped 
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monomer 121 indicated a mixture of cis/trans conformations favoring the cis conformation, and 

was slightly different from the monomer of 121 having no C-5 substituent, which favored the 

trans conformation. For dipeptide 122, the C6-benzyloxymethyl substitution increased the 

percentage of cis conformation of the dipeptide amide bond, but the major conformation was still 

the trans conformation. This demonstrated that C6 substitution shifts the cis/trans equilibrium 

towards cis conformation. Substitutions other than benzyloxymethyl groups might further 

enhance the preference for the cis conformation. Longer oligomers showed ordered secondary 

folding structure as demonstrated by the increase of ellipticity per amino acid unit, but NMR data 

was too complicated to clearly assign the conformations given the complexity of the overlapping 

signals. Both the CD patterns and molecular model calculation data predicted that the longer 

oligomers (tetramer and above) favored the trans conformation. X-Ray structures have yet to be 

obtained to confirm this assumption.   
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CHAPTER 4. SYNTHESIS OF 2,2-DISUBSTITUTED 

PYRROLIDINE-3-CARBOXYLIC ACID 

 

  

4.1 Introduction 

 

As described in Chapter 1, derivatives of 5,5-disubstituted pyrrolidine-3-carboxylic acid 

70 induce a cis amide/peptide bond conformation in its oligomers, such as seen in dipeptide 71.  

This is due to the steric effect of disubstitution at the C5 position. Based on the unique steric 

influence on the adjacent amide bond that constrains the conformation, it is reasonable to believe 

that amide bonds of 2,2-disubstituted pyrrolidine-3-carboxylic acid 72 should demonstrate a 

sterically induced preference for a trans amide bond conformation, as illustrated in Figure 29. In 

order to provide evidence for this hypothesis, the synthesis of the analogs of 2,2-disubstituted 

pyrrolidine-3-carboxylic acid 72 has been of interest to the -peptide community.
57

  However, 

because of the difficulty in introducing disubstitution at the hindered C2 position, the synthesis 

of such derivatives has not been successful.
57b

 Therefore the preparation of 2,2,-disubstituted 

pyrrolidine-based -peptides of defined secondary structure has not been achieved.  
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Figure 29. 5,5- disubstituted and 2,2-disubstituted pyrrolidine-3-carboxylic acids for amide 

conformation control 

 

4.2  Synthesis of 2,2-dimethylpyrrolidine-3-carboxylate 

 

In order to investigate the amide conformation bias of the derivatives of 2,2-disubstituted 

pyrrolidine-3-carboxylic acids, such as shown in the generic structure 124 (Scheme 41). the 

synthesis of 2,2-dimethylpyrrolidine-3-carboxylate (125) was explored. As illustrated in the 

retrosynthetic scheme (Scheme 41), 2,2-dimethylpyrrolidine-3-carboxylate (125) could be 

obtained by the reduction of lactam 126. Lactam 126 would be prepared by ring closure of the 

amino ester generated by the reduction of nitro ester 127. Michael addition of 2-nitropropane to 

dimethyl fumarate could provide 127.  
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Scheme 41. Retrosynthesis of 2,2-dimethylpyrrolidine-3-carboxylate 

 

 

The Michael conjugate addition of nitroalkanes to electron-poor alkenes, such as 

fumarate, can afford nitro derivatives under the appropriate conditions.
82  

However, if the nitro 

group is present in a sterically hindered substrate, it could act as a leaving group with subsequent 

elimination of nitrous acid from the Michael adduct.
83,84  

The Michael addition of 2-nitropropane 

to dimethyl fumarate to prepare compound 127 was explored under different mild conditions.  

As summarized in Table 4, when bases such as TEA or DBU (Table 4, entries 1 and 2) were 

used, no desired product was identified, and the formation of unidentified gel like materials 

resulted. When basic alumina oxide (Table 4, entry 3) was used, the desired product was 

observed by LCMS, and then was isolated in 15% yield. 
1
H NMR, 

13
C NMR and mass spectrum 

characterizations were consistent with desired structure. Another inorganic base, KF, was 

reported to be efficient for the Michael addition of nitroalkanes to ,-unsaturated carbonyl 

derivatives.
85  

When KF loaded alumina oxide was used (Table 4, entry 4), compound 127 was 

isolated in 30% yield. The utilization of KF in combination with a phase transfer catalyst, n-

Bu4NCl, in DMSO (Table 4, entry 5),
85 

provided Michael adduct 127 as colorless oil in 83% 

yield, and the product, again, was characterized by 
1
H NMR, 

13
C NMR and mass spectrum.  
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Table 4. Michael addition of 2-nitropropane to dimethyl fumarate 

 

Entry Conditions Yield
a
 of 127 

1 TEA(1.5 eq.), MeCN, rt 0% 

2 DBU(1.5 eq), MeCN, rt 0% 

3 Basic Al2O3, rt 15% 

4 KF/Al2O3, rt 30% 

5 KF (5 eq.), n-Bu4NCl (1 eq.), DMSO, rt 83% 

a
Isolated yields after chromatography purification 

 

The nitro adduct 127 of Michael reaction was then converted into amino ester 

intermediate, which proceeded instantly to pyrrolidinone formation. The reduction of the nitro 

group in compound 127, followed by ring closure of the intermediate, was then explored. Several 

reduction conditions were evaluated, and the results are summarized in Table 5. By following a 

literature procedure
86 

using zinc as the reducing reagent under HCl conditions (Table 5, entry 1), 

LCMS indicated a complex mixture of products with the desired lactam 126 as the minor 

product. The major product was the carboxylic acid 128. This was determined by mass spectrum, 

and 
1
H NMR which showed the absence of methyl ester. When transfer hydrogenation 

conditions were employed using ammonium formate and Pd catalyst
87 

(Table 5, entry 2), the 

reaction proceeded slowly and it required more than 16 h for the starting material to be 

consumed. Under this condition, the desired lactam ester 126 and the lactam acid 128 were 
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isolated as white solids in 25% and 64% yields respectively. Another minor product isolated was 

the hydroxylamine 129, which was characterized by mass spectrum and NMR. The presence of 

this product might assist the formation of the lactam acid 128 through an assumed 5-membered 

hydroxylamine lactone intermediate (Scheme 42). To speed the reduction process of the nitro 

group, and to possibly reduce the formation of 128, a stronger reduction condition
88 

using Raney 

Nickel catalyzed hydrogenation under high pressure was employed (Table 5, entry 3). An 

excellent yield of the desired lactam ester 126 was obtained with negligible formation of the 

lactam acid 128.  

 

Table 5. Nitro reduction of 127 and formation of 126  

 

 

 

Entry Condition Product Yields 

1 Zn, EtOH, conc. HCl, reflux 126/128  (minor/major)
a 

2 10% Pd/C, HCO2NH4, MeOH 126/128 (25/64%)
b 

3 Raney Ni, H2, 50 psi, MeOH 126/128 (95/<5%)
b 

a
Observed by LCMS. 

b
Isolated yields 
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Scheme 42. Proposed pathway for the formation of lactam acid 128 

 

 

 

The selective reduction of the lactam to give the corresponding pyrrolidine, without 

reducing the ester group in 126 was realized using borane in THF (Scheme 43). To aid the 

isolation of the pyrrolidine, the crude pyrrolidine product was converted to the benzyl carbamate 

to give 130, by treating the amine with Cbz-Cl in the presence of TEA (Scheme 43). Compound 

130 was isolated as clear colorless oil in 65% yield. Mass spectrum, 
1
H NMR, 

13
C NMR and 

NOESY results were consistent with the desired structure. The 
1
H NMR of the geminal C2 

dimethyl indicated one major and one minor conformation presumably due to the rotational Cbz 

carbamate bond on the pyrrolidine secondary amine as shown in Figure 30. The signals of  the 

13
C NMR also indicated one major and one minor conformer. As shown in Figure 30, the 

NOESY correlation of H3 at  2.85 ppm with the anti methyl (Mea) at  1.68 ppm established the 

syn (Mes, 1.30 ppm) and anti methyl groups at the C2 position. The NOESY correlations 

between C2 Mes with H5s, and C2 Mea with H5a is consistent with the pyrrolidone ring structure.  
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Scheme 43. Synthesis of Cbz protected 2,2-dimethyl pyrrolidine-3-carboxylic acid methyl ester 

 

 

 

 

Figure 30. Observed NMR COSY and NOESY correlations for compound 130 

 

4.3 Conformation preference of 2,2-dimethylpyrrolidine-3-carboxylate amides 

 

The amide derivatives of 2,2-disubstituted pyrrolidine-3-carboxylic acid 72 should 

demonstrate a sterically induced preference for the trans amide conformation, as illustrated in 

Figure 29. To confirm this hypothesis, iso-butyric amide 131 and 3,5-dichlorobenzamide 132 

were synthesized according to Scheme 44. Iso-butyric amide and substituted benzamide are 

geometrically comparable to a pyrrolidine carboxamide. When benzylcarbamate 130 was 

subjected to palladium catalyzed hydrogenation conditions, the Cbz protecting group was 
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removed. The intermediate amine was then coupled with iso-butyic acid and 3,5-dichlorobenzoic 

acid, using HATU as the coupling reagent. The two amides, 131 and 132, were obtained in 90% 

and 85% yields, respectively. The structures were characterized by mass spectrum, 
1
H NMR and 

13
C NMR.  

 

Scheme 44.  Synthesis of 2,2-dimethylpyrrolidine-3-carboxylate amides 

 

 

The amide conformations of 131 and 132 were analyzed by NMR. In iso-butyric amide 

131, the 
1
HNMR and 

13
CNMR indicated one conformer as evidenced by the NMR signals of 

protons and carbons. Both 
1
H NMR and 

13
C

 
NMR gave only one set of signals for each proton 

and carbon. Analysis of the correlations from NOESY confirmed that it adopts a trans 

conformation. The NOESY (Figure 31A) indicated the correlations between the methine proton 

of (CH3)2CH- at  2.60 ppm and the two H5 protons at  3.50 and 3.75 ppm. No NOESY 

correlations were observed between the iso-propyl protons and the C2 methyl groups. Similarly, 

the 3,5-dichlorobenzamide of 2,2-dimethylpyrrolidine-3-carboxylate (132) demonstrated the 

same amide conformation preference. Only one amide conformer was observed by 
1
H NMR and 

13
C NMR since only one set of observed 

1
H NMR and 

13
C NMR signals was observed for each 

proton and carbon. The key NOESY correlation is shown in Figure 31B. The ortho protons of 

the phenyl at  7.28 ppm has a NOESY correlation with the two H5 protons at  3.42 and 3.53 
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ppm. This NOESY correlation indicates the ortho-H of the phenyl and the two H5 protons are 

oriented close to each other. This result confirms the expected trans conformation of the amide 

bond. 

 

Figure 31. Observed key NOESY correlations of amide 131 and 132 

 

4.4 Summary and conclusion 

 

A synthesis route was developed toward the preparation of a novel -proline derivative,  

benzyloxycarbonyl (Cbz) protected 2,2-dimethylpyrrolidine-3-carboxylate 130. A preliminary 

set of two amides, 131 and 132, adopted the trans amide conformation shown by NMR studies. 

It is reasonable to conclude that steric bulkiness of the 2,2-dimethyl group forces this trans 

amide conformational preference. This demonstrates that complete trans amide conformation 

control of a -proline amide is possible. This strategy may be utilized for the preparation of the 

homogeneous trans conformational peptide oligomers and foldamers from the 2,2-disubstituted  

-proline.   
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CHAPTER 5. EXPERIMENTAL 

 

General Procedures  

 

All reagents and solvents, including anhydrous solvents, were obtained from commercial 

sources and used as received. Reactions were carried out in round bottom flasks under an 

atmosphere of argon or nitrogen, and stirred continuously with magnetic stirring bars sealed with 

rubber septa unless otherwise specified. The progress of reactions was monitored either by 

analytical liquid chromatography-mass spectrometry (LCMS) or by thin-layer chromatography 

(TLC) on 0.25 mm E. Merck silica gel plates (60 F254) and visualized with UV light or by 

staining with various agents.  NMR spectra 
1
H, 

13
C, NOESY, COSY, HMBC, HMQC were taken 

on either Bruker (400 MHz) or JEOL (500 MHz) Fourier transform spectrometers. Chemical 

shifts were reported in parts per million (ppm) downfield from internal standard 

(tetramethylsilane, TMS). Purifications of the reaction products were carried out via normal or 

reverse phase chromatography. Normal-phase chromatography was performed on an ISCO 

CombiFlash system with either an ISCO pre-packed RediSep silica gel disposable column eluted 

with ethyl acetate/hexanes or methanol/dichloromethane. Reverse-phase chromatography was 

performed on a Shimadzu preparative system on a Phenomenex Luna or Sunfire C18 preparative 

column with appropriate gradients of acetonitrile/H2O/0.1% trifluoroacetic acid (TFA), or 

methanol/H2O/0.1% TFA as eluent at a flow rate of 40 mL/min. HRMS were recorded on a 

Thermo Fisher Orbitrap mass spectrometer by electrospray ionization. Optical rotations were 

recorded on Jasco P1010 polarimeter in 1 dm unit cell using the sodium D line. HPLC and 
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LCMS analyses were conducted on a Shimadzu SCL-10A liquid chromatography and a SPD 

UV-vis detector at 220 nm with the MS detection performed with either a Micromass Platform 

LC spectrometer, or a Waters Micromass ZQ spectrometer using one of the following methods.  

Method A: Phenomenex Luna C18 column (4.6 × 50 mm) eluted at 4 mL/min with a 4 

min linear gradient from 0% to 100% B and then 1 min at 100% B (where A = 10% 

methanol/90% H2O/0.1% TFA and B = 90% methanol/10% H2O/0.1% TFA). 

Method B: Phenomenex Luna C18 column (2.0 × 30 mm) eluted with a 2 min linear 

gradient from 0% to 100% B and then 1 min at 100% B (where A = 10% methanol/90% 

H2O/0.1% TFA and B = 90% methanol/10% H2O/0.1% TFA). 

 

 

 

(Z)-2-(4-(Benzyloxy)but-2-enyl)-iso-indoline-1,3-dione (97)    

To a 200 mL round bottom flask containing a solution of (Z)-4-(benzyloxy)but-2-en-1-ol (5.0 g, 

28.1 mmol) in THF (40 mL) were added phthalimide (4.13 g, 28.1 mmol) and PPh3 (7.36 g, 28.1 

mmol), and then diethyl azodicarboxylate (DEAD, 4.44 mL, 28.1 mmol) was added dropwise 

through a syringe at rt. The reaction was stirred at rt for 3 h. TLC and LCMS showed the 

reaction was complete. The solvent was removed. The crude product was purified by silica gel 

chromatography (220 g column, eluting with ethyl acetate/hexanes 0% to 50% gradient). The 

desired product was obtained as colorless oil (8.16 g, 95%). Rf: 0.78 (EtOAc/hexanes 1:1). 
1
H 

NMR (400 MHz, CDCl3) δ 7.90 - 7.76 (m, 2H), 7.75 - 7.63 (m, 2H), 7.40 - 7.31 (m, 4H), 7.30 - 
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7.25 (m, 1H), 5.87 - 5.74 (m, 1H), 5.72 - 5.57 (m, 1H), 4.57 (s, 2H), 4.38 - 4.27 (m, 4H). 
13

C 

NMR (101 MHz, CDCl3) δ 167.85 ,138.27 , 133.99, 132.19, 130.82, 128.44, 127.87, 127. 67, 

126.20, 123.28, 72.49, 65.74, 35.03. LC-MS:  [M+H]
+
 = 308.1. HRMS calc for C19H18NO3 

(M+H)
+
: 308.1281, found: 308.1283. 

 

 

 

(Z)-4-(Benzyloxy)but-2-en-1-amine (98) 

To a 250 mL round bottom flask containing a solution of (Z)-2-(4-(benzyloxy)but-2-enyl)-iso-

indoline-1,3-dione (97, 7.67 g, 25.0 mmol) in EtOH (80 mL) was added hydrazine (0.940 mL, 

29.9 mmol) through a syringe needle. The reaction was stirred under argon at rt overnight. A 

white precipitate formed, and LCMS showed the reaction was complete. The solvent was 

removed, and the reaction mixture was triturated with ether and filtered. The solvent was 

removed from the filtrate to give 98 as colorless oil (4.0 g, 90 %).  
1
H NMR (400 MHz, CDCl3) δ 

7.36 – 7.26 (m, 5H), 5.75 – 5.57 (m, 2H), 4.51 (s, 2H), 4.07 (d, J = 5.7 Hz, 2H), 3.31 (d, J = 6.0 

Hz, 2H). 
13

C NMR (101 MHz, CDCl3) δ 167.85, 138.27, 133.99, 132.19, 130.82, 128.44, 127.81, 

127.70, 126.20, 123.28, 72.49, 65.74, 35.03. LC-MS:  [M+H]
+
 = 178.1. HRMS calc for 

C11H16NO (M+H)
+
: 178.1226, found: 178.1226.  
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tert-Butyl (Z)-4-(benzyloxy)but-2-enyl((E)-3-oxobut-1-enyl)carbamate (96) 

To a 200 mL round bottom flask charged with a solution of (Z)-4-(benzyloxy)but-2-en-1-amine 

(98, 4.0 g, 23.0 mmol) in MeOH (50 mL) was added but-3-yn-2-one (1.536 g, 22.57 mmol) 

dropwise at 0 °C through a syringe. The reaction was allowed to warm up to rt, and was stirred 

under nitrogen for 15 h. The solvent was removed to give the product as a tan oil. This product 

was dissolved in DCM (50 mL), to which were added TEA (6.29 mL, 45.1 mmol), DMAP 

(0.138 g, 1.13 mmol), and BOC2O (6.29 mL, 27.1 mmol) at 0 °C. The reaction was stirred under 

argon at rt for 20 h. The solvent was removed. The residue was diluted with EtOAc, which was 

washed with H2O, saturated NaHCO3
 
solution, and brine. The organic phase was dried over 

Na2SO4, filtered and concentrated. The crude product was purified by silica gel chromatography 

(120 g column, eluting with ethyl acetate/hexanes 0% to 60% gradient). The product was 

obtained as clear colorless oil (7.45 g, 96%). Rf: 0.68 (5/5 EtOAc/hexanes). 
1
H NMR (400 MHz, 

CDCl3) δ 8.11 (d, J = 14.5 Hz, 1H), 7.39 - 7.25 (m, 5H), 5.82 - 5.71 (m, 1H), 5.54 (d, J = 14.5 

Hz, 1H), 5.48 - 5.35 (m, 1H), 4.55 (s, 2H), 4.24 (d, J = 6.0 Hz, 2H), 4.20 - 4.11 (m, 2H), 2.20 (s, 

3H), 1.52 (s, 9H). 
13

C NMR (101 MHz, CDCl3) δ 197.13, 151.95, 142.13, 137.97, 129.45, 

128.47, 127.81, 127.78, 126.93, 108.37, 83.58, 72.72, 65.98, 42.15, 28.06, 27.41. LC-MS:  

[M+H]
+
 = 346.1. HRMS calc for C20H28NO4 (M+H)

+
: 346.2013, found: 346.2016.  
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 (±)-tert-Butyl 5-acetyl-6-(benzyloxymethyl)-2-azabicyclo[2.1.1]hexane-2-carboxylate (95)  

tert-Butyl (Z)-4-(benzylox)but-2-enyl((E)-3-oxobut-1-enyl)carbamate (96, 7.45 g) dissolved in 

acetonitrile (100 mL) was bubbled with argon for 20 min, and then was irradiated with a UV 

lamp (Hanovia, 450 watts) in a photoreactor at ambient temperature circulated with cooling 

water for 24 h. The solvent was removed, and the crude product was purified by silica gel 

chromatography (120 g column, eluting with ethyl acetate/hexanes 0% to 60% gradient).  The 

desired product was obtained as colorless oil (3.72 g, 50%). Rf: 0.37 (1/1 EtOAc/hex). 
1
H NMR 

(400 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H, Ph), 4.69 & 4.57(2dt, J = 6.7, 1.5 Hz, 1H, H1),  4.53 – 

4.38 (m, 2H, CH2Ph), 3.36 & 3.30 (2d, J = 9.2 Hz, 1H, H3), 3.28 – 3.15 (m, 2H, CH2O), 3.13 – 

2.97 (m, 2H, H3 & H4), 2.54 (br. 1H, H5), 2.21 – 2.12 (m, 1H, H6), 2.10 & 2.07 (2s, 3H, CH3), 

1.47 & 1.42 (2s, 9H, Boc).  
13

C NMR (101 MHz, CDCl3) δ 206.26, 205.39, 156.20, 155.95, 

138.07, 138.06, 128.48, 127.80, 127.77, 127.74, 127.65, 79.81, 79.72, 73.48, 73.39, 64.78, 64.52, 

63.12, 62.67, 56.16, 55.87, 44.90, 44.34, 43.72, 42.94, 41.65, 41.56, 28.49, 28.36, 28.12, 27.69.  

LC-MS:  [M+H]
+
 = 346.1.  HRMS calc for C20H28NO4 (M+H)

+
: 346.2013, found: 346.2012.  
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(±)-6-(Benzyloxymethyl)-2-(tert-butoxycarbonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylic 

acid (99)  

 A solution of NaOH (2.6 g, 65.0 mmol) in H2O (16 mL) and dioxane (4 mL) in a 50 mL open 

round bottom flask cooled with an ice-bath was added dropwise Br2 (1.2 mL, 23.3 mmol) using a 

glass pipette while stirring. After stirring for 5 min at 0 °C, the resulted hypobromite solution 

was added dropwise with a glass pipette to a stirring solution of tert-butyl 5-acetyl-6-

(benzyloxymethyl)-2-azabicyclo[2.1.1]hexane-2-carboxylate (95, 0.65 g, 1.88 mmol) in dioxane 

(5 mL) in a 50 mL round bottom flask at 0 °C. The reaction mixture was gradually warmed up to 

rt, and was stirred for 1 h under nitrogen. LCMS showed the major peak to be the desired 

product. The reaction mixture was washed with tert-butyl methyl ether. The aqueous phase was 

acidified with acetic acid to pH~5, and was then extracted with ethyl acetate three times. The 

organic phase was further washed with brine, dried over Na2SO4, filtered and concentrated to 

give a white solid (0.60 g, 92%). M.p.: 105-107 °C.  
1
H NMR (400 MHz, CDCl3) δ 7.38 – 7.27 

(m, 5H), 4.62 – 4.38 (m, 3H), 3.57 – 3.45 (m, 1H), 3.37 – 3.18 (m, 2H), 3.12 (dd, J = 22.8, 9.5 

Hz, 1H), 3.06 – 2.98 (m, 1H), 2.65 (s, br, 1H), 2.21 (t, J = 6.5 Hz, 1H), 1.44 (s, 9H). 
 13

C NMR 

(101 MHz, CDCl3) δ 172.65, 172.49, 156.71, 156.48, 138.00, 128.45, 127.77, 127.72, 127.62, 

80.06, 79.95, 73.41, 73.34, 64.74, 64.42, 63.09, 62.46, 48.30, 47.53, 45.40, 45.35, 43.81, 43.12, 
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42.36, 42.23, 28.40. LC-MS: [M+H]
+
 = 348.1. HRMS calc for C19H26NO5 (M+H)

+
: 348.1806, 

found: 348.1805.  

 

 

 

(±)-2-tert-Butyl 5-methyl 6-(benzyloxymethyl)-2-azabicyclo[2.1.1]hexane-2,5-dicarboxylate 

(94)  

To a solution of (±)-6-(benzyloxymethyl)-2-(tert-butoxycarbonyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylic acid (99, 0.60 g, 1.73 mmol) in DCM (20 mL) in a 50 mL round bottom flask was 

added MeOH (3 ml). Trimethylsilyldiazomethane solution (1.5 mL, 2 M in hexane) was added 

dropwise through a syringe at 0 °C. After stirring for 1 h, the solvent was removed. Purification 

by silica gel chromatography (EtOAc/hexanes, 0% to 40% gradient) gave the desired product as 

a colorless oil (0.57 g, 95%), which turned into a white solid upon sitting in the refrigerator. 

M.p.: 34-35°C.  Rf: 0.28 (1:3 EtOAc/hexanes). 
1
H NMR (400 MHz, CDCl3) δ 7.38 – 7.27 (m, 

5H), 4.60 – 4.50 (m, 1H), 4.44 (dd, J = 24.5, 12.0 Hz, 2H), 3.63 (d, J = 5.1 Hz, 3H), 3.47 (dd, J = 

26.3, 9.5 Hz, 1H), 3.35 – 3.17 (m, 2H), 3.10 (dd, J = 24.4, 9.5 Hz, 1H), 3.05 – 2.95 (m, 1H), 2.61 

(s, br., 1H), 2.26 – 2.12 (m, 1H), 1.45 (two singlets, 9H). 
13

C NMR (101 MHz, CDCl3) δ 169.39, 

169.22, 156.33, 156.16, 138.08, 128.48, 127.79, 127.76, 127.65, 79.62, 79.50, 73.44, 73.37, 

64.87, 64.62, 63.14, 62.48, 51.61, 51.53, 48.62, 48.01, 45.52, 45.15, 43.86, 43.17, 42.16, 28.48, 

28.43. LCMS: 362.1. HRMS calc for C20H28NO5 (M+H)
+
: 362.1962, found: 362.1964.  
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The bicyclic ester (+)-94 and (-)-94 were separated from (±)-94 (0.85 g) using ChiralPak AD 

column, eluting with 20% iso-propyl alcohol (IPA) in heptane. The two enantiomers were both 

obtained as colorless oils, which turned into white solids when stored in the refrigerator.  

 

 (+)-(1R,4S,5S,6R)-2-tert-Butyl 5-methyl 6-(benzyloxymethyl)-2-azabicyclo[2.1.1]hexane-

2,5-dicarboxylate ((+)-94)  

Enantiomer (+)-94 (0.41 g, 48%) was obtained by chiral chromatography. M.p.: 35-36 °C. Ee > 

99% (RT  6.10 min, ChiralPak AD, 10 micron 4.6 x 250mm, 20% IPA in heptane, wavelength 

220 nM).     
  = +21.9 (c 0.34, MeOH). 

1
H NMR (400 MHz, CDCl3)   7.38 - 7.27 (m, 5H), 

4.60 - 4.49 (m, 1H), 4.49 - 4.38 (m, 2H), 3.63 (two singlets, 3H), 3.47 (two doublets, 9.3 Hz, 

1H), 3.35 - 3.18 (m, 2H), 3.10 (two doublets, J=9.8 Hz, 1H), 3.02 (tt, J=6.5, 2.9 Hz, 1H), 2.61 

(br. s., 1H), 2.23 - 2.14 (m, 1H), 1.45 (two singlets, 9 H). 
13

C NMR (101 MHz, CDCl3) δ 169.39, 

169.22, 156.33, 156.16, 138.08, 128.48, 127.79, 127.75, 127.65, 79.62,  73.44, 73.37, 64.87, 

64.61, 63.14, 62.47, 51.61, 51.53, 48.62, 48.01, 45.53, 45.15, 43.85, 43.17, 42.16, 28.48, 28.42. 

LCMS: 362.1. HRMS calc.for C20H28NO5 (M+H)
+
: 362.1962, found: 348.1960.  
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(-)-(1S,4R,5R,6S)-2-tert-Butyl 5-methyl 6-(benzyloxymethyl)-2-azabicyclo[2.1.1]hexane-2,5-

dicarboxylate ((-)-94)  

Enantiomer (-)-94 (0.40 g, 47%) was obtained by chiral chromatography. M.p.: 35-36°C. Ee  

97% (RT  7.38 min, ChiralPak AD, 10 micron 4.6 x 250mm, 20% IPA in heptane, wavelength 

220 nM).     
  = -23.2 (c 0.22, MeOH).  

1
H NMR (400 MHz, CDCl3)   7.39 - 7.28 (m, 5H), 

4.61 - 4.37 (m, 3H), 3.63 (two singlets, 3H), 3.53 - 3.40 (two doublets, 9.3 Hz, 1H), 3.34 - 3.18 

(m, 2H), 3.10 (two doublets, J=9.8 Hz, 1H), 3.05 - 2.98 (m, J=6.4, 3.3, 3.3, 3.3 Hz, 1H), 2.64 - 

2.58 (m, 1H), 2.23 - 2.15 (m, 1H), 1.45 (two singlets, 9H). 
13

C NMR (101 MHz, CDCl3) δ 

169.40, 169.23, 156.33, 156.16, 138.08, 128.48, 127.79,  127.76, 127.65, 79.62, 79.52, 73.44, 

73.37, 64.87, 64.62, 63.15, 62.48, 51.61, 51.54, 48.62, 48.01, 45.53, 45.15, 43.85, 43.17, 42.16, 

28.48, 28.43. HRMS calc.for C20H28NO5 (M+H)
+
: 362.1962, found: 348.1962. 

 

 

 

 (+)-6-(Benzyloxymethyl)-2-(tert-butoxycarbonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylic 

acid ((+)-99)  

To a solution of (+)-2-tert-butyl 5-methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-2,5-

dicarboxylate ((+)-94, 220 mg, 0.61 mmol) in THF (5 mL) and water (2 mL) in a 25 mL round 

bottom flask was added LiOH (29.2 mg, 1.22 mmol) at 0 °C. The reaction was stirred under 

argon from 0 °C to rt. After 2 h, LCMS showed no starting material. The reaction was acidified 
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with 1.0 N HCl solution (3.0 mL), and was further diluted with water. The reaction mixture was 

extracted with EtOAc. The organic phase was washed with H2O and brine. The organic phase 

was dried over Na2SO4, filtered and concentrated. A white solid (202 mg, 96%) was obtained 

after dried in vacuo. m.p: 106-107 °C.      
  = +10 (c 0.2, CHCl3). 

1
H NMR (400 MHz, CDCl3) 

δ 7.38 – 7.27 (m, 5H, Ar-H), 4.62 – 4.38 (m, 3H, OCH2Ph, H-1), 3.57 – 3.45 (m, 1H, H-2), 3.37 

– 3.18 (m, 2H, CH2O), 3.12 (dd, J = 22.8, 9.5 Hz, 1H, H-2), 3.06 – 2.98 (m, 1H, H-4), 2.65 (s, 

br, 1H, H-5), 2.21 (t, J = 6.5 Hz, 1H, H-6), 1.44 (s, 9H, Boc). 
13

C NMR (101 MHz, CDCl3) δ 

172.65, 172.49, 156.71, 156.48, 138.00, 128.45, 127.77, 127.72, 127.62, 80.06, 79.95, 73.41, 

73.34, 64.74, 64.42, 63.09, 62.46, 48.30, 47.53, 45.40, 45.35, 43.81, 43.12, 42.36, 42.23, 28.40. 

LC-MS: [M+H]
+
 = 348.1. HRMS calc for C19H26NO5 (M+H)

+
: 348.1806, found: 348.1808. 

 

 

 

(-)-Methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate ((-)-102) TFA salt   

(+)-2-tert-Butyl 5-methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-2,5-dicarboxylate 

((-)-94, 15 mg) placed in a 10 mL round bottom flask was dissolved in DCM (2 mL), and TFA (1 

mL) was added at rt. After stirring for 1 h, the solvent was removed, and the product was dried in 

vacuo to leave a film of solid of product (16 mg, 100%).     
  = -4.0 (c 0.3, CHCl3). 

1
H NMR 

(500 MHz, CD3OD) δ 7.40 – 7.27 (m, 5H), 4.53 (dd, J = 31.2, 11.7 Hz, 2H, CH2Ph), 4.46 – 4.40 

(m, 1H, H1), 3.75 (d, J = 1.4 Hz, 3H, OCH3), 3.53 (d, J = 10.5 Hz, 1H, H3), 3.49 – 3.44 (m, 3H, 
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OCH2 and H3), 3.26 – 3.18 (m, 1H, H4), 3.10 (dd, J = 2.9, 1.3 Hz, 1H, H5), 2.58 – 2.50 (m, 1H, 

H6). 
13

C NMR (126 MHz, CD3OD) δ 169.80, 139.15, 129.54, 129.05, 129.01, 74.36, 64.51, 

63.54, 52.83, 47.07, 45.19, 44.53(C2), 44.36(C4). LCMS: [M+H]
+
 = 262.1. HRMS calc for 

C15H20NO3 (M+H)
+
: 262.1438, found: 262.1441. 

 

 

 

 (±)-2-tert-Butyl 5-methyl 6-(hydroxymethyl)-2-azabicyclo[2.1.1]hexane-2,5-dicarboxylate 

(100)  

 A solution of (±)-2-tert-butyl 5-methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-2,5-

dicarboxylate ((±)-94, 180 mg, 0.498 mmol) in MeOH (5 ml) in a 25 mL round bottom flask was 

added a catalytic amount of 10% Pd/C, and the reaction was stirred under a hydrogen balloon at 

rt for 3 h. The reaction was filtered through a syringe filter.  Clear colorless oil (132 mg, 98%) 

was obtained after the solvent was removed. Rf: 0.22 (7:3 EtOAc:hexanes). 
1
H NMR (400 MHz, 

CDCl3)   4.58 - 4.41 (m, 1H), 3.60 (s, 3H), 3.47 - 3.31 (m, 3H), 3.11 (dd, J=15.4, 9.7 Hz, 1H), 

2.98 (dt, J=18.7, 3.3 Hz, 1H), 2.72 (br. s., 1H), 2.59 (br. s., 1H), 2.08 (t, J=5.6 Hz, 1H), 1.43 (s, 

9H). 
13

C NMR (101 MHz, CDCl3), two conformers,   169.3, 169.1, 156.8, 156.4, 79.8, 79.7, 

62.7, 61.9, 56.9, 56.7, 51.5, 51.4, 48.2, 47.7, 47.3, 47.0, 44.0, 43.0, 41.7, 41.6, 28.3, 28.3. LC-

MS: [M+H]
+
 =272.1.  HRMS calc for C13H22NO5 (M+H)

+
: 272.1492, found: 272.1489. 
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 (±)-2-tert-Butyl 5-methyl 6-(methoxymethyl)-2-azabicyclo[2.1.1]hexane-2,5-dicarboxylate 

(101) 

To a solution of (±)-2-tert-butyl 5-methyl 6-(hydroxymethyl)-2-azabicyclo[2.1.1]hexane-2,5-

dicarboxylate (100, 30 mg, 0.11 mmol) in THF (3 ml) was added NaH (60%, 13.3 mg, 0.332 

mmol) carefully under a stream of nitrogen, and then MeI (2 M in TBME, 0.066 ml, 0.133 

mmol) was added dropwise through a syringe needle at 0 °C. The reaction was stirred under 

argon at 0 °C for 30 min.  It was diluted with EtOAc and washed with brine. The organic phase 

was dried over Na2SO4, filtered and concentrated. The crude product was purified by normal 

phase chromatography (silica gel, 12 g column, eluting with ethyl acetate/hexane 0% to 80% 

gradient).  The product was obtained as colorless oil (22 mg, 70%). Rf: 0.35 (7:3 

EtOAc:hexanes). 
1
H NMR (400 MHz, CDCl3)   4.69 - 4.39 (m, 1H), 3.64 (d, J=4.5 Hz, 3H), 

3.57 - 3.41 (m, 1H), 3.30 (s, 3H), 3.23 - 3.10 (m, 3H), 3.07 - 2.94 (m, 1H), 2.61 (br. s., 1H), 2.13 

(br. s., 1H), 1.47 (d, J=2.3 Hz, 9H). 
13

C NMR (126 MHz, CDCl3)  169.4, 169.2, 156.4, 156.2, 

79.7, 79.6, 67.3, 67.2, 63.1, 62.5, 59.1, 51.6, 51.6, 48.6, 48.0, 45.4, 45.1, 43.9, 43.2, 42.2, 42.1, 

28.5. LC-MS: [M+Na]
+
 = 308.1.1 and [M+H]

+
 = 286.1. HRMS calc for C14H24NO5 (M+H)

+
: 

286.1649, found: 286.1646. 
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 (±)-6-((Benzyloxy)methyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylate (103) 

 To a solution of (±)-2-tert-butyl 5-methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-

2,5-dicarboxylate (94, 65 mg, 0.180 mmol) in DCM (1.5 mL) was added TFA (0.5 mL) at rt. 

After stirring at rt for 1 h, the solvent was removed and dried in vacuo. To the residue were 

added DCM (2 mL), DIEA (157 µl, 0.899 mmol) and naphthalene-1-sulfonyl chloride (40.8 mg, 

0.180 mmol) at 0 °C. The reaction was stirred under argon at rt for 3 h. The solvent was 

removed. The crude product was purified by normal phase chromatography (silica gel, 24 g 

column, eluting with ethyl acetate/hexane 0% to 50% gradient). A clear colorless oil (78 mg, 

96%) was obtained. Rf: 0.65 (1:1 EtOAc:hexanes). 
1
H NMR (400 MHz, CDCl3)   8.68 - 8.56 

(m, 1H), 8.26 (dd, J=7.4, 1.2 Hz, 1H), 8.02 (d, J=8.1 Hz, 1H), 7.90 (dd, J=8.3, 1.0 Hz, 1H), 7.66 

- 7.59 (m, 1H), 7.59 - 7.53 (m, 1H), 7.50 (dd, J=8.1, 7.5 Hz, 1H), 7.36 - 7.26 (m, 3H), 7.22 - 7.16 

(m, 2H), 4.52 (dt, J=6.8, 1.8 Hz, 1H), 4.33 - 4.26 (m, 1H), 4.25 - 4.18 (m, 1H), 3.76 (d, J=8.1 

Hz, 1H), 3.33 - 3.20 (m, 3H), 3.13 (s, 3H), 3.09 - 3.03 (m, 1H), 2.63 (t, J=2.4 Hz, 1H), 2.20 (tdd, 

J=6.7, 2.7, 1.7 Hz, 1H). 
13

C NMR (101 MHz, CDCl3)   168.8, 138.0, 136.2, 134.3, 134.2, 129.3, 

128.9, 128.4, 128.0, 127.8, 127.7, 126.7, 125.1, 124.2, 77.4, 77.1, 76.8, 73.3, 66.0, 64.8, 51.3, 

49.0, 45.5, 45.2, 41.7. LC-MS: [M+H]
+
 = 452.2. HRMS calc for C25H26NO5S (M+H)

+
: 

452.1526, found: 452.1524. 
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 (±)-6-(Hydroxymethyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylate (104) 

To a solution of methyl 6-((benzyloxy)methyl)-2-(naphthalen-1-ylsulfonyl)-2-

azabicyclo[2.1.1]hexane-5-carboxylate (103, 33 mg, 0.073 mmol) in MeOH (2 mL) in a 10 mL 

round bottom flask was added a catalytic amount of 5% Pd/C. The reaction was stirred under a 

hydrogen balloon for 1.5 h. The catalyst was filtered, and the solvent was removed. The product 

was purified by normal phase chromatography (silica gel, 12 g column, eluting with ethyl 

acetate/hexane 0% to 100% gradient and then 100% EtOAc).  A clear film of solid was obtained 

(24 mg, 90%). Rf: 0.24 (7:3 EtOAc:hexanes). 
1
H NMR (400 MHz, CDCl3)   8.56 (dd, J=8.6, 

0.7 Hz, 1H), 8.29 (dd, J=7.4, 1.2 Hz, 1H), 8.07 (d, J=8.1 Hz, 1H), 7.97 - 7.89 (m, 1H), 7.69 (ddd, 

J=8.6, 7.0, 1.3 Hz, 1H), 7.63 - 7.57 (m, 1H), 7.54 (dd, J=8.1, 7.3 Hz, 1H), 4.39 (dt, J=6.6, 1.8 

Hz, 1H), 3.77 - 3.70 (m, 1H), 3.69 - 3.60 (m, 2H), 3.55 - 3.46 (m, 1H), 3.07 (dt, J=6.7, 2.9 Hz, 

1H), 2.82 (s, 3H), 2.62 (t, J=2.5 Hz, 1H), 2.20 (dddd, J=9.1, 6.0, 2.8, 1.3 Hz, 1H).  
13

C NMR 

(101 MHz, CDCl3)  168.6, 136.0, 134.3, 129.1, 128.9, 128.4, 128.1, 126.8, 124.9, 124.2, 65.2, 

57.1, 50.9, 48.8, 46.9, 45.8, 41.0. LC-MS: [M+H]
+
 = 362.1. HRMS calc for C18H20NO5S 

(M+H)
+
: 362.1057, found: 362.1053. 
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 (±)-Methyl 6-(((methylsulfonyl)oxy)methyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1] 

hexane-5-carboxylate (105) 

To a cooled (0 °C) solution of methyl 6-(hydroxymethyl)-2-(naphthalen-1-ylsulfonyl)-2-

azabicyclo [2.1.1]hexane-5-carboxylate (104, 23 mg, 0.064 mmol) in DCM (2 mL) placed in a 

10 mL round bottom flask wwas added TEA (44.4 µl, 0.318 mmol) followed by MsCl (9.92 µl, 

0.127 mmol) at 0 °C. The reaction was stirred under argon at 0 °C for 1 h. LCMS showed the 

reaction was complete. The solvent was removed, and the crude product was used in the next 

step. LC-MS: [M+H]
+
 = 440.0.  

 

 

 

 (±)-Methyl 6-(azidomethyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylate (106) 
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 (±)-Methyl 6-(((methylsulfonyl)oxy)methyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1] 

hexane-5-carboxylate (105, 0.064 mmol) in a 10 mL round bottom flask was dissolved in DMF 

(1.5 mL), and NaN3 (41.4 mg, 0.636 mmol) was added. The suspension was stirred at 60 °C 

overnight. LCMS showed the reaction was complete. The reaction mixture was diluted with 

EtOAc, washed with H2O and brine. The organic phase was dried over Na2SO4, filtered and 

concentrated. The crude product was purified by normal phase chromatography (silica gel, 24 g 

column, eluting with EtOAc/hexanes 0% to 50% gradient). Clear colorless oil was obtained (23.5 

mg, 96%). Rf: 0.75 (1:1 EA/hexane). 
1
HNMR (400 MHz, CDCl3)   8.59 (d, J=8.6 Hz, 1H), 8.29 

(d, J=7.3 Hz, 1H), 8.07 (d, J=8.1 Hz, 1H), 7.94 (d, J=7.9 Hz, 1H), 7.73 - 7.65 (m, 1H), 7.63 - 

7.57 (m, 1H), 7.54 (t, J=7.8 Hz, 1H), 4.55 (d, J=6.6 Hz, 1H), 3.78 (d, J=8.4 Hz, 1H), 3.34 (d, 

J=8.4 Hz, 1H), 3.27 (dd, J=13.0, 7.3 Hz, 1H), 3.18 - 3.11 (m, 2H), 3.10 (s, 3H), 2.67 (br. s., 1H), 

2.15 (t, J=7.0 Hz, 1H). 
13

C NMR (126 MHz, CDCl3)  168.3, 135.6, 134.4, 134.3, 129.5, 128.9, 

128.3, 128.1, 126.8, 124.8, 124.1, 66.0, 51.3, 48.8, 46.0, 44.9, 44.5, 41.8. LC-MS: [M+H]
+
 = 

387.1. HRMS calc for C18H19N4O4S (M+H)
+
: 387.1122, found: 387.1125. 
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 (±)-Methyl 6-(aminomethyl)-2-(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylate (107) 

To a solution in a 10 mL round bottom flask containing methyl (±)-6-(azidomethyl)-2-

(naphthalen-1-ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate (106, 17 mg, 0.044 mmol) in 

MeOH (4 mL) was added a catalytic amount of 5% Pd/C. The reaction was stirred under a 

hydrogen balloon at rt for 1 h. LCMS showed the reaction was complete. The catalyst was 

filtered off, and the solvent was removed to give clear colorless oil (15 mg, 95%). 
1
H NMR (400 

MHz, CDCl3)   8.61 (d, J=8.6 Hz, 1H), 8.28 (d, J=7.3 Hz, 1H), 8.05 (d, J=8.1 Hz, 1H), 7.92 (d, 

J=8.1 Hz, 1H), 7.72 - 7.64 (m, 1H), 7.62 - 7.56 (m, 1H), 7.53 (t, J=7.7 Hz, 1H), 4.48 (d, J=6.6 

Hz, 1H), 3.71 (d, J=7.9 Hz, 1H), 3.50 (d, J=8.1 Hz, 1H), 3.08 - 3.00 (m, 1H), 2.91 (s, 3H), 2.71 

(dd, J=13.1, 8.7 Hz, 1H), 2.81 - 2.66 (m, 1H), 2.60 (d, J=2.2 Hz, 1H), 2.53 (dd, J=13.0, 5.9 Hz, 

1H), 2.05 - 1.94 (m, 1H). 
13

C NMR (101 MHz, CDCl3)   168.8, 136.4, 134.2, 134.0, 129.0, 

128.8, 128.3, 128.0, 126.7, 124.9, 124.1, 65.6, 51.0, 48.7, 48.5, 45.5, 41.4, 36.7. LC-MS: 

[M+H]
+
 = 361.0. HRMS calc for C18H21N2O4S (M+H)

+
: 361.1217, found: 361.1213. 
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(±)-Methyl 6-((4-hydroxybenzamido)methyl)-2-(naphthalen-1-ylsulfonyl)-2-

azabicyclo[2.1.1]hexane-5-carboxylate (108) 

To a solution in a 5 mL round bottom flask of (±)-methyl 6-(aminomethyl)-2-(naphthalen-1-

ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate (107, 12 mg, 0.033 mmol) in DMF (1 mL) 

were added 4-hydroxybenzoic acid (6.90 mg, 0.050 mmol), DIEA (0.029 mL, 0.166 mmol) and 

HATU (15.19 mg, 0.040 mmol) at rt. The reaction was stirred under argon at rt for 1 h. The 

crude product was purified by reverse phase chromatography (Axia Luna, 5 C18 column, 

30x100mm, mobile phase A: 10% acetonitrile - 90% H2O, and mobile phase B: 90% acetonitrile 

- 10% H2O, modified with 0.1%TFA, 0% to 80% 20 min gradient, flow rate 40 mL/min). The 

desired fraction was dried on a lyophalizer to give a white amorphous solid (14.5 mg, 91%). 
1
H 

NMR (500 MHz, CDCl3)   8.58 (dd, J=8.8, 1.0 Hz, 1H), 8.30 (dd, J=7.3, 1.2 Hz, 1H), 8.08 (d, 

J=8.3 Hz, 1H), 7.95 (d, J=8.3 Hz, 1H), 7.76 - 7.68 (m, 3H), 7.61 (ddd, J=8.0, 6.9, 1.0 Hz, 1H), 

7.55 (dd, J=8.3, 7.4 Hz, 1H), 7.08 - 7.00 (m, 1H), 6.95 - 6.88 (m, 2H), 4.36 (dt, J=6.6, 1.7 Hz, 

1H), 3.89 (ddd, J=13.8, 8.2, 5.2 Hz, 1H), 3.80 (d, J=8.3 Hz, 1H), 3.76 (d, J=8.0 Hz, 1H), 3.14 - 

3.09 (m, 1H), 3.06 - 2.99 (m, 1H), 2.76 (s, 3H), 2.61 (t, J=2.5 Hz, 1H), 2.48 - 2.41 (m, 1H). 
13

C 

NMR (126MHz, CDCl3)   168.4, 167.8, 159.0, 136.1, 134.4, 134.3, 129.2, 128.9, 128.3, 128.3, 

126.9, 126.1, 124.8, 124.2, 115.5, 65.6, 50.9, 48.6, 45.8, 43.9, 41.6, 40.0, 35.2. LC-MS: [M+H]
+
 

= 481.1. HRMS calc for C25H25N2O6S (M+H)
+
: 481.1428, found: 481.1450. 
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(±)-Methyl 6-((4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)methyl)-2-(naphthalen-1-

ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate (109) 

To a solution in a 10 mL round bottom flask of (±)-methyl 6-(azidomethyl)-2-(naphthalen-1-

ylsulfonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate (106, 20 mg, 0.052 mmol) in n-butanol (3 

mL) were added CuI (9.8 mg, 0.052 mmol) and prop-2-yn-1-ol (8.7 mg, 0.155 mmol) at rt. The 

reaction was stirred under argon at 85 °C for 16 h. The reaction was cooled to rt, and was then 

diluted with EtOAc, filtered, and the solvent was removed. The crude product was purified by 

reverse phase chromatography (Axia Luna, 5 C18 column, 30x100 mm, mobile phase A: 10% 

acetonitrile - 90% H2O, and mobile phase B: 90% acetonitrile - 10% H2O, modified with 

0.1%TFA, 0% to 80% 20 min gradient, flow rate 40 mL/min). A white amorphous solid (17 mg, 

73%) was obtained after the solvent was removed on a lyophilizer. 
1
H NMR (400 MHz, 

CD3OD/CDCl3 mixture)   8.56 (d, J=8.6 Hz, 1H), 8.26 (dd, J=7.4, 1.2 Hz, 1H), 8.08 (d, J=8.4 

Hz, 1H), 7.93 (d, J=7.5 Hz, 1H), 7.64 (ddd, J=8.5, 7.0, 1.4 Hz, 1H), 7.60 - 7.50 (m, 3H), 4.64 (s, 

2H), 4.51 (dt, J=6.6, 1.8 Hz, 1H), 4.28 (d, J=7.0 Hz, 2H), 3.78 (d, J=8.6 Hz, 1H), 3.57 (d, J=8.6 

Hz, 1H), 3.12 - 3.04 (m, 1H), 2.97 (s, 3H), 2.67 (t, J=2.4 Hz, 1H), 2.46 (ddd, J=7.0, 5.7, 1.4 Hz, 

1H). 
1
H NMR (500 MHz, CDCl3)   8.61 (d, J=8.5 Hz, 1H), 8.30 (dd, J=7.4, 1.1 Hz, 1H), 8.10 
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(d, J=8.3 Hz, 1H), 7.96 (d, J=8.3 Hz, 1H), 7.71 - 7.67 (m, 1H), 7.65 - 7.59 (m, 2H), 7.59 - 7.55 

(m, 1H), 4.79 (br. s., 3H), 4.56 - 4.46 (m, 1H), 4.41 (d, J=6.3 Hz, 2H), 3.84 (d, J=8.3 Hz, 1H), 

3.68 - 3.58 (m, 1H), 3.20 - 3.13 (m, 1H), 3.01 - 2.92 (m, 3H), 2.67 (d, J=2.5 Hz, 1H), 2.52 (t, 

J=5.2 Hz, 1H). 
13

C NMR (101 MHz, CD3OD/CDCl3 mixture)   169.9, 149.3, 136.7, 136.1, 

135.8, 130.9, 130.5, 129.7, 129.6, 128.3, 126.0, 125.6, 124.2, 67.6, 57.0, 52.6, 49.8, 47.0, 46.5, 

46.5, 43.6. LC-MS: [M+H]
+
 = 443.0. HRMS calc for C21H23N4O5S (M+H)

+
: 443.1384, found:  

443.1381. 

 

 

 

N-Boc-Dimer (+)-114 

To a 5 mL flask of the solution of (+)-6-((benzyloxy)methyl)-2-(tert-butoxycarbonyl)-2-

azabicyclo[2.1.1]hexane-5-carboxylic acid ((+)-99, 13.9 mg, 0.040 mmol) and (-)-methyl 6-

((benzyloxy)methyl)-2-azabicyclo[2.1.1] hexane-5-carboxylate, TFA salt ((-)-102, 15 mg, 0.040 

mmol) in DMF (1.5 ml) were added DIEA (0.014 ml, 0.080 mmol) and HATU (18.23 mg, 0.048 

mmol) at 0 °C. The reaction was stirred under argon at RT for 2 h. The crude product was 

purified by reverse phase chromatography (Axia Luna, 5 C18 column, 30 x 100mm, 

MeOH/H2O with 0.1% TFA, 30% to 100% 20 min gradient, flow rate 20 mL/min). A colorless 

oil was obtained after the removal of solvent in vacuo (17.2 mg, 83%).     
  = +28 (c 0.2, CHCl3). 

1
H NMR (400 MHz, CDCl3) δ 7.46 - 7.26 (m, 10H), 4.97 - 4.64 (m, 1H), 4.60 - 4.33 (m, 5H), 
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3.75 - 2.90 (m, 13H), 2.76 - 2.48 (m, 2H), 2.31 - 2.04 (m, 2H), 1.52 - 1.37 (m, 9H).
 13

C NMR 

(101 MHz, CDCl3) δ 169.10, 168.96, 168.75, 168.74, 168.59, 168.22, 167.95, 156.61, 156.32, 

156.07, 155.95, 138.16, 138.11, 138.09, 138.04, 137.96, 137.90, 137.71, 137.63, 128.54, 128.46, 

128.43, 128.42, 128.37, 127.99, 127.86, 127.84, 127.80, 127.73, 127.67, 127.60, 79.86, 79.84, 

79.61, 79.52, 73.50, 73.42, 73.38, 73.36, 64.99, 64.86, 64.69, 64.52, 64.37, 64.32, 64.12, 63.21, 

63.07, 62.72, 62.65, 62.48, 62.13, 62.06, 62.00, 52.06, 51.95, 51.77, 51.63, 49.83, 49.46, 49.23, 

49.19, 49.12, 48.28, 46.92, 46.77, 45.47, 45.34, 45.19, 45.11, 44.72, 44.58, 44.22, 44.19, 43.73, 

43.41, 43.29, 43.01, 42.94, 42.86, 42.59, 42.28, 42.18, 41.96, 41.78, 41.22, 40.82, 28.55, 28.48, 

28.46, 28.39. LC-MS: [M+H]
+
 = 591.3. HRMS calc for C34H43N2O7 (M+H)

+
: 591.3065, found: 

591.3062. 

 

 

 N-Boc-Trimer (+)-115 

To a solution of the (+)-114 (36 mg, 0.061 mmol) in DCM (2 mL) in a 10 mL flask was added 

TFA (1 mL). After stirring at rt for 1 h, the solvent was removed to give a clear residue (37 mg, 

100%). LC-MS: [M+H]
+
 = 491.3.  The residue (0.037 g, 0.061 mmol) was dissolved in DMF (2 

mL), then (+)-99 (21 mg, 0.061 mmol), DIEA (0.021 mL, 0.12 mmol) and HATU (28 mg, 0.073 

mmol) were added at rt. The reaction was stirred under argon at rt for 2 h.  LCMS showed the 

reaction was complete. The crude product was purified by reverse phase chromatography (Axia 
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Luna, 5 C18 column, 30 x 100 mm, MeOH/H2O with 0.1% TFA, 30% to 100% 20 min 

gradient, flow rate 20 mL/min). A white amorphous solid was obtained after lyophilising (45.3 

mg, 91%).     
  = + 33 (c 0.2, CHCl3). LC-MS: [M+H]

+
 = 820.5. HRMS calc for C48H58N3O9 

(M+H)
+
: 820.4168, found: 820.4164. 

 

 

 

 N-Boc-Tetramer (+)-116  

To a solution of (+)-115 (34 mg, 0.041 mmol) in DCM (2 mL) in a 10 mL flask was added TFA 

(1 mL).  The reaction was stirred under argon at rt for 1 h, the solvent was removed, and the 

product was dried in vacuo to leave a glass of solid (34 mg, 0.032 mmol). LC-MS: [M+H]
+
 = 

720.4. To the obtained product were added DMF (2 mL), (+)-99 (14.4 mg, 0.041 mmol), DIEA 

(0.036 mL, 0.21 mmol) and HATU (18.9 mg, 0.050 mmol) at rt. The reaction was stirred at rt for 

2 h. The crude product was purified by reverse phase chromatography (Axia Luna, 5 C18 

column, 30 x 100mm, MeOH/H2O with 0.1% TFA, 30% to 100% 20 min gradient, flow rate 20 
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mL/min). After lyophilising, a white amorphous solid was obtained (34 mg, 78%).     
    = + 49.2 

(c 0.214, MeOH).  LCMS : [M+H]
+ 

= 1049.3. HRMS calc for C62H73N4O11 (M+H)
+
: 1049.5270, 

found: 1049.5282. 

 

 

 

 N-Boc-Pentamer (+)-117 

To a solution of (+)-116 (28 mg, 0.027 mmol) in DCM (2 mL) in a 10 mL flask was added TFA 

(1 mL).  The reaction was stirred under argon at rt for 1 h.  The solvent was removed, and the 

product was dried in vacuo to leave a glass of solid. LC-MS: [M+H]
+
 = 949.2. To this solid were 

added DMF (2 mL), (+)-99 (10.2 mg, 0.029 mmol), DIEA (0.023 mL, 0.13 mmol) and HATU 

(12.2 mg, 0.032 mmol) at rt. The reaction was stirred at rt for 2 h. The crude product was 

purified by reverse phase chromatography. (Axia Luna, 5 C18 column, 30 x 100 mm, 
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MeOH/H2O with 0.1% TFA, 30% to 100% 20 min gradient, flow rate 20 mL/min). After dried 

on lyophilising, a white solid (27 mg, 81 %) was obtained.     
    = + 63.9 (c 0.158, MeOH).  

LCMS: [M+H]
+
 = 1278.3.  HRMS calc for C76H88N5O13 (M+H)

+
: 1278.6373, found: 1278.6366. 

 

 

 

 N-Boc-Hexamer (+)-118 

To a solution of (+)-117 (22.0 mg, 0.017 mmol) in DCM (2 mL) in a 10 mL flask was added 

TFA (1 mL).  The reaction was stirred under argon at rt for 1 h.  The solvent was removed, and 

the product was dried in vacuo to afford a glass of solid. LC-MS: [M+H]
+
 = 1178.3.  To the 

above product were added DMF (2 mL), (+)-99 (6.6 mg, 0.019 mmol), DIEA (0.015 mL, 0.086 

mmol) and HATU (7.85 mg, 0.021 mmol) at rt. After stirring at rt for 2 h. the crude product was 

purified by reverse phase chromatography (Axia Luna, 5 C18 column, 30 x 100 mm, 

MeOH/H2O with 0.1% TFA, 30% to 100% 20 min gradient, flow rate 20 mL/min).  The product 
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was obtained as a white amorphous solid after lyophilising (24 mg, 93%).     
    = + 54.7 (c 0.102, 

CHCl3). LC-MS: [M+H]
+
 = 1507.3.  HRMS calc for C90H103N6O15 (M+H)

+
: 1507.7476, found: 

1507.7462. 

 

 

 N-Boc-Heptamer (+)-119 

To a solution of (+)-118 (18.0 mg, 0.012 mmol) in DCM (2 mL) in a 10 mL flask was added 

TFA (1 mL).  The reaction was stirred under argon at rt for 1 h.  The solvent was removed, and 

the product was dried in vacuo to leave a glass of solid. LC-MS: [M+H]
+
 = 1407.3.  To this 

product were added DMF (2 mL), (+)-99 (4.6 mg, 0.013 mmol), DIEA (10.4 µl, 0.060 mmol) 

and HATU (5.5 mg, 0.014 mmol) at rt. The reaction was stirred at rt for 2 h. The crude product 

was purified by reverse phase chromatography. (Axia Luna, 5 C18 column, 30 x 100 mm, 

MeOH/H2O with 0.1% TFA, 30% to 100% 20 min gradient, flow rate 20 mL/min). A white 

amorphous solid was obtained after dring on a lyophalizer (14.8 mg, 71 %).     
    = + 69.8 (c 
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0.163, MeOH). LC-MS: [M+H]
+
 = 1736.8. HRMS calc for C104H118N7O17 (M+H)

+
: 1736.8578, 

found: 1736.8586. 

 

 

 N-Boc-Octomer (+)-120  

To a solution of (+)-119 (9.0 mg, 5.18 µmol) in DCM (1 mL) in a 5 mL flask was added TFA 

(0.5 mL).  The reaction was stirred under argon at rt for 1 h.  The solvent was removed, and the 

product was dried in vacuo to give a glass of solid. LC-MS: [M+H]
+
 = 1636.9. To this product 

were added DMF (1 mL), (+)-99 (5.4 mg, 0.016 mmol), DIEA (9.05 µl, 0.052 mmol) and HATU 

(9.8 mg, 0.026 mmol) at rt. The reaction was stirred at rt for 2 h. The crude product was purified 

by reverse phase chromatography. (Axia Luna, 5 C18 column, 30 x 100 mm, MeOH/H2O with 

0.1% TFA, 40% to 100% 20 min gradient, flow rate 20 mL/min). After freezing drying, a white 

amorphous solid was obtained as desired product (8.4 mg, 83%).     
    = + 63.5 (c 0.100, CHCl3). 

LC-MS: [M+H]
+
 = 1965.1. HRMS calc for C118H133N8O19 (M+H)

+
: 1965.9682, found: 

1965.9675. 
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Circular Dichroism Spectroscopy of -Peptide Oligomers 

 

The circular dichroism analysis was carried out on sample (+)-94 (monomer), (+)-114 

(dipeptide), (+)-116 (tetrapeptide), (+)-118 (hexapeptide) and (+)-120 (octapeptide) using the 

method and conditions described in reference 53.  A weighed portion of sample was dissolved in 

an appropriate amount of spectroscopy-grade solvent. A quartz sample cell with 1 mm path 

length was used. Data were collected on a JASCO J-815 spectrometer at 25 °C. The molar 

ellipticity values - mean residue ellipticity, [θ] (deg·cm
2
·dmol

-1
·(the number of residues)

-1
), were 

normalized in terms of concentration and the number of residues.   

 

 

 

(1R,4S,5S,6R)-Methyl 6-((benzyloxy)methyl)-2-iso-butyryl-2-azabicyclo[2.1.1]hexane-5-

carboxylate (121) 

To a solution of (1R,4S,5S,6R)-methyl 6-((benzyloxy)methyl)-2-azabicyclo[2.1.1]hexane-5-

carboxylate,  TFA salt (102, 23.0 mg, 0.061 mmol) in DMF (1.0 mL) in a 5 mL flask were added 

iso-butyric acid (5.4 mg, 0.061 mmol), DIEA (0.021 ml, 0.123 mmol) and HATU (28.0 mg, 

0.074 mmol) at rt. The reaction was stirred under argon at rt for 1 h. The crude product was 

purified by reverse phase chromatography (Axia Luna, 5 C18 column, 30 x 100 mm, 
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MeOH/H2O with 0.1% TFA, 10% to 100% 20 min gradient, flow rate 20 mL/min). The solvent 

was removed to give a clear oil. 
1
H NMR (400 MHz, CDCl3)  8.03 - 7.23 (m, 5H), 5.00 - 4.58 

(m, 1H), 4.53 - 4.08 (m, 2H), 3.76 - 3.45 (m, 4H), 3.45 - 2.95 (m, 4H), 2.88 - 2.19 (m, 3H), 1.24 - 

0.98 (m, 6H). 
13

C NMR (101 MHz, CDCl3)  176.46, 176.33, 169.17, 168.93, 137.85, 137.75,  

129.66, 129.59, 128.53, 127.92, 127.90, 127.79, 73.64, 73.37, 64.70, 64.05, 63.23, 61.19, 51.76, 

51.60,  49.35,  47.48,  45.33, 44.17, 43.56, 42.90, 42.07, 41.28, 32.32,  32.15, 19.50, 19.21, 

19.17,  18.83.      
  = + 13 (c 0.100, CHCl3). LC-MS: [M+H]

+
 = 332.1. HRMS calc for 

C19H26NO4 (M+H)
+
: 332.1856, found: 332.1856. 

 

 

 

(1R,4S,5S,6R)-Methyl 6-((benzyloxy)methyl)-2-((1R,4S,5S,6R)-6-((benzyloxy)methyl)-2-iso-

butyryl-2-azabicyclo[2.1.1]hexane-5-carbonyl)-2-azabicyclo[2.1.1]hexane-5-carboxylate 

((+)-122)  

 To a solution of (1R,4S,5R,6S)-tert-butyl 5-((benzyloxy)methyl)-6-((1R,4S,5R,6S)-5-

((benzyloxy) methyl)-6-(methoxycarbonyl)-2-azabicyclo[2.1.1]hexane-2-carbonyl)-2-azabicyclo 

[2.1.1]hexane-2-carboxylate (114, 39 mg, 0.066 mmol) in DCM (3 mL) in a 10 mL flask was 

added TFA (1 mL). The reaction was stirred at rt for 30 min. LCMS showed no starting mateiral 

left. The solvent was removed, and the residue was dried in vacuo. LC-MS: [M+H]
+
 = 491.3. 
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The product was dissolved in DMF (2 mL), then iso-butyric acid (5.82 mg, 0.066 mmol), DIEA 

(0.023 ml, 0.13 mmol) and HATU (30.1 mg, 0.079 mmol) were added at 0 °C. The reaction was 

stirred under argon at 0 °C for 1 h.  The crude product was purified by reverse phase 

chromatography (Axia Luna, 5 C18 column, 30 x 100 mm, MeOH/H2O with 0.1% TFA, 10% 

to 100% 20 min gradient, flow rate 20 mL/min). The solvent was removed in vacuo to give a 

colorless oil (33 mg, 89%). 
1
H NMR (500 MHz, CDCl3)   7.39 - 7.26 (m, 10H), 5.12 - 4.81 (m, 

1H), 4.68 - 4.30 (m, 5H), 3.82 - 3.58 (m, 4H), 3.32 - 3.13 (m, 7H), 3.10 - 2.93 (m, 2H), 2.86 - 

2.43 (m, 3H), 2.35 - 2.09 (m, 2H), 1.25 - 0.97 (m, 6H). 
13

C NMR (126 MHz, CDCl3) major 

peaks 177.57, 177.04,  176.66,  169.00, 168.91, 167.56, 138.27, 137.83,  137.80, 137.73, 

128.59, 128.52, 128.50, 128.37, 128.06, 127.95, 127.88,  127.85, 127.79,  127.77, 127.64, 73.59,  

73.45,  73.34,  73.20,  64.63, 64.55,  64.32,  64.18, 64.15, 63.92, 63.73, 63.34, 62.98,  62.87, 

62.52, 62.05, 61.80, 61.66,  60.97, 51.98, 51.65, 49.62, 49.14, 49.10,  46.56,  45.32, 45.15, 44.32, 

43.80, 43.77, 42.92, 42.86, 42.79,  42.25, 41.67,  41.38,  41.36, 32.40, 32.13, 19.84, 19.30,  

19.15,  18.39.     
  = + 24 (c 0.100, CHCl3).  LC-MS: [M+H]

+
 = 561.3. HRMS calc for 

C33H41N2O6 (M+H)
+
: 561.2959, found: 561.2952. 
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Tetramer (+)-123 

To a solution of Boc-tetramer 116 (4.2 mg, 4.00 µmol) in DCM (1 mL) in a 5 mL flask was 

added TFA (0.5 mL, 6.49 mmol). The reaction was stirred at rt for 1 h. The solvent was 

removed, and the residue was dried in vacuo. The obtained product was dissolved in DMF (0.5 

mL), then iso-butyric acid (3.53 mg, 0.040 mmol), DIEA (0.1 mL, 0.573 mmol) and HATU 

(7.61 mg, 0.020 mmol) were added at rt. The reaction was stirred under argon at rt for 2 h. The 

crude product was purified by reverse phase chromatography (Axia Luna, 5 C18 column 30 

x100 mm, MeOH/H2O with 0.1%TFA, 20% to 100% 20 min gradient, flow rate 20 mL/min). 

The desired fraction was dried on a lyophilizer to give a white amorphous solid (3.6 mg, 89%). 

LC-MS (ESI) m/z: 1019.2(M+H)
+
. HRMS calc for C61H71N4O10 (M+H)

+
: 1019.5165, found: 

1019.5172. 
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(±)-Dimethyl 2-(2-nitropropan-2-yl)succinate (127) 

A 25 mL round bottom flask charged with tetrabutylammonium chloride (580 mg, 1.96 mmol) 

and potassium fluoride (606 mg, 10.44 mmol) were added DMSO (2 mL) and 2-nitropropane 

(186 mg, 2.09 mmol) via syringe. After stirring at rt for 30 min, dimethyl fumarate (602 mg, 4.18 

mmol) was added dropwise via a syringe. The reaction was stirred under argon at rt for 2 h. 

Water (10 mL) was then added. The reaction mixture was diluted with EtOAc, washed with 1 M 

HCl twice, and with brine once. The organic phase was dried over MgSO4, filtered and 

concentrated. The crude product was purified by normal phase chromatography (silica gel, 40 g 

column, eluting with EtOAc/hexanes 0% to 60% gradient).  A clear colorless oil was obtained 

(405 mg, 83%). Rf: 0.53 (4:6 EtOAc:hexanes). 
1
H NMR (400 MHz, CDCl3)  3.71 (s, 3H), 3.69 

(dd, J=11.4, 3.1 Hz, 1H), 3.66 (s, 3H), 2.85 (dd, J=16.8, 11.3 Hz, 1H), 2.37 (dd, J=16.9, 3.3 Hz, 

1H), 1.61 (s, 3H), 1.59 (s, 3H). 
13

C NMR (101 MHz, CDCl3)  171.1, 171.0, 88.2, 52.4, 52.0, 

48.9, 32.2, 24.9, 23.0. LC-MS: [M+H]
+
 = 234.1 and  [M+Na]

+
 = 256.1. HRMS calc for 

C9H15NO6Na (M+Na)
+
: 256.0793, found: 256.0788. 
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(±)-Methyl 2,2-dimethyl-5-oxopyrrolidine-3-carboxylate (126)  

To a solution of dimethyl 2-(2-nitropropan-2-yl)succinate (350 mg, 1.50 mmol) in MeOH (10 

mL)  placed in a pressure bottle was added Raney Ni (1 mL, Aldrich, 4200 slurry in water). The 

reaction was stirred under H2 (50 psi) overnight. The reaction was filtered, and the solvent was 

removed. Purification by normal phase chromatography (silica gel, 40 g column, eluting with 

EtOAc/hexanes 0% to 100% gradient) gave the desired product as a white solid (251 mg, 98%). 

Rf: 0.27 (8:2 EtOAc/hexanes). M.p: 113-114 °C. 
1
H NMR (500 MHz, CDCl3)  6.64 (br. s., 1H), 

3.75 (s, 3H), 3.08 (dd, J=9.9, 8.8 Hz, 1H ), 2.94 (dd, J=17.3, 9.9 Hz, 1H), 2.50 (dd, J=17.3, 8.8 

Hz, 1H), 1.48 (s, 3H), 1.18 (s, 3H). 
13

C NMR (100 MHz, CDCl3)  174.89, 171.47, 58.28, 52.07, 

50.41, 33.05, 29.55, 24.72. LC-MS: [M+H]
+
 = 172.0. HRMS calc for C8H14NO3 (M+H)

+
: 

172.0968, found: 172.0975. 

 

 

 

(±)-Methyl 2,2-dimethyl-5-oxopyrrolidine-3-carboxylate (126) and (±)-2,2-dimethyl-5-

oxopyrrolidine-3-carboxylic acid (128) 

To a solution of dimethyl 2-(2-nitropropan-2-yl)succinate (100 mg, 0.429 mmol) and 10% Pd/C 

in MeOH (5 mL) in a 25 mL round bottom flask was added ammonium formate (135 mg, 2.14 

mmol) at rt. The reaction was stirred under argon at rt for 16 h. LCMS showed two major peaks 

with m/z (M+H
+
) 158 and 172, and one minor peak m/z for M+H

+
 220. The reaction was 

filtered, and the solvent was removed from the filtrate. The crude product was purified by 
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reverse phase chromatography. (Axia Luna, 5 C18 column, 30 x 100 mm, MeCN/H2O with 

0.1% TFA, 10% to 60% 10 min gradient, flow rate 40 mL/min). The solvents were removed to 

provide products 126 and 128. 

 

Methyl ester 126 was obtained as a white solid (18 mg, 25%). The LCMS, 
1
H NMR and 

13
C 

NMR were identical to that obtained from the Raney-Ni reaction. 

 

2,2-Dimethyl-5-oxopyrrolidine-3-carboxylic acid (128) 

Acid 128 was obtained as a white solid (43 mg, 64%). M.p. >200 °C (decomp). 
1
H NMR (400 

MHz, CD3OD)  3.12 (dd, J=9.4, 8.9 Hz, 1H), 2.78 (dd, J=17.3, 9.4 Hz, 1H), 2.44 (dd, J=17.3, 

8.9 Hz, 1H), 1.46 (s, 3H), 1.22 (s, 3H).  
13

C NMR (100 MHz, CD3OD)  177.29, 174.34, 59.51, 

51.49, 34.20, 29.67, 24.60. LC-MS: [M+H]
+
 = 158.0. HRMS calc for C7H12NO3 (M+H)

+
: 

158.0812, found: 158.1815. 

 

 

 

(±)-N-Cbz methyl 2,2-dimethylpyrrolidine-3-carboxylate (130)   

To a solution of methyl 2,2-dimethyl-5-oxopyrrolidine-3-carboxylate (144 mg, 0.84 mmol) in 

THF (5 mL) in a 25 mL round bottom flask was added borane THF complex (1.68 mL, 1.68 

mmol) at 0 °C. The reaction was stirred under argon at rt for 4 h. The reaction was quenched by 
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the addition of methanol (0.5 mL), and the solvent was removed.  LC-MS:  [M+H]
+
 = 158.0. The 

obtained amine was dissolved in EtOAc (3 mL), cooled to 0 °C, and then TEA (0.5 mL, 4.2 

mmol) was added followed by addition of Cbz-Cl (430 mg, 2.52 mmol) dropwise via a syringe. 

The reaction was stirred from 0 °C to rt over 1 h. The reaction was diluted with EtOAc, washed 

with water and brine. The organic phase was dried over Na2SO4, filtered, and the solvent was 

removed. Purification by normal phase chromatography (silica gel, 24 g column, eluting with 

EtOAc/hexanes 0% to 80% gradient) provided the desired product as a clear colorless oil (160 

mg, 65%). Rf: 0.35 (5:5 EtOAc/hexanes). 
1
H NMR (400 MHz, CDCl3)   7.42 - 7.27 (m, 5H), 

5.16 and 5.09 (s, 2H), 3.72 (s, 3H), 3.79 - 3.65 (m, 1H), 3.37 (td, J=10.3, 7.2 Hz, 1H), 2.90 - 2.72 

(m, 1H), 2.16 (dtd, J=12.7, 10.6, 8.6 Hz, 1H), 2.03 - 1.88 (m, 1H), 1.65 and 1.55 (s, 3H), 1.28 

and 1.19 (s, 3H). 
13

C NMR (101 MHz, CDCl3)  172.1 and 171.89, 154.73 and 153.46, 137.09 

and 136.67, 128.49, 128.11 and 127.98, 127.86 and 127.76, 67.06 and 66.18, 62.52 and 61.81, 

55.98 and 55.11, 51.85, 46.65 and 45.90, 27.84 and 26.76, 24.75 and 24.31, 22.37 and 21.23. 

LC-MS: [M+H]
+
 = 292.1. HRMS calc for C16H22NO4 (M+H)

+
: 292.1543, found: 292.1548. 

 

 

 

(±)-Methyl 1-iso-butyryl-2,2-dimethylpyrrolidine-3-carboxylate (131) 

To a solution of (±)-N-Cbz methyl 2,2-dimethylpyrrolidine-3-carboxylate (130, 22 mg, 0.076 

mmol) in MeOH (3 mL) in a 10 mL round bottom flask was added a catalytic amount of 10% 
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Pd/C. The reaction was stirred under a hydrogen balloon at rt for 1.5 h. The catalyst was filtered 

off and the solvent was removed. LC-MS:  [M+H]
+
 = 158.0. To this product were added DCM (2 

mL), iso-butyric acid (13 mg, 0.15 mmol), DIEA (100 mg, 0.76 mmol) and HATU (57 mg, 0.15 

mmol) at rt. After stiring at rt for 2 h, the solvent was removed. Purification by normal phase 

chromatography (silica gel, 12 g column, eluting with EtOAc/hexanes 0% to 80% gradient) 

provided the desired product as clear colorless oil (15 mg, 90%). Rf: 0.30 (5:5 EtOAc/hexanes). 

1
H NMR (400 MHz, CDCl3)   3.78 - 3.69 (m, 4H), 3.47 (td, J=9.8, 7.0 Hz, 1H), 2.79 (dd, 

J=10.3, 6.4 Hz, 1H), 2.57 (spt, J=6.7 Hz, 1H), 2.21 (dtd, J=12.8, 10.0, 8.4 Hz, 1H), 2.01 (dtd, 

J=13.0, 6.7, 3.3 Hz, 1H), 1.66 (s, 3H), 1.32 (s, 3H), 1.09 (d, J=6.8 Hz, 6H). 
13

C NMR (101 MHz, 

CDCl3)  175.55, 172.22, 63.67, 55.08, 51.79, 46.48, 33.24, 26.80, 25.24, 21.02, 19.02, 18.99. 

LC-MS: [M+H]
+
 = 228.1. HRMS calc for C12H22NO3 (M+H)

+
: 228.1594, found: 228.1587. 

 

 

 

(±)-Methyl 1-(3,5-dichlorobenzoyl)-2,2-dimethylpyrrolidine-3-carboxylate (132) 

To a solution of (±)-N-Cbz methyl 2,2-dimethylpyrrolidine-3-carboxylate (130, 22 mg, 0.076 

mmol) in MeOH (3 mL) was added a catalytic amount of 10% Pd/C. The reaction was stirred 

under a hydrogen balloon at rt for 1.5 h. The catalyst was filtered off and the solvent was 

removed. LC-MS:  [M+H]
+
 = 158.0. To the obtained product were added DCM (2 mL), 3,5-
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dichlorobenzoic acid (29 mg, 0.15 mmol), DIEA (100 mg, 0.76 mmol) and HATU (57 mg, 0.15 

mmol) at rt. After stirring at rt for 2 h, the solvent was removed. Purification by normal phase 

chromatography (silica gel, 12 g column, eluting with EtOAc/hexanes 0% to 80% gradient) 

provided the desired product as a solid (21 mg, 85%). Rf: 0.37 (5:5 EtOAc/hexanes). M.p.: 130-

132 °C. 
1
H NMR (400 MHz, CDCl3)  7.38 (t, J=1.9 Hz, 1H), 7.29 (d, J=1.8 Hz, 2H), 3.77 - 

3.74 (m, 3H), 3.55 - 3.46 (m, 1H), 3.44 - 3.34 (m, 1H), 2.89 (dd, J=9.9, 6.4 Hz, 1H), 2.21 - 2.13 

(m, 1H), 1.99 (ddd, J=9.7, 6.5, 3.3 Hz, 1H), 1.77 (br. s., 3H), 1.46 (s, 3H). 
13

C NMR (101 MHz, 

CDCl3)  171.82, 166.47, 141.12, 135.25, 129.46, 124.99, 64.45, 55.36, 51.95, 49.65, 26.38, 

25.66, 20.85. LC-MS: [M+H for 
35

Cl]
+
 = 330.0. HRMS calc for C15H18

35
Cl2NO3 (M+H)

+
: 

330.0658, found: 330.0651. 
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