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ABSTRACT 

Asymmetric Synthesis of Homotropinone and Tropane Alkaloids using Enantiopure 

Sulfinimines and the Synthesis and Applications of Methanoprolines 

 

Ramakrishna Edupuganti 

Doctor of Philosophy 

Temple University, 2011 

 

Doctoral Advisory Committee Chair: Prof. Franklin A. Davis 

 

The development of new methodologies for the asymmetric synthesis of 

homotropinone and tropane alkaloids using enantiopure sulfinimines [RS(O)N=CR1R2] is 

the primary objective of this thesis.  In one study a four-step intramolecular Mannich 

cyclization cascade reaction was devised for the asymmetric synthesis of substituted 

homotropinone alkaloids from enantiopure sulfinimine-derived N-sulfinyl !-amino 

ketone ketals.  These amino ketone ketal chiral building blocks were prepared in 67-71% 

yields and high dr (25-14:1) by addition of the Weinreb amide enolate of N-methoxy-N-

methylacetamide to masked oxo sulfinimines (N-sulfinyl imines).  Treatment of these 

Weinreb amides with Grignard reagents gave the N-sulfinyl !-amino ketone ketals in 93-

95% yields without epimerization.  Heating the acyclic !-amino ketone ketals with the 

buffer solution NH4OAc:HOAc resulted in a one-pot 4 step intramolecular Mannich 

cyclization cascade reaction to give substituted homotropinones including (–)-

euphococcinine and (–)-adaline in 82-90% yields. 
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In another study a sulfinimine-derived ",!-unsaturated pyrrolidine nitrone was 

utilized in the development of a Lewis acid catalyzed [3+2] nitrone cycloaddition 

reaction for the asymmetric synthesis of the tropane alkaloid (+)-cocaine.  The masked 

oxo sulfinimine was treated with an excess of the sodium enolate of methyl acetate to 

give N-sulfinyl !-amino ester in 87% yield and high dr (97:3).  Reduction of the ester to 

aldehyde followed by a Horner-Wadsworth-Emmons olefination reaction afforded the 

",!-unsaturated N-sulfinyl amino acetal.  Hydrolysis of the unsaturated amino acetal 

gave a pyrrolidine, which was selectively oxidized to the pyrrolidine nitrone.  The nitrone 

on heating with the Lewis acid Al(O-t-Bu)3 for 96 h underwent an intramolecular [3+2] 

cycloaddition to give a tricyclic isoxazolidine, which was transformed into (+)-cocaine in 

three steps 25% overall yield.  This 9 step, 25% overall yield synthesis of (S)-(+)-cocaine 

from the masked oxo sulfinimine is the most efficient enantioselective route to cocaine 

from acyclic starting materials.  This new methodology is adaptable to the preparation of 

various cocaine analogs including the first cocaine C-1 analogs. 

 

Methanoprolines Research Advisor: Prof. Grant R. Krow 

 

In other studies conformationally constrained novel pyrrolidine analogs 

(methanopyrrolidines) were synthesized stereoselectively to study the substituent (H, OH, 

or F) effect on amide conformational preferences.  A nucleophilic displacement synthetic 

route was devised to prepare highly functionalized 5(6)-anti-substituted-

methanopyrrolidines from N-benzyl-2-azabicyclo[2.1.1]hexylbromide(s) intermediates 

with the aid of neighboring group participation.  These methanopyrrolidines were then 
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transformed to constrained proline analogs (methanoprolines) to evaluate the impact of 

proline ring pucker on amide conformations.  An "-methoxycarbonyl group was 

introduced in methanopyrrolidines by treating tert-butoxycarbonyl protected 

methanopyrrolidines with s-BuLi and quenching with various electrophiles such as CO2, 

DMF or ClCO2Me.   

Amide trans-cis conformational preferences (Ktrans/cis) of N-acetyl-

methanopyrrolidines and N-acetyl-methanoprolines were determined in various solvents 

such as CDCl3 and D2O using NMR techniques, including NOE.  The small trans amide 

preference for substituted fluoro- and hydroxy-methanopyrrolidines shows that it is the 

interaction of the !-methyl ester group and the amide moiety of the methanoprolines that 

plays a major role in determining amide conformational preferences.  The "-substituent 

effect is primarily related to ring pucker and a resultant enhancement of the interaction 

between the amide carbonyl oxygen and ester carbonyl carbon.  The results are relevant 

to the conformational stability of collagen and protein engineering. 
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CHAPTER 1 

ASYMMETRIC SYNTHESIS OF HOMOTROPINONE ALKALOIDS 

 

1.1   Introduction 

Alkaloids are a significant class of natural products containing at least one 

nitrogen atom.  Among the various alkaloid families, homotropane (higher homolog of 

tropane) alkaloids are important because of their important biological properties such as 

chemical defense,1 nicotinic acetylcholine receptor (nAChR) agonist,2,3 and central 

nervous system (CNS) activity.4  Homotropanes have various ring skeletons including 

[3.3.1], [4.2.1], and [3.2.2] (Figure 1.1).  
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Figure 1.1.  Homotropane Alkaloids 

 

The objective of this chapter is to provide a background and context for the work 

discussed in the Chapter 2 of this thesis.  It will focus on homotropinones containing the 

9-azabicyclo[3.3.1]nonane skeleton, especially on the defensive alkaloids such as (+)-

euphococcinine (4) and (–)-adaline (5) (Figure 1.2).  Isolation and biosynthesis of these 
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azabicyclononanes will be presented.  Subsequently, the main asymmetric synthetic 

methodologies currently available to access euphococcinine and adaline will be reviewed.  
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Figure 1.2.  Defensive Homotropinones Alkaloids 

 

1.2   Background 

The 9-azabicyclo[3.3.1]nonane ring skeleton, a higher homologue of the 

medicinally important tropane skeleton, is common to several insect- and plant-derived 

alkaloids.  The simplest homotropinone containing this [3.3.1] skeleton is 

pseudopelletierine (1).  (+)-Euphococcinine (4) and (–)-adaline (5) are members of this 

homotropinone family having a quaternary stereocenter (Figure 1.2).5  These 

homotropinones are found in secretions of the Coccinellid beetles (ladybugs) and are 

potent deterrents to spiders and ants.1  

 

1.3   Isolation and Biosynthetic Studies 

1.3.1  Isolation of Euphococcinine and Adaline 

(+)-Euphococcinine (4) was first isolated form an Australian sea-coast plant, 

Euphorbia atoto Forst., in 1967 by Hart et al.6  Subsequently, it has been found in the 

animal kingdom, specifically in both ladybugs and Mexican bean beetles.7  The name 

euphococcinine is derived from its origin from both plants and coccinellid beetles.  (–)-

Adaline (5), a higher homologue of euphococcinine, was first isolated from the European 
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coccinellid, Adalia bipunctata, by Tursch et al in 1973.8  Absolute configuration of (–) 

adaline was determined to be (1R,5S)  by X-ray and optical rotatory dispersion (ORD) 

spectrum analyses.9    

 

1.3.2  Biosynthetic Studies on Adaline 

In order to elucidate the biosynthetic pathway for (–)-adaline (5), Braekman et al 

conducted both radiolabelling (14C) and feeding studies and hypothesized that these 

alkaloids could be polyacetate in origin and suggested that a piperideine ketone 7 could 

be a key intermediate.10,11  Linear combination of seven acetate units results a linear 14-

carbon chain acid 6 (Figure 1.3).  This acyclic acid 6 upon decarboxylation, followed by 

reductive amination and then intramolecular cyclization would form the key biosynthetic 

intermediate piperideine ketone 7.  This imine 7 could then undergo an intramolecular 

Mannich cyclization to produce (–)-adaline. 
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Figure 1.3.  Proposed Biosynthesis of (–)-Adaline 
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1.4 Asymmetric Syntheses of Homotropinones  

In addition to biosynthetic studies on azabicyclo[3.3.1]nonanes, much interest has 

been directed at their synthesis because of their unique bicyclic system.  By following the 

Robinson-Schopf biomemitic strategy, Tursch et al reported the first racemic synthesis of 

adaline.9  The first asymmetric syntheses of (–)-adaline and (+)-euphococcinine were 

reported in 1982.12  Since then, a variety of racemic syntheses13-15 and asymmetric 

syntheses of euphococcinine and adaline have been described.16-21  The primary 

asymmetric approaches will be discussed by grouping them according to the reaction type 

used in the synthesis. 

 

1.4.1  Michael Addition 

 Enantiomerically pure (–)-adaline and (+)-euphococcinine were synthesized by 

separating the mixture of diastereomeric adducts resulting from the double Michael 

addition published by Hill and Renbum.12  Michael addition of primary amine to a cross-

conjugated cyclic dienone was presented initially by Robinson.22  By  using this Michael 

addition approach, ketoselenide intermediates 9 were prepared by conjugate addition of 

n-pentyl magnesium bromide or methyl magnesium iodide to 2,7-cyclooctadienone 8, 

and trapping of the resulting enolate with phenylselenium bromide (Scheme 1.1).  Upon 

oxidation of crude ketoselenides 9 using H2O2/pyridine, substituted dienones 10 were 

obtained after elimination (Scheme 1.1). 
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Scheme 1.1.  Synthesis of Substituted Cyclooctadienones 

 

 A double conjugate addition with (R)-(+)-!-methylbenzylamine gave a 

diastereomeric mixture of adducts 11 and 12 (Scheme 1.2). This mixture was separated 

by a combination of low-temperature crystallization and chromatography into solid 

diastereomers 11a and 12a and liquid diastereomers 11b and 12b. Catalytic 

hydrogenolysis of solid diastereomer 11a afforded natural (–)-adaline (5), whereas the 

liquid diastereomer 11b gave its unnatural enantiomer (+)-adaline (13).  
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Scheme 1.2.  Double Michael Addition Approach to Euphococcinine and Adaline 

 

On the other hand, hydrogenation of diastereomer 12a gave unnatural (–)-

euphococcine (14), while hydrogenation of the liquid adduct 12b produced natural (+)-

euphococcinine (4).  Although both the adaline and euphococcinine can be accessed 

using this methodology, it suffers from low asymmetric induction (10-20% ee) and 

separation of diastereisomers. 

In 2009, Liebeskind et al utilized the organometallic enantiomeric scaffold-based 

semipinacol/1,5-Michael-like sequence to prepare (–)-adaline.21  In this approach, a 

terminal alkene 15, an advanced intermediate, was oxidized to the methyl ketone 16 

using the classical Wacker reaction (Scheme 1.3).  Treatment of 16 with KOSiMe3 
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promoted a 1,5-Michael-like reaction proceeding via attack of the tethered potassium 

enolate at the neutral "3-allylmolybdenum.  The resulting crude intermediate 17 was 

further treated with nitrosium hexafluorophosphate (NOPF6) to give bicyclic enone 18.  

This enone 18 was further converted to alkene 20 by selective ketalization, Luche 

reduction followed by utilization of Barton-McCombie conditions.  Finally, adaline (5) 

was prepared by hydrolysis of ketal 20, followed by catalytic hydrogenation.  
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Scheme 1.3.  1,5-Michael-like Approach to (–)-Adaline 

 

1.4.2  Intramolecular Mannich Cylization 

 Among all the other approaches the intramolecular Mannich cyclizations are the 

most common method for the synthesis of homotropinones.  Royer and co-workers 

reported the asymmetric synthesis of (–)-adaline and (+)-euphococcinine using the 

CN(R,S) method which is a general approach for the asymmetric synthesis of natural 
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products using chiral aminonitriles as building blocks, for example aminonitrile 21 

(Scheme 1.4).16  They also determined the absolute configuration of natural (+)-

euphococcinine to be  (1S,5R) by the synthesis of its enantiomer. 
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Scheme 1.4.  Mannich Cyclization Approach to Homotropinones by CN(R,S) method 

 

 In this synthesis, these workers used a chiral nitrile intermediate 21, which was 

prepared according to a standard protocol.23  The nitrile 21 was deprotonated with lithium 

diisopropylamide (LDA) and treated with 3-bromo-2-methoxy-1-propane to afford 

alkylated nitrile 22 with retention of configuration.  The desired methyl or pentyl chain 

was introduced regioselectively by selective ionization of the nitrile group (facile 

elimination possible because of nitrogen lone pair antiperiplanar alignment) using 

TBSOTf and then addition of the appropriate Grignard reagent.  Crude 1H NMR showed 

the formation of reactive intermediates 23, but then 23 rearranged up on purification to 

mixture of desired tricyclic compounds 25 and undesired bicyclic compounds 24.  The 

proposed mechanism for the conversion of 23 to 24 and 25 is shown in Scheme 1.5.  
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Only in the case of 24b (R = CH3), they were able to convert the undesired 24b to desired 

25b by treating the crude mixture with camphor sulfonic acid (CSA).  Hydrolysis of ketal 

25 followed by hydrogenolysis of the chiral benzyl group afforded the homotropinones. 
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Scheme 1.5.  Proposed Mechanism for Conversion of 23 to 24 and 25 

 

 Similar to CN(R,S) method, Mechelke and Meyers prepared (+)-euphococcinine 

form bicyclic thiolactam 26b through an intramolecular Mannich reaction in 2000 

(Scheme 1.6).17  In their approach, thiolactam 26b was treated with bromoamide 27 to 

afford intermediate thioiminium salt 28 which underwent the Eschenmosher sulfide 

contraction upon refluxing with triethylamine (TEA) and trimethylphosphite to produce 

29.  Mannich cyclization precursor 30 was prepared by catalytic hydrogenation of 29, 

followed by treatment of resulting Weinreb amide with MeLi.  When treated with 

NH4OAc in 1:1 acetic acid:ethanol solution, 30 underwent the Mannich cyclization to 

afford (+)-euphococcinine (4). 
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Scheme 1.6.  Mayers’ Mannich Approach to (+)-Euphococcinine 

 

1.4.3  Miscellaneous Approaches 

1.4.3.1  Asymmetric Allylation/ Cycloaddition 

In 2000, Murahashi group reported the asymmetric synthesis of (+)-

euphococcinine using chiral, non-racemic #-sulfinyl nitrone 32 (Scheme 1.7).18  

Diastereoselective allylation to #-sulfinyl nitrone 32 afforded the quaternary center-

bearing hydroxylamine 33 as a 83:17 mixture of diastereoisomers.  Oxidation of the 

major diastereoisomer with nickel(III) oxide (Ni2O3) and 1,3-dipolar cycloaddition 

afforded tricyclic isoxazoline 35.  Reduction of the sulfoxide and cleavage of the N-O 

bond in presence of Raney Ni, and then oxidation of resulting alcohol using pyridinium 

chlorochromate (PCC) afforded (+)-euphococcinine (4).  
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Scheme 1.7.  Allylation/ Cycloaddition Approach to (+)-Euphococcinine 

 

1.4.3.2  Asymmetric Allylation/ Ring-Closing Olefin Metathesis 

Using diastereoselective allylation and ring-closing olefin metathesis as key steps, 

Kibayashi and co-workers reported the synthesis of (–)-adaline (Scheme 1.8).19  A key 

intermediate lactam 38 was prepared from compound 36 by treating with TiCl4 and 

allyltrimethylsilane.  Reductive opening of lactam 38 with lithium amidotrihydro borate 

(LiH2NBH3), and then tetrapropylammonium perruthenate (TPAP)- N-methylmorpholine-

N-oxide (NMO) oxidation of resulting amino alcohol 39 afforded tricyclic N,O-acetal 40.  

Enyne 42 was prepared from N,O-acetal 40 by nucleophilic alkynylation with complete 

inversion.  
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Scheme 1.8.  Allylation/ Ring-closing Metathesis Approach to (–)-Adaline 

 

 Due to poisoning of catalyst by the amine functionality,24 the enyne 42 was 

protected as the formamide 43 which was partially hydrogenated followed by ring-

closing metathesis (RCM) with second-generation Grubbs catalyst gave homotropane 44.  

The homotropane 44 was subjected to dihydroxyaltion with OsO4, regioselective 

protection with TBSOTf and the Barton-McCombie radical-induced deoxygenation to 

give silylether 45.  Removal of the TBS and formyl protecting groups from silylether 45, 

followed by oxidation of resulting amino alcohol using PCC gave (–)-adaline (5). 
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1.4.3.3  Ring-Closing Alkene Metathesis 

In 2009, Spino and co-workers described the synthesis of (+)-euphococcinine and 

(–)-adaline by using intermediates containing the carbon quaternary center and ring-

closing metathesis as a key reaction (Schemes 1.9 and 1.10).20  The enone intermediates 

46 and 49 were refluxed with Grubbs’ 2nd generation catalyst to afford the 8-membered 

enone rings 47 and 50 as major products. Enones 47 and 50 were converted to 

isocyanates 48 and 51 in several steps.  Direct hydrolysis of 48 and 51, followed by a 

basic treatment afforded the homotropinones. 
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Scheme 1.9.  Ring-closing Metathesis Approach to (+)-Euphococcinine 
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Scheme 1.10.  Ring-closing Metathesis Approach to (–)-Adaline 

 

 Although a number of methodologies exist to access homotropinone ring 

skeleton, approaches to prepare more substituted homotropinones in enantiopure form are 

limited.  Some methodologies are either too specific or suffer from poor asymmetric 

induction.  The preparation of key intermediates is sometimes problematic and not easily 

adaptable to the preparation of analogs.  Furthermore, retro-Mannich side products have 

been described.16 
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CHAPTER 2 

ASYMMETRIC SYNTHESIS OF SUBSTITUTED HOMOTROPINONE 

ALKALOIDS USING ENANTIOPURE SULFINIMINES 

 

2.1 Introduction 

A wide variety of amine derivatives containing nitrogen attached to a chiral center 

can be prepared from enantiopure sulfinimines.25  Davis and co-workers introduced 

sulfinimine-derived new chiral building blocks, acyclic N-sulfinyl #-amino ketone ketals, 

for the asymmetric synthesis of substituted tropinones (Figure 2.1).25-29  Acid hydrolysis 

of ketone ketals afforded pyrrolideine ketones in excellent yields.  Under acid conditions 

these ketones undergo an intramolecular Mannich cyclization on formation of the 

corresponding acylimminium ions to give substituted tropinones. 
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Figure 2.1.  Intramolecular Mannich Cyclization 

 

This chapter will describe the application of N-sulfinyl #-amino ketone ketals for 

the asymmetric synthesis of substituted homotropinones.  Acid hydrolysis of ketone 

ketals could form piperideine ketones, which under the same conditions would generate 

an imminium ion that would undergo the intramolecular Mannich cyclization to give the 

substituted homotropinones (Figure 2.2).  Retrosynthetic design of substituted 
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homotropinones is shown in Figure 2.3.  The cyclization precursors N-sulfinyl #-amino 

ketone ketals can be prepared from corresponding #-amino Weinreb amide ketals and the 

Weinreb amide ketals can be synthesized utilizing well-established sulfinimine 

chemistry.55,65  
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Figure 2.2.  Hypothesis for the Synthesis of Homotropinones 
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Figure 2.3.  Retrosynthetic Analysis 
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2.2 Sulfinimine (N-Sulfinyl Imine) Chemistry 

 2.2.1  Introduction   

Sulfinimines (N-sulfinyl imines) play critical role in the asymmetric synthesis of a 

wide variety of structurally diverse nitrogen-containing compounds that are present in 

numerous natural products (Figure 2.4).  The chemistry of sulfinimines developed by 

Davis and co-workers has been reviewed.25,27,30-32  Sulfinimines are a special class of 

imines that provide a general solution to the problem of addition of organometallic 

reagents to enantiopure imines.  The electron-withdrawing sulfinyl group activates the 

C=N bond for nucleophilic addition.  In contrast to aliphatic imines, aliphatic 

sulfinimines are stable and do not under go self-condensation.  The powerful and 

predictable stereodirecting nature of the sulfinyl chiral auxiliary results in high 

diastereoselectivities on addition of variety of nucleophiles Z.  The sulfinyl group 

prevents epimerization of the newly created carbon stereocenter by stabilizing the anion 

at nitrogen in the sulfinamide.  Moreover, this auxiliary also acts as a nitrogen-protecting 

group and it can be removed under mild acidic conditions without epimerization to give 

enantiopure amines (Figure 2.4).  
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Figure 2.4.  Significance of Sulfinimines 

 

2.2.2  Preparation of Sulfinimines 

Enantiopure sulfinimines can be prepared by one of the three methods:33-38 (i) 
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asymmetric oxidation of sulfenimines; (ii) asymmetric iminolysis of sulfinates and 

derivatives; and (iii) the condensation of enantiopure sulfinamides with carbonyl 

compounds.  Among these methods, condensation is the most common method to prepare 

chiral sulfinimines.  Attempts were made to improve this condensation procedure.37  

When the commercially available Anderson reagent, (+)- or (–)-menthyl p-

toluenesulfinate (52), was treated with lithium hexamethyldisilazide (LiHMDS) in the 

presence of various aldehydes, the corresponding sulfinimines were isolated in good yield 

(Scheme 2.1).37  However, this one-pot approach has limited success with ketones.  

Therefore, a much better and more general method for sulfinimines synthesis is the 

condensation of (+)- or (–)-p-toluenesulfinamide (53) with carbonyl compounds in 

presence of water scavenger such as titanium tetraethoxide [Ti(OEt)4] (Scheme 2.1).38 
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Scheme 2.1.  Preparation of Sulfinimines 

 

2.2.3  Applications of Sulfinimines in Asymmetric Synthesis 

 The enantiopure sulfinimines have been extensively utilized for the highly 

diastereoselective asymmetric synthesis of numerous nitrogen-containing chiral 
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molecules (Figure 2.5).25  Examples include, !-amino acids,39-41 !-amino phosphonates,42-

44 #-amino acids,45-47 syn- and anti-2,3-diamino esters,48,49 !-amino carbonyl 

compounds,50,51 #-amino ketones,52-55 1,2,3,4-tetrahydroisoquinolines,56-58 aziridine 

carboxylates,59-61 and aziridine phosphonates.62-64  Thus, the addition of organometallic 

reagent to the enantiopure sulfinimines is the most direct and reliable method for the 

preparation of chiral non-racemic amine derivatives. 
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Figure 2.5.  Applications of Chiral Sulfinimines 

 

2.3 Present Study 

2.3.1  Synthesis of Masked Oxo Sulfinimines 

Masked oxo-sulfinimines can be viewed as poly-functionalized chiral building 

blocks that contain an imine protected with a chiral auxiliary and a carbonyl functionality 
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protected as an acetal or a ketal (Figure 2.6).  The R1 group can be hydrogen, alkyl, or 

aryl based on the structural needs of the target molecules and these oxo-sulfinimines can 

be further elaborated after nuclophilic addition to imine.  Required oxo-sulfinimines can 

be synthesized from corresponding masked oxo-aldehydes, which can be prepared from 

carbonyl compounds (Figure 2.6). 

 

R1 N

OO
S

Tolyl-p

O

masked oxo-sulfinylimines

R1 = Me, n-C5H11

R1 O

OO

masked oxo-aldehydes

R1 R

O O

carbonyl compounds

 

Figure 2.6.  Retrosynthesis of Sulfinimines 

 

 Masked oxo-aldehydes can be prepared by reduction of the corresponding ester or 

amide (Scheme 2.2).  Commercially available 5-decanolide (54) was converted to 

hydroxy Weinreb amide 55 by treating with N-methoxy-N-methylamine-hydrochloride 

and isopropylmagnesium chloride in 96% yield.  Oxidation of alcohol 55 with 1.2 equiv 

of the Dess-Martin periodinane (DMP) afforded keto amide 56b in 97% yield.  Protection 

of the keto functionality with ethylene glycol in presence of a catalytic amount of p-

toluenesulfonic acid afforded ketal amide 57b in 91% yield.  Reduction of the ketal 

amide 57 with lithium aluminum hydride (LAH) gave amyl aldehyde 58b in 82% yield.66   
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Scheme 2.2.  Preparation of Masked Oxo-aldehydes 

 

Masked oxo-aldehyde 58a was prepared form ethyl 4-oxo-pentanoate (56a) 

(Scheme 2.2).28  During the reduction of ester 57a (R1 = Me, R = OEt), it was found 

important to use the appropriate conditions to avoid over reduction to the corresponding 

alcohol.  These conditions are slow addition of diisobutylaluminum hydride (DIBAL-H) 

using a syringe pump at -78 oC in a non-polar solvent such as toluene.  The reaction 

usually completes in less than one hour.  Masked oxo-sulfinimines (S)-(+)-59 were 

prepared by condensation of corresponding aldehydes 58 with (S)-(+)-p-

toluenesulfinamide (60) in presence of Ti(OEt)4 in dichloromethane at room temperature 

to give 59a and 59b in 60 and 68% yields, respectively (Scheme 2.3). 
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Scheme 2.3. 
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2.3.2  Preparation of N-Sulfinyl #-Amino Weinreb Amide Ketals 

N-Sulfinyl #-amino Weinreb amide ketals 62 are prepared by the addition of the 

preformed enolate of N-methoxy-N-methyl Weinreb amide 61 to sulfinmines (S)-(+)-59 

(Scheme 2.4).55,65,66  The Weinreb amide enolate of 61 was generated at -78 oC by addition 

of 1.05 equiv of the appropriate base.  After 1 h, a pre-cooled solution of 0.5 equiv of 

sulfinimine (S)-(+)-59 in appropriate solvent was added to the enolate and TLC was used 

to monitor the progress of the reaction.  Products were isolated by conventional 

chromatography.  Diastereomeric ratios (dr) were determined by the integration of H4 (H 

at the chiral center) and NH protons on the crude 1H NMR spectra.  Several reaction 

conditions were screened and found that the drs were dependent on the counter ion and 

solvent (Table 2.1).66  Best diastereomeric ratios were obtained when the potassium 

enolate of 61a (R2 = H) in ether was added to sulfinimine (S)-(+)-59a in ether solution 

(entry 6).  In the case of sulfinimine (S)-(+)-59b, THF was found to be a better solvent 

(entry 8). 
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Scheme 2.4.  Synthesis of N-Sulfinyl #-Amino Weinreb Amide Ketals 
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Table 2.1.  Addition of Weinreb Amide Enolates to Sulfinimines at -78 oC 

R1 N
S
Ar

OO
O

N
OMe

R2

O-M+

Me

R1

OO
NH

S
O

N
OMe

MeR2

Ar

O

 

entry 

 

R1 
R2 base 

 

solvent dra,b,c 
% yield 

1 Me H LiHMDS THF 88:12 76 

2    Et2O 74:26 75 

3   NaHMDS THF 75:25 78 

4    Et2O 89:11 76 

5   KHMDS THF 92:8 73 

6    Et2O 96:4 73 

7 n-C5H11 H KHMDS THF 95:5 71 

8  H KHMDS Et2O 93:7 71 

9 Me Me LiHMDS Et2O 88:12  

10    THF 94:6 76 

11   LDA Et2O 84:16  

12    THF 86:14  

13   KHMDS Et2O 78:22  

aDetermined by 1H NMR on the crude reaction mixture.  bInseparable 

diastereomers.  cFor entries 9-13, syn:anti ratio. 

 

The addition of Weinreb amide enolates to sulfinimines is controlled by the 

stereochemistry of the N-sulfinyl group and can be predicted by a six-membered chair-

like transition state (Figure 2.7).65  The stereochemistry of the newly generated 

stereocenter is predicted to have (S)-configuration.54  Addition of sulfinimines (S)-(+)-

59a (R1 = Me) and (S)-(+)-59b (R1 = n-pentyl) to a -78 oC solution of the preformed 

enolate of 61a (R2 = H) afforded #-amino Weinreb amide ketals (+)-58a and (+)-58b in 
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73% and 71% yield, respectively.  Similarly, addition of sulfinimine (S)-(+)-59a to 

prochiral Weinreb amide enolate 61b (R2 = Me) gave #-amino Weinreb amide ketal (+)-

58c having the syn geometry of the major product.54,65  Optimum selectivity was obtained 

for the lithium enolate of 61b (R2 = Me) in THF (Table 1, entry 10).  All of the 

diastereomers were found to be inseparable by conventional chromatography.  The syn 

configuration of major !-substituted #-amino Weinreb amide (+)-58c was determined at 

a later stage using correlation spectroscopy (COSY) and nuclear Overhauser effect 

spectroscopy (NOE) studies.  Transition state TS-2.1 and the E-geometry of the prochiral 

Weinreb amide enolate (E)-61 explains the formation of the major syn product (Figure 

2.6).  The geometry of the prochiral Weinreb amide enolate is proposed as (E)-61 

because a Weinreb amide enolate is likely to exist in an intramolecular chelated form 

(Figure 2.7).54  Because the N-methyl group is out the plane in chelated amide (E)-61, the 

A1,3 interaction in (E)-61 are not as important as they would in a nonchelated amide.54a  
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Figure 2.7.  Proposed Transition State for Weinreb Amide Enolate Addition 

 

2.3.3  Preparation of N-Sulfinyl #-Amino Ketone Ketals 

Reaction of N-sulfinyl #-amino Weinreb amide ketals 62 with 5 equiv of 

methylmagnesium bromide in THF afforded the corresponding methyl ketones (+)-63a 

(92% de), (+)-63b (92% de), and (+)-63c (86% de) in excellent yields: i.e. 93-95% 
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(Scheme 2.6).66  Since the sulfinyl group can stabilize the anion at the nitrogen center in 

the sulfinamides, there was no epimerization observed during this transformation.  These 

methyl ketones (+)-63 were found to be inseparable by flash chromatography and only in 

the case of ketone (+)-63b (R = n-pentyl) a slight improvement in the dr from 95:5 to 

96:4 was observed (Scheme 2.5).  Having the N-sulfinyl #-amino ketone ketal building 

blocks in hand, acid catalyzed intramolecular Mannich cyclization cascade reaction was 

next investigated.  Simple acid treatment will unmask the amine and ketone 

functionalities that can undergo acid catalyzed cyclization. 
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Scheme 2.5.  Synthesis of N-Sulfinyl #-Amino Ketone Ketals 

 

2.3.4  Asymmetric Synthesis of (–)-Euphococcinine 

             2.3.4.1  Cyclizations under Acidic Conditions 
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 When N-sulfinyl-amino ketone ketal (+)-63a was treated with 3N aqueous HCl in 

MeOH and THF, piperideine ketone (S)-(–)-64 was isolated in 86% yield (Scheme 2.6).66  

No trace of the desired homotropinone 14 was detected in the crude 1H NMR.  In 13C 

NMR, imine carbon appears at ! 168.3 ppm in addition to the carbonyl carbon at ! 208.1 

ppm and the C-2 methyl protons appeared downfield at ! 1.86 ppm compared to ! 1.20 

ppm for these protons in the corresponding 14 in 1H NMR spectra.12  It is of interest to 

note that piperideine ketone 64 in a related compound has been been proposed as the 

biosynthetic intermediate in the biosynthesis of homotropinones.10,11  Treatment of the 

isolated piperdeine (–)-64 with p-toluenesulfonic acid (PTSA) in MeOH at room 

temperature and 3 N methanolic HCl at elevated temperature (60 oC) resulted in no 

reaction and recovery of starting material (Scheme 2.6). 
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Scheme 2.6.  Cyclization Attempts under Acidic Conditions 

 

2.3.4.2.  N-Acyliminium Ion Cyclizations 

To effect the Mannich cyclization, it was thought necessary to generate a more 

reactive acylimminium ion species for formation of the homotropinones.26  However, 
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reaction of imine (–)-64 with (Boc)2O and DMAP resulted in no reaction and the 

recovery of starting material (Scheme 2.7).66  To produce a much more reactive 

acylimminium ion, (–)-64 was treated with p-nitrobenzoyl chloride and DMAP.  

Surprisingly, two new compounds, 1-((S)-(+)-5-(p-nitrobenzoyl)-1,2,3,4-tetrahydro-6-

methylpyridin-2-yl)propan-2-one (65) and 1-((S)-(–)-2,3,4,5-tetrahydro-6-((Z)-2-

hydroxy-2-(4-nitrophenyl)vinyl)pyridin-2-yl)propan-2-one (66), were isolated resulting 

from C-acylation instead of N-acylation (Scheme 2.8).66  C-Acylation has been reported 

for the reaction of piperideines with isocyanates and isothiocyanates.67, 68  
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Scheme 2.8. 

 

Support for the proposed structures are that enamino ketone (+)-65 which exhibits 

strong NH absorption at 3325 cm-1 in the IR spectrum, and both (+)-65 and (–)-66 have 

exchangeable protons (D2O).  The enolic proton in piperideine (–)-66 appears at ! 11.9 

ppm in the 1H NMR and is similar to that found in a related enolic piperideine.69  

Furthermore, in (–)-64 the C-2 methyl group appears as a doublet at ! 1.86 ppm (CDCl3), 
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whereas in (–)-66 this group is replaced by a vinylic singlet proton at ! 5.58 ppm.  The 

13C NMR spectra of these piperideines provide additional support for the proposed 

structures.  In (+)-65, the C-2 and C-3 carbons appear at ! 148.4 and at ! 102.2 ppm, 

respectively, which is characteristic for enamino ketones.70,71  The C-2 carbon in (–)-66 is 

at ! 167.1 ppm in the 13C NMR spectrum and is similar to the value of the C-2 carbon in 

(–)-64; i.e., ! 168.3 ppm.  C-Acylation may be explained by the inherent equilibrium 

between the imine and its enamine tautomer.  A highly activated electrophile (E+) such as 

NO2-PhCOCl/DMAP may add to #-carbon of enamine (Figure 2.8). 

 

enamine

N Me

O

MeNMe Me

O

H

N Me

O

H2C

H

E+

imine enamine

!

!

 

Figure 2.8.  Imine-Enamine Equilibrium 

 

 On the other hand, reaction of (S)-(–)-64 with p-nitrobenzoyl chloride in presence 

of triethylamine instead of DMAP resulted in enamide (S)-(–)-67 and hydrolyzed product 

(S)-(–)-68 in 67% and 23% yield, respectively (Scheme 2.9).66  Enamide (–)-67 exhibits 

amide carbonyl absorption at 1712 cm-1 in the IR spectrum, and enamide #-proton 

appears at 5.17 ppm in 1H NMR.  The enamide (–)-67 structure is supported by the 

presence of amide carbon peak at 167.8 ppm in 13C NMR.  Evidence for the hydrolyzed 

product (–)-68 comes from the IR absorption at 1712 cm-1 for the amide carbonyl, and 

amide peak at 164.9 ppm in 13C NMR.  The presence of the amide NH proton at 7.31 ppm 

(d, J = 8.0 Hz), and two methyl protons at 2.20 and 2.14 ppm and their carbons at 208.9 
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and 208.7 ppm supports the structure (–)-68.  Enamide (–)-67 most likely results form the 

formation of a very reactive N-acylimminium ion (Figure 2.9) that eliminates a proton to 

give the enamide (S)-(–)-67.26   
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Scheme 2.9. 
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Figure 2.9.  N-Acylimminium Ion 

 

  2.3.4.3  Cyclizations under Amphoteric Condition 

 To initiate the Mannich cyclization, not only is imine activation required but also 

enolization of the ketone is necessary (Figure 2.10).  Mechelke and Meyers used 

amphoteric conditions that can function as an acid or a base to initiate the Mannich 

cyclization.17   When piperideine ketone (–)-64 was subjected to 10 equiv of ammonium 

acetate in acetic acid at 75 oC, less than 20% of the homotropinone (–)-14 was formed.  

Spectral data (1HNMR, 13C NMR, IR and optical rotation) were identical to those 

reported for the unnatural enantiomer (–) euphococcinine.16  By using 25 equiv of 

ammonium acetate in 1:1 HOAc:EtOH (0.01 mmol) the reaction was monitored by 1H 
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NMR and the data is summarized in Table 2.2.  Part of reaction mixture was taken out at 

regular intervals and then NMR was recorded after work-up (concentration, basification 

with Na2CO3, extraction and then removal of solvent).  Homotropinone 14 was not 

observed at room temperature even after 24 h (entry 1).  However, more than 50% 

conversion was observed upon heating at 75 oC for 12 h (entry 2).  Mannich cyclization 

was completed after 36 h and (–)-euphococcinine (14) was isolated in 93% yield (Scheme 

2.10).66 
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Figure 2.10.  Requirement for Cyclization 
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Scheme 2.10.  Synthesis of (–)-Euphococcinine 
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Table 2.2.  Monitoring the Reaction Progress by NMR 

(S)-(-) 64

NMe Me

O HN

O

Me

(1R,5S)-(-)-euphococcinine (14)

NH4Ac:AcOH, EtOH

 

entry Time (h) Temperature (oC)         64:14a 

1 24 25       >99:1 

2 12 75         55:45 

3 24 75 5:95 

4 36 75 1:99 

aDetermined by 1H NMR on the crude reaction mixture. 

 

When (–)-14 was resubjected to the reaction conditions (NH4OAc:HOAc) for 

varying lengths of time, retro-Mannich products were not detected, and (–)-

euphococcinine (14) was recovered quantitatively. These results suggest that the 

homotropinone is the thermodynamically most stable product.  It is speculated that the 

buffer solution, NH4OAc:HOAc, generates a moderately reactive piperideine iminium ion 

while simultaneously promoting ketone enolization (Figure 2.10), all under 

thermodynamic conditions.  Significantly, when the acyclic N-sulfinyl #-amino ketone 

ketal (+)-63a was subjected to the reaction conditions for 36 h, a 90% yield of (–)-14 was 

isolated (Scheme 2.11).  The conversion of the acyclic N-sulfinyl #-amino ketone ketal 

(+)-63a building block directly to the homotropinone 14 represents a four-step 

intramolecular Mannich cyclization cascade reaction and is the most efficient method to 

date. 
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Scheme 2.11.  Mannich Cyclization Cascade Reaction 

 

 2.3.5  Asymmetric Synthesis of Substituted Homotropinones 

 To check the generality and adaptability of this new methodology, attention was 

next turned to the synthesis of more substituted homotropinones such as (–)-adaline (5).  

The natural product (–)-adaline (5) can be prepared from the cyclization precursors #-

amino ketone ketals (+)-63b (R = n-pentyl).  In the synthesis of defensive alkaloid (–)-

adaline, Royer et al observed retro-Mannich side products such as in Figure 2.11.16  

However, treatment of (+)-63b with NH4OAc:HOAc afforded (–)-adaline (5) without any 

retro-Mannich side products (Scheme 2.12) in 85% yield.66   Spectral data were identical 

to literature values.16  The longer reaction times (3.5 days), when compared to (–)-

euphococcinine (14) (R = Me, 36 h), required to drive the reaction to completion may be 

explained based on steric hindrance caused by relatively larger n-pentyl group.72 
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Figure 2.11.  Retro-Mannich Side Products 
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Scheme 2.12.  Synthesis of (–)-Adaline 

 

 The cyclization precursor #-amino ketone ketal (+)-63c was heated with 

NH4OAc:HOAc to prepare a more substituted homoropinone.  The crude proton NMR 

indicated the formation of euphococcinine C-4 methyl analog 69 (Scheme 2.13).66  

However, 69 could not be purified from an unknown minor impurity using flash 

chromatography.  So the reaction mixture was treated with p-nitrobenzoyl chloride and 

triethylamine to afford amide (1R,4R,5S)-(–)-70 in 82% yield for the two-steps.  Amide 

(–)-70 exhibits amide carbonyl absorption at 1714 cm-1 in the IR spectrum, and amide 

carbon peak at 171.7 ppm in 13C NMR.  The amide (–)-70 structure was confirmed by the 

presence of two methyl protons appear at 1.72 ppm and 0.95 ppm (d, J = 6.9 Hz) in 1H 

NMR. 
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Scheme 2.13. 

 

Correlation spectroscopy (COSY) and nuclear Overhauser effect spectroscopy 

(NOE) studies confirm the stereochemistry at C-4 position (Figure 2.12).  On irradiation 
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of C-11 protons at ! 0.95 see C-5 proton at ! 4.00 and C-7 proton at ! 1.80.  On 

irradiation of C-4 proton at ! 2.47 see aromatic protons at ! 7.72 and vice-versa.  On 

irradiation of C-11 protons at ! 0.95 do not see C-2 protons at ! 2.93 and ! 2.41 and 

vice-versa.66 
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Figure 2.12.  NOE Study 

 

2.5 Conclusion 

The most efficient and adaptable method reported to date for the asymmetric 

synthesis of substituted homotropinones has been described.  Sulfinimine-derived N-

sulfinyl #-amino ketone ketal building blocks, on heating with the buffer solution 

NH4OAc:HOAc, afforded homotropinones (–)-euphoccocinine (14), (–)-adaline (5), and 

substituted homotropinone (–)-70 in excellent yields.  The one-pot conversion of these N-

sulfinyl #-amino ketone ketals into the corresponding homotropinones represents a four-

step intramolecular Mannich cyclization cascade reaction and is the most efficient 

method to date for the asymmetric syntheses of substituted homotropinones.  The fact 

that intermediates such as piperideine ketone (–)-64 are involved in the formation of the 

homotropinones provides additional support for the hypothesis that piperideine ketones 

are involved in the biosynthesis of this class of heterocycles.10,11 
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CHAPTER 3 

ASYMMETRIC SYNTHESIS OF TROPANE ALKALOID COCAINE  

 

3.1   Introduction 

Cocaine (71), a well-known member of tropane alkaloid family and a powerful 

stimulant of central nervous system, isolated from coca leaves (Erythroxylum coca) 

(Figure 3.1).73,74  In the past, cocaine was used as a drug because of its stimulatory 

properties.  However, the addictive nature of cocaine limited its medicinal use to 

ophthalmology.  The abnormal behavioral and neuronal reinforcing properties of cocaine 

are linked with its inhibition of dopamine (DAT) reuptake.75,76  Cocaine abuse, a major 

problem in the United States and of worldwide concern, necessitates the development of 

therapeutically useful cocaine analogs.  Despite considerable efforts in this area there are 

no useful cocaine analogs for the treatment of cocaine addiction.74    
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Figure 3.1.  Cocaine and its Enantiomer 

 

Cocaine has an 8-azabicyclo[3.2.1]octane core structure and has eight possible 

stereoisomers (Figure 3.2).  This R-isomer (–)-71 is natural and addictive in nature.  The 

unnatural cocaine enantiomer (+)-72 is 155 times less potent than (–)-71 and is rapidly 

metabolized.78  The major challenge in the asymmetric synthesis of cocaine and its 

analogs is the requirement for a cis relationship between C-2 and C-3 substituents where 
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the C-2 carbomethoxy group occupies the thermodynamically unfavorable axial position 

(Figure 3.1).  Because of this challenge, most non-racemic cocaine analogs are prepared 

from natural cocaine (–)-71.74,77  Many other cocaine syntheses employed advanced 

starting materials such as tropinone (Figure 3.2).74  Though many of analogs of cocaine 

have been prepared using these methods, the type of substituents that can be introduced 

into the tropane skeleton are severely limited, that is, bridgehead (C-1) and C-4 

substituents.  This chapter reviews the main asymmetric synthetic methodologies 

currently available to access cocaine and then present the most efficient approach to 

prepare cocaine and the first cocaine C-1 analogs.  Finally, attempts to prepare cocaine C-

4 methyl analog will be described. 
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Figure 3.2.  Tropane Ring Skeleton 

 

3.2 Asymmetric Syntheses of Cocaine 

The tropane skeleton can be constructed by using cycloaddition reactions, 

Michael addition, Mannich cyclization or ring-closing metathesis approaches.74,79  

Though a number of syntheses of cocaine have been reported, only few of these methods 

are asymmetric.74,79    The main enantioselective routes for the syntheses of cocaine will 

be reviewed here.  
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3.2.1  Rapoport’s Synthesis 

Natural (–)-cocaine and unnatural (+)-cocaine have been prepared from cis-2-

substituted D- and L-proline esters that were obtained from D- and L-glutamic acid 

(Figure 3.3).80  Rapoport and co-workers employed a Dieckmann condensation and a 

[3+2] cycloaddition reaction as key steps in their enantioseletive synthesis of cocaine.  

The 8-azabicyclo[3.2.1]octane skeleton was constructed by a Dieckmann condensation of 

cis-5-substituted D- and L-proline esters.  The crucial cis relationship between C-2 and 

C-3 substituents in cocaine was achieved by a stereo- and regiospecific dipolar [3+2] 

cycloaddition to the corresponding nonracemic tropenes with 

(ethoxycarbonyl)formonitrile N-oxide (Figure 3.3). 
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Figure 3.3.  Rapoport’s Synthesis of (+)-Cocaine and (–)-Cocaine 
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This route allows the preparation of either enantiomers of cocaine from glutamic 

acid, however, this method suffers from too many linear steps (21 steps).  Recently, in an 

attempt to decrease the number of steps, Hu et al prepared (–)-cocaine in 9 steps by using 

both RCM reaction and Rapoport’s cycloaddition reaction (Figure 3.4).81  The required 

precursor cis-2-allyl-5-vinylpyrrolidine was prepared from Betti base derivative  (+)-

(7aR,10R,12S)-10-(1H -benzotriazol-1-yl)-7a,8,9,10-tetrahydro-12-phenyl-12H -naphtho-

[1,2-e ]pyrrolo[2,1-b ][1,3]oxazine (73).  By following Aggarwal’s protocol, tropene was 

constructed using an RCM reaction of cis-2-allyl-5-vinylpyrrolidine.82  Conversion of 

chiral tropene to cocaine is similar to Rapoport’s work.80  Thus, the natural (–)-cocaine 

was prepared from Betti base derivative (+)-73 in 9 steps and 55% overall yield (Figure 

3.4).  However, with this methodology it is difficult to introduce substituents at the 

bridgehead (C-1) position. 
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Figure 3.4.  Hu’s Synthesis of (–)-Cocaine 
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3.2.2  Cha’s Synthesis 

In 2000, Cha and co-workers reported a concise stereoselective synthesis of 

unnatural (+)-cocaine (72) starting from commercially available tropinone 74 (Figure 

3.5).83  The axial carbomethoxy group was installed by desymmetrization of tropinone 

using a chiral lithium base 75 and an aldol reaction.  Protection of aldol product 77 

followed by stereoselective reduction of ketone gave the required #-hydroxy tropane 79 

that was further converted to (+)-cocaine (72).  This route is concise and the natural (–)-

cocaine (71) can be prepared by simply using either enantiomer of the amide base 75.  

However, an advanced intermediate, tropinone 74, is required for this approach.  
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Figure 3.5.  Cha’s Synthesis (+)-Cocaine 

 

3.2.3  Mans and Pearson’s Synthesis 

Mans and Pearson synthesized unnatural (+)-cocaine using a 2-azaallyllithium 

[3+2] cycloaddition reaction and a proline catalyzed asymmetric aldol reaction from 

commercially available 3-benzyloxy-1-propanol (80) (Figure 3.6).  The key intermediate, 

meso-pyrrolidine dialdehyde 82, was prepared from lithium anion of (2-azaallyl)stannane 
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81.  The tropane skeleton was constructed by a proline-catalyzed asymmetric aldol 

desymmetrization reaction of the dialdehyde 82.  The total synthesis of (+)-cocaine (72) 

was achieved in 6.5% yield (86% ee) over 14 linear steps.  Natural (–)-cocaine can also 

be prepared by changing from L-proline to D-proline in the aldol reaction.  However, this 

methodology required separation of a 1:1 mixture of epimers at C-2.  
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Figure 3.6.  Mans and Pearson’s Synthesis (+)-Cocaine 

 

3.3  Present Study 

The objective of this chapter is to develop an enantioselective route for the 

synthesis of cocaine and its analogs especially at C-1 and C-4 positions.  To control the 

stereochemistry at C-2 and C-3 postions, Tufariello and co-workers introduced a 

stereoselective intramolecular [3+2] nitrone cycloaddition reaction in the preparation of 

racemic cocaine (Scheme 3.1).84,85  Cycloaddition of 1-pyrroline-1-oxide (84) with methyl 

3-butenoate (85) afforded bicyclic isoxazolidine (±)-86 in 96% yield.  Oxidation of (±)-

86 with meta-chloroperoxybenzoic acid (m-CPBA) gave nitrone 87 in 85% yield.  

Protection of nitrone 87 followed by dehydration of alcohol 89 gave !,#-unsaturated 

isoxazolidine (±)-90 with exclusive E-geometry.84  On heating, !,#-unsaturated 
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isoxazolidine 90 underwent a [3+2] cycloreversion to generate a nitrone ester 91, which 

under the same conditions cyclized to (±)-tricyclic isoxazolidine 92 in 66% yield.  

Methylation of cycloadduct 92 followed by reductive cleavage of the N-O bond with 

activated zinc in 50% aqueous acetic acid provided the tropane hydroxyester 94.  Finally, 

benzoylation of the hydroxyester 94 completed the total synthesis (±)-cocaine (95) in 

around 7% overall yield in 9 steps from the nitrone 84. 
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Scheme 3.1.  Tufariello Synthesis of (±)-Cocaine 

 

This method is perhaps the most innovative way to construct tropane ring skeleton 

and to establish the required cis relationship between the substituents at C-2 and C-3 
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positions simultaneously.  However, this is not an enantioselective synthesis and also 

with this route, it may be difficult to introduce substituents into the cocaine core 

structure.  Moreover, this methodology demands the protection of nitrone functionality to 

carryout further transformations.  The application of enantiopure sulfinimines in the 

preparation of chiral nonracemic nitrones can be coupled with Tufariello’s nitrone-based 

stereoselective intramolecular [3+2] cycloaddition reaction to develop an efficient 

asymmetric synthesis of cocaine.84  A proposed asymmetric synthetic strategy for cocaine 

and its analogs is shown in Figure 3.7.  The idea is to prepare chiral dehydropyrrolidines 

from enanatiopure sulfinimines and then oxidize them selectively to corresponding 

nitrones with the expectation that on heating they would undergo an intramolecular [3+2] 

cycloaddition to give tricyclic isoxazolidines that can be transformed to cocaine and its 

analogs.  This methodology would enable to introduce substituents in to the ring 

especially at the C-1 and C-4 positions.  This route also avoids the required nitrone 

protection.  Because (–)-cocaine is a controlled substrance, its enantiomer (+)-cocaine 

was targeted to avoid regulatory issues. 
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Figure 3.7.  Proposed Asymmetric Synthetic Strategy for Cocaine and its Analogs 
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3.3.1  Synthesis of Masked Oxo Sulfinimine 

Sulfinimines are prepared by condensation of a sulfinamide with an aldehyde.  

The required masked oxo aldehyde 98 was made from commercially available methyl 4-

nitrobutyrate (96) by a Nef reaction followed by the reduction of methyl ester 97 in 75% 

overall yield for two steps (Scheme 3.2).86,28  The masked oxo aldehyde 98 was 

condensed with (R)-(–)-p-toluenesulfinamide (99) in the presence of titanium (IV) 

ethoxide [Ti(OEt)4] in CH2Cl2 to afford the enantiopure sulfinimine (R)-(–)-100 in 71% 

yield (Scheme 3.2). 
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Scheme 3.2. 

 

3.3.2  Preparation of Dehydropyrrolidine Intermediate 

N-Sulfinyl #-amino ester acetal (RS,3R)-(–)-101 was prepared by the 

stereoselective addition of an ester enolate to sulfinimines (R)-(–)-100.  Earlier studies in 

Davis group suggest that the diastereoselectivities (dr) for this addition is dependent on 

enolate counter ion, the temperature, and the solvent.44,29  Sodium enolate in ether gave 

the best selectivity.  Addition of 5 equiv of preformed sodium enolate of methyl acetate 

in diethylether at -78 oC to sulfinimine (–)-100 afforded #-amino ester (RS,3R)-(–)-101 in 
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66% yield and dr = 96:4, along with unreacted sulfinimine (–)-100 (17%) (Table 3.1, 

entry 1).  When sulfinimine (–)-100 was added to the preformed sodium enolate of 

methyl acetate at -78 oC, improved yield (81%) and selectivity (dr = 97:3) were observed 

(Table 3.1, entry 2).87  The diastereomeric ratio was determined by integration of the peak 

at 4.28 ppm corresponding to the C-H of the newly generated stereocenter in 1H NMR 

crude spectrum.  The observed diastereoselctivities were explained based on a 

Zimmerman-Traxler type six-membered transition state (Figure 3.8) in which the ester 

enolate adds to sulfinimine exclusively from the si-face.88-91  

 

Table 3.1.  Preparation of N-Sulfinyl #-Amino Ester Acetal (–)-101 
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2b 97:3 (81%) 10% 
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Figure 3.8.  Proposed Zimmerman-Traxler Type Transition State  

 

Reduction of #-amino ester acetal (–)-101 with 1.8 equiv of 



 47 

diisobutylaluminumhydride (DIBAL-H) in toluene at -78 ° C afforded aldehyde (–)-102 

in 85% yield (Scheme 3.3).  It is noteworthy that either over reduction of methyl ester (–

)-101 or epimerization at the C-N stereocenter was not observed under these conditions.  

However, some decomposition was observed on storing aldehyde (–)-102 overnight at 0 

oC.  Therefore, the aldehyde (–)-102 was quickly converted to !,#-unsaturated N-

sulfininyl amino acetal (–)-103 in 88% yield by treatment with 2 equiv of 

trimethylphonoacetate and 2 equiv of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at rt for 

2 h. The major isomer having the desired E-geometry is determined by the presence of 

ca. 15.5 Hz coupling constant in crude 1H NMR.90  Hydrolysis of N-sulfinyl $-amino 

ester acetal (–)-103 with 3N aqueous HCl in THF-MeOH (1:1) produced 

dehydropyrrolidine (R)-(–)-104 in 91% yield. 
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3.3.3  Synthesis of (S)-(+)-Cocaine 

Having the chiral dehydropyrrolidine (–)-104 in hand it is now necessary to 

selectively oxidize the imine to nitrone 105.  Various oxidizing reagents such as m-
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CPBA, oxidize imines to nitrones and oxaziridines.92  Selective oxidation of imines to 

nitrones was reported by Goti and coworkers in 2007 with urea hydrogen peroxide (UHP) 

catalyzed by methyltrioxorhenium (MTO).93  Oxidation of (–)-104 with 3.3 equiv of UHP 

and cat. MTO (6 mol%) in anhydrous MeOH for 15 h afforded nitrone 105 (Scheme 3.4).  

Evidence for the formation of nitrone comes from the crude 1H NMR, in which most of 

the protons are shifted downfield compared to corresponding protons in imine (–)-104.  

The proton attached to imine of the nitrone is deshielded to 7.72 ppm compared to the 

corresponding proton of imine (–)-104, which is at 7.57 ppm.  Nitrone purification 

attempts were not successful and resulted in decomposition.   

When nitrone, without further purification, was refluxed in toluene for 48 h, it 

underwent a [3+2] cycloaddtion with the tethered olefin to afford tricyclic isoxazolidine 

106.  This cycloaddtion step not only constructs the required tropane ring skeleton but 

also sets the stereochemistry at the C-2 and C-3 positions of cocaine.  The isoxazolidine 

106 was converted to a water-soluble hydrochloride salt by treating with aqueous 5% 

HCl.84  Neutralization of the aqueous layer with solid sodium carbonate and extraction 

with diethyl ether afforded the volatile crude isoxazolidine 106 in only 9% yield.  The 

structure of 106 was supported by characteristic one-proton doublet at $ 4.81 ppm (J = 

5.2 Hz) (C6D6) which is assigned to the C-1 proton (Figure 3.9).84  This characteristic 

proton only couples to the exo proton at C-9.84,87  In order to improve the yield of 

isoxazolidine 106, it was transformed directly to the methnesulfonate salt (–)-107 by 

refluxing with 10 equiv of methylmethanesulfonate (MeSO3Me) in CH2Cl2 for 24 h.  

Thus, the mesylate salt (–)-107 was isolated in an improved yield of 34% for the three 

steps.      
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Figure 3.9.  [3+2] Cycloaddition 

 

To improve the yield of isoxazolidine 106 yield enhanced reactivity of !,#-

unsaturated ester group was next considered.  Lewis acids catalyze 1,3-dipolar 

cycloadditions by activation of the !,#-unsaturated carbonyl functionality.94  Because the 

Lewis acid can also coordinate to the nitrone, it was thought that a commercially 

available bulky Lewis acid, such as aluminum tri tert-butoxide [(Al(O-t-Bu)3], might 

preferentially activate the !,#-unsaturated ester group in nitrone 105.  On heating nitrone 

105 with 0.5 equiv of Al(O-tBu)3 in toluene for 96 h, mesylate salt (–)-107 was obtained 

in 49% for three steps (Scheme 3.4). 
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Hydrogenolysis (Pd-C/H2) of the N-O bond of the tricycle isoxazolidine 107 

afforded tropane (+)-108 in 99% yield (Scheme 3.5).  Benzoylation of the crude alcohol 

(+)-108 with 1.5 equiv of benzoyl chloride in pyridine gave unnatural (+)-cocaine in 93% 

yield as a white solid.  Spectral data (1HNMR, 13C NMR, and IR) were identical to those 

reported for the unnatural enantiomer (+)-cocaine.95,96  The total synthesis of cocaine was 

completed in 9 steps (8 operations) in 25% overall yield from sulfinimine (–)-100.  

Natural (–)-cocaine can be prepared by simply using the enantiomer of the sulfinimine (–

)-100.  Novel C-1 (bridgehead) substituted cocaine analogs were prepared by using (S)-

sulfinimine and by changing R1 group to Me or n-Pr (Figure 3.10).87  
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4.7 Conclusion 

The most efficient methodology (9 steps, 25% overall yield) to cocaine from 

acyclic starting materials has been described.  This novel enantioselective route is 

adaptable to the preparation of various analogs including the first cocaine C-1 analogs. 
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CHAPTER 4 

STEREOSELECTIVE SYNTHESIS OF 5(6)-anti-SUBSTITUTED NOVEL 

METHANOPYRROLIDINES  

 

4.1  Introduction 

Pyrrolidines, especially those with hydroxyl, amino, fluoro, or thio substituents at 

C-3 (# to the nitrogen) of the pyrrolidine ring are found in many biologically significant 

molecules (Figure 4.1).97-106  Pyrrolidines are flexible, so substituents (F, OH, NH2) at C-3 

of the pyrrolidine ring are not in defined spatial orientations.  One strategy in the search 

for new bioactive molecules is to incorporate key pharmacophoric units into less flexible 

structures.106-110  The conformational flexibility of the pyrrolidine ring can be constrained 

by a 2,4-methylene bridge.  Such conformationally constrained pyrrolidine analogs are 

called 2,4-methanopyrrolidines or 2-azabicyclo[2.1.1]hexanes (Figure 4.1).  These 

methanopyrrolidines display their functionalities in defined spatial orientations. Such 

molecules may prove to be valuable scaffolds for incorporation into proteins, or for drug 

discovery.111-113 
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Figure 4.1.  Pyrrolidines vs Methanopyrrolidines 
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The 2-azabicyclo[2.1.1]hexane ring skeleton is present in a number of 

biologically interesting molecules (Figure 4.2).114-116  For example 2-

azabicyclo[2.1.1]hexane-1-carboxylic acid or 2,4-methanoproline, a natural product 

isolated from the seeds of legume Ateleia herbert smithii. 
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Figure 4.2.  Reported Examples of 2-Azabicyclo[2.1.1]hexanes 

 

Because of the described utility or potential applicability of these 

methanopyrrolidines, more general methods are required to prepare highly substituted 

methanopyrrolidines.  This chapter will describe common strategies to prepare 

methanopyrrolidines in brief, and then focus on the synthesis of N-Benzyl-2-

azabicyclo[2.1.1]hexylbromides as common intermediates/synthons to synthesize highly 

functionalized 5(6)-anti-substituted-methanopyrrolidines with the aid of neighboring 

group participation. 
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4.2   Background on Preparation of 2-Azabicyclo[2.1.1]hexanes 

 Krow and Cannon reviewed the general synthetic methods for these 

azabicyclo[2.1.1]hexanes in 2004.117  The 2-azabicyclo[2.1.1]hexane ring skeleton can be 

constructed by three general routes (Figure 4.3): (i) Photochemical cycloaddition of N-

allyl-N-vinylamides117-119  (ii) Nucleophilic ring closure of cyclobutanes120 and (iii) 

Rearrangement of 2-azabicyclo[2.2.0]hex-5-enes.121-123  
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Figure 4.3.  Disconnections of the 2-Azabicyclo[2.1.1]hexane Skeleton 

 

4.2.1   Photochemical Cycloaddition of N-Allyl-N-vinylamides  

 Using Tamura’s intramolecular [2 + 2] photocycloaddition approach,118 Clardy 

and co-workers prepared 2-azabicyclo[2.1.1]hexane 110 in 87% yield by irradiating N-

allyl-N-vinylamide 109 (Scheme 4.1).119  The photoadduct 110 was then hydrolyzed 

quantitatively to natural product 2,4-methanoproline 111. 



 55 

HN

CO2H

N

CO2Me

N

COPh

CO2Me

h!

Acetophenone
Benzene

PhOC

6 M HCl

Hydrolysis

109 110 111

87%
100%

 

Scheme 4.1.  Synthesis of 2,4-Methanoproline 

 

 4.2.2  Nucleophilic Ring Closure of Cyclobutanes 

 The 2-azabicyclo[2.1.1]hexane ring system can be prepared by the ring closures 

of appropriately substituted cyclobutanes 112 (Scheme 4.2).  Methanoproline derivative 

113 was prepared by base catalyzed ring closure of the cis-acylamino mesylate 112 in 

85% yield (Scheme 4.2).120 

 

PhOCN

NHCOPh

MeO2SO

CONR2
BuLi

85%

CONR2

112 113  

Scheme 4.2. 

 

 4.2.3   Rearrangement of 2-Azabicyclo[2.2.0]hex-5-enes 

Krow et al proposed rearrangement routes to prepare 2-azabicyclo[2.1.1]hexanes 

from 2-azabicyclo[2.2.0]hex-5-enes.121-123  Addition of bromine to 2-

azabicyclo[2.2.0]hex-5-ene 114 has been studied extensively and found to be solvent 

dependent.  Upon addition of bromine to dihydropyridine photoadduct 114 in 

nitromethane, it rearranges preferentially to dibromo 2-azabicyclo[2.1.1]hexane 116 in 

87% yield via the aziridinium ion 115 (Scheme 4.3).123 
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Scheme 4.3.  Skeletal Rearrangement of 2-Azabicyclo[2.2.0]hex-5-ene upon Bromine 

Addition 

 

4.3 Synthesis of N-Benzyl-2-azabicyclo[2.1.1]hexylbromides 124 

The objective of this project was to develop a synthetic route to prepare 5(6)-anti-

substituted-2-azabicyclo[2.1.1]hexanes (methanopyrrolidines).  The strategy was to 

prepare common intermediates such as N-benzyl-2-azabicyclo[2.1.1]hexylbromides and 

then introduce various functionality at C5 or (and) C6 position(s) with the help of 

neighboring group participation (Figure 4.4).124 

 

X = Br, H, F
N-benzyl-azabicyclo[2.1.1]
hexylbromides

Y = Br, H, F, OAc, OH, N3, SPh

Z = OAc, OH, F, N3, imidazole, SPh, I
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Y

Z BnN

Br

X

N
N

Cbz

1

3 4

5

6

2-azabicyclo
[2.2.0]hex-5-ene

pyridine

 

Figure 4.4.  Retrosynthetic Analysis 
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The required N-benzylbromides 119-121 were prepared from the N-

benzyloxycarbonyl dihydropyridine photoadduct 114125 (Scheme 4.4).  Selective 

monodebromination of the known dibromide 116123 using (TMS)3SiH/toluene afforded 

monobromide 117 in 75% yield.  When treated with N-bromosuccinimide (NBS) and 

triethylamine hydrofluoride complex (TEA•3HF), photoadduct 114 was rearranged to 

fluorobromide 118 in 53% yield. Hydrogenolysis using H2/Pd(OH)2/MeOH of these 

benzyloxycarbonyl bromides 116-118, followed by benzylation using benzyl 

bromide/Et3N/CH3CN produced the required N-benzylbromides 119-121 in 51-69% 

overall yields for the two steps (Scheme 4.4). 
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Scheme 4.4.  Synthesis of N-Benzyl-2-azabicyclo[2.1.1]hexylbromides  

 

In these N-benzylbromides, characteristic W-plan coupling between the syn 

protons H-5 and H-6 (J = 7.0-7.5 Hz) indicates the stereochemistry at C-5 and C-6 
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positions (Figure 4.5).  The X-ray crystallographic analysis of N-benzyldibromide 119 

confirmed the stereochemistry at the C-5 and C-6 positions (Figure 4.6).  The hydrogen 

atoms are shown as open circles in Figure 4.6.   

 

1

3 4

5

6

BnN

Br

X

H5

H6

119-121  X = Br, H, or F  

Figure 4.5.  Characteristic W-plan Coupling J = 7.0-7.5 Hz 

 

 

Figure 4.6.   Structure of N-Benzyl-5-anti, 6-anti-dibromo-2-

azabicyclo[2.1.1]hexane 119 Showing 50% Probability Ellipsoids 
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4.4   Nucleophilic Substitutions of N-Benzyl-2-azabicyclo[2.1.1]hexylbromides 

4.4.1  Nucleophilic Substitutions of N-Benzyl-5-anti, 6-anti-dibromo-2-

azabicyclo[2.1.1]hexane 

Nucleophilic displacement reactions, initially, were carried out in N,N-

dimethylformamide (DMF) by following the literature reaction conditions reported by 

Malpass.126  The results are shown in Table 4.1.  To introduce nitrogen functionality, 

dibromide 119 was treated with 5 equiv of sodium azide in DMF (entry 1).  The reaction 

was not completed even after 8 days at 60 oC and 45% diazide 122, 22% bromoazide 123, 

and 17% unreacted dibromide 119 were isolated.  The symmetrical diazide 122 showed a 

singlet for H5 and H6 protons, while bromoazide 123 gave the characteristic W-plan 

coupling (J = 7.0 Hz) for syn H5 and H6 protons.  The absence of coupling between H1 or 

H4 and their vicinal syn H5 and H6 protons confirmed the retained stereochemistry at the 

C5 and C6 positions.  To introduce oxygen functionality, dibromide 119 was treated with 

6 equiv of cesium acetate in DMF (entry 4).  The reaction was not completed even after 5 

days at 60 oC and 40% diacetate 124, 42% bromoacetate 125, and 10% unreacted 

dibromide 119 were isolated.  It was difficult to displace the second bromine in 

bromoazide 123 and bromoacetate 125 (entries 1 and 4). 
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Table 4.1.  Nucleophilic Substitutions of N-Benzyl[2.1.1]dibromide 119 

BnN

Y

ZBnN

Br

Br

119 122-127  

entry reagent solvent conditions product Y Z yield (%) 

1 NaN3 DMF 60 oC/8d 122 

123 

N3 

Br 

N3 

N3 

45a 

22 

2 NaN3 DMSO 60 oC/5h 123 Br N3 19b 

3 NaN3 DMSO 60 oC/2d 122 

 

N3 N3 87 

4 CsOAc DMF 60 oC/5d 124 

125 

OAc 

Br 

OAc 

OAc 

40c 

42 

5 CsOAc DMSO 60 oC/5d 124 OAc OAc 89 

6 NaOAc DMSO 60 oC/5d 124 

125 

OAc 

Br 

OAc 

OAc 

14d 

59 

7 NaSPh DMSO 60 oC/5h 126 

127 

SPh 

Br 

SPh 

SPh 

37 

29 

aAlso 17% dibromide 119.  bAlso 73% dibromide 119.  cAlso 10% dibromide 119.   
dAlso 15% dibromide 119. 

 

Prolonged reaction times and low yields of diazide and diacetate, encouraged a 

search for better reaction conditions for these nucleophilic displacements of dibromide 

119.  The substitution of dimethylsulfoxide (DMSO) for DMF (entries 3 and 5) resulted 

in improved yield of diazide 122 (87%) and diacetate 124 (89%) in shorter times of 2 
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days and 5 days respectively.  Entries 5 and 6 show that CsOAc is superior to NaOAc.  

Sulfur functionality was introduced by treating dibromide 119 with 6 equiv of sodium 

thiophenoxide (NaSPh) in DMSO at 60 oC (entry 7).  After 5 h, 37% dithiophenyl ether 

126 and 29% bromothiophenyl ether 127 were isolated. 

 

 4.4.2  Nucleophilic Substitutions of N-Benzyl-5-anti-bromo-2-

azabicyclo[2.1.1]hexane 

Nucelophilic displacement reactions of monobromide 120 are tabulated in Table 

4.2.  Initially substitutions were carried out using DMF as solvent because of literature 

precedence.126  Monobromide 120 reacted with 5 equiv of NaN3 at 70 oC in DMF and 

afforded monoazide 128 in only 51% yield  after 12 h (entry 1).  Similar to dibromide 

displacements, DMSO was found to be a better solvent for these monobromide 

displacements.  By simply changing the solvent to DMSO, monoazide 128 was prepared 

in improved yield (88%) within 5 h (entry 2).  Using DMSO as solvent, monobromide 

was converted to acetate 129 and thiophenyl ether 130 by treating with cesium acetate 

and NaSPh in 90% and 77% yields respectively (entries 3 and 4).  The 5-anti 

stereochemistry for all new C-5 substituted compounds in Table 4.2 was indicated by the 

observation of W-plan coupling (J5,6 = 6.9 -7.6 Hz) in 1H NMR.  Retention of 

stereochemistry was observed in all 5-anti-substituted-2-azabicyclo[2.1.1]hexanes. 
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Table 4.2.  Nucleophilic Substitutions of N-Benzyl[2.1.1]bromide 120 

BnN

Y

BnN

Br

120 128-132  

entry reagent solvent conditions product X yield (%) 

1 NaN3 DMF 70 oC/12h 128 N3 51 

2 NaN3 DMSO 70 oC/5h 128 N3 88 

3 CsOAc DMSO 70 oC/6h 129 OAc 90 

4 NaSPh DMSO 60 oC/5h 130 SPh 77 

5 NaI
 

DMF 70 oC/12h -- I 40a 

6 NaI
 

DMF 70 oC/3d -- I 50a 

7 NaI
 

Acetone reflux/12h 131 I 60a 

8 NaI
 

Acetone reflux/4d 131 I 74 

9 LiNub 
DMF 70 oC/8d 132 Nub 55 

aAdmixed with unreacted bromide 120.  bNu = N-imidazole. 

 

When treated with 3 equiv of sodium iodide in DMF at 70 oC for 12 h, 

monobromide 120 afforded an inseparable 40:60 mixture of bromide 120 and iodide 131 

(entry 5).  Even after 3 days, proton NMR indicated only 50% of the conversion to 131 

(entry 6).  Better conversion was observed when acetone was used as a solvent (entry 7).  

Complete conversion from bromide 120 to iodide 131 was achieved by using 20 equiv of 

NaI in acetone after refluxing for 4 days (entry 8), although some decomposition 

occurred.  An N-imidazole ring was introduced in 55% yield by generation of lithium 
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imidazole using BuLi in DMF at 20 oC and reaction with monobromide 120 at 70 °C for 

8 days to give amine 132 (entry 9). 

 

4.4.3  Nucleophilic Substitutions of N-Benzyl-5-anti-bromo-6-anti-fluoro-2-

azabicyclo[2.1.1]hexane 

Nucleophilic displacement reactions of bromofluoride 121 are tabulated in Table 

4.3.  Bromofluoride 121 reacted slowly with 3 equiv of NaN3 at 70 oC in DMF and 

afforded fluoroazide 133 in only 43% yield after 5 days.  Unreacted bromofluoride 121 

was recovered in 31% yield (entry 1).  Similarly, reaction of bromofluoride 121 with 

CsOAc at 70 oC in DMF was also a slow reaction and afforded fluoroacetate 134 in only 

30% yield after 5 days.  Unreacted bromofluoride 121 was recovered in 64% yield (entry 

3).  On the other hand, replacement of solvent DMF by DMSO resulted in improved 

yields.   Fluoroazide 133 was isolated in 67% yield when bromofluoride 121 was treated 

with NaN3 at 70 oC in DMSO (entry 2).  Fluoroacetate 134 was prepared more efficiently 

by treating bromofluoride 121 with CsOAc in DMSO in 90% yield (entry 4).  From the 

entries 4 and 5, it is evident that cesium acetate reacts better with bromofluoride 121 than 

sodium acetate.  The reaction of bromofluoride 121 with NaSPh in DMSO at 60 oC was 

quite slow and 69% of fluorothioether 135 was isolated after 9 days (entries 6 and 7).  
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Table 4.3.  Nucleophilic Substitutions of Bromofluoride 121 

BnN

Y

FBnN

Br

F

121 133-135  

entry reagent solvent conditions product Y yield (%) 

1 NaN3 DMF 70 oC/5d 133 N3 43a 

2 NaN3 DMSO 70 oC/7d 133 N3 67 

3 CsOAc DMF 70 oC/5d 134 OAc 30b 

4 CsOAc DMSO 70 oC/5d 134 OAc 90 

5 NaOAc DMSO 70 oC/5d 134 OAc 33c 

6 NaSPh DMSO 60 oC/5h 135 SPh 15d 

7 NaSPh DMSO 60 oC/9d 135 SPh 69e 

aAlso 31% unreacted 121.  bAlso 64% unreacted 121.  cAlso 64% unreacted 121.  
dAlso 66% unreacted 121.  eAlso 4% unreacted 121. 

 

Characteristic W-plan coupling between the syn protons H-5 and H-6 (J = 6.9 - 7.6 

Hz) confirms the stereochemistry at C-5 and C-6 positions in all the 5(6)-anti-substituted-

N-benzyl-2-azabicyclo[2.1.1]hexanes which are prepared by using this displacement 

route.  The retention of stereochemistry can be explained by neighboring nitrogen group 

participation and formation of aziridinium ion (Figure 4.7).  The more polar DMSO is a 

more effective solvent than DMF for the displacement reaction of all N-benzylbromides.  

One of the possible explanations is the requirement of prior internal aziridinium ion 

formation in order to enable attack by external nucleophile. 
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Figure 4.7.  Neighboring Group Participation 

 

N-Benzyl-2-azabicyclo[2.1.1]hexylazides and acetates can be converted easily to 

useful amine and alcohol functionalities.   For example, fluoroazide 133 was converted to 

fluoroamine 136 using triphenylphosphine/water at 60 oC in 85% yield, and then 

acylation of fluoroamine 136 afforded fluoroamide 137 in 63% yield (Scheme 4.5).  

Methanolysis of fluoroacetate 134 at room temperature afforded fluoroalcohol 138 in 

94% yield.  The benzyl protecting group on the nitrogen in fluoroalcohol 138 was 

swapped with the BOC group in one-pot (91%).  While fluoroalcohol 138 showed 

coupling between OH-F (J = 3.9 Hz), there was no evidence for such coupling in either 

the fluorine or proton NMR spectra of fluoroamine 136 or fluoroamide 137.  Moreover, a 

crystal structure of N-BOC-fluoroalcohol 139 indicated that the hydrogen of OH group is 

pointing away from the fluorine atom (Figure 4.8).  
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Scheme 4.5.  Further Manipulations 



 66 

 

Figure 4.8.  Structure of N-BOC-Fluoroalcohol 139 with 30% Probability Thermal 

Ellipsoids 

 

4.5. Effect of Nucleophile Concentration upon Reaction Rates 

Reaction of monobromide with NaSPh was monitored using 1H NMR to 

understand the effect of nucleophile concentration upon reaction rates.  A solution of 

monobromide 120 in DMSO-d6 (96 mM) was prepared and the reaction was monitored at 

60 oC in an NMR tube by varying the concentration of NaSPh at intervals of 0, 2, 4, and 6 

hours (Table 4.4).  The reaction mixture is homogeneous.  Comparison of the integrals 

for the H5 protons at ! 3.72 for thioether 130 and ! 4.11 for monobromide 120 were used 

to determine the ratio of product to reactant (Table 4.4).  It is clear from the table that 

reaction rates do not depend upon concentration of nucleophile (range ± 1%). 
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Table 4.4.  Concentration Dependence Experiments for Reaction of Monobromide 120 

with NaSPh 

BnN Br

120

NaSPh/ 60 
o
C

BnN SPh

130
 

entry  

 

reaction  

time (h) 

NaSPh (1.1 equiv)  

  120 (%)     130 (%)                

NaSPh (2.2 equiv)  

120 (%)     130 (%)                

    1     0   100             0  100            0 

    2     2     55            45   52            48 

    3     4     28            72   26            74 

    4     6     14            86   12            88 

  

 

4.6.  Relative Reactivity Order of N-Benzyl-2-azabicyclo[2.1.1]hexylbromides 

The ease of bromide displacements in N-benzylbromides 119-121 was dependent 

upon the adjacent substituent X.  The reactions with both CsOAc and NaN3 in DMF or 

DMSO were heterogeneous at the outset; but the cesium acetate reactions became 

homogeneous after a few hours.  Nucleophilic substitution reactions with the 

monobromide 120 in DMSO solvent with NaN3 or CsOAc required hours for completion 

(Table 4.2, entries 2 and 3), with the dibromide 119 a few days (Table 4.1, entries 3 and 

5), and with the fluorobromide 121 five-seven days (Table 4.3, entries 2 and 4).  These 

results indicate that the relative reactivity order of N-benzyl-2-

azabicyclo[2.1.1]hexylbromides 119-121 is monobromide 120 > dibromide 119 > 

fluorobromide 121.   
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Table 4.5.  Comparison of Reactivities for Reaction of N-Benzylbromides with PhSNa in 

DMSO at 60 oC/5h 

X = Br, H, F

BnN

SPh

SPh
BnN

X

Br

119-121

NaSPh/ 60 oC/5h

BnN

Br

SPh BnN SPh BnN

F

SPh

126 127 130 135  

entry substrate  

       

X PhSNa  

(equiv) 

   product(s) (yield) 

 

    1    119 Br    6  126 (29%) + 127 (37%)a 

    2   120  H    3  130 (77%)  

    3   121 F    3  135 (15%)b  

aUnreacted substrate 4%.  bUnreacted substrate 66%.  

 

To confirm the relative reactivity order, N-benzyl-2-

azabicyclo[2.1.1]hexylbromides 119-121 were reacted with the NaSPh in DMSO at 60 oC 

for 5 h under similar conditions.  The results are shown in the Table 4.5.  Three equiv of 

NaSPh were used per each bromine atom and the reaction mixtures were homogeneous.  

Entry 2 indicates that monobromide 120 reacts faster than dibromide 119 (entry 1).  Entry 

3 indicates that fluorobromide 121 reacts the slowest.  These substitution experiments 

with N-benzylbromides 119-121 under controlled conditions confirmed the relative 

reactivity order monobromide 120 > dibromide 119 > fluorobromide 121.  One possible 

explanation for this order is that electron withdrawal of the nitrogen lone pair by 

substituent X at the adjacent methylene bridge reduces the neighboring group 

participation of nitrogen atom.  
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4.7.   Conclusion 

A nucleophilic displacement synthetic route was developed to synthesize highly 

functionalized 5(6)-anti-substituted-methanopyrrolidines from simple synthons such as 

N-benzyl-2-azabicyclo[2.1.1]hexylbromides with the aid of neighboring group 

participation.  Characteristic W-plan coupling between the syn protons H-5 and H-6 (J = 

6.9 - 7.6 Hz) confirms the retained stereochemistry at C-5 and C-6 positions. DMSO is a 

better solvent than DMF and cesium salts are better than sodium salts for nucleophilic 

displacements.  Among the three N-benzylbromides studied, the monobromide is the 

most reactive and the fluorobromide is the least reactive towards the nucelophilic 

displacements.  
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CHAPTER 5 

EVALUATING THE IMPACT OF PROLINE RING PUCKERS ON AMIDE 

TRANS-CIS EQUILIBRIA127,128 

 

5.1    Introduction 

Amide cis-trans isomerization has important implications for protein structure and 

function.129,130  Because of the importance of proline cis-trans isomerization to biological 

functions131 and structure of proteins,132 there is an emerging interest in bioengineering 

applications of proline and substituted prolines.133-136  N-Acetyl-proline methyl ester (Pro) 

140 not only is present as a mixture of cis-trans isomers, but also exists in a variety of 

ring conformations (Table 5.1).  Two of these in which C" experiences a large out-of-

plane displacement are major, and are referred as C%-endo (C%-pucker toward the ester) 

and C%-exo (C%-pucker away from the ester).  
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Table 5.1.  Amide Conformational Preferences (Ktrans/cis) for N-Acetyl Substituted-

Proline Methyl Esters133,135 

NN

X

Y

O

OMe

Y

X

O

OMe

NN

X

Y

O

OMe

Y

X

O

OMe

O
O

O O

cis

trans C! -exo

C! -endo

C!C!

 

ring puckerb entry compound X Y Ktrans/cis

a 

exo endo 

1 Pro 140 H H 4.6 34% 66% 

2 Hypc 141 OH H 6.1 -- -- 

3 hypd 142 H OH 2.4 -- -- 

4 Flpe 143 F H 6.7 86% 14% 

5 flpf 144 H F 2.5 5% 95% 

 aValues of Ktrans/cis were measured in D2O at 25 °C by integration of 1H 

NMR spectra, range +5 %.  bData collected in dioxane.  cHyp = N-acetyl-(2S,4R)-

4-hydroxyproline.  dhyp = N-acetyl-(2S,4S)-4-hydroxyproline.  eFlp = N-acetyl-

(2S,4R)-4-fluoroproline.  fflp = N-acetyl-(2S,4S)-4-fluoroproline. 

 

   Stereoelectronic effects of substituents at C% affect the direction of ring pucker 

and also influence amide trans/cis conformational preferences.132,137  Pro derivatives’ ring 

pucker and amide trans/cis conformational preferences  (Ktrans/cis) are strongly correlated in 

the literature.132,133,135,138  Pro derivatives whose C%-endo ring puckers are highly populated 

(Pro 140 and flp 144) have low Ktrans/cis, whereas Pro derivatives whose C%-exo ring 

puckers are highly populated (Flp 143) have a high Ktrans/cis (Table 5.1).  This observation 
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has been rationalized.  High Ktrans/cis for C%-exo puckered Pro derivatives has been 

attributed to gauche effect and a stabilizing n&!* interaction between O0 of a trans 

prolyl peptide bond with the ester carbonyl (C1=O1) (Figure 5.1).133 

 

Stabilizing n
interaction

!"

High 

Ktrans/cis

N

X

0O

1O

N

X

O

O

X = F, OH

C#-exo-conformation

1

 

Figure 5.1.  n&!* Interaction 

 

The data in Table 5.1 is useful for comparing amide preferences (Ktrans/cis) of 

proline derivatives, such as Flp vs Pro, or stereoisomers, such as Flp vs flp.  But for any 

individual structural isomer the data does not allow for comparison of Ktrans/cis values 

between the rapidly equilibrating exo- and endo-puckered conformations.  It is therefore, 

difficult to study the conformational properties of en-Flp or ex-Flp using Flp 143 itself, 

and a model system is required.    

 

5.2   Significance of Methanoprolines 

The 2-azabicyclo[2.1.1]hexane, a methanobridged proline, is considered as 

constrained model for proline.139  N-Acetyl-methanoproline methyl ester (MetPro) 145 

displays a Pro 140 residue with both idealized C"-exo and C"-endo ring puckers (Figure 

5.2).  Replacement of a hydrogen atom at the appropriate C%syn or C"anti position of MetPro 

produces constrained mimics proline derivatives.  Methanoproline derivatives ex-MetHyp 

146 and endo-MetHyp 147 are contrained versions of ex-Hyp 141 and en-Hyp 141, 
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similarly ex-MetFlp 148 and endo-MetFlp 149 are contrained models of exo-Flp 143 and 

endo-Flp 143, respectively. 
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Figure 5.2.  Prolines vs Methanoprolines 

 

 In an effort to control for the ring pucker variable and isolate the remaining effect 

of a substituent upon amide cis-trans preferences, Krow et al synthesized the 2-

azabicyclo[2.1.1]hexanes 145, 150, and 151 (Table 5.2), analogues of Pro 140, hyp 142, 

and flp 144.139  The relative substituent effects on Ktrans/cis for these methanoprolines 145, 

150, and 151 was essentially invariant in D2O, although in the less polar aprotic solvents 

CDCl3 and 1,4-dioxane-d8 Metflp 151 had a slightly larger trans preference than the 

others.  This result was taken to indicate that the "-substituent effect is primarily related 

to ring pucker and a resultant enhancement of the interaction between the amide carbonyl 

oxygen and ester carbonyl carbon. 



 74 

Table 5.2.  Ktrans/cis of Methanoprolines 145, 150, and 151 

N Z
MeO2C

O

s-cis s-trans

K

N Z
MeO2C

O

 
 

entry compound Z  Ktrans/cis

a  

   D2O
 CDCl3 dioxane-d8 

1 MetPro 145 H 3.5 2.4 2.2 

2 Methyp 150 OH 3.6 2.4 2.1 

3 Metflp 151 F 3.5 2.7 2.8 

aValues of Ktrans/cis were measured at 25 °C using 13C NMR for  

MetPro 145 and Methyp 150, and  19F NMR spectra for Metflp 151. 

 
 

      However, this study139 did not contain data on unresolved issues associated with 

using methanoprolines 145, 150, and 151 as mimics of prolines 140, 142 and 144.  For 

example, it is not known if the carbonyl group of the amides in the mimics 145, 150, and 

151 has a structurally–related preference to be adjacent to the bridgehead H1 or the 

methylene H3 position.  Knowledge of the amide preference of a methanopyrrolidine 

(Metpyr) 152 that is missing the #-ester adjacent to nitrogen (Figure 5.3) is necessary in 

order to determine the effect of a 3-ester substituent upon amide conformations.  

Moreover, the scope of the methanoproline substituent study was limited to the Methyp 

150 and Metflp 151. 

 

N
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Figure 5.3.  Amide Equilibrium for a Methanopyrrolidine 152 
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The objective of this project is to evaluate the impact of proline ring pucker on 

amide conformational preferences by synthesizing conformationally constrained mimics 

of proline and pyrrolidine derivatives.  Such models lock the ring pucker and useful to 

understand the substituent effects such as dipole moment and inductive effects upon 

amide conformational preferences.  In this chapter, conformationally rigid mimics 153-

161 of biologically relevant (2S,4R)-4-hydroxyproline (Hyp 141) and its derivatives 

(Figure 5.4) will be prepared and their amide conformational preferences in both CDCl3 

and D2O will be discussed.  
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 Figure 5.4. Conformationally Constrained Models of Hyp 141 and its Derivatives 

 

5.3  Synthesis of N-Acetyl-methanopyrrolidine Derivatives 

  5.3.1  Synthesis of N-Acetyl-methanopyrrolidine 

 For investigation of tran/cis amide preferences, N-Boc-methanopyrrolidine 162140 

was converted to its N-acyl derivative 163.  The tert-butoxycarbonyl group was first 

hydrolyzed using trifluoroacetic acid (TFA) and the resulting salt then treated with acetyl 

chloride and DMAP to afford N-acyl-methanopyrrolidine (Metpyr 163) in 70% overall 

yield (Scheme 5.1). 
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Scheme 5.1.  Preparation of Metpyr 163 

 

5.3.2  Synthesis of N-Acetyl-5-syn-hydroxymethanopyrrolidine  

N-Acetyl-5-syn-alcohol 153 and N-acetyl-5-syn-O-benzoate 154 were synthesized 

from iodohydrin 164 as shown in Scheme 5.2.141,142  On treatment with mercuric bromide 

iodohydrin 164 rearranged to the bromohydrin 165 (31%) in nitromethane.  It is an 

inefficient but necessary transformation to install the crucial 5-syn-alcohol.  The 

rearranged 2-azabicyclo[2.1.1]hexane structure of 165 was confirmed by the 

characteristic 1H NMR W-plan coupling between bridgehead proton H1  at ! 4.44 with H4  

at ! 2.92 (J1,4  = 6.8 Hz) and a geminal H3  proton at ! 3.41 (d, J3,3’ = 11.3 Hz) that is not 

further coupled to H4.  The singlet at ! 3.57 identifies H5 as syn, since there is no 

coupling with H1 or H4.  Also, the absence of W-plan coupling between H5 and H6 at ! 

4.77 identifies H6 as anti.   
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Scheme 5.2.  Synthesis of N-Acetyl-5-syn-hydroxymethanopyrrolidine 
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 Benzoylation of alcohol 165 using benzoyl chloride afforded a benzoate 166 in 

87% yield.  This bromobenzoate was reductively debrominated on heating with 

tributyltin hydride (Bu3SnH) and azobisisobutyronitrile (AIBN) in toluene at 70 oC to 

give benzoate 167 in 72% yield.  Hydrogenolysis and acetylation provided (61% overall 

yield) the amide benzoate 154 that upon methanolysis afforded 5-syn-alcohol 153 in 71% 

yield as an off-white solid.  Suitable crystals of 5-syn-alcohol 153 were grown in ethyl 

acetate for X-ray crystallography.  An X-ray analysis shows that that there is no unusual 

distortion of the ring or internal hydrogen bonding interaction in the solid phase.  The 

amide nitrogen is nearly flat in both the cis and trans amide forms (Figure 5.5).  The X-

ray analysis of 5-syn-alcohol 153 was performed by Dr. Michael J. Zdilla at Temple 

University. 

  

 
 

                       Z or cis amide                                                 E or trans amide 

 

Figure 5.5.  Structure of 5-syn-Alcohol 153 both in cis and trans Amide Forms 
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 5.3.3  Synthesis of N-Acetyl-5-anti-hydroxymethanopyrrolidine 

 N-Acetyl-5-anti-alcohol 157 and N-acetyl-5-anti-O-benzoate 158 were prepared 

from bromoacetate 168142 as shown in Scheme 5.3.  Reductive debromination of 

bromoacetate 168 using tris(trimethylsilyl)silane [(TMS)3SiH] in the presence of AIBN 

afforded acetate 169 in 76% yield.  Methanolysis with Et3N provided N-Cbz-alcohol 170 

in 87% yield.  Hydrogenolysis of alcohol 170 in presence of (BOC)2O gave N-BOC-

alcohol 171 in 86% yield.  Benzoylation143 of alcohol 171 using benzoyl chloride 

afforded a benzoate 172 in excellent yield (92%).  N-Acyl-5-anti-benzoate 158 was 

prepared in 77% overall yield by deprotection of the BOC group with TFA followed by 

acetylation with acetyl chloride/DMAP.  Methanolysis of benzoate 158 yielded N-acyl-5-

anti-alcohol 157 in 79% yield. 
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Scheme 5.3.  Synthesis of N-Acetyl-5-anti-hydroxymethanopyrrolidine 

 

5.4   Synthesis of N-Acetyl-methanoproline Derivatives 

   Having developed synthetic methods successfully to prepare methanopyrrolidines 

with the required stereochemistry at the C-5 position, it was planned to introduce an ester 
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functionality alpha to the nitrogen using Beak’s protocol (Figure 5.6).144,145  Krow et al 

introduced various substituents such as CHO, CO2H, CO2Me regioselectively in the 2-

azabicyclo[2.1.1]hexane skeleton at C-1 and C-3 positions.140 
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Figure 5.6.  Retrosynthetic Analysis 

 

5.4.1  Synthesis of N-Acetyl-5-syn-hydroxy-3-exo-carbomethoxy-2-

azabicyclo[2.1.1]hexanes 

The required N-BOC-5-syn-OTBS-methanopyrrolidine 175 was prepared from 

the rearranged bromohydrin 165 as shown in Scheme 5.4.  Alcohol 165 was protected 

using tert-butyldimethylsilyl chloride (TBSCl) and imidazole as the TBS ether 173 in 

89% yield.  Reductive debromination of silyl ether 173 (74%) followed by a one-pot 

protocol of hydrogenolysis in the presence of (BOC)2O afforded N-BOC-5-syn-OTBS 

synthon 175 in 88% yield. 
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Scheme 5.4.  Synthesis of N-BOC-5-syn-OTBS-methanopyrrolidine 

 

The N-acetyl-exo-MetHyp 155 was prepared from the protected 5-syn-

hydroxymethanopyrrolidine 175 using directed #-metallation (Scheme 5.5).140  Treating 

carbamate 175 with 1.2 equiv of s-BuLi and 1.2 equiv of TMEDA at $78 °C followed by 

quenching with dry CO2, acidification, and then esterification with TMS-diazomethane 

afforded a separable mixture of 3-methyl ester 176 (30%), 1-methyl ester 177 (40%), 3-

trimethylsilyl methyl ester 178 (5%), and 1-trimethylsilyl methyl ester 179 (3%).146  The 

3-ester 176 was treated with TFA to remove the tert-butoxycarbonyl protecting group and 

then acylated using 3.0 equiv of acetyl chloride and DMAP to yield amide 180 (75%) that 

was desilylated using 3.0 equiv of tetrabutylammonium fluoride trihydrate (TBAF.3H2O) 

in THF (89%) to give ex-MetHyp 155.  Benzoylation of alcohol 155 afforded benzoate 

ester ex-MetHyp-OBz 156 in 92% yield.  To determine the stereochemistry at C-3 

position, the 3-ester 176 was reduced with 0.6 equiv of LiAlH4 in THF to produce 3-

alcohol 181 in 89% yield (Scheme 5.6).  The hydroxymethyl stereochemistry was 

confirmed by NOE experiments.  The H6syn signal at ! 1.16 on irradiation enhances the 

CH2 signal at ! 3.76.  The H6anti signal at ! 1.34 on irradiation enhances the H5 signal at ! 

3.72 and the H1 signal at ! 4.13.  
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Scheme 5.5.  Synthesis of N-Acetyl-exo-MetHyp and N-Acetyl-exo-MetHyp-OBz 
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Scheme 5.6.  Synthesis of N-BOC-3-exo-hydroxymethyl-MetHyp-OTBS 

 

5.4.2  Synthesis of N-Acetyl-5-anti-hydroxy-3-exo (endo)-

carbomethoxy-2-azabicyclo[2.1.1]hexanes 

The N-acetyl-en-MetHyp 159 and N-acetyl-ex-Methyp 150 were synthesized from 

the unprotected 5-anti-hydroxy-methanopyrrolidine 171 as shown in Scheme 5.7.   

Generation of anions of carbamate 171 with 2.2 equiv of s-BuLi and 2.2 equiv of 

TMEDA followed by quenching with dry CO2, acidification, and then esterification with 

TMS-diazomethane afforded an inseparable mixture.  In an attempt to separate this 

mixture, this was immediately esterified with benzoyl chloride to give a mixture of 
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benzoates 182 and 183 (28%, 50% BORSM) that differed only in the stereochemistry at 

C3 and benzoate 172 (2%, 3% BORSM).  The substitution was regioselective and 

introduction of an ester group at C1 was not observed.146,147  The typical N-deprotection 

using TFA and N-acetylation with acetyl chloride and DMAP of 3 and 3’-esters mixture 

182 and 183 resulted in a separable mixture of 3-endo ester 160 (34%) and 3-exo ester 

161 (47%).  Selective removal of the benzoate esters was effected using 

methanol/triethylamine to give en-MetHyp 159 (87%) along with its stereoisomer ex-

Methyp 150 (85%). 
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Scheme 5.7.  Synthesis of N-Acetyl-endo-MetHyp, N-Acetyl-exo-Methyp and their 

Benzoate Esters 
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5.4.3  Synthesis of N-Acetyl-5-anti-fluoro-3-exo (endo)-carbomethoxy-

2-azabicyclo[2.1.1]hexanes 

Alcohol functionality can be converted to the fluoride with inversion of 

stereochemistry by treating with bis(2-methoxyethyl)aminosulfur trifluoride (BAST).
148 

 

N-Acetyl-endo-MetFlp 184 and N-acetyl-exo-Metflp 151 were synthesized from 

corresponding alcohols 159 and 150 by treating with 2.5 equiv of bis(2-

methoxyethyl)aminosulfur trifluoride (BAST) in 57% and 55% yield respectively 

(Scheme 5.8).  The stereochemistry of fluorine at C-5 was determined by the 

characteristic W-plan coupling (J = 7.0-7.5 Hz) in 1H NMR.  The observed retention of 

stereochemistry can be rationalized by neighboring group participation and the 

mechanism is outlined in Scheme 5.9.  Initial attack of hydroxyl group of en-MetHyp 159 

on BAST reagent and the participation of neighboring nitrogen would generate 

aziridinium ion.  Nucleophilic addition of fluoride to the aziridinium ion would result in 

en-MetFlp 184 with retention of configuration at C-5.   
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Scheme 5.8.  Synthesis of N-Acetyl-endo-MetFlp and N-Acetyl-exo-Metflp 
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Scheme 5.9.  Mechanism of Fluorination of MetHyp by BAST 

 

5.5 Results and Discussion 

 Amide conformational preferences (Ktrans/cis) shown in Table 5.3 were determined 

in both D2O and CDCl3 by integration of non-overlapping 1H NMR peaks.  The amide 

conformation was assigned either trans or cis based on observations of an NOE on either 

the characteristic bridgehead H1 hydrogen or alternatively at the H3 methylene hydrogen 

signals upon irradiation of the major or minor acetyl methyl singlets.  

   Trans amide preferences of methanopyrrolidine (MetPyr) 163 in polar protic D2O 

(54%) and in less polar aprotic CDCl3 (52%) suggest that there is only a slight solvent 

dependence (entry 1).  This trans amide preference is relatively unchanged in D2O (less 

than or equal to ±1%) by either the syn or anti, hydroxy, or fluoro heteroatom 

substituents at C# (53-55%, entries 2-5).  However, amide preferences (43-54% trans) are 

a bit more sensitive to heteroatom substituent in CDCl3 (entries 1-5).  The 5-syn-OH 153  

(43% trans, entry 2) in CDCl3 has a clear cis amide preference, while the 5-anti-OH 157 

(51% trans, entry 3) has little trans amide preference.  On the other hand, with fluoro 

counterparts, the 5-syn-F 185 (48% trans, entry 4) and 5-anti-F isomers 186 (54% trans, 
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entry 5) show essentially the same trans preferences in CDCl3 within a few percent as the 

parent MetPyr 163  (52% trans, entry 1), indicating that the dipolar C-F bond does not 

have a significant effect on amide preference for these methanopyrrolidine derivatives.127  

In summary, either the methylene bridge or the 5-fluoro- or 5-hydroxy substituents, or 

their stereochemistry did not show much effect on amide conformational preferences for 

methanopyrrolidines.  

  Benzoylation of the alcohol functionality results in little change in preference for 

trans amides in D2O for both the 5-syn-OBz 154 (58% trans, entry 6) and 5-anti-OBz 158  

(56% trans, entry 7) isomers.  However, upon benzoylation the trans preference is 

enhanced in the less polar aprotic solvent CDCl3.  Especially noteworthy is the switch 

from a cis amide preference for 5-syn-OH 153  (43% trans, entry 2) to a clear trans amide 

preference for the 5-syn-OBz 154 (64% trans, entry 6).  In this constrained ring system a 

change in preferred ring pucker upon O-acylation can be ruled out as the cause of the 

enhancement effect.149, 150 
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Table 5.3.  Ktrans/cis for N-Acylmethanopyrrolidines, N-Acylmethanoprolines, and their 

Derivatives 

N Z
R

O

s-cis s-trans

KT/C

N Z
R

O

XX

Y Y

 

Ktrans/cis
a (trans:cis) entry compound R X Y Z 

D2O CDCl3 

1 Metpyr 163 H H H H 1.2 (54:46) 1.1 (52:48) 

2 syn-OH 153 H OH H H 1.2 (54:46) 0.8 (43:57) 

3 anti-OH 157 H H H OH 1.2 (54:46) 1.0 (51:49) 

4 syn-Fb 185 H F H H 1.1 (53:47) 0.9 (48:52) 

5 anti-Fb 186 H H H F 1.2 (55:45) 1.2 (54:46) 

6 syn-OBz 154 H OBz H H 1.4 (58:42) 1.8 (64:36) 

7 anti-OBz 158 H H H OBz 1.3 (56:44) 1.6 (61:39) 

8 MetProc 145 CO2Me H H H 3.4 (77:23) 2.4 (71:29) 

9 ex-MetHyp 155 CO2Me OH H H 4.3 (81:19) 1.3 (57:43) 

10 en-MetHyp 159 CO2Me H OH H 5.4 (84:16) 2.8 (74:26) 

11 ex-MetFlpd 187 CO2Me F H H 4.0 (80:20) 2.1 (69:31) 

12 en-MetFlp 184 CO2Me H F H 5.1 (84:16) 3.7 (79:21) 

13 ex-Methyp 150 CO2Me H H OH 3.9 (80:20) 2.5 (71:29) 

14 ex-Metflp 151 CO2Me H H F 4.0 (80:20) 2.7 (73:27) 

15 ex-MetHyp-X 156 CO2Me OBz H H 4.0 (80:20) 4.0 (80:20) 

16 en-MetHyp-Y 160 CO2Me H OBz H 4.6 (82:18) 4.1 (80:20) 

17 ex-Methyp-Z 161 CO2Me H H OBz 4.2 (81:19) 3.4 (77:23) 

aValues of Ktrans/cis were measured at 25 °C by integration of 1H NMR spectra, 

range +1 %.  bref. 127.  cref. 139. dref. 128   

 

Enhanced trans amide conformational preferences (Ktrans/cis) observed on 

introducing the #-methyl ester functionality at C-3 position of methanopyrrolidines (77-
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84% trans, entries 8-17 in Table 5.3).  Introduction of heteroatom containing substituents 

such as hydroxy or fluoro at C-5 (C%) also results in enhancement of the trans amide 

preference (80-84% trans, entries 9-14) in D2O relative to the methanoproline (MetPro) 

145 (77% trans, entry 8).  However, in CDCl3, ex-MetHyp 155 (57% trans, entry 9) has a 

lower trans amide preference and ex-MetFlp 187 (69% trans, entry 11) has a similar trans 

amide preference (less than or equal to ±1%) compared to MetPro 145 (71% trans, entry 

8).  In aprotic CDCl3, the ex-MetHyp 155 (57% , entry 9) and ex-MetFlp 187 (69%, entry 

11) have clearly lower trans amide preferences than the en-MetHyp 159 (74%, entry 10) 

and en-MetFlp 184 (79%, entry 12).  Also, in polar protic D2O, the en-MetFlp 184 (84%, 

entry 12) and en-MetHyp 159 (84%, entry 10) have slightly larger trans amide 

preferences when compare to ex-MetHyp 155 (81% , entry 9) and ex-MetFlp 187 (80%, 

entry 11).  In summary, the 5-anti-fluorinated and hydroxylated methanoprolines 

(idealized mimics of C%-endo conformations) have higher Ktrans/cis values than their 5-syn-

fluoro and hydroxyl isomers (idealized mimics of C%-exo conformations).  These 

observations supports that there is no general correlation between exo-conformation and 

high Ktrans/cis in proline derivatives. 

  In apolar CDCl3 benzoylation resulted in higher trans amide preferences in 

comparison to the parent alcohols.  O-Benzoylation of ex-MetHyp 155 (57% trans, entry 

9) formed the syn-benzoate ex-MetHyp-OBz 156 that showed a large increase in trans 

preference (80% trans, entry 15).  Similarly, the anti esters en-MetHyp-OBz 160 (80% 

trans, entry 16), and ex-Methyp-OBz 161 (77% trans, entry 17), both showed higher trans 

preferences than their related free alcohols, en-MetHyp 159, (74% trans, entry 10), and 

ex-Methyp 150, (71% trans, entry 13) respectively.  The higher trans amide preferences 
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noted in CDCl3 for the benzoates relative to the free alcohols were not observed in a polar 

protic solvent.  In D2O the 80-82% observed trans preferences for ex-MetHyp-OBz 156 

(entry 15), en-MetHyp-OBz 160 (entry 16), and ex-Methyp-OBz 161 (entry 17) were 

similar to those of their parent alcohols ex-MetHyp 155 (81% trans, entry 9), en-MetHyp 

159 (84% trans, entry 10), and ex-Methyp 150 (80% trans, entry 13) respectively.  O-

Benzoylation has been found to either increase or decrease trans amide preferences of 

hydroxymethanoprolines. 

  

5.6 Conclusion 

Conformationally constrained pyrrolidines, prolines and their derivatives (N-

acylmethanopyrrolidines, N-acylmethanoprolines, and their derivatives) have been 

synthesized from pyridine via a 1,2-dihydropyridine.  The trans/cis amide conformational 

preferences (Ktrans/cis) were determined in both D2O and CDCl3.  In polar protic aqueous 

medium both methanopyrrolidines and methanoprolines show greater trans amide 

preferences relative to values observed in aprotic CDCl3.  In all methanopyrrolidines 

studied the methylene bridge or the stereoelectronic effect of C# 
substituent has minimum 

influence on amide preferences.  The small trans amide preferences for 

methanopyrrolidines show that it is the interaction of the !-methyl ester group and the 

amide of methanoprolines that plays a major role in determining trans/cis ratios.  The "-

substituent effect is primarily related to ring pucker and a resultant enhancement of the 

interaction between the amide carbonyl oxygen and ester carbonyl carbon. 

The higher Ktrans/cis values in CDCl3 for en-MetHyp and en-MetFlp when compared 

to ex-MetHyp and ex-MetFlp indicate higher Ktrans/cis values for C%-endo-Hyp and C%-endo-
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Flp compared to their C%-exo-Hyp and C%-exo-Flp conformers are possible. These 

findings suggest that the endo conformer of Hyp and Flp may have higher Ktrans/cis.   O-

Benzoylation has been found to either increase or decrease trans amide preferences of 

hydroxymethanoprolines, as a function of substrate, solvent and substituent position.  

These observations indicate that an increased Ktrans/cis value upon O-acylation does not in 

itself describe the presence or absence of a particular favored ring pucker.  These findings 

with these rigid models and relationships between Pro derivative ring pucker and Ktrans/cis 

may be useful in designing Pro derivatives for protein engineering.  
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CHAPTER 6 

EXPERIMENTAL SECTION 

 

6.1  General Methods 

 Reagents and solvents were purchased from Sigma-Aldrich Chemical Company, 

Fisher Scientific or Acros Organics and were used without further purification unless 

otherwise noted.  Methylene chloride (CH2Cl2), diethyl ether (Et2O), tetrahydrofuran 

(THF), toluene and N, N-dimethylformaldehyde (DMF) were purified by passing through 

a Glass Contour Solvent Dispensing System under argon (Ar) atmosphere.  When DMF 

was used as a reagent, it was further distilled under vacuum.   

 Glassware was oven-dried at 120 oC and cooled to ambient temperature in 

desiccators prior to use.  Reactions involving air sensitive materials and/or requiring 

anhydrous conditions were performed under an argon atmosphere.  Column 

chromatography was performed using silica gel, Merck grade 60 (230-400 mesh).  

Analytical and preparative thin-layer chromatography was performed on pre-coated silica 

gel plates (250-1000 microns) purchased from Analtech Incorporation.  TLC plates were 

visualized with UV, in an iodine chamber, or with polymolybdic acid (PMA) unless 

noted otherwise.   

 1H and 13C NMR spectra were recorded on GE Omega 500 MHz, Bruker 400 

MHz or Varian 300 MHz NMR spectrometer.  Proton chemical shifts are reported in 

parts per million (!) downfield from internal standard tetramethylsilane (! 0.00 ppm) or 

relative to CDCl3 (! 7.26 ppm) and carbon chemical shifts are reported in parts per 

million (!) relative to the internal standard CDCl3 (! 77.0 ppm).  Assignments of NMR 
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resonances, where necessary, were facilitated by NOESY, 1H-1H-COSY, and HETCOR 

experiments.  Melting points were recorded on a Thomas Hoover capillary melting point 

apparatus or on a Mel-Temp apparatus and are uncorrected.  Infrared spectra were 

recorded on Perkin-Elmer 1600 FTIR spectrometer.  Optical rotations were measured on 

a Perkin-Elmer 341 polarimeter with Sodium D line.  Mass spectra were collected at the 

Department of Chemistry, Drexel University, Philadelphia or Department of Chemistry, 

University of Wisconsin, Madison or from Department of Medicinal Chemistry and 

Merck Research Laboratories, Merck & Co., Inc., West Point, Pennsylvania.  High-

resolution mass spectra were obtained on a VG ZAB HF double focusing 

spectrophotometer operating at 6kV acceleration.  X-ray crystallographic data was 

obtained from the Department of Chemistry, Temple University and University of 

Pennsylvania, Philadelphia.  

 The trans/cis amide assignments were based upon observations of an NOE on 

either the characteristic bridgehead H1 hydrogen or alternatively at the H3 methylene 

hydrogen signals upon irradiation of the major or minor acetyl methyl singlets.  Italics 

denote minor rotamer peaks in NMR data.  The syn/anti nomenclature to identify the 

stereochemistry of substituents on the non-nitrogen containing bridges was chosen for 

methanoprolines.  This is to avoid the use of exo/endo nomenclature, confusing to those 

accustomed to naming related all carbon bridged bicyclic structures.  The bridge with the 

nitrogen heteroatom is always the main bridge of highest priority.  Thus, all substituents 

anti to nitrogen are endo. 
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6.2 CHAPTER 2.  ASYMMETRIC SYNTHESIS OF SUBSTITUTED 

HOMOTROPINONE ALKALOIDS USING ENANTIOPURE SULFINIMINES 

 

O

O

n-C5H11
n-C5H11 N

OOH

O
Me

Me

5554  

5-Hydroxy-N-methoxy-N-methyldecanamide (55).  In an oven-dried, 250 mL 

round-bottom flask equipped with a magnetic stirring bar, rubber septum, and argon inlet 

was placed 5-decanolide 54 (5.00 g, 29.3 mmol, Aldrich) and N-methoxy-N-methylamide 

hydrochloride salt [Me(MeO)NH.HCl] (4.44 g, 45.5 mmol, Aldrich) in dry THF (60 mL).  

The solution was cooled to -30 oC and i-PrMgCl (88.1 mmol, 2.0 M solution in THF, 

Aldrich) was added slowly over 30 min via syringe keeping the temperature below -10 

oC.  The reaction mixture was maintained for 45 min at -5 oC and quenched with 20 wt% 

aqueous NH4Cl.  The solution was extracted with EtOAc (2 x 50 mL), the combined 

organic phases were dried (Na2SO4), and concentrated.  Flash chromatography (30-40% 

EtOAc in hexanes) afforded 6.52 g (96%) of a colorless oil at Rf = 0.16 (EtOAc/hexanes, 

2:3): IR (neat) 3435, 1643 cm-1; 1H NMR (CDCl3) ! 3.61 (s, 3H), 3.50 (m, 1H), 3.10 (s, 

3H), 2.59 (br, 1H), 2.38 (m, 2H), 1.67 (m, 2H), 1.37 (m, 5H), 1.22 (m, 5H), 0.80 (t, J = 

6.9 Hz, 3H); 13C NMR (CDCl3) ! 174.5, 70.9, 61.0, 37.2, 36.9, 32.0, 31.8, 31.4, 25.2, 

22.5, 20.3, 13.9.  HRMS calcd for C12H26NO3 (M + H) 232.1907, found 232.1911. 

 

n-C5H11 N

OOH

O
Me

Me

55

n-C5H11 N

OO

O
Me

Me

56b  

N-Methoxy-N-methyl-5-oxodecanamide (56b).  In an oven-dried, 500 mL 
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round-bottom flask equipped with a magnetic stirring bar, rubber septum, and argon inlet 

was placed Dess-Martin Periodinane (DMP) (13.31 g, 31.4 mmol) in dry DCM (225 mL).  

The solution was cooled to 0 oC and a solution of 55 (6.05 g, 26.2 mmol) in DCM (25 

mL) was added slowly via syringe.  The reaction mixture was warmed to rt and 

monitored for completion by TLC (typically 2 h).  At this time the reaction was quenched 

with a 1:1 sat. solution of NaHCO3:Na2S2O3 (100 mL).  The organic layer was separated, 

washed with a 1:1 sat. solution of NaHCO3:Na2S2O3 (2 x 50 mL), brine (50 mL), dried 

(MgSO4), and concentrated.  Flash chromatography (40% EtOAc in hexanes) afforded 

5.82 g (97%) as a clear viscous oil at Rf = 0.35 (EtOAc/hexanes, 2:3): IR (neat) 1711, 

1660 cm-1; 1H NMR (CDCl3) $ 3.60 (s, 3H), 3.09 (s, 3H), 2.42 (t, J = 7.2 Hz, 2H), 2.37 

(m, 2H), 2.31 (t, J = 7.6 Hz, 2H), 1.82 (m, 2H), 1.48 (m, 2H), 1.20 (m, 4H), 0.80 (t, J = 

7.1 Hz, 3H); 13C NMR (CDCl3) $ 210.7, 173.8 (br), 61.0, 42.6, 41.6, 31.9, 31.2, 30.7, 

23.3, 22.3, 18.5, 13.7.  HRMS calcd for C12H24NO3 (M + H) 230. 1751, found 230.1753. 

 

n-C5H11 N

OO

O
Me

Me

56b

n-C5H11 N

O

O
Me

Me

OO

57b  

N-Methoxy-N-methyl-4-(2-pentyl-1,3-dioxolan-2-yl)butanamide (57b).  In an 

oven-dried, 100 mL round-bottom flask equipped with a magnetic stirring bar was placed 

56b (5.15 g, 22.5 mmol) in benzene (50 mL), ethylene glycol (1.75 mL, 31.4 mmol) and 

p-toluenesulfonic acid (0.21 g, 1.1 mmol) were added.  The reaction mixture was 

refluxed for 18 h with water being removed using Dean-Stark apparatus.  At this time the 

reaction mixture was diluted with benzene (50 mL), washed with sat. aqueous NaHCO3 

solution (2 x 20 mL), brine (15 mL), dried (Na2SO4), and concentrated.  Flash 
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chromatography (30% EtOAc in hexanes) afforded 5.58 g (91%) as a clear viscous oil at 

Rf = 0.36 (EtOAc/hexanes, 2:3): IR (neat) 1660 cm-1; 1H NMR (CDCl3) $ 3.89 (s, 4H), 

3.63 (s, 3H), 3.13 (s, 3H), 2.39 (m, 2H), 1.61 (m, 6H), 1.26 (m, 6H), 0.84 (t, J = 6.9 Hz, 

3H); 13C NMR (CDCl3) $ 174.3 (br), 111.5, 64.8, 61.1, 37.1, 36.4, 32.0, 31.8 (br), 23.4, 

22.5, 18.9, 13.9. (One carbon imbedded).  HRMS calcd for C14H28NO4 (M + H) 274.2013, 

found 274.2020. 

 

n-C5H11 N

O

O
Me

Me

OO

57b

n-C5H11 O

OO

58b  

4-(2-Pentyl-1,3-dioxolan-2-yl)butanal (58b).  In an oven-dried, 50 mL round-

bottom flask equipped with a magnetic stirring bar, rubber septum, and argon inlet was 

placed LiAlH4 (1.03 g, 27.2 mmol) in dry THF (25 mL).  The solution was cooled to 0 oC 

and 57b (4.95 g, 18.1 mmol) in dry THF (12 mL) was added slowly via syringe.  The 

reaction mixture was warmed to rt and monitored for completion by TLC (typically 4 h).  

At this time the reaction was quenched with H2O (1 mL), 10% aqueous NaOH (2 mL), 

and H2O (3 mL).  The solution was stirred for 1 h at rt and the precipitated salts were 

filtered through the Celite and the filter cake was washed with Et2O (25 mL).  

Chromatography (10-15% EtOAc in hexanes) afforded 3.18 g (82%) of a colorless oil at 

Rf = 0.38 (EtOAc/hexanes, 1:4); IR (neat) 1727 cm-1; 1H NMR (CDCl3) $ 9.70 (t, J = 1.7 

Hz, 1H), 3.87 (s, 4H), 2.41 (dd, J = 7.2, 1.7 Hz, 1H), 2.39 (dd, J = 7.2, 1.7 Hz, 1H), 1.58 

(m, 6H), 1.25 (m, 6H), 0.83 (t, J = 7.0 Hz, 3H); 13C NMR (CDCl3) $ 210.7, 104.1, 64.7, 

42.6, 42.1, 33.0, 31.2, 23.4, 22.3, 18.1, 13.8.  HRMS calcd for C12H23O3 (M + H) 

215.1647, found 215.1651. 
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(S)-(+)-59a

Me N

OO
S
Tolyl-p

O

 

(S)-(+)-N-[5,5-(Ethylenedioxy)hexanylidene]-p-toluenesulfinamide (59a) was 

prepared according to the literature procedure.28 

 

n-C5H11 O

OO

58b

n-C5H11 N

OO
S
Tolyl-p

O

(S)-(+)-59b

H2N
S
Tolyl-p

O

(S)-(+)-60

+

 

(S)-(+)-N-[4-(2-Pentyl-1,3-dioxolan-2-yl)hexanylidene]-p-toluenesulfinamide 

(59b).  In an oven-dried, 50 mL round-bottom flask equipped with a magnetic stirring 

bar, rubber septum, and argon inlet was placed 4-(2-pentyl-1,3-dioxolan-2-yl)butanal 

(58b) (1.310 g, 6.1 mmol) and (S)-(+)-p-toluenesulfinamide (60) (1.138 g, 7.3 mmol) in 

dry DCM (12 mL).  The reaction mixture was stirred for 15 min at rt and Ti(OEt)4 (9.0 

mL,  42.8 mmol) was added via syringe.  The reaction mixture was stirred at rt for 24 h, 

diluted with DCM (20 mL), cooled to 0 °C, and then quenched with ice water (2 mL).  

After stirring for 10 min, the solids were filtered through Celite and the filter cake was 

washed with DCM (20 mL).  The organic phase was washed with brine (2 x 20 mL), 

dried (MgSO4), and concentrated.  Flash chromatography (10-20% EtOAc/hexanes) 

afforded 0.245 g (19%) of starting material and 1.192 g (56%) of an oil at Rf = 0.30 

(EtOAc/hexanes, 1:4); [!]20
D +207.1 (c 0.86, CHCl3); IR (neat) 1621 cm-1; 1H NMR 

(CDCl3) $ 8.19 (t, J = 4.7 Hz, 1H), 7.52 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 

3.86 (m, 4H), 2.47 (m, 2H), 2.36 (s, 3H), 1.59 (m, 6H), 1.26 (m, 6H), 0.85 (t, J = 6.8 Hz, 

3H); 13C NMR (CDCl3) $ 166.7, 141.7, 141.4, 129.6, 124.4, 111.3, 64.8, 37.0, 36.1, 35.8, 

32.0, 23.4, 22.5, 21.3, 19.6, 13.9.  HRMS calcd for C19H30NO3S (M + H) 352.1941, found 
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352.1948. 

 

R1 N
S

Ar

OO
O

59a, R1 = Me

59b, R1 =  n-C5H11

R1

OO
NH

S
O

N
OMe

MeR2

Ar

O

62a, (R1 = Me, R2 = H)

62b, (R1 = n-C5H11, R2 = H)

62c, (R1 = R2 = Me)  

Typical procedure for the preparation of N-sulfinyl #-amino Weinreb amides. 

  

Me

OO
NH

S

O

N

O
O
Me

Me

Ar

(SS,3S)-(+)-62a  

 (SS,3S)-(+)-N-(p-Toluenesulfinyl)-3-amino-N-methoxy-N-methyl-7,7 

(ethylenedioxy)octamide (62a).  In a 100 mL, flame-dried, single-neck round-bottomed 

flask equipped with a magnetic stirring bar, and rubber septum was placed KHMDS (5.41 

ml of a 0.5 M solution in toluene, 2.708 mmol, Aldrich) in Et2O (30 mL) under argon.  

The solution was cooled to -78 °C and N-methoxy-N-methyl acetamide (0.270 mL, 2.539 

mmol, Aldrich) was added dropwise, and the solution was stirred at this temperature for 1 

h.  At this time, a pre-cooled solution of sulfinimine (+)-59a (0.500 g, 1.693 mmol) in 

Et2O (12.5 mL) was added via cannula, the solution was stirred for 2 h, and quenched at -

78 °C by addition of saturated aqueous NH4Cl (20 mL).  After warming to rt the solution 

was poured into H2O (20 mL) and extracted with EtOAc (3 x 50 mL).  The combined 

organic phases were washed with brine (20 mL), dried (MgSO4), and concentrated.  Flash 

chromatography (EtOAc/hexanes, 4:1) gave 0.493 g (73%) of a clear viscous oil at Rf = 

0.22 (EtOAc); 96:4 ratio of inseparable diastereoisomers; [!]20
D +91.2 (c 1.04, CHCl3); 
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IR (neat) 3227, 1649 cm-1; major diastereoisomer 1H NMR (CDCl3) $ 7.59 (d, J = 8.2 Hz, 

2H), 7.27 (d, J = 8.2 Hz, 2H), 4.95 (d, J = 9.2 Hz, 1H), 3.93 (m, 4H), 3.69 (m, 1H), 3.65 

(s, 3H), 3.14 (s, 3H), 2.78 (m, 2H), 2.40 (s, 3H), 1.63 (m, 6H), 1.32 (s, 3H); 13C NMR 

(CDCl3) $ 172.2, 142.7, 141.0, 129.4, 125.5, 109.9, 64.6, 61.2, 53.1, 38.6, 37.5, 35.7, 

31.8, 23.7, 21.2, 20.7.  HRMS calcd for C19H30N2O5NaS (M + Na) 421.1768, found 

421.1772. 

 

(SS,3S)-(+)-62b

n-C5H11

OO
NH

S

O

N

O
O
Me

Me

Ar

 

 (SS,3S)-(+)-N-(p-Toluenesulfinyl)-3-amino-N-methoxy-N-methyl-6-(2-

pentyl-1,3-dioxolan-2-yl)hexanamide (62b).  Follwing the typical prcedure the crude 

was chromatographed (EtOAc/hexanes, 4:1) to give 0.753 g (71%) of a clear viscous oil 

at Rf = 0.45 (EtOAc); 95:5 ratio of inseparable diastereoisomers; [!]20
D +81.2 (c 1.10, 

CHCl3); IR (neat) 3472, 1658 cm-1; major diastereoisomer 1H NMR (CDCl3) $ 7.54 (d, J 

= 8.2 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 4.94 (d, J = 9.1 Hz, 1H), 3.88 (s, 4H), 3.64 (m, 

1H), 3.60 (s, 3H), 3.09 (s, 3H), 2.73 (m, 2H), 2.34 (s, 3H), 1.55 (m, 8H), 1.25 (m, 6H), 

0.83 (d, J = 6.9 Hz, 3H); 13C NMR (CDCl3) $ 172.1, 142.6, 140.9, 129.3, 125.4, 111.5, 

64.8, 61.1, 53.1, 37.4 (br), 37.0, 36.4,  35.7, 32.0, 31.7 (br), 23.4, 22.5, 21.2, 20.4, 13.9.  

HRMS calcd for C23H38N2O5NaS (M + Na) 477.2394, found 477.2383. 
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Me

OO
NH

S
Ar

O

N

O
O
Me

Me
Me

(SS,2R,3S)-(+)-62c  

 (SS,2R,3S)-(+)-N-(p-Toluenesulfinyl)-3-amino-N-methoxy-N,2-dimethyl-7,7-

(ethylenedioxy)octamide (62c).  In a 25 mL, flame-dried, single-neck round-bottomed 

flask equipped with a magnetic stirring bar, and rubber septum was placed LiHMDS 

(3.15 mL, 3.148 mmol, 1.0 M solution in THF, Aldrich) under argon.  A solution of N-

methoxy-N-methylpropylamide (0.369 g, 3.148 mmol) in THF (6 mL) was added at -78 

°C via cannula, and the solution was stirred for 2 h at this temperature.  To the reaction 

mixture was added a pre-cooled solution of sulfinimine (+)-59a (0.465 g, 1.574 mmol) in 

THF (12 mL), the reaction was monitored for completion by TLC (typically less than 30 

min), and quenched with sat. aqueous NH4Cl (6 mL) at -78 °C.  After warming to rt the 

solution was poured into H2O (6 mL), extracted with EtOAc (3 x 30 mL), the combined 

organic phases were washed with brine (2 x 20 mL), dried (MgSO4), and concentrated.  

Flash chromatography (EtOAc/hexanes, 4:1) gave 0.493 g (76%) of a clear viscous oil at 

Rf = 0.31 (EtOAc); 93:7 ratio of inseparable diastereoisomers; [!]20
D +66.7 (c 1.20, 

CHCl3); IR (neat) 1653 cm-1; major diastereoisomer 1H NMR (CDCl3) $ 7.58 (d, J = 8.0 

Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.46 (d, J = 7.7 Hz, 1H), 3.92 (m, 4H), 3. 66 (s, 3H), 

3.49 (m, 1H), 3.16 (m, 1H), 3.11 (s, 3H), 2.38 (s, 3H), 1.63 (m, 6H), 1.31 (s, 3H), 1.14 (d, 

J = 7.1 Hz, 3H); 13C NMR (CDCl3) $ 175.5, 142.8, 141.1, 129.4, 125.5, 109.9, 64.6, 61.4, 

57.6, 39.3, 38.6, 32.8, 32.0, 23.8, 21.3, 20.7, 13.1.  HRMS calcd for C20H33N2O5S (M + 

H) 413.2105, found 413.2097. 
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R1

OO
NH

S
O

N
OMe

MeR2

Ar

O

62a, (R1 = Me, R2 = H)

62b, (R1 = n-C5H11, R2 = H)

62c, (R1 = R2 = Me)

R1

OO
NH

S
O

Me

R2

Ar

O

63a, (R1 = Me, R2 = H)

63b, (R1 = n-C5H11, R2 = H)

63c, (R1 = R2 = Me)  

Typical procedure for the preparation of N-sulfinyl #-amino ketone ketals.  

 

Me

OO
NH

S

O

Me

OAr

(SS,3S)-(+)-63a  

(SS,3S)-(+)-N-(p-Toluenesulfinyl)-4-amino-8,8-(ethylenedioxy)-nonan-2-one 

(63a).  In an oven-dried, 100 mL round-bottom flask equipped with a magnetic stirring 

bar, rubber septum, and argon inlet was placed (+)-62a (0.402 g, 1.009 mmol) in dry 

THF (32 mL).  The solution was cooled to -78 oC, and methylmagnesium bromide (5.044 

mmol, 1.68 mL of a 3.0 M solution in Et2O, Aldrich) was added dropwise.  The reaction 

mixture was warmed to 0 oC, stirred for 30 min, and quenched with saturated aqueous 

NH4Cl (2 mL).  At this time, H2O (4 mL) was added, the aqueous layer was extracted 

with EtOAc (2 x10 mL), and the combined organic phases were dried (MgSO4), and 

concentrated.  Flash chromatography (EtOAc/hexanes, 4:1) gave 0.335 g (94%) of a clear 

oil at Rf = 0.34 (EtOAc); >96:4 ratio of inseparable diastereoisomers; [!]20
D +57.9 (c 

1.07, CHCl3); IR (neat) 3206, 1704 cm-1; major diastereoismer 1H NMR (CDCl3) $ 7.54 

(d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 4.48 (d, J = 9.2 Hz), 3.90 (m, 4H), 3.63 (m, 

1H), 2.74 (d, J = 5.6 Hz, 2H), 2.37 (s, 3H), 2.07 (s, 3H), 1.55 (m, 6H), 1.29 (s, 3H); 13C 

NMR (CDCl3) $ 207.3, 142.4, 141.1, 129.4, 125.4, 109.8, 64.5, 52.4, 49.0, 38.5, 35.7, 

30.7, 23.7, 21.2, 20.6.  HRMS calcd for C18H27NO4NaS (M + Na) 376.1553, found 
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376.1554. 

 

(SS,3S)-(+)-63b

n-C5H11

OO
NH

S

O

Me

OAr

 

  (SS,3S)-(+)-N-(p-Toluenesulfinyl)-4-amino-7-(2-pentyl-1,3-dioxolan-2-

yl)heptan-2-one (63b).  Following the typical procedure the crude was chromatographed 

(10% EtOAc in hexanes) to afford 95% of a clear oil at Rf = 0.57 (EtOAc/hexanes, 4:1); 

>95:5 ratio of inseparable diastereoisomers; [!]20
D +68.2 (c 1.04, CHCl3); IR (neat) 3468, 

1712 cm-1; major diastereoisomer 1H NMR (CDCl3) $ 7.51 (d, J = 7.5 Hz, 2H), 7.22 (d, J 

= 7.5 Hz, 2H), 4.51 (d, J = 9.3 Hz, 1H), 3.87 (s, 4H), 3.61 (m, 1H), 2.71 (m, 2H), 2.34 (s, 

3H), 2.04 (s, 3H), 1.64-1.17 (m, 14H), 0.83 (d, J = 6.5 Hz, 3H); 13C NMR (CDCl3) $ 

207.3, 142.3, 141.0, 129.3, 125.3, 111.4, 64.7, 52.3, 49.0, 37.0, 36.3, 35.7, 32.0, 30.6, 

23.4, 22.5, 21.2, 20.3, 13.9.  HRMS calcd for C22H36NO4S (M + H) 410.2360, found 

410.2362. 

 

(SS,3R,4S)-(+)-63c

Me

OO
NH

S
Ar

O

Me

O

Me

 

(SS,3R,4S)-(+)-N-(p-Toluenesulfinyl)-4-amino-3-methyl-8,8-(ethylenedioxy)-

nonan-2-one (63c).  Following the typical procedure the crude was chromatographed 

(EtOAc/hexanes, 4:1) to give 93% of a clear oil at Rf = 0.50 (EtOAc); >93:7 ratio of 

inseparable diastereoisomers; [!]20
D +81.4 (c 1.01, CHCl3); IR (neat) 1707 cm-1; major 
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diastereoisomer 1H NMR (CDCl3) $ 7.57 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 

4.31 (d, J = 8.7 Hz, 1H), 3.94 (m, 4H), 3.51 (m, 1H), 2.84 (m, 1H), 2.40 (s, 3H), 2.04 (s, 

3H), 1.61 (m, 6H), 1.33 (s, 3H), 1.14 (d, J = 7.2 Hz, 3H); 13C NMR (CDCl3) $ 210.9, 

142.2, 141.0, 129.2, 125.3, 109.6, 64.4, 56.8, 50.5, 38.4, 32.7, 28.9, 23.6, 21.1, 20.7, 12.2.  

HRMS calcd for C19H30NO4S (M + H) 368.1890, found 368.1894. 

 

Me

OO
NH

S

O

Me

OAr

63a

N Me

O

(S)-(-)-64

Me

 

1-((S)-(-)-2,3,4,5-Tetrahydro-6-methylpyridin-2-yl)propan-2-one (64).  In an 

oven-dried, 100 mL round-bottom flask equipped with a magnetic stirring bar, and rubber 

septum was placed amino ketone (+)-63a (0.185 g, 0.523 mmol) in THF (26 mL) and 

MeOH (26 mL).  The solution was cooled to 0 oC, and 3 N aqueous HCl was added 

slowly.  The reaction mixture was warmed to rt, stirred for 15 h, concentrated, and the 

residue was dissolved in DCM (50 mL).  The pH of the solution was adjusted to 8 by 

using saturated aqueous NaHCO3, the phases were separated, and the aqueous phase was 

extracted with DCM (2 x 10 mL).  The combined organic extracts were washed with 

brine (10 mL), dried (MgSO4), and concentrated.  Flash chromatography (1% MeOH in 

DCM) gave 0.069 g (86%) of a clear oil at Rf = 0.23 (5% MeOH in DCM); [!]20
D -41.9 (c 

0.83 , CHCl3); IR (neat) 1715, 1660 cm-1; 1H NMR (CDCl3) $ 3.72 (m, 1H), 2.76 (dd, J = 

16.2, 6.0 Hz, 1H), 2.44 (dd, J = 16.0, 7.8 Hz, 1H), 2.15 (s, 3H), 2.05 (m, 2H), 1.86 (d, J = 

1.9, 3H), 1.72 (m, 2H), 1.56 (m, 1H), 1.06 (m, 1H); 13C NMR (CDCl3) $ 208.1, 168.3, 

54.2, 51.4, 30.7, 29.9, 27.4, 27.0, 18.6.  HRMS calcd for C9H16NO (M + H) 154.1226, 

found 154.1231. 



 102 

 

64

N Me

O

HC

OHp-NO2-Ph
N
H

Me Me

Op-NO2-Ph

O

+

(S)-(+)-65 (S)-(-)-66

NMe Me

O

 

In an oven-dried, 10 mL round-bottom flask equipped with a magnetic stirring 

bar, rubber septum, and argon inlet was placed p-nitrobenzoyl chloride (0.021 g, 0.115 

mmol) and DMAP (0.015 g, 0.125 mmol) in dry DCM (1.5 mL).  The reaction mixture 

was cooled to 0 oC and a solution of (-)-64 (0.016 g, 0.104 mmol) in dry DCM (1 mL) 

was added slowly at 0 oC.  After stirring at 0 oC for 2 h, the solution was concentrated.  

Chromatography (EtOAc/hexanes/Et3N, 80:20:1) gave 0.017 g (54%) of an orange solid 

(+)-65 at Rf = 0.23 (EtOAc/hexanes/ Et3N, 8:2:1 drop) and 0.013 g (41%) of orange 

colored oil (S)-(-)-66 at Rf = 0.37 (EtOAc/hexanes/ Et3N, 8:2:1 drop).  

 

N
H

Me Me

Op-NO2-Ph

O

(S)-(+)-65  

1-((S)-(+)-5-(p-Nitrobenzoyl)-1,2,3,4-tetrahydro-6-methylpyridin-2-

yl)propan-2-one (65).  Mp 159-160 oC; [!]20
D +110.1 (c 1.02, CHCl3); IR (neat)  3325, 

1714 cm-1; The NH proton at $ 5.40 disappeared on addition of D2O; 1H NMR (CD2Cl2) $ 

8.20 (m, 2H), 7.54 (m, 2H), 5.40 (br  s, 1H), 3.79 (m, 1H), 2.66 (m, 2H), 2.32 (m, 2H), 

2.17 (s, 3H), 2.03 (s, 3H), 1.82 (m, 1H), 1.54 (m, 1H); 13C NMR (CD2Cl2) $ 208.5, 192.2, 

156.4, 150.9, 148.4, 128.5, 123.9, 102.1, 49.4, 47.8, 30.8, 27.5, 23.5, 23.3.  HRMS calcd 

for C16H19N2O4 (M + H) 303.1339, found 303.1341. 



 103 

N Me

O

HC

OHp-NO2-Ph

(S)-(-)-66  

1-((S)-(-)-2,3,4,5-Tetrahydro-6-((Z)-2-hydroxy-2-(4-

nitrophenyl)vinyl)pyridin-2-yl)propan-2-one (66).  [!]20
D -49.0 (c 1.12 , CHCl3); IR 

(neat) 1713, 1590 cm-1; The enolic proton disappeared upon the addition of D2O; 1H 

NMR (CD2Cl2) $ 11.9 (br s, 1H), 8.20 (m, 2H), 7.97 (m, 2H), 5.58 (s, 1H), 3.92 (m, 1H), 

2.75 (d, J = 6.7 Hz, 2H), 2.51 (dd, J = 7.4, 5.1 Hz, 2 H), 2.20 (s, 3H), 2.00 (m, 1H), 1.84 

(m, 1H), 1.72 (m, 1H), 1.48 (m, 1H); 13C NMR (CD2Cl2) $ 206.8, 183.9, 167.1, 149.2, 

146.8, 128.2, 123.8, 91.1, 50.4, 47.9, 30.7, 29.5, 28.6, 18.9.  HRMS calcd for C16H19N2O4 

(M + H) 303.1339, found 303.1340. 

 

64

+

NMe Me

O
NMe Me

O

Ph-NO2-pO
Me Me

O ONH

p-NO2-Ph
O

(S)-(-)-68(S)-(-)-67  

In an oven-dried, 10 mL round-bottom flask equipped with a magnetic stirring 

bar, rubber septum, and argon inlet was placed (-)-64 (0.019 g, 0.124 mmol) in dry DCM 

(2 mL) and cooled to 0 oC.  At this time NEt3 (0.021 mL, 0.149 mmol) and p-nitrobenzoyl 

chloride (0.025 g, 0.136 mmol) in dry DCM (1 mL) were added slowly at 0 oC.  After 

stirring at this temperature for 2 h, the solution was concentrated to give an oil.  

Chromatography (EtOAc/hexanes 2:1) gave 0.025 g (67%) of an orange oil consisting of 

(S)-(-)-67 at Rf = 0.59 (EtOAc/hexanes, 3:2) and 0.009 g (23%) of an off-white solid (S)-

(-)-68 at Rf = 0.19 (EtOAc/hexanes, 3:2).  
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NMe Me

O

Ph-NO2-pO

(S)-(-)-67  

  (S)-(-)-N-(p-Nitrobenzoyl)-2,3,4-trihydro-6-methylpyridin-2-yl)propan-2-one 

(67).  [!]20
D -181.6 (c 0.73, CHCl3); IR (neat) 1712, 1633, 1601cm-1; 1H NMR (CDCl3) $ 

8.25 (m, 2H), 7.68 (m, 2H), 5.17 (br, 1H), 4.95 (br, 1H), 2.74 (dd, J = 15.7, 6.8 Hz, 1H), 

2.68 (dd, J = 15.7, 7.6 Hz, 1H), 2.24 (s, 3H), 2.18 (m, 1H), 2.12 (m, 1H), 1.98 (m, 1H), 

1.85 (m, 1H), 1.63 (m, 3H); 13C NMR (CDCl3) $ 206.4, 167.8, 148.7, 143.2, 132.6, 128.6, 

123.7, 115.2, 49.1, 43.8, 30.4, 26.3, 23.1, 19.6.  HRMS calcd for C16H19N2O4 (M + H) 

303.1339, found 303.1345. 

 

Me Me

O ONH

p-NO2-Ph
O

(S)-(-)-68  

(S)-(-)-N-(p-Nitrobenzoyl)-4-aminononane-2,8-dione (68).  Mp 118-119 oC; 

[!]20
D -23.1 (c 0.30, CHCl3); IR (neat) 3300, 1712, 1643 cm-1; 1H NMR (CDCl3) $ 8.28 

(m, 2H), 7.97 (m, 2H), 7.31 (d, J = 8.0 Hz, 1H, NH), 4.34 (m, 1H), 2.92 (dd, J =17.6, 4.2 

Hz, 1H), 2.75 (dd, J =17.5, 5.7 Hz, 1H), 2.51 (m, 2H), 2.20 (s, 3H), 2.14 (s, 3H), 1.64 (m, 

4H); 13C NMR (CDCl3) $ 208.9, 208.7, 164.9, 149.6, 139.9, 128.2, 123.8, 46.9, 46.3, 

42.7, 33.0, 30.9, 30.1, 19.9.  HRMS calcd for C16H21N2O5 (M + H) 321.1445, found 

321.1447. 
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64

NMe Me

O
HN

O

Me

1R,5S)-(-)-14  

(1R,5S)-(-)-1-Methyl-9-azabicyclo[3.3.1]nonan-3-one (14).  In an oven-dried, 25 

mL round-bottom flask equipped with a magnetic stirring bar and rubber septum was 

placed (-)-64 (0.0220 g, 0.144 mmol) in EtOH (5 mL) and AcOH (5 mL).  To the 

reaction mixture was added NH4OAc (0.2770 g, 3.590 mmol) and the solution was stirred 

at 75 oC (oil bath) for 36 h.  The reaction mixture was cooled to rt and concentrated to 

removed EtOH and DCM (10 mL) was added.  The solution was washed with saturated 

aqueous Na2CO3 until the aqueous phase reached pH 8.  The organic phase was separated, 

the aqueous phase was extracted with DCM (2 x10 mL), and the combined organic 

phases were dried (MgSO4), and concentrated.  Flash chromatography (5% MeOH/DCM) 

gave 0.0205 g (93%) as an off-white solid at Rf = 0.18 (5% MeOH in DCM); mp 31-32 

oC, [lit.2 mp 32 oC]; [!]20
D -6.4 (c 0.83, MeOH); [lit2 [!]20

D -6.5 (c 1.80, MeOH)].  

Spectral properties were identical to literature values.16 

 

R1

OO
NH

S

O

Me

O

R2

Ar
HN

O

R1

R2

63  

Typical procedure for cascade reaction. 

 

HN

O

Me

(1R,5S)-(-)-14  
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(1R,5S)-(-)-1-Methyl-9-azabicyclo[3.3.1]nonan-3-one (14).  In an oven-dried, 50 

mL round-bottom flask equipped with a magnetic stirring bar and rubber septum was 

placed (+)-63a (0.105 g, 0.297 mmol) in EtOH (13 mL) and AcOH (13 mL).  To the 

reaction mixture was added NH4OAc (0.573 g, 7.426 mmol) and the solution was stirred 

at 75 oC (oil bath) for 36 h.  The reaction mixture was cooled to rt and concentrated to 

removed EtOH and DCM (75 mL) was added.  The solution was washed with saturated 

aqueous Na2CO3 until the aqueous phase reached pH 8.  The organic phase was separated, 

the aqueous phase was extracted with DCM (2 x 25 mL), and the combined organic 

phases were dried (MgSO4), and concentrated.  Flash chromatography (5% MeOH/DCM) 

gave 0.041 g (90%). 

 

HN

O

n-C5H11

(1S,5S)-(-)-5  

(1S,5S)-(-)-Adaline (5).  Following the typical procedure for cascade reaction, the 

crude was flash chromatographed (1-2% MeOH in DCM) to give 0.051 g (85%) as an oil 

at Rf = 0.30 (4% MeOH in DCM), [!]20
D -12.6 (c 0.85, CHCl3) [lit.

9 [!]20
D -13 (CHCl3)].  

Spectral data were identical to literature values.16 

 

(1R,4R,5S)-(-)-70(1R,4R,5S)-69

HN

O

Me
Me

PNBN

O

Me
Me

Me

OO
NH

S
Ar

O

Me

O

Me

63c  

(1R,4R,5S)-(–)-N-(p-Nitrobenzoyl)-1,4-dimethyl-9-azabicyclo[3.3.1]nonan-3-

one (70).  Following the typical procedure for cascade reaction, the crude was 
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chromatographed (5% MeOH/DCM) to afford homotropinone 69 with an unknown 

impurity, which was converted into its N-p-nitrobenzoate amide for purification.  In an 

oven-dried, 10 mL round-bottom flask equipped with a magnetic stirring bar, rubber 

septum, and argon inlet was placed crude 69 in dry DCM (3 mL).  The reaction mixture 

was cooled to 0 oC and Et3N (0.2 mL, 1.429 mmol) was added followed by a solution of 

p-nitrobenzoyl chloride (0.058 g, 0.314 mmol) in dry DCM (3 mL) at 0 oC.  The reaction 

mixture was warmed to rt, stirred for 4 h at rt and concentrated.  Chromatography 

(EtOAc/hexanes, 2:3) gave 0.074 g (82%) of an off-white solid mp 152-153 oC, at Rf = 

0.56 (EtOAc/hexanes, 2:3); [!]20
D -11.2 (c 1.11, CHCl3); IR (neat) 1714, 1649 cm-1; 1H 

NMR (CDCl3) $ 8.28 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.6 Hz, 2H), 4.00 (m, 1H), 2.93 (d, 

J = 16.0, 1H), 2.47 (m, 1H), 2.41 (d, J = 16.0 Hz, 1H), 1.93 (m, 1H), 1.80 (m, 1H), 1.72 

(s, 3H), 1.65 (m, 3H), 1.39 (m, 1H), 0.95(d, J = 6.9 Hz, 3H); 13C NMR (CDCl3) $ 209.8, 

171.7, 148.9, 143.4, 128.3, 124.1, 59.3, 58.7, 51.6, 47.2, 39.1, 29.6, 25.3, 17.4, 11.2.  

HRMS calcd for C17H21N2O4 (M + H) 317.1501, found 317.1509. 
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6.3 CHAPTER 3.  ASYMMETRIC SYNTHESIS OF TROPANE ALKALOID 

COCAINE  

 

MeO CHO

OMe

p-Tolyl
S
NH2

O
MeO

N
S
Tolyl-p

OMe

O

+

(R)-(-)-99 (R)-(-)-10098
 

 (R)-(–)-N-(4,4-Dimethoxybutanylidene)-p-toluenesulfinamide (100).  In an 

oven-dried, single-necked, 100 mL, round-bottom flask equipped with a magnetic stir bar 

and a rubber septum under argon were placed (R)-(-)-p-toluenesulfinamide 99 (2.23 g, 

0.014 mol) and 4,4-dimethoxybutanal86,28 98 (1.90 g, 0.014 mol) in CH2Cl2 (30 mL).  The 

reaction mixture was stirred for 10 min at rt and titanium(IV) ethoxide (15 mL, 0.072 

mol) was added via syringe.  After stirring for 12 h the reaction mixture was diluted with 

CH2Cl2 (30 mL), cooled to 0 °C, and then quenched by addition of ice H2O (4 mL).  The 

solution was stirred for 10 min, the solution was filtered through Celite and the filter cake 

was washed with CH2Cl2 (30 mL).  The organic phase was washed with brine (2 x 25 

mL), dried (MgSO4), and concentrated.  Flash chromatography (EtOAc/hexanes, 1:3) 

afforded 2.09 g (54%) of a colorless oil; [!]20
D -289.4 (c 1.23, CHCl3); IR (neat) 1623 cm-

1; 1H NMR (CDCl3) $ 8.23 (t, J = 4.3 Hz, 1H), 7.54 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.1 

Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 4.34 (t, J = 5.6 Hz, 1H), 3.27 (s, 3H), 3.25 (s, 3H), 2.54 

(m, 2H), 2.37 (s, 3H), 1.91 (m, 2H); 13C NMR (CDCl3) $ 166.2, 141.7, 141.4, 129.5, 

124.4, 103.4, 53.0, 52.9, 30.8, 28.0, 21.2.  HRMS calcd for C13H20NO3S (M+H) 

270.1158, found 270.1163. 
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MeO

NH

OMe

O
S

p-Tolyl

O

MeO
N

S
Tolyl-p

OMe

O

OMe

(R)-(-)-100 (RS,R)-(
_)-101  

(Rs,3R)-(–)-Methyl-N-(p-toluenesulfinyl)-3-amino-6,6-dimethoxyhexanoate 

(101).  In a 250 mL, flame-dried, single-neck round-bottomed flask equipped with 

magnetic stirring bar, and a rubber septum was placed NaHMDS (12.3 mL, 12.24 mmol, 

1.0 M solution in THF) in anhydrous Et2O (80 mL) under argon.  The solution was 

cooled to -78 oC, methylacetate (0.97 mL, 12.24 mmol) was slowly added via syringe and 

the solution was stirred for 1 h.  At this time (–)-100 (1.10 g, 4.08 mmol) in THF (6 mL) 

was added slowly via cannula at -78 oC.  The reaction mixture was stirred for 3 h at -78 

oC and quenched by addition of saturated aqueous NH4Cl (15 mL) and H2O (15 mL).  

The solution was extracted with EtOAc (3 x 15 mL), the combined organic phases were 

washed with brine (2 x 10 mL), dried (MgSO4), and concentrated.  Flash chromatography 

(EtOAc/hexanes, 2:3) afforded 1.13 g (81%) of a colorless oil and 0.11 g (10%) of (-)-

100; [!]20
D -93.33 (c 1.14, CHCl3); IR (neat) 3227, 1733 cm-1; 1H NMR (C6D6) $ 7.68 (d, 

J = 8.1 Hz, 2H), 6.91 (d, J = 8.1 Hz, 2H), 4.86 (d, J = 9.2 Hz, 1H), 4.28 (m, 1H), 3.66 (m, 

1H), 3.29 (s, 3H), 3.15 (s, 3H), 3.14 (s, 3H), 2.46 (d, J = 5.9 Hz, 2H), 1.99 (s, 3H), 1.62-

1.88 (m, 4H); 13C NMR (C6D6) $ 172.0, 144.1, 141.2, 130.0, 126.5, 104.9, 52.9, 52.8, 

51.5, 41.3, 31.7, 29.9, 21.4.  HRMS calcd for C16H26NO5S (M+H) 344.1526, found 

344.1527. 
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MeO

NH

OMe

O
S

p-Tolyl

O

OMe

MeO

NH

O

S
p-Tolyl

O

OMe

(RS,R)-(
_)-101 (RS,R)-(

_)-102  

  (Rs,3R)-(–)-N-(p-Toluenesulfinyl)-3-amino-6,6-dimethoxyhexanal (102).  In a 

50 mL, oven-dried, single-neck round-bottomed flask equipped with magnetic stirring 

bar, and a rubber septum under argon was placed (–)-101 (1.10 g, 3.20 mmol) in toluene 

(20 mL).  The solution was cooled to -78 oC, diisobutylaluminumhydride (5.75 mL, 5.76 

mmol, 1.0 M solution in toluene) was added slowly via syringe for 30 min, and the 

solution was stirred for 0.5 h.  At this time the reaction mixture was quenched with 

saturated aqueous NH4Cl (8 mL) at -78 oC, warmed to rt, and diluted with EtOAc (30 

mL) and water (20 mL).  The aqueous phase was extracted with EtOAc (3 x 25 mL), the 

combined organic phases were washed with brine (30 mL), dried (MgSO4), and 

concentrated.  Flash chromatography (80% EtOAc/hexanes) afforded 0.853 g (85%) of a 

colorless; [!]20
D -82.62 (c 1.30, CHCl3); IR (neat) 3224, 1720 cm-1; 1H NMR (C6D6) $ 

9.22 (dd, J = 2.1, 1.3 Hz, 1H), 7.64 (d, J = 8.1 Hz, 2H), 6.91 (d, J = 8.1 Hz, 2H), 4.59 (d, 

J = 9.1 Hz, 1H), 4.26 (t, J = 5.3 Hz, 1H), 3.57 (m, 1H), 3.16 (s, 3H), 3.15 (s, 3H), 2.27 

(ddd, J = 17.1, 6.2, 2.2 Hz, 1H), 2.12 (ddd, J = 17.1, 6.2, 2.2 Hz, 1H), 1.99 (s, 3H); 13C 

NMR (C6D6) $ 200.5, 143.6, 141.4, 130.0, 126.5, 104.9, 53.0, 52.9, 50.7, 50.2, 32.2, 29.8, 

21.4.  HRMS calcd for C15H24NO4S (M+H) 314.1421, found 314.1425. 

 

MeO

NH

O

S
p-Tolyl

O

OMe

MeO

NH
S

p-Tolyl

O

OMe

OMe

O

(RS,R)-(
_)-102

(RS,R)-(
_)-103
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  (Rs,5R)-(–)-Methyl-N-(p-toluenesulfinyl)-5-amino-8,8-dimethoxyoct-2-enoate 

(103).  In a 25 mL, oven-dried, single-neck round-bottomed flask equipped with 

magnetic stirring bar, and a rubber septum was placed trimethylphosphonoacetate (0.640 

mL, 4.44 mmol) in anhydrous MeCN (8 mL) under argon.  DBU (0.675 g, 4.44 mmol) 

was added and the reaction mixture was stirred for 15 min at rt.  At this time (–)-102, in 

MeCN (8 mL) was added via cannula and the reaction was monitored for completion by 

TLC (typically 2 h).  At this time the reaction was quenched by addition of H2O (35 mL).  

The aqueous phase was extracted with EtOAc (4 x 30 mL), the combined organic phases 

were washed with brine (2 x 30 mL), dried (MgSO4), and concentrated.  Flash 

chromatography (EtOAc/hexanes, 1:1) afforded 0.720 g (88%) of a colorless oil; [!]20
D -

36.94 (c 1.80, CHCl3); IR (neat) 3225, 1718, 1653, 1456, 1437 cm-1; 1H NMR (C6D6) $ 

7.68 (d, J = 8.1 Hz, 2H), 6.95 (d, J = 8.1 Hz, 2H), 6.88 (td, J = 15.5, 7.7 Hz, 1H), 5.80 

(td, J = 15.5, 1.3 Hz, 1H), 4.26 (t, J = 5.6 Hz, 1H), 4.18 (d, J = 8.7 Hz, 1H), 3.41 (s, 3H), 

3.21-3.30 (m, 1H), 3.17 (s, 3H), 3.15 (s, 3H), 2.00 (s, 3H), 1.94-2.00 (m, 2H), 1.58-1.79 

(m, 2H), 1.41-1.51 (m, 2H); 13C NMR (C6D6) $ 166.7, 145.7, 143.7, 141.2, 130.0, 126.8, 

124.3, 104.9, 53.3, 53.0, 52.9, 51.4, 39.4, 31.6, 29.7, 21.4.  HRMS calcd for C18H28NO5S 

(M+H) 370.1683, found 370.1688. 

 

MeO

NH
S

p-Tolyl

O

OMe

OMe

O

N OMe

O

(RS,R)-(
_)-103 (R)-(_)-104

 

  (2E)-(5R)-(-)-Methyl-4-(3,4-dihydro-2H-pyrrol-2-yl)-but-2-enoate (104).  In a 

250 mL, oven-dried, single-neck round-bottomed flask equipped with magnetic stirring 
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bar, and a rubber septum was placed (–)-103 (0.500 g, 1.353 mmol) in MeOH (65 mL) 

and THF (65 mL).  To this solution was added 3 N aqueous HCl (4.5 mL) slowly via 

syringe, the reaction mixture was stirred for 15 h, concentrated, and the residue was 

dissolved in CH2Cl2 (100 mL).  The organic phase was  washed with saturated aqueous 

NaHCO3 solution (2 x 20 mL), brine (25 mL), dried (MgSO4), and concentrated.  Flash 

chromatography (2% MeOH/CH2Cl2) gave 0.206 g (91%) of a clear oil; [!]20
D -63.73 (c 

1.25, CHCl3); IR (neat) 1722, 1655, 1434, 1192 cm-1; 1H NMR (CDCl3) $ 7.57 (br d, J = 

1.0 Hz, 1H), 6.97 (td, J = 15.8, 7.2 Hz, 1H), 5.88 (d, J = 15.8 Hz, 1H), 5.88 (d, J = 15.8 

Hz, 1H), 4.12 (br t, J = 7.2 Hz, 1H), 3.69 (s, 3H), 2.45-2.62 (m, 3H), 2.37 (m, 1H), 1.98 

(m, 1H), 1.38 (m, 1H); 13C NMR (CDCl3) $ 166.72, 166.69, 146.0, 122.8, 71.5, 51.4, 

38.7, 36.9, 26.1.  HRMS calcd for C9H14NO2 (M+H) 168.1019, found 168.1021. 

 

N OMe

O

(R)-(_)-104 (-)-107nitrone 105 isoxazolidine 106

N

O
Me

MsO CO2Me

H

N OMe

O

O

N

O

CO2Me

H

C-1

 

(1R,2S,3S,6R)-(-)-Methylmesilate of methyl-7-aza-8-

oxatricyclo[4.2.1.0]nonane-2-carboxylate (107).  In a 25 mL, oven-dried, single-neck 

round-bottomed flask equipped with magnetic stirring bar, and a rubber septum was 

placed methyltrioxorhenium (0.008 g, 0.033 mmol) and urea hydrogen peroxide (0.148 g, 

1.574 mmol) in anhydrous MeOH (5 mL) under argon and stirred for 15 min.  At this 

time, the solution of (2E)-(5R)-(-)-methyl-4-(3,4-dihydro-2H-pyrrol-2-yl)-but-2-enoate 

104 (0.081 g, 0.484 mmol) in MeOH (4 mL) was added via cannula and the resultant 

yellow colored solution was stirred at rt for 15 h.  The reaction mixture was concentrated 

and the residue was added CH2Cl2 (7 mL) and then concentrated. The residue was added 
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CH2Cl2 (5 mL) and urea crystals were filtered off.  Removal of solvent gave 0.088 g of 

(5R)-methyl-(3,4-dihydro-5-methyl-2H-pyrrol-2-yl)-but-2-enoate-N-oxide 105 as a 

yellow colored oil, which was taken to the next step without further purification; IR 

(neat) 1718, 1653, 1197 cm-1.  HRMS calcd for C9H14NO3 (M+H) 184.0968, found 

184.0968. 

 In a 250 mL, oven-dried, single-neck round-bottomed flask equipped with 

magnetic stirring bar, and a rubber septum was placed (5R)-methyl-(3,4-dihydro-5-

methyl-2H-pyrrol-2-yl)-but-2-enoate-N-oxide 105 (0.484 mmol) in anhydrous toluene 

(95 mL).  To this was added Al(O-t-Bu)3 (60 mg, 0.242 mmol) and the solution was 

stirred for 6 h and then it was refluxed (while maintaining the oil bath temperature at 150 

oC) for 96 h.  The reaction mixture was cooled to rt and extracted with 5% HCl (12 mL + 

6 mL + 6 mL).  The aqueous layer was extracted with CH2Cl2 (4 x 5 mL) after adjusting 

the pH to about 8 using solid Na2CO3. The organic layer was dried over MgSO4 and was 

taken on to the next step without further purification because of its volatility. 

In a 50 mL, oven-dried, single-neck round-bottomed flask equipped with 

magnetic stirring bar, and a reflux condenser was placed the above organic phase under 

argon.  Methylmethanesulfonate (0.410 mL, 4.844 mmol) was added via syringe and the 

solution was refluxed for 24 h.  At this time the reaction mixture was diluted with water 

(25 mL) and the aqueous phase was washed with CH2Cl2 (3 x 12 mL) to remove the 

excess reagent (methylmethanesulfonate).  The aqueous layer was concentrated to give 

0.069 g (49%) of a colorless oil; [!]20
D -29.54 (c 0.85, MeOH); IR (neat) 1717, 1197 cm-

1; 1H NMR (CD3OD) $ 5.45 (d, J =5.3 Hz, 1H), 4.61 (dd, J = 7.9, 3.0 Hz, 1H), 4.28 (m, 

1H), 3.69 (s, 3H), 3.54 (s, 3H), 3.37 (d, J = 3.0 Hz, 1H), 2.77 (ddd, J = 12.9, 10.8, 5.3 Hz, 
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1H), 2.61 (br s, 3H), 2.23-2.50 (m, 4H), 2.08 (dd, J = 12.8, 3.1 Hz, 1H); 13C NMR 

(CD3OD) $ 170.7, 85.0, 84.7, 79.6, 77.0, 58.9, 53.7, 44.7, 40.7, 26.2, 25.5.  HRMS calcd 

for C10H16NO3 (M-OMs) 198.1125, found 198.1122. 

 

(-)-107

N

O
Me

MsO CO2Me

H

N
CO2Me

OH

Me
H

H
MsO

(+)_108  

  (1S,2S,3R,5R)-(+)-Methylmesylate of methyl-3-hydroxy-8-

azabicyclo[3.2.1]octane-2-carboxylate (108).  In a 25 mL, oven-dried, single-neck 

round-bottomed flask equipped with magnetic stirring bar, and a rubber septum was 

placed (–)-methylmesylate of methyl-7-aza-8-oxatricyclo[4.2.1.0]nonane-2-carboxylate 

107 (0.028 g, 0.096 mmol) in anhydrous MeOH (8 mL) under hydrogen (1 atm. pressure 

was maintained by using a balloon).  To this solution Pd-C (0.01 g, 5% Pd on Carbon, 

Johnson Matthey) was added and stirred at room temperature for 48 h.  The catalyst was 

removed by filtration on a short pad of Celite, and the filtrate was concentrated to give 

0.028 g (99%) of a colorless oil; [!]20
D +18.90 (c 0.90, MeOH); IR (neat) 3410, 1716, 

1194 cm-1; 1H NMR (CD3OD) $ 4.27 (m, 1H), 4.03 (br d, J = 7.0 Hz, 1H), 3.85 (m, 1H), 

3.73 (s, 3H), 3.28 (s, 1H), 3.13 (dd, J = 7.1, 2.2 Hz, 1H), 2.76 (s, 3H), 2.64 (s, 4H), 2.30 

(m, 2H), 1.96-2.11 (m, 4H);  13C NMR (CD3OD) $ 175.5. 65.7, 65.0, 61.7, 53.2, 50.7, 

39.7, 39.5, 37.0, 25.1, 24.2.  HRMS calcd for C10H18NO3 (M-OMs) 200.1281, found 

200.1279. 

 



 115 

N
CO2Me

OH

Me
H

H
MsO

(1S,2S,3R,5R)-(+)-72(+)_108

NMe
O

O

Ph

CO2Me

 

Methyl(1S,2S,3R,5R)-(+)-3-(benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]octane-

2-carboxylate. (S)-(+)-Cocaine (72).  In a 5 mL, oven-dried, single-neck round-

bottomed flask equipped with magnetic stirring bar, and a rubber septum was placed 

methylmesylate of (+)-methylmesylate of methyl-3-hydroxy-8-azabicyclo[3.2.1]octane-

2-carboxylate 108 (0.022 g, 0.075 mmol) in anhydrous pyridine (1.0 mL) under argon.  

To this solution benzoyl chloride (0.013 mL, 0.112 mmol) was added slowly via syringe 

and stirred at room temperature for 20 h.  The volatiles were removed in the rotary 

evaporator and the residue was dissolved in saturated aqueous potassium carbonate 

solution (20 mL) and stirred for 10 min.  The aqueous solution was extracted with 

chloroform (2 x 15 mL). The extracts were dried over MgSO4, filtered and concentrated.  

Flash chromatography (ether/hexanes/ammonium hydroxide, 50:50:1) afforded 0.021 g 

(93%) of (S)-(+)-cocaine (72) at Rf = 0.31 (ether/hexanes/ammonium hydroxide, 50:50:1) 

as a white solid mp 96-97 o [lit95,96 mp 96-98 o]; [!]20
D + 14.6 (c 1.00, CHCl3)  [lit95,96 

[!]24
D + 15.5 (c 1.00, CHCl3)]; IR (neat) 1746, 1713 cm-1; 1H NMR (CDCl3) $ 8.02 (dd, J 

= 8.1, 1.4 Hz, 2H), 7.53 (tt, J = 7.6, 1.3 Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 5.24 (td, J = 

11.7, 6.0 Hz, 1H), 3.54-3.58 (m, 1H), 3.71 (s, 3H), 3.30 (m, 1H), 3.02 (dd, J = 5.7, 3.3 

Hz, 1H), 2.44 (dt, J = 11.8,  2.8 Hz, 1H), 2.23 (s, 3H), 2.06-2.21 (m, 2H), 1.84-1.90 (m, 

1H), 1.71-174 (m, 2H); 13C NMR (CDCl3) $ 170.8, 166.2, 132.9, 130.3, 129.7, 128.3, 

66.9, 64.9, 61.6, 51.4, 50.2, 41.2, 35.6, 25.4, 25.3. 
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6.4 CHAPTER 4.  STEREOSELECTIVE SYNTHESIS OF 5(6)-anti-

SUBSTITUTED NOVEL METHANOPYRROLIDINES  
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N-Benzyl-5-anti,6-anti-dibromo-2-azabicyclo[2.1.1]hexane (119).  To a 

solution of dibromide 116123 (1000 mg, 2.67 mmol) in methanol (75 mL) was added 

Pd(OH)2 (150 mg).  The solution was degassed and stirred under a H2-filled balloon for 1 

h at rt.  The reaction mixture was filtered through Celite, the filtrate was evaporated, and 

the residue was chromatographed on silica gel (9:1 EtOH/MeOH) to give 513 mg (80%) 

of dibromoamine 116i at Rf = 0.58 (2:1 EtOH/MeOH); 1H NMR (400MHz, CDCl3) ! 

4.11 (s, 2H, H5 and H6), 3.87 (d, J = 6.0 Hz, 1H, H1), 3.35 (br s, 1H, NH), 3.17 (s, 2H, 

2H3), 3.10 (d, J = 6.0 Hz, 1H, H4); 
13C NMR (100MHz, CDCl3) ! 66.2, 52.3, 51.2, 47.1.  

HRMS calcd for C5H8N
79/79, 79/81, 81/81Br2 (M + H) 239.9023, 241.9003, 243.8983, found 

239.9014, 241.9001, 243.8983.  To a solution of amine 116i (0.50 g, 2.08mol) in 

acetonitrile (20mL) were added Et3N (1.69 g, 16.60 mol) and then BnBr (1.42 g, 8.30 

mol) dropwise at rt. The reaction mixturewas stirred at rt for 36 h.  Solvent was removed 

in vacuo, ether (75 mL) was added, the mixture was stirred for 10 min at rt and then 

filtered, and the residue was washed with ether (25 mL).  Solvent again was removed in 

vacuo to afford crude dibromide 119.  This was chromatographed on silica gel 

(hexanes/ether 4:1) to afford 590 mg (86%) of an off-white solid dibromide 119 at Rf = 

0.75 (1:1 hexanes/ether); mp 68-70 oC; 1H NMR (400 MHz, CDCl3) ! 7.36-7.27 (m, 5H, 

Ph), 4.32 (s, 2H, H5 and H6), 3.85 (s, 2H, CH2Ph), 3.61 (d, J = 6.6 Hz, 1H, H1), 3.12 (dd, 
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J = 6.6, 0.9 Hz, 1H, H4), 2.92 (s, 2H, 2H3); 
13C NMR (100 MHz, CDCl3) ! 137.8, 128.5, 

127.4, 70.1, 58.6, 55.1, 52.4, 51.1.  HRMS calcd for C12H14N
79/79,79/81,81/81Br2 (M + H) 

329.9493, 331.9473, 333.9453, found 329.9482, 331.9472, 333.9453.   

Hexanes (0.3 mL) were added to a vial with a syringe that contained about 5 mg 

of dibromide 119 dissolved in ether (0.2 mL).  The vial was wrapped with aluminum foil, 

small holes were made with a syringe, and the solution was allowed to sit for 3 d to give 

crystals suitable for X-ray crystallography. 
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N-(Benzyloxycarbonyl)-5-anti-bromo-2-azabicyclo[2.1.1]hexane (117).  To a 

solution of dibromide 116123 (693 mg, 1.8 mmol) in toluene (50 mL) was added 

(TMS)3SiH (596 %L, 1.9 mmol) and AIBN (40 mg).  The resulting solution was allowed 

to stir at 70 °C for 3 h.  The solvent was concentrated in vacuo and flash chromatography 

gave 407 mg (74%) of the monobromide 117 at Rf = 0.39 (2:1 hexanes/ether); 1H NMR 

(400 MHz, CDCl3) $ 7.11 (m, 5H), 4.91 (s, 2H), 4.19 (br d, J = 6.3 Hz, H5), 3.58 (d, J = 

8.4 Hz, H1), 3.27 (d, J = 9.0 Hz, H3), 3.23 (d, J = 9.0 Hz, H3), 2.79 (dm, J = 8.1 Hz, 

H6anti), 2.67 (br, 1H, H4), 1.40 (dd, J = 8.1, 6.3 Hz, H6syn); 
13C NMR (100 MHz, CDCl3) $ 

155.5, 136.9, 128.9, 128.5, 128.4, 68.6, 65.2, 55.2, 49.4, 46.3, 39.3 and 25.5.  HRMS 

calcd for C13H14NO2Br (M+H) 296.0281, found 296.0284. 

 



 118 

N

Br

Cbz
BnN

Br

120117  

N-Benzyl-5-anti-bromo-2-azabicyclo[2.1.1]hexane (12).  To a solution of the 

monobromide 117 (708 mg, 2.4 mmol) in MeOH (40 mL) was added Pd(OH)2 (71 mg) 

and the resulting solution was degassed and allowed to stir for 1 h at rt under hydrogen.  

After 1 h the catalyst was filtered via Celite and the solvent was removed in vacuo to give 

500 mg of the crude amine.  Without further purification the amine was dissolved in 

acetonitrile (20 mL) and to the resulting solution was added Et3N (405 mg, 4.0 mmol) 

and BnBr (328 mg, 1.9 mmol).  The resultant solution was stirred at rt for 3 days.  

Solvent was removed in vacuo to give an oil which on flash chromatography gave 351 

mg (58%) of the bromide 120 at Rf = 0.40 (1:1 hexane/ether); 1H NMR (400 MHz, 

CDCl3) $ 7.39-7.24 (m, 5H), 4.11 (d, J = 8.4 Hz, 1H, H5), 3.81 (s, 2H), 3.46 (dd, J = 6.9, 

1.9 Hz, H1), 2.88 (m, 4H, 2H3, H4, H6anti), 1.76 (t, J = 8.1 Hz, H6syn); 
13C NMR (100 MHz, 

CDCl3) $ 139.0, 128.5, 128.3, 127.0, 68.8, 59.0, 55.3, 54.6, 48.0, 35.8.  HRMS calcd for 

C12H15NBr (M+H) 252.0383, found 252.0383. 
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N-(Benzyloxycarbonyl)-5-anti-bromo-6-anti-fluoro-2-azabicyclo[2.1.1]hexane 

(118).  To a solution of 2-azabicyclo[2.2.0]hex-5-ene 114125 (1.30 g, 0.006 mol) in 

MeNO2 (50 mL) was added NBS (2.15 g, 0.012 mol) at 0 oC followed by Et3N•3HF (2.92 

g, 0.018 mol) dropwise over a period of 10 min.  The reaction was brought to room 

temperature and stirred for 20 h.  Then the reaction mixture was diluted with CH2Cl2 (125 
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mL) and washed with saturated aqueous NaHCO3 solution (50 mL).  The organic layer 

was dried over anhydrous Na2SO4, concentrated in vacuo and the residue was purified by 

flash chromatography (1:3 ether/hexanes) to afford 997 mg (53%) of bromofluoride 118 

as a colorless oil at Rf = 0.49 (1:1 ether/hexanes); 1H NMR (400 MHz, CDCl3) ! 7.41-

7.29 (m, 5H), 5.18 (d, J = 12.3 Hz, 1H), 5.14 (d, J = 12.3 Hz, 1H), 4.99 (dd, J = 59.1, 7.3 

Hz, 1H, H5), 4.55 (br d, J = 7.2 Hz, 1H, H6), 4.11 (dd, J = 7.3, 3.1 Hz, 1H, H1), 3.61 (ddd, 

J = 9.1, 3.2, 1.2 Hz, 1H, H3), 3.51 (dt, J = 9.1, 1.3 Hz, 1H, H3’), 3.13 (br dd, J = 7.3, 3.6 

Hz, 1H, H4); 
13C NMR (100 MHz, CDCl3) ! 154.9, 136.0, 128.5, 128.3, 128.0, 99.7 (JC,F 

= 226.8 Hz), 67.4, 64.6, 49.8, 49.1 (JC,F = 17.5 Hz), 48.1; 19F NMR (282 MHz, CDCl3) ! -

204.75 (d, J = 58.9 Hz), -205.83 (d, J = 58.9 Hz).  HRMS calcd for C13H13NO2FBr79 and 

81Na (M + Na) 336.0011, 337.9991, found 336.0014, 338.0005. 
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N-Benzyl-5-anti-bromo-6-anti-fluoro-2-azabicyclo[2.1.1]hexane (121).  To a 

solution of fluorobromide 118 (990 mg, 3.2 mmol) in methanol (25 mL) was added 

Pd(OH)2 (99 mg).  The solution was degassed in vacuo for 5 min and stirred at room 

temperature under a H2 balloon for 1 h.  The reaction mixture was then filtered through 

Celite, the solvent was removed in vacuo, the crude amine was dissolved in CH3CN (17 

mL) and then Et3N (1.3 g, 4 mmol) followed by BnBr (807 mg, 1.5 mmol) were added 

dropwise.  The solution was stirred at room temperature for 3 days followed by removal 

of solvent in vacuo to give the residue, which was chromatographed to give 494 mg 

(58%) of bromoamine 121 as a light orange oil at Rf = 0.79 (1:5 ether/hexanes); 1H NMR 
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(400 MHz, CDCl3) ! 7.40-7.25 (m, 5H), 5.17 (dd, J = 60.6, 7.3 Hz, 1H, H5), 4.39 (dd, J = 

7.4, 3.2 Hz, 1H, H6), 3.88 (d, J = 13.2, 1H), 3.77 (d, J = 13.2, 1H), 3.55 (dd, J = 6.8, 1.8 

Hz, 1H, H1), 3.07 (ddt, J = 6.8, 4.4 and 1.2 Hz, 1H, H4), 3.03 (dt, J = 9.0 and 1.2 Hz, 1H, 

H3), 2.74 (ddd, J = 9.0, 4.0, 1.2 Hz, 1H, H3’); 
13C NMR (100 MHz, CDCl3) ! 137.9, 128.4 

(2C overlap), 127.3, 100.1 (JC, F = 222.3 Hz), 68.4 (JC, F = 18.7 Hz, C1), 58.5, 52.9 (JC, F = 

5.0 Hz), 51.4 (JC, F = 17.1 Hz, C4), 49.4 (JC, F = 3.0 Hz); 19F NMR (282 MHz, CDCl3)
 ! -

208.68 (d, J = 60.6 Hz).  HRMS calcd for C12H13BrFN (M) 270.0288, found 270.0275. 
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N-Benzyl-5-anti,6-anti-diazido-2-azabicyclo[2.1.1]hexane (122) and N-Benzyl-

6-anti-azido-5-anti-bromo-2-azabicyclo[2.1.1]hexane (123).  General Method A 

(DMF).  Sodium azide (146 mg, 2.25 mmol) was added to a solution of dibromide 119 

(150 mg, 0.45 mmol) in DMF (25 mL).  After stirring at 60oC for 8 days, the reaction 

mixture was allowed to reach room temperature.  Brine (15 mL) was added and the 

solvent was extracted with ether (3 x 20 mL).  The combined ether extracts were washed 

with water (20 mL) and dried over Na2SO4.  The dried ether was evaporated and the 

residue was chromatographed on silica gel (5:1 hexane/ether) gave 52 mg (45%) of 

diazide 122 at Rf = 0.49 (1:1 hexanes/ether) as orange colored oil, 29 mg of bromoazide 

123 (22%) at Rf = 0.65 (1:1 hexanes/ether) as a light orange colored oil, and 5 mg of 

dibromide 119 at Rf = 0.76 as off-white solid.   
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1H NMR (CDCl3, 400 Hz) $ 7.25 (m, 5H), 4.14 (s, 2H), 3.75 (s, 2H), 3.31(d, J = 

7.0 Hz, 1H, H1), 2.85 (s, 2H, 2H3), 2.81(d, J = 7.0 Hz, 1H, H4); 
13C NMR (CDCl3, 100Hz) 

$ 138.4, 128.9, 128.9, 127.8, 68.4, 67.3, 59.0, 53.9, 48.2.  HRMS calcd for C12H14N7 

(M+H) 256.1259, found 256.1263.   
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1H NMR (CDCl3, 400 Hz) $ = 7.25 (m, 5H), 4.22 (d, J = 7.0 Hz, 1H), 4.18 (d, J = 

7.0 Hz, 1H), 3.77 (two d, J = 13.2 Hz, 2H, CH2Ph), 3.41 (d, J = 6.6 Hz, 1H, H1), 2.93 (m, 

2H, H3+H4), 2.72 (d, J = 9.1 Hz, 1H, H3); 
13C NMR (CDCl3, 100 Hz) $ 138.3, 128.9, 

128.9, 127.8, 69.8, 68.9, 59.0, 54.8, 50.5 (2C).  HRMS calcd for C12H14N4Br (MBr79 + H) 

294.0481 and for C12H14N4Br (MBr81 + H) 296.0461, found 294.0483 and 296.0465. 

 

N-Benzyl-5-anti,6-anti-diazido-2-azabicyclo[2.1.1]hexane (122).  General 

Method B (DMSO).  To a solution of dibromide 119 (42 mg, 0.127 mmol) in dry DMSO 

(1 mL) was added NaN3 (41 mg, 0.634 mmol) under argon.  The reaction mixture was 

maintained at 60 oC for 2 days.  After allowing the reaction mixture to room temperature, 

water (3 mL) was added and extracted in to ether (5 x 3 mL).  The combined ether 

extracts were dried over Na2SO4 and removed the solvent in vacuo to afford 34 mg crude 

orange colored oil.  The crude was chromatographed (prep TLC, 1:1 ether/hexanes) to 

give diazide 122 (28 mg, 87%).  
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N-Benzyl-6-anti-azido-5-anti-bromo-2-azabicyclo[2.1.1]hexane (123).  

General Method B (DMSO).  To a solution of dibromide 119 (30 mg, 0.091 mmol) in 

dry DMSO (1 mL) was added NaN3 (30 mg, 0.453 mmol) under argon.  The reaction 

mixture was maintained at 60 oC for 5 h.  After allowing the reaction mixture to room 

temperature, water (3 mL) was added and extracted in to ether (5 x 3 mL).  The ether 

extracts were combined and dried over Na2SO4.  The solvent was removed in vacuo and 

the crude was chromatographed (prep TLC, 1:2 ether/hexanes) to give bromoazide 123 (5 

mg, 19%) and the starting material dibromide 119 (22 mg, 73%). 
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N-Benzyl-5-anti,6-anti-diacetoxy-2-azabicyclo[2.1.1]hexane (124) and N-

Benzyl-5-anti-acetoxy-6-anti-bromo-2-azabicyclo[2.1.1]hexane (125).  General 

Method A (DMF).  Flash chromatography on silica gel (hexanes/ether 2:1) give 70 mg 

(40%) of diacetate 124 as an orange color oil at Rf = 0.27 (1:1 hexanes/ether), 78 mg 

(42%) of bromoacetate 125 as an orange color oil at Rf = 0.53 (1:1 hexanes/ether), and 19 

mg (10%) of starting material dibromide 119.  
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N-Benzyl-5-anti,6-anti-diacetoxy-2-azabicyclo[2.1.1]hexane (124).  1H NMR 
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(400 MHz, CDCl3) ! 7.43-7.23 (m, 5H, Ph), 4.99 (s, 2H, H5 and H6), 3.91 (s, 2H, CH2Ph), 

3.56 (d, J = 6.9 Hz, 1H, H1), 3.04 (d, J = 6.9 Hz, 1H, H4), 3.03 (s, 2H, 2H3), 2.10 (s, 6H, 

2COCH3); 
13C NMR (100 MHz, CDCl3) !170.8, 138.2, 128.7, 128.4, 127.3, 81.7 (C5 and 

C6), 65.5, 58.6, 52.2, 47.7, 21.0.  HRMS calcd for C16H20NO4 (M+H) 290.1392, found 

290.1399.   
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N-Benzyl-5-anti-acetoxy-6-anti-bromo-2-azabicyclo[2.1.1]hexane (125).  1H 

NMR (400 MHz, CDCl3) ! 7.41-7.27 (m, 5H, Ph), 4.91 (d, J = 7.0 Hz, 1H), 4.34 (d, J = 

7.1 Hz, 1H), 3.94 (d, J = 13.1 Hz, 1H), 3.86 (d, J = 13.1 Hz, 1H), 3.62 (d, J = 6.7 Hz, 1H, 

H1), 3.11 (d, J = 6.7 Hz, 1H, H4), 3.04 (d, J = 8.8 Hz, 1H, H3), 2.92 (br, 1H, H3’), 2.13 (s, 

3H); 13C NMR (100 MHz, CDCl3) !170.9, 137.7, 128.6, 128.5, 127.4, 82.3, 68.2, 58.4, 

53.7, 50.3, 50.0, 21.2.  HRMS calcd for C14H17NO2
79, 81Br (M+H) 310.0443, 312.0422, 

found 310.0410, 312.0424. 
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N-Benzyl-5-anti-6-anti-di-(phenylthio)-2-azabicyclo[2.1.1]hexane (126) and N-

Benzyl-5-anti-bromo-6-anti-(phenylthio)-2-azabicyclo[2.1.1]hexane (127).  General 

Method B (DMSO).  Chromatography on silica gel (hexanes/ether 2:1) gave di-

(phenylthio) ether 126 (22 mg, 37%) at Rf = 0.53 (1:2 ether/hexanes) and bromo-
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(phenylthio) ether 127 (16 mg, 29%) at Rf = 0.59 (1:2 ether/hexanes) as light orange 

colored oils and the starting dibromide 119 (2 mg, 4%) at Rf = 0.73 (1:2 ether/hexanes) as 

off-white solid.   
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N-Benzyl-5-anti-6-anti-di-(phenylthio)-2-azabicyclo[2.1.1]hexane (126).  1H 

NMR (400 MHz, CDCl3) $ 7.44-7.23 (m, 15H), 3.94 (s, 2H, H5 and H5’), 3.80 (s, 2H, 

CH2Ph), 3.71 (d, J = 6.6 Hz, 1H, H1), 3.16 (d, J =  6.6 Hz, 1H, H4), 306 (s, 2H, H3); 
13C 

NMR (100 MHz, CDCl3)  $ 138.5 (br, 2C), 129.2, 129.0, 128.5, 128.4, 127.2, 126.1, 

71.3, 58.9, 56.8, 56.6, 51.6.  HRMS calcd for C24H24NS2 (M+H) 390.1345, found 

390.1361.  
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N-Benzyl-5-anti-bromo-6-anti-(phenylthio)-2-azabicyclo[2.1.1]hexane (127).  

1H NMR (400 MHz, CDCl3) $ 7.37-7.18 (m, 10H), 4.27 (d, J = 7.3 Hz, 1H, H6), 3.88 (d, J 

= 13.3 Hz, 1H, CH2Ph), 3.83 (d, J = 13.3 Hz, 1H, CH2Ph), 3.74 (d, J = 7.3 Hz, 1H, H5), 

3.64 (d, J =  6.5 Hz, 1H, H1), 3.13 (d, J =  6.5 Hz, 1H, H4), 2.97 (d, J = 8.9 Hz, 1H, H3), 

2.94 (d, J = 8.9 Hz, 1H, H3);
 13C NMR (100 MHz, CDCl3)  $ 139.1, 138.0, 129.3, 129.0, 

128.5, 128.5, 127.4, 126.2, 71.2, 58.8, 58.3, 55.9, 52.7, 52.0.  HRMS calcd for 

C18H19BrNS (M+H) 360.0416, found 360.0433. 
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N-Benzyl-5-anti-azido-2-azabicyclo[2.1.1]hexane (128).  Method B (DMSO).  

To a solution of monobromide 120 (24 mg, 0.095 mmol) in dry DMSO (0.5 mL) was 

added NaN3 (19 mg, 0.286 mmol) under argon.  The reaction mixture was maintained at 

70 oC for 5 h.  After allowing the reaction mixture to room temperature, water (2 mL) 

was added and extracted in to ether (5 x 2 mL).  The ether extracts were combined and 

dried over Na2SO4.  The solvent was removed in vacuo to afford orange colored crude oil.  

The crude was chromatographed (prep TLC, 1:1 ether/hexanes) to give monoazide 128 

(18 mg, 88%) at Rf = 0.61 (1:1 ether/hexanes) as a light orange colored oil.  1H NMR 

(300 MHz, CDCl3) $ 7.38 (m, 5H), 3.86 (br, J = 7.5 Hz, H5), 3.72 (d, J = 13.2 Hz, 1H), 

3.65 (d, J = 13.2 Hz, 1H), 3.32 (dd, J = 6.3, 2.0 Hz, H1), 2.86 (brd, J = 9.3 Hz, H3), 2.67 

(m, H4), 2.61 (d, J = 9.3 Hz, H3), 2.38 (brd, J = 7.8 Hz, H6anti), 1.69 (dd, J = 7.8, 7.5 Hz, 

H6syn); 
13C NMR (100 MHz, CDCl3) $ 129.0, 128.8, 127.5, 69.5, 67.0, 59.2, 54.9, 45.2 and 

33.8.  HRMS calcd for C12H15N4 (M + H) 215.1282, found 215.1291. 
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N-Benzyl-5-anti-acetoxy-2-azabicyclo[2.1.1]hexane (129).  Method B 

(DMSO).  To a solution of monobromide 120 (23 mg, 0.091 mmol) in dry DMSO (450 

%L) was added CsOAc (53 mg, 0.274 mmol) under argon.  The reaction mixture was 

maintained at 70 oC for 6 h.  After allowing the reaction mixture to room temperature, 
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water (2 mL) was added and extracted in to ether (5 x 2 mL).  The ether extracts were 

combined and dried over Na2SO4.  The solvent was removed in vacuo to afford orange 

colored crude oil.  The crude was chromatographed (prep TLC, 1:1 ether/hexanes) to give 

monoacetate (19 mg, 90%) at Rf = 0.43 (1:1 ether/hexanes) as a light orange colored oil.  

1H NMR (300 MHz, CDCl3) $ 7.24 (m, 5H), 4.73 (d, J = 7.5 Hz, H5), 3.82 (d, J = 13.1 

Hz, 1H, CH2), 3.74 (d, J = 13.1 Hz, 1H, CH2), 3.39 (dd, J = 6.6, 1.5 Hz, H1), 2.88 (d, J = 

8.7 Hz, H3), 2.74 (m, 2H, H4 and H3), 2.42 (d, J = 7.8 Hz, H6anti), 2.03 (s, 3H), 1.73 (dd, J 

= 7.8, 7.5 Hz, H6syn); 
13C NMR (100 MHz, CDCl3) $ 171.1, 130.0, 128.8, 128.4, 127.2, 

81.4, 65.5, 58.5, 54.0, 44.4, 32.3, 21.0.  HRMS calcd for C14H18NO2 (M+H) 232.1315, 

found 232.1315.  
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N-Benzyl-5-anti-phenylthio-2-azabicyclo[2.1.1]hexane (130).  Method B 

(DMSO).  Chromatography (prep TLC, 1:1 ether/hexanes) afforded phenylthio ether 130 

(19 mg, 77%) at Rf = 0.42 (1:1 ether/hexanes) as a light orange colored oil; 1H NMR (400 

MHz, CDCl3) $ 7.50-7.23 (m, 10H), 3.96 (d, J = 13.3 Hz, 1H, CH2Ph), 3.91 (d, J = 13.3 

Hz, 1H, CH2Ph), 3.72 (d, J = 8.0 Hz, 1H, H5), 3.54 (dbr, J = 6.6, 1.8 Hz, 1H, H1), 2.99 

(dd, J = 8.7, 1.0 Hz, 1H, H3), 2.93 (dd, J = 8.7, 1.0 Hz, 1H, H3), 2.88 (m, 1H, H6syn), 2.84 

(m, 1H, H4), 1.81 (t, J = 8.0 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) $ 138.9, 136.9, 

128.9, 128.7, 128.6, 128.4, 127.1, 125.8, 67.3, 58.8, 55.8, 54.4, 45.0, 35.7.  HRMS calcd 

for C18H20NS (M+H) 282.1311, found 282.1321. 
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N-Benzyl-5-anti-iodo-2-azabicyclo[2.1.1]hexane (131).  A solution of NaI (190 

mg, 1.269 mmol) in acetone (750 %L) was added to bromide 120 (16 mg, 0.063 mmol) 

under argon.  The reaction mixture was maintained at reflux for 4 days.  The solvent was 

removed in vacuo and the crude was dissolved in CH2Cl2 (4 mL) and washed with water 

(2 mL).  The organic layer was separated and the aqueous layer was washed with CH2Cl2 

(2 x 2 mL).  The organic extracts were combined and dried over Na2SO4.  The solvent 

was removed in vacuo and the crude was chromatographed (prep TLC, 1:1 

ether/hexanes) to give iodide 131 (14 mg, 74%) at Rf = 0.74 (1:1 ether/hexanes) as a light 

orange colored oil; 1H NMR (400 MHz, CDCl3) $ 7.38-7.24 (m, 5H), 3.95 (d, J = 9.0 Hz, 

1H, H5), 3.80 (two d, J = 13.3, 13.3 Hz, 2H, Bn), 3.46 (dd, J = 6.5, 1.8 Hz, 1H, H1), 2.86-

2.77 (m, 4H, 2H3, H4 and H6anti), 1.75 (dd, J = 9.0, 8.0 Hz, 1H, H6syn); 
13CNMR (100 MHz, 

CDCl3) $139.0, 128.5, 128.4, 127.1, 69.5, 59.1, 54.1, 48.5, 37.9, 30.1.  HRMS calcd for 

C12H15IN (M + H) 300.0244, found 300.0243. 
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N-Benzyl-5-anti-imidazol-1-yl-2-azabicyclo[2.1.1]hexane (132).  Butyllithium 

(90 %L, 2.5 M solution in hexanes, 0.226 mmol) was added dropwise to imidazole (15 

mg, 0.226 mmol) in anhydrous DMF (0.5 mL), and the mixture was stirred at 20 °C for 

0.25 h.  A solution of bromide 120 (19 mg, 0.075 mmol) in anhydrous DMF (0.5 mL) 



 128 

was added, and after stirring at 70 °C for 8 days workup and chromatography (CH2Cl2/ 

MeOH/ NH4OH 90: 10: 1) the imidazolyl compound 132 was isolated as a light orange 

colored oil (10 mg, 55%) at Rf = 0.60 (CH2Cl2/MeOH/NH4OH, 90:10:1); 1HNMR (400 

MHz, CDCl3) $ 7.54 (s, 1H), 7.43-7.25 (m, 5H), 7.09  (s, 1H), 6.94  (s, 1H), 4.30 (d, J = 

7.3 Hz, 1H, H5), 3.91 (d, J = 13.2 Hz, 1H, Bn), 3.83 (d, J = 13.2 Hz, 1H, Bn), 3.70 (dbr, J 

= 6.8 Hz, 1H, H1), 3.14-3.07 (m, 2H, H3), 2.79 (d, J = 8.7 Hz, 1H, H6anti), 2.13 (m, 1H, 

H4), 1.88 (two d, J = 8.5, 8.5 Hz, 1H, H6syn); 
13CNMR (100 MHz, CDCl3) $ 138.7, 136.8, 

129.4, 128.6, 128.5, 127.3, 119.0, 66.1, 64.4, 58.9, 54.6, 44.1, 33.4.  HRMS calcd for 

C15H18N3 (M + H) 240.1495, found 240.1495. 
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N-Benzyl-6-anti-azido-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (133).  Method 

A (DMF).  Flash chromatography (1:4 ether/hexanes) afforded 74 mg (43%) (62% 

BORSM) of fluoroazide 133 as an oil at Rf = 0.59 (1:1 ether/hexanes) and 62 mg (31%) 

of starting material 121 at Rf = 0.69; after two column separations, for 133; 1H NMR (400 

MHz, CDCl3) ! 7.35-7.27 (m, 5H), 5.21 (dd, J = 60.9, 7.1 Hz, 1H, H5), 4.31 (dd, J = 7.1, 

2.9 Hz, 1H, H6), 3.85 (d, J = 13.1, 1H), 3.79 (d, J = 13.2, 1H), 3.43 (dd, J = 7.1, 2.0 Hz, 

1H, H1), 3.00 (dt, J = 9.0, 1.3 Hz, 1H, H3), 2.96 (ddt,  J = 7.1, 4.7, 1.2 Hz, 1H, H4), 2.85 

(ddd, J = 9.1, 3.7, 1.2 Hz, 1H, H3’); 
13C NMR (100 MHz, CDCl3) ! 138.0, 128.5, 128.4 

and 127.4, 99.6 (JC, F = 220.2 Hz, C5), 67.7 (JC, F = 4.2 Hz), 66.3 (JC, F = 18.1 Hz), 58.7, 

52.1 (JC, F = 7.1 Hz), 48.4 (JC, F = 17.3 Hz); 19F NMR (282 MHz, CDCl3)
 ! -216.11 (d, J = 

60.4 Hz).  HRMS calcd for C12H14FN4 (M + H) 233.1202, found 233.1202.   
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N-Benzyl-6-anti-acetoxy-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (134).  

Method A (DMF).  Flash chromatography (1:3 ether/hexanes) afforded 578 mg (64%) of 

unreacted fluorobromide 121 at Rf = 0.61 (1:1 ether/hexane) and 249 mg (30%) (84% 

BORSM) of fluoroacetate 134 at Rf
 = 0.44 (1:1 ether/hexanes); 1H NMR (400 MHz, 

CDCl3) ! 7.38-7.22 (m, 5H), 5.29-5.08 (m, ABX pattern, 2H, H5 and H6)(See 

supplemental), 3.88 (d, J = 13.2, Hz, 1H), 3.82 (d, J = 13.2, Hz, 1H), 3.48 (dd, J = 7.1, 

2.2 Hz, 1H, H1), 3.05-2.95 (m, 2H, H3 + H4), 2.88 (ddd, J = 9.0, 3.7, 1.2 Hz, 1H, H3), 2.12 

(s, 3H); 1H NMR (400 MHz, CDCl3+C6D6 1:1 mixture) ! 7.41-7.22 (m, 5H), 5.26-4.99 

(m, ABX pattern, 2H, H5 and H6), 3.73 (d, J = 13.2, Hz, 1H), 3.66 (d, J = 13.2, Hz, 1H), 

3.48 (dd, J = 7.1, 2.2 Hz, 1H, H1), 2.86 (t, J = 6.0 Hz, 1H, H4), 2.79-2.62 (m, 2H, 2H3), 

2.01 (s, 3H); 1H NMR (400 MHz, C6D6) ! 7.44-7.22 (m, 5H), 5.21-4.96 (m, ABX pattern, 

2H, H5 and H6), 3.61 (d, J = 13.2, Hz, 1H), 3.55 (d, J = 13.2, Hz, 1H), 3.51 (dd, J = 7.1, 

2.1 Hz, 1H, H1), 2.78 (m, 1H, H4), 2.57 (br d, J = 9.0 Hz, 1H, H3 ), 2.50 (ddd, J = 9.0, 3.6, 

1.2 Hz, 1H, H3), 1.92 (s, 3H); 13C NMR (100 MHz, CDCl3) ! 171.2, 138.2, 128.5, 128.4 

and 127.2, 99.5 (JC, F = 219.0 Hz, C5), 81.3 (JC, F = 3.6 Hz), 65.5 (JC, F = 18.4 Hz, C1), 58.7, 

51.4 (JC, F = 6.7 Hz), 48.4 (JC, F = 17.7 Hz, C4), 21.0; 19F NMR (282 MHz, CDCl3)
 ! -

214.63 (d, J = 60.9 Hz).  HRMS calcd for C14H17FNO2 (M + H) 250.1238, found 

250.1224.   
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N-Benzyl-5-anti-fluoro-6-anti-phenylthio-2-azabicyclo[2.1.1]hexane (135).  

Method B (DMSO).  Chromatography (prep TLC, 1:3 ether/hexanes) afforded fluoro-

(phenylthio) ether 135 (20 mg, 69%) at Rf = 0.26 (1:3 ether/hexanes) as a light orange 

colored oil; 1H NMR (400 MHz, CDCl3)  $ 7.36-7.18 (br, 10H), 5.13 (dd, J = 61.8, 6.7 

Hz, 1H, H5), 3.88 (d, J = 13.2 Hz, 1H), 3.88-3.84 (m, 1H, H6), 3.81 (d, J = 13.2 Hz, 1H), 

3.54 (dd, J = 6.8, 2.1 Hz, 1H, H1), 3.11 (dt, J = 9.0, 1.2 Hz, 1H, H3), 3.01 (m, 1H, H4), 

2.78 (ddd, J = 9.0, 3.9, 1.2 Hz, 1H, H3’); 
13C NMR (100 MHz, CDCl3)  $ 138.2, 129.1, 

129.0, 128.5, 128.4, 127.3, 126.1, 99.9 (d, J = 216.4 Hz), 68.5 (d, J = 18.7 Hz),  59.9, 

54.6 (d, J = 4.6 Hz), 53.6 (d, J = 6.4 Hz), 50.3 (d, J = 17.0 Hz); 19F NMR (282 Hz, 

CDCl3) $ -210.2 (d, J = 62.4 Hz).  HRMS calcd for C18H19FNS (M+H) 300.1217, found 

300.1226. 
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N-Benzyl-6-anti-amino-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (136).  To a 

solution of fluoroazide 133 (70 mg, 0.301 mmol) in toluene (20 mL) and water (2.5 mL) 

there was added triphenylphosphine (166 mg, 0.633 mmol).  The reaction mixture was 

heated to 60 oC for 5 h.  After cooling to room temperature the organic layer was 

separated and the aqueous layer was extracted with methylene chloride (2 x 5 mL).  The 

combined organic layers were dried over Na2SO4.  Filtration, removal of solvent, and 

purification by flash chromatography (1-10 % methanol in methylene chloride) afforded 
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53 mg (85%) of fluoroamine 136 at Rf = 0.40 (1:9 MeOH/CH2Cl2); 
1H NMR (400 MHz, 

CDCl3) ! 7.40-7.23 (m, 5H), 5.27 (dd, J = 62.3, 7.4 Hz, 1H, H5), 3.83 (d, J = 13.3, 1H), 

3.78 (d, J = 13.3, 1H), 3.73 (dd, J = 7.5, 1.3 Hz, 1H, H6), 3.20 (dd, J = 7.0, 2.1 Hz, 1H, 

H1), 2.89-2.83 (m, 2H, H3), 2.68 (ddt, J = 7.1, 5.2, 1.2 Hz, 1H, H4), 2.20 (br s, 2H, NH2); 

13C NMR (100 MHz, CDCl3) ! 138.6, 128.4, 128.2 and 127.0, 101.9 (JC,F = 212.1 Hz, 

C5), 67.7 (JC,F = 16.2 Hz), 63.8 (JC,F = 2.1 Hz), 58.8, 52.9 (JC,F = 8.2 Hz), 50.3 (JC,F = 16.3 

Hz); 19F NMR (282 MHz, CDCl3)
 ! -213.55 (brd, J = 63.1 Hz).  HRMS calcd for 

C12H16FN2 (M + H) 207.1298, found 207.1301. 
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N-Benzyl-6-anti-acetamido-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (137).  

DMAP (44 mg, 0.3636 mmol) was added to the solution of fluoroamine 136 (25 mg, 

0.1212 mmol) in dry methylene chloride (3 mL).  The resulting solution was cooled to 0 

oC and acetyl chloride (26 %L, 0.3636) was added dropwise.  The reaction mixture was 

allowed to room temperature and stirred for 3 h.  The reaction mixture was then diluted 

with CH2Cl2 (7 mL), washed with water (3 x 5 mL) and dried over Na2SO4.  Filtration, 

removal of solvent and purification by preparative thin layer chromatography (1:9 

MeOH/CH2Cl2) afforded 19 mg (63%) of fluoroacetamide 137 at Rf = 0.54 (1:9 

MeOH/CH2Cl2); 
1H NMR (400 MHz, CDCl3) ! 7.41-7.22 (m, 5H), 6.54 (br s, 1H, NH), 

5.34 (dd, J = 62.5, 7.4 Hz, 1H, H5), 4.79 (ddd, J = 9.3, 7.4, 1.8 Hz, 1H, H6), 3.91 (d, J = 

13.2, 1H), 3.84 (d, J = 13.2, 1H), 3.33 (dd, J = 7.1, 2.5 Hz, 1H, H1), 3.07 (br d, J = 9.1, 

Hz, 1H, H3), 2.85 (br dd, J = 9.1, 4.1 Hz, 1H, H3’), 2.78 (ddt, J = 7.1, 5.7, 1.2 Hz, 1H, H4), 
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2.02 (s, 3H); 13C NMR (100 MHz, CDCl3) ! 170.2, 138.1, 128.6, 128.4 and 127.3, 101.8 

(JC, F = 209.0 Hz, C5), 67.0 (JC, F = 18.6 Hz), 58.8, 58. 6 (JC, F = 3.2 Hz), 52.5 (JC, F = 7.1 

Hz), 49.2 (JC, F = 16.4 Hz), 23.7; 19F NMR (282 MHz, CDCl3)
 ! -211.80 (brd, J = 63.0 

Hz).  HRMS calcd for C14H18FN2O (M + H) 249.1403, found 249.1414.  
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N-Benzyl-5-anti-fluoro-6-anti-hydroxy-2-azabicyclo[2.1.1]hexane (138).  To a 

solution of fluoroacetate 134 (575 mg, 2.306 mmol) in methanol (35 mL) was added Et3N 

(3212 µL, 23.066 mmol).  The solution was stirred at room temperature for 20 h and 

concentrated under reduced pressure.  Purification of the obtained residue by flash 

chromatography (0.5:9.5 MeOH/CH2Cl2) afforded 459 mg (96%) of fluoroalcohol 138 at 

Rf = 0.62 (1:9 MeOH/CH2Cl2); 
1H NMR (400 MHz, CDCl3) ! 7.40-7.19 (m, 5H), 5.41 

(dd, J = 61.8, 8.0 Hz, 1H, H5), 4.56 (d, J = 8.0 Hz, 1H, H6), 3.83 (s, 2H), 3.33 (dd, J = 

7.2, 2.1 Hz, 1H, H1 and br, 1H, OH), 2.93 (s, 2H, 2H3), 2.82 (brdd, J = 7.2, 5.2, Hz, 1H, 

H4); 
13C NMR (100 MHz, CDCl3) ! 137.8, 128.6, 128.5 and 127.4, 102.2 (JC, F = 208.7 

Hz, C5), 82.4, 66.9 (JC, F = 16.3 Hz, C1), 58.8, 51.6 (JC, F = 7.8 Hz), 50.2 (JC, F = 16.3 Hz, 

C4); 
19F NMR (282 MHz, CDCl3)

 ! -213.63 (dd, J = 62.4, 3.9 Hz) (the extra 3.9 Hz may 

be due to H-bonding).  HRMS calcd for C12H15FNO (M + H) 208.1132, found 208.1109. 
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N-(tert-Butoxycarbonyl)-5-anti-fluoro-6-anti-hydroxy-2-

azabicyclo[2.1.1]hexane (139).  To a solution of fluoroalcohol 138 (250 mg, 1.206 

mmol) in MeOH (10 mL) there was added palladium hydroxide (20 wt % Pd on carbon) 

(38 mg) and (Boc)2O (316 mg, 1.447 mmol).  The resulting solution was stirred at rt 

under hydrogen for 6 h.  Then the solution was filtered through Celite and washed with 

MeOH (10 mL).  The filtrate was evaporated to give an oily solid, n-heptane (20 mL) was 

added to the residue, and solvent was again evaporated.  Then n-heptane (30 mL) was 

added to the residue, and after stirring at room temperature for 2 h, the separated solid 

was filtered and dried under reduced pressure to afford 237 mg (91%) of fluoroalcohol 

139 as an off-white solid at Rf = 0.71 (1:9 MeOH/CH2Cl2); mp 95-97 oC; 1H NMR (400 

MHz, CDCl3) ! 5.10 (dd, J = 60.8, 7.8 Hz, 1H, H5), 4.28 (d, J = 7.7 Hz, 1H, H6), 4.22 (br 

s, 1H, H1), 3.47 (d, J = 9.1 Hz, 1H, H3), 3.40 (d, J = 9.0 Hz, 1H, H3’), 3.08 (br s, 1H, OH), 

2.83 (br t, J = 6.1 Hz, 1H, H4), 1.43 (s, 9H); 13C NMR (100 MHz, CDCl3) ! 154.9, 101.9 

(JC, F = 214.2 Hz, C5), 84.1, 80.4, 63.8 (br), 48.1 (JC, F = 16.3 Hz), 46.0 (br), 28.3; 19F 

NMR (282 MHz, CDCl3) ! -209.3 (d, J = 57.6 Hz), -210.3 (d, J = 57.6 Hz) (No F-HO 

splitting was observed).  HRMS calcd for C10H16FNO3Na (M + Na) 240.1012, found 

240.1018.   
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6.5   CHAPTER 5.  EVALUATING THE IMPACT OF PROLINE RING 

PUCKERS ON AMIDE TRANS-CIS EQUILIBRIA 

 

N

Ac

N

Boc

162 163  

N-Acetyl-2-azabicyclo[2.1.1]hexane (163).  General procedure for N-BOC to 

N-Ac conversion.  To a solution of N-BOC-2-azabicyclo[2.1.1]hexane140 162 (42 mg, 

0.229 mmol) in CH2Cl2 (5.0 mL) was added TFA (261 mg, 2.29 mmol) at rt under argon.   

After 6 h, the solvent was removed in vacuo to afford the crude amine.  Without further 

purification, the crude amine was dissolved in CH2Cl2 (7.5 mL) to which DMAP (84 mg, 

0.69 mmol) was added.  The solution was cooled to 0 oC and AcCl (54 mg, 0.69 mmol) 

was added to the reaction mixture.  After stirring 3 h at room temperature, the reaction 

mixture was washed with water (2 x 5 mL) and then the combined aqueous layer was 

backwashed with CH2Cl2 (4 mL).  The organic layer was dried over Na2SO4, filtered and 

the solvent was removed in vacuo.  Preparative TLC (1:9 MeOH/EtOAc) afforded 20 mg 

(70%) of 163 as a colorless oil at Rf = 0.39 (1:9 MeOH/ethyl acetate); 1H NMR (400 

MHz, CDCl3) (Italics denote minor rotamer peaks) ! 4.78 (dt, J = 6.9, 1.8 Hz, 1H, H1), 

4.25 (dt, J = 6.9, 1.8 Hz, 1H, H1), 3.39 (s, 2H, H3), 3.38 (s, 2H, H3), 2.89 (m, 1H, H4), 

2.06 (s, 3H, COCH3), 2.01 (s, 3H, COCH3), 1.98 (m, 2H, H5anti), 1.93 (m, 2H, H5anti), 1.43 

(m, 2H, H5syn), 1.33 (m, 2H, H5syn); 
13C NMR (400 MHz, CDCl3) ! 168.6 and 168.0, 62.5 

and 59.1, 50.1 and 48.3, 41.1 and 40.2, 38.7 and 37.9, 21.6 and 21.5; 1H NMR (400 MHz, 

D2O) ! 4.64 (dt, J = 6.9, 1.8 Hz, 1H, H1), 4.46 (dt, J = 6.9, 1.8 Hz, 1H, H1), 3.54 (s, 2H, 

H3), 3.36 (s, 2H, H3), 2.93 (m, 1H, H4), 2.11 (s, 3H, COCH3), 2.07 (s, 3H, COCH3), 2.07 
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(m, 2H, H5anti), 2.04 (m, 2H, H5anti), 1.44 (m, 2H, H5syn), 1.37 (m, 2H, H5syn).  HRMS calcd 

for C7H11NO (M) 125.0836, found 125.0834.   

NOE (D2O): the major H1 signal at ! 4.46 on irradiation sees the acetyl signal at ! 

2.11 and the minor H1 signal at ! 4.64 sees no acetyl signal. The minor H3 signal at ! 

3.54 on irradiation sees the acetyl signal at ! 2.07 and the major H3 signal at ! 3.36 on 

irradiation sees no acetyl signal.  NOE (CDCl3): the major H1 signal at ! 4.25 on 

irradiation sees acetyl signal at ! 2.06 and minor H1 signal at ! 4.78 sees no acetyl signal.  

Ktrans/cis = 52/48 (CDCl3) based upon H1 integrations; the major upfield H1 is trans.  Ktrans/cis 

= 54/46 (D2O) based upon H1 integrations. 
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N-(Benzyloxycarbonyl)-5-anti-bromo-6-syn-hydroxy-2-

azabicyclo[2.1.1]hexane (165).  To a stirred solution of iodohydrin 164 (1000 mg, 2.784 

mmol) in MeNO2 (100 mL) was added mercuric bromide (2509 mg, 6.961 mmol, 2.5 

eqiv).141,142  The solution was heated at 65 °C for 15 h.  The mixture was diluted with 

brine (50 mL) and extracted with ether (4 x 150 mL).  The ether extracts were combined, 

washed with brine (2 x 100 mL), dried over MgSO4, evaporated under reduced pressure 

and chromatographed (gradient: 25-40% ether in hexanes) to afford 269 mg (31%) of 

rearranged bromohydrin 165 as a colorless oil at Rf = 0.44 (2:3 ethyl acetate/hexanes) 

(Unreacted HgBr2 is UV active, NMR blind and separation was difficult); 1H NMR (400 

MHz, CDCl3) ! 7.39-7.29 (m, 5H), 5.15 (br, 2H), 4.77 (br, 1H, H6), 4.44 (dd, J = 6.8, 1.7 

Hz, 1H, H1), 4.41 (dd, J = 6.8, 1.7 Hz, 1H, H1), 3.57 (s, 1H, H5), 3.58-3.51 (m, 3H, 2H3 
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and H5), 3.41 (d, J = 11.3 Hz, 1H, H3), 3.36 (d, J = 11.9 Hz, 1H, H3’), 3.13 (br, 1H, OH), 

2.92 (m, 1H, H4), 2.87 (m, 1H, H4); 
13C NMR (100 MHz, CDCl3) ! 156.8, 136.3, 128.5, 

128.1, 127.9, 71.4 and 70.2, 67.4 and 67.3, 49.9 and 49.7, 45.5, 43.1, 14.7.  HRMS calcd 

for C13H14BrNO3Na (M + Na) 334.0049, found 334.0045.  
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N-(Benzyloxycarbonyl)-5-anti-bromo-6-syn-benzoyloxy-2-

azabicyclo[2.1.1]hexane (166).  General procedure for O-H to O-Bz conversion.  

Bromohydrin 165 (51 mg, 0.163 mmol) was dissolved in dry CH2Cl2 (2.5 mL).  The 

solution was cooled to 0 oC and treated sequentially with triethylamine (115 %L, 0.817 

mmol), DMAP (22 mg, 0.180 mmol) and benzoyl chloride (40 %L, 0.327 mmol).  The 

reaction mixture was stirred for 30 min at 0 oC, allowed to come to room temperature and 

then stirred for 3 h.  The reaction mixture was quenched with water (2 x 1 mL) and 

extracted with CH2Cl2 (2 x 0.5 mL).  The combined organic layers were dried and 

evaporated to dryness.  The residue was purified by chromatography on silica gel (prep 

TLC: 1:4 ethyl acetate/hexanes) to afford 59 mg (87%) bromobenzoate ester 166 as a 

light orange oil at Rf = 0.33 (4:1 hexanes/ethyl acetate); 1H NMR (400 MHz, CDCl3) ! 

8.10 - 7.17 (m, 10H), 5.70 (br s, 1H, H6 and its rotamer), 5.09 (m, 2H), 4.80 (d, J = 6.6 

Hz, 1H, H1), 4.74 (d, J = 6.6 Hz, 1H, H1), 3.78 (s, 1H, H5), 3.69 - 3.47 (m, 3H, 2H3 and H5 

rotamer), 3.28 (dd, J = 6.6, 2.7 Hz, 1H, H4), 3.23 (dd, J = 6.6, 2.7 Hz, 1H, H4); 
13C NMR 

(100 MHz, CDCl3) ! 165.0, 156.7, 136.0, 133.5, 129.6, 128.9, 128.5, 128.4, 128.1, 127.8, 
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72.0 and 70.9, 67.3 and 67.1, 66.9 and 66.3, 49.5 and 49.2, 46.0, 43.5 and 43.2. HRMS 

calcd for C20H19BrNO4 (M + H) 416.0492, found 416.0510.  

  

N
Cbz

166

N
Cbz
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OBz
OBz

Br

 

N-(Benzyloxycarbonyl)-5-syn-benzoyloxy-2-azabicyclo[2.1.1]hexane (167).  

To a solution of bromobenzoate ester 166 (223 mg, 0.536 mmol) in dry toluene (15 mL) 

was added Bu3SnH (285 %L, 1.072 mmol) and AIBN (9 mg).  After stirring 3 h at 70 °C, 

the solvent was removed in vacuo and flash chromatography (1:5 ethyl acetate/ hexanes) 

gave 130 mg (72%) of benzoate ester 167 as a light orange colored oil at Rf = 0.34 (1:3 

ethyl acetate/ hexanes); 1H NMR (400 MHz, CDCl3) ! 7.96 - 7.20 (m, 10H), 5.08 (d, J = 

12.4 Hz, 1H), 5.02 (d, J = 12.3 Hz, 1H), 4.8 (m, 1H, H5 and its conformer), 4.67 (brd, J = 

6.6 Hz, 1H, H1), 4.61 (brd, J = 6.6 Hz, 1H, H1), 3.59 (d, J = 9.1 Hz, 1H, H3), 3.50 (d, J = 

9.1 Hz, 1H, H3), 3.40 (d, J = 9.1 Hz, 1H, H3’), 3.37 (d, J = 9.1 Hz, 1H, H3’), 3.07 (m, 1H, 

H4), 1.64 (m, 1H, H6anti and its conformer), 1.47 (m, 1H, H6syn and its conformer); 13C 

NMR (100 MHz, CDCl3) ! 165.4 and 165.3, 157.5 and 156.8, 136.8 and 136.6, 133.3, 

129.6, 128.5, 128.3, 127.8, 127.7, 69.4, 66.8 and 66.7, 62.6 and 62.0, 45.9 and 45.6, 42.0 

and 41.6, 30.1 and 29.8.  HRMS calcd for C20H20NO4 (M + H) 338.1387, found 338.1386. 

 

N
Cbz

167

N
Ac

OBz OBz

154  



 138 

      N-Acetyl-5-syn-benzoyloxy-2-azabicyclo[2.1.1]hexane (154).  To a solution of 

benzoate ester 167 (102 mg, 0.302 mmol) in MeOH (2 mL) was added Pd(OH)2 (30 mg) 

(reaction was slow that is why 30 mg of catalyst was used).  The resulting solution was 

stirred at rt for 3 h under hydrogen.  The catalyst was removed by filtration and the 

solvent was evaporated in vacuo.  The crude amine was dissolved in dry CH2Cl2 (10 mL) 

and cooled to 0 oC. DMAP (110 mg, 0.907 mmol, 3 eqiv) and AcCl (65 %L, 0.907 mmol, 

3 equiv) was added to the reaction mixture and maintain for 30 min at 0 oC and then 

brought to rt.  After stirring for 3 h at rt, the reaction mixture was diluted with CH2Cl2 (10 

mL), washed with water (2 x 4 mL).  The organic layer was dried over Na2SO4, filtered 

and the solvent was removed in vacuo.  The crude was chromatographed (1:4 hexanes/ 

ethyl acetate) to afford 45 mg (61%) of 154 as light orange color oil at Rf = 0.24 (ethyl 

acetate); 1H NMR (400 MHz, CDCl3) ! 7.93 (m, 2H), 7.54 (m, 1H), 7.40 (m, 2H), 4.98 

(dt, J = 6.8, 1.8 Hz, 1H, H1), 4.75 (dd, J = 3.0, 1.9 Hz, 1H, H5), 4.72 (dd, J = 3.0, 1.9 Hz, 

1H, H5), 4.50 (dt, J = 6.4, 1.8 Hz, 1H, H1), 3.60 (brd, J = 9.7 Hz, 1H, H3), 3.40 (m, 1H, H3 

conformer and 1H, H3’ and its conformer), 3.15 (m, 1H, H4), 3.08 (m, 1H, H4), 2.05 (s, 

3H, Ac), 2.00 (s, 3H, Ac), 1.69 (m, 1H, H6anti), 1.63 (m, 1H, H6anti), 1.51 (d, J = 8.6 Hz, 

1H, H6syn), 1.39 (d, J = 8.7 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) ! 169.9 and 

169.5, 165.6 and 165.3, 133.4 and 133.3, 129.6 and 129.5, 129.3 and 129.0, 128.5 and 

128.4, 69.8 and 69.1, 64.0 and 60.3, 46.1 and 44.7, 42.2 and 41.0, 30.9 and 29.6, 21.6 and 

21.4; 1H NMR (400 MHz, D2O) ! 7.93 (m, 2H, Bz), 7.68 (m, 1H, Bz), 7.51 (m, 2H, Bz), 

4.86 (dt, J = 6.8, 1.7 Hz, 1H, H1), 4.78 (m, 1H, H5 and its conformer, some part of signal 

is under D2O peak), 4.71 (dt, J = 6.4, 1.7 Hz, 1H, H1), 3.62 – 3.36 (m, 2H, 2H3 and their 

conformers), 3.17 (m, 1H, H4), 2.05 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.81 (m, 1H, H6anti), 



 139 

1.76 (m, 1H, H6anti), 1.58 (d, J = 9.1 Hz, 1H, H6syn), 1.49 (d, J = 9.0 Hz, 1H, H6syn).  HRMS 

calcd for C14H16NO3 (M + H) 246.1125, found 246.1125.  

NOE (500 MHz, CDCl3):  The major acetyl signal at ! 2.00 on irradiation sees 

major H1 at ! 4.50.  The minor acetyl signal at ! 2.05 on irradiation sees minor H3 at ! 

3.40.  NOE (500 MHz, D2O):  The major acetyl signal at ! 2.03 on irradiation sees the 

major H1 at ! 4.71.  The minor acetyl signal at ! 2.05 on irradiation sees the minor H3 at 

! 3.60.  Ktrans/ cis = 64/36 (CDCl3); Ktrans/ cis = 58/42 (D2O) based on H6syn peaks. 
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N-Acetyl-5-syn-hydroxy-2-azabicyclo[2.1.1]hexane (153).  General procedure 

for O-Bz to O-H conversion.  Et3N (770 %L, 5.504 mmol) was added to the benzoate 

154 (27 mg, 0.110 mmol) in methanol (1 mL) and stirred at room temperature for 1 day 

under argon.  After removing the solvent in vacuo, the crude was chromatographed (prep 

TLC: 9:1 ethyl acetate/MeOH) to afford 11 mg (71%) of alcohol 153 as an off-white 

solid at Rf = 0.29 (9:1 ethyl acetate/MeOH); mp 52-54 oC (ethyl acetate); 1H NMR (400 

MHz, CDCl3) ! 4.60 (dt, J = 6.8, 1.7 Hz, 1H, H1), 4.55 (d, J = 4.2 Hz, 1H, H5), 4.27 (bd, 

J = 6.9 Hz, 1H, H5), 4.16 (dt, J = 6.6, 1.8 Hz, 1H, H1), 3.84 (m, 1H, OH), 3.50 (brd, J = 

7.9 Hz, 1H, H3), 3.46 (brd, J = 9.8 Hz, 1H, H3), 3.27 (m, 1H, H3’ and its conformer), 2.78 

(m, 1H, H4 and its conformer), 2.05 (s, 3H, Ac), 2.04 (s, 3H, Ac), 1.39 (m, 1H, H6anti), 1.34 

(m, 1H, H6anti), 1.23 (d, J = 8.6 Hz, 1H, H6syn), 1.14 (d, J = 8.6 Hz, 1H, H6syn); 
13C NMR 

(100 MHz, CDCl3) ! 170.5 and 169.8, 70.1 and 68.9, 65.1 and 62.0, 46.1 and 44.1, 42.1 

and 42.0, 29.6 and 28.6, 21.9 and 21.4; 1H NMR (400 MHz, D2O) ! 4.55 (dt, J = 6.7, 1.8 
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Hz, 1H, H1), 4.37 (dt, J = 6.5, 1.8 Hz, 1H, H1), 3.95 (bdd, J = 3.1, 1.8 Hz, 1H, H5), 3.93 

(dd, J = 3.1, 1.8 Hz, 1H, H5), 3.48 (s, 2H, H3), 3.32 (two d, J = 9.8, 9.7 Hz, 2H, H3), 2.84 

(m, 1H, H4 and its conformer), 2.09 (s, 3H, Ac), 2.08 (s, 3H, Ac), 1.51 (m, 1H, H6anti), 1.45 

(m, 1H, H6anti), 1.29 (d, J = 8.8 Hz, 1H, H6syn), 1.21 (d, J = 8.8 Hz, 1H, H6syn).  HRMS 

calcd for C7H11NO2Na (M + Na) 164.0682, found 164.0682. 

NOE (500 MHz, CDCl3, some C6D6 added to resolve peaks):  The minor H1 signal 

at ! 4.16 on irradiation sees the minor COCH3 at ! 2.04 and vice versa.  NOE (500 MHz, 

D2O):  The major H1 resonance at ! 4.37 on irradiation sees the major COCH3 at ! 2.08.  

The minor H3 resonance at ! 3.48 on irradiation sees the minor COCH3 at ! 2.09.  Ktrans/cis 

= 43/57 (CDCl3) and Ktrans/cis = 54/46 (D2O) based on H6syn peaks.   
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N-(Benzyloxycarbonyl)-5-anti-acetoxy-2-azabicyclo[2.1.1]hexane (169).  

AIBN (600 mg) and (TMS)3SiH (10.45 mL, 33.8 mmol) were added to bromoacetate142  

168 (6.00 g, 16.9 mmol) in dry toluene (300 mL).  The resulting solution was stirred 

vigorously at 70 oC for 3 h under an argon-filled balloon.  Removal of solvent and 

chromatography (10% and then 25% ether in hexanes) afforded 3.52 g (76%) of acetate 

169 as a light yellow colored oil at Rf = 0.44 (1:1 ether/hexanes); (Italics denote minor 

rotamer peaks) 1H NMR (400 MHz, CDCl3) $ 7.30-7.18 (m, 5H, Ph), 5.07 (s, 2H, OCH2), 

4.48 (d, J = 7.3 Hz, 1H, H5), 4.34 (br dd, J = 7.1, 1.2 Hz, 1H, H1), 3.43 (d, J = 9.0 Hz, 1H, 

H3), 3.37 (d, J = 9.0 Hz, 1H, H3’), 2.78 (dd, J = 7.1, 2.8 Hz, 1H, H4), 2.60 (br d, J = 8.1 

Hz, 1H, H6anti), 2.00 (s, 3H, COCH3), 1.52 (dd, J = 8.1, 7.3 Hz, 1H, H6syn); 
13C NMR (100 
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MHz, CDCl3) $ 170.4, 155.5 (br), 136.5, 128.2, 127.8, 127.6, 81.8, 65.6, 61.8 (br), 47.9, 

42.4, 36.7, 24.9 and 20.6.  HRMS calcd for C15H17NO4Na (M + Na) 298.1055, found 

298.1060. 
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N-(Benzyloxycarbonyl)-5-anti-hydroxy-2-azabicyclo[2.1.1]hexane (170).  Et3N 

(15 mL, 0.109 mol) was added to acetate 168 (3.00 g, 0.011 mol) in methanol (270 mL) 

and stirred at rt for 12 h.  Removal of solvent and chromatography (1:1 ethyl 

acetate/hexanes) afforded 2.20 g (87%) of alcohol 170 as light yellow colored oil at Rf = 

0.50 (2:1 ethyl acetate/hexanes); 1H NMR (300 MHz, CDCl3) $ 7.38-7.25 (m, 5H), 5.12 

(s, 2H), 4.42 (br, 1H, OH), 4.18 (dd, J = 7.2, 1.2 Hz, 1H, H1), 4.03 (d, J = 7.1 Hz, 1H, 

H5), 3.37 (s, 2H, H3), 2.89 (br, 1H, H6anti), 2.63 (dd, J = 7.2, 3.1 Hz, 1H, H4), 1.60 (dd, J = 

7.8, 7.1 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) $ 155.6, 136.6, 128.4, 127.9, 127.7, 

80.9, 66.7, 63.6 and 63.2, 48.2 (br), 43.8, 36.7 (br).  HRMS calcd for C13H15NO3Na (M + 

Na) 256.0950, found 256.0946. 
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N-(tert-Butoxycarbonyl)-5-anti-hydroxy-2-azabicyclo[2.1.1]hexane (171). General 

procedure for N-Cbz to N-BOC conversion.  (Boc)2O (954 mg, 4.37 mmol) and 

Pd(OH)2 (150 mg) were added to alcohol 170 (1.00 g, 4.28 mmol) in methanol (40 mL) 
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and stirred at rt 2 h under a H2-filled balloon.  The reaction mixture was filtered via Celite 

and the bed was washed with methanol (5 mL).  Solvent was removed in vacuo and 

chromatographed by short pad column (1:2 ethyl acetate/hexanes) to afford 733 mg 

(86%) of alcohol 171 as an off-white solid at Rf = 0.32 (2:3 ethyl acetate/hexanes); mp 

113-114 oC; 1H NMR (400 MHz, CDCl3) $ 4.07 (br d, J = 7.3 Hz, 1H, H1), 4.03 (br d, J = 

6.8 Hz, 1H, H5), 3.66 (br, 1H, OH), 3.29 (s, 2H, H3), 2.86 (br, 1H, H6anti), 2.61 (br d, J = 

6.8 Hz, 1H, H4), 1.57 (dd, J = 7.3, 7.3 Hz, 1H, H6syn), 1.43 (s, 9H, Boc); 13C NMR (100 

MHz, CDCl3) $155.7, 81.0, 79.6, 63.8 and 62.9 (br), 48.6 and 48.0 (br), 43.9, 36.8, 28.4.  

HRMS calcd for C10H17NO3Na (M + Na) 222.1104, found 222.1104. 

 

N
BOC

OH

N
BOC

OBz

171 172  

N-(tert-Butoxycarbonyl)-5-anti-benzoyloxy-2-azabicyclo[2.1.1]hexane (172).  

Following the general procedure for OH to OBz conversion, the crude was 

chromatographed on silica gel (10% ethyl acetate in hexanes) to afford 119 mg (92%) of 

benzoate 172 as a light orange oil at Rf = 0.54 (4:1 hexanes/ethyl acetate); 1H NMR (400 

MHz, CDCl3) $ 8.09-8.03 (m, 2H), 7.62-7.56 (m, 1H), 7.50-7.43 (m, 2H), 4.81 (d, J = 7.3 

Hz, 1H, H5), 4.45 (br, 1H, H1), 3.53 (br d, J = 9.0 Hz, 1H, H3), 3.45 (br d, J = 9.0 Hz, 1H, 

H3’), 2.99 (dd, J = 7.2, 2.8 Hz, 1H, H4), 2.79 (d, J = 8.1 Hz, 1H, H6anti), 1.67 (dd, J = 8.1, 

7.3 Hz, 1H, H6syn), 1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) $ 166.3, 155.6, 133.3, 

129.8, 129.6 and 128.5, 82.6, 79.8, 62.2, 48.2, 43.0, 37.1, 28.5.  HRMS calcd for 

C17H21NO4Na (M + Na) 326.1363, found 326.1367. 
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172 158  

N-Acetyl-5-anti-benzoyloxy-2-azabicyclo[2.1.1]hexane (158).  Following the 

general procedure for N-BOC to N-Ac conversion, the crude was chromatographed (prep 

TLC, 1:9 hexanes/ethyl acetate) to afford 67 mg (77%) of amide 158 as a light orange oil 

at Rf = 0.22 (1:9 hexanes/ethyl acetate); 1H NMR (400 MHz, CDCl3) $ 8.06-8.01 (m, 2H), 

7.61-7.55 (m, 1H), 7.48-7.42 (m, 2H), 4.89 (dd, J = 7.4, 1.8 Hz, 1H, H1,), 4.77 (d, J = 7.3 

Hz, 1H, H5), 4.76 (d, J = 7.3 Hz, 1H, H5), 4.41 (dd, J = 7.0, 1.8 Hz, 1H, H1), 3.65-3.51 

(m, 2H, 2H3), 3.06 (m, 1H, H4), 2.84 (m, 1H, H6anti), 2.10 (s, 3H), 2.05 (s, 3H), 1.72 (dd, J 

= 8.3, 7.3 Hz, 1H, H6syn), 1.65 (dd, J = 8.3, 7.3 Hz, 1H, H6syn); 
13C NMR (100 MHz, 

CDCl3) $ 168.7 and 168.5, 166.2 and 166.1, 133.4 and 133.3, 129.6 (2C), 128.5 and 

128.4, 82.4 and 82.0, 63.8 and 60.4, 49.0 and 47.1, 43.1 and 42.0, 37.6 and 36.7, 21.6 and 

20.9; 1H NMR (400 MHz, D2O) $ 8.14-8.09 (m, 2H), 7.77-7.71 (m, 1H), 7.62-7.56 (m, 

2H), 4.80 (m, 2H, H5 and H1 rotamer are under D2O peak), 4.66 (dd, J = 7.0, 1.7 Hz, 1H, 

H1), 3.80 (d, J = 9.1 Hz, 1H, H3), 3.75 (d, J = 9.1 Hz, 1H, H3’), 3.61 (d, J = 9.9 Hz, 1H, 

H3), 3.56 (d, J = 9.9 Hz, 1H, H3’),  3.16 (m, 1H, H4), 2.96 (m, 2H, H6anti both conformers), 

2.17 (s, 3H), 2.13 (s, 3H), 1.81 (dd, J = 8.0, 8.0 Hz, 1H, H6syn), 1.75 (dd, J = 8.0, 8.0 Hz, 

1H, H6syn).  HRMS calcd for C14H16NO3 (M + H) 246.1125, found 246.1125. 

NOE (CDCl3): the major acetyl signal at ! 2.10 on irradiation sees the major H1 at 

! 4.41 and vice-versa. The minor H1 signal at ! 4.89 on irradiation sees no proton; NOE 

(D2O): the major acetyl signal at ! 2.17 on irradiation sees the major H1 at ! 4.66. The 

minor acetyl signal at ! 2.13 on irradiation sees the H3 signal ! 3.80 and the H3 signal ! 

3.75.  Ktrans/cis = 61/39 (CDCl3) based on H1 and 56/44 (D2O) based on H3. 
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N-Acetyl-5-anti-hydroxy-2-azabicyclo[2.1.1]hexane (159).  Following the 

general procedure for OBz to OH conversion, the crude was chromatographed (9:1 ethyl 

acetate/MeOH) to afford 23.6 mg (79%) of alcohol 159 as a colorless oil at Rf = 0.26 (9:1 

ethyl acetate/MeOH); (Italics denote minor rotamer peaks) 1H NMR (400 MHz, CDCl3) $ 

4.69 (br, 1H, OH), 4.48 (dd, J = 7.3, 1.7 Hz, 1H, H1), 4.05 (d, J = 7.0 Hz, 1H, H5), 4.04 

(dd, J = 7.0, 1.9 Hz, 1H, H1), 3.98 (d, J = 7.0 Hz, 1H, H5), 3.40 (s, 2H, H3), 3.37 (s, 2H, 

H3), 2.94 (br dd, J = 8.1, 8.1 Hz, 1H, H6anti), 2.71 (dd, J = 7.1, 3.2 Hz, 1H, H4), 2.67 (dd, J 

= 7.0, 3.3 Hz, 1H, H4), 2.01 (s, 3H, COCH3), 1.98 (s, 3H, COCH3), 1.62 (dd, J = 8.0, 7.0 

Hz, 1H, H6syn), 1.55 (dd, J = 8.0, 7.0 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) $ 168.9 

and 168.3, 80.9 and 80.5, 65.5 and 62.3, 49.4 and 47.6, 43.8 and 43.4, 37.3 and 36.3, 21.4 

and 20.8); 1H NMR (400 MHz, D2O) $ 4.46 (dd, J = 7.3, 1.8 Hz, 1H, H1,), 4.29 (dd, J = 

7.1, 1.9 Hz, 1H, H1), 4.08 (d, J = 7.1 Hz, 1H, H5), 4.05 (d, J = 7.1 Hz, 1H, H5), 3.61 (s, 

2H, 2H3), 3.42 (s, 2H, 2H3), 2.88 (m, 1H, H4), 2.78 (m, 1H, H6anti), 2.09 (s, 3H, COCH3), 

2.06 (s, 3H, COCH3), 1.74 (dd, J = 7.5, 7.1 Hz, 1H, H6syn), 1.68 (dd, J = 7.5, 7.1 Hz, 1H, 

H6syn).  HRMS calcd for C17H11NO2Na (M + Na) 164.0687, found 164.0692.  

NOE (CDCl3):  The major acetyl signal at ! 2.01 on irradiation sees the major H1 

at ! 4.04.  The minor acetyl signal at ! 1.98 on irradiation sees the minor H3 at ! 3.40.  

NOE (D2O):  The major acetyl signal at ! 2.09 on irradiation sees the major H1 at ! 4.29.  

The minor acetyl signal at ! 2.06 on irradiation sees the minor H3 at ! 3.61.  Ktrans/cis = 

50.5/49.5 (CDCl3) based on H6syn and 54/46 (D2O) based on H1. 
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N-(Benzyloxycarbonyl)-5-anti-bromo-6-syn-(tert-butyldimethylsilyloxy)-2-

azabicyclo[2.1.1]hexane (173).  To a solution of bromohydrin 165 (257 mg, 0.823 

mmol) in dry CH2Cl2 (10 mL) under argon was added imidazole (280 mg, 4.116 mmol, 

5.0 equiv) followed by TBSCl (149 mg, 0.988 mmol, 1.2 equiv) in small portions.  The 

resulting solution was stirred at rt for 6 h.  The solvent was removed in vacuo and then 

chromatographed (10% ethyl acetate in hexanes) on silica gel to gave 312 mg (89%) of 

bromo-O-silyl ether 173 as a colorless oil at Rf = 0.44 (1:5 ethyl acetate/hexanes); 1H 

NMR (400 MHz, CDCl3) ! 7.39-7.27 (m, 5H), 5.21-5.00 (m, 2H), 4.67 (br s, 1H, H6), 

4.65 (br s, 1H, H6), 4.44 (dd, J = 6.9, 1.4 Hz, 1H, H1), 4.38 (dd, J = 6.9, 1.4 Hz, 1H, H1), 

3.58 (s, 1H, H5), 3.57-3.28 (m, 2H, 2H3), 2.91-2.79 (m, 1H, H4), 0.91-0.78 (m, 9H), 0.09-

0.01 (m, 6H); 13C NMR (100 MHz, CDCl3) ! 156.7 and 156.1, 136.6 and 136.4, 128.4, 

128.1, 128.0, 127.9, 127.8, 70.4 and 70.3, 68.0 and 67.6, 67.0 and 66.8, 50.4 and 50.3, 

45.7 and 45.6, 43.2 and 43.0, 25.5, 17.8, -5.1 and -5.2.  HRMS calcd for 

C19H28BrNO3SiNa (M + Na) 448.0914, found 448.0923. 
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    N-(Benzyloxycarbonyl)-5-syn-(tert-butyldimethylsilyloxy)-2-

azabicyclo[2.1.1]hexane (174).  To a solution of bromo-O-silyl ether 173 (304 mg, 0.713 
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mmol) in dry toluene (20 mL) was added (TMS)3SiH (440 %L, 1.426 mmol, 2.0 equiv) 

and AIBN (30 mg).  After 2 h at 70 °C workup and flash chromatography (1:9 ethyl 

acetate/ hexanes) gave 183 mg (74%) of O-silyl ether 174 as a colorless oil at Rf = 0.41 

(1:6 ethyl acetate/ hexanes); 1H NMR (400 MHz, CDCl3) ! 7.41-7.22 (m, 5H), 5.21-5.01 

(m, 2H,), 4.29 (dt, J = 6.7, 1.5 Hz, 1H, H1), 4.23 (dt, J = 6.7, 1.5 Hz, 1H, H1), 3.69 (m, 

1H, H5), 3.47 (d, J = 8.4 Hz, 1H, H3), 3.45 (d, J = 8.4 Hz, 1H, H3), 3.22 (d, J = 8.4 Hz, 

1H, H3’), 3.19 (d, J = 8.3 Hz, 1H, H3’), 2.64 (m, 1H, H4), 1.28 (m, 1H, H6anti), 1.26 (m, 1H, 

H6anti), 1.20 (d, J = 8.1 Hz, 1H, H6syn), 1.17 (d, J = 8.1 Hz, 1H, H6syn), 0.84 (s, 9H,), 0.04 

(s, 6H), 0.03 (s, 6H); 13C NMR (100 MHz, CDCl3)  !  157.4 and 156.9, 137.2 and 137.0, 

128.3, 127.9, 127.7, 69.6 and 69.5, 66.5 and 66.4, 63.7 and 63.4, 45.3  and 45.2, 42.8 and 

42.7, 28.6 and 28.2, 25.6, 17.8, -5.1 and -5.2.  HRMS calcd for C19H30NO3Si (M + H) 

348.1989, found 348.1994.   
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    N-(tert-Butoxycarbonyl)-5-syn-(tert-butyldimethylsilyloxy)-2-

azabicyclo[2.1.1]hexane (175).  Following the general procedure for N-Cbz to N-BOC 

conversion, the crude was chromatographed to give 184 mg (88%) of carbamate 175 as a 

colorless oil at Rf = 0.52 (1:6 ethyl acetate/ hexanes); 1H NMR (400 MHz, CDCl3) ! 4.21 

(dt, J = 6.8, 1.6 Hz, 1H, H1), 4.11 (dt, J = 6.8, 1.6 Hz, 1H, H1), 3.65 (m, 1H, H5), 3.36 (d, 

J = 8.3 Hz, 1H, H3), 3.31 (d, J = 8.3 Hz, 1H, H3), 3.13 (d, J = 8.3 Hz, 1H, H3’), 3.09 (d, J 

= 8.3 Hz, 1H, H3’), 2.60 (m, 1H, H4), 1.45 (s, 9H, Boc), 1.44 (s, 9H, Boc), 1.23 (m, 1H, 

H6anti), 1.21 (m, 1H, H6anti), 1.56 (d, J = 8.9 Hz, 1H, H6syn), 1.13 (d, J = 8.9 Hz, 1H, H6syn), 
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0.86 (s, 9H, TBS), 0.04 (s, 6H, TBS); 13C NMR (100 MHz, CDCl3) ! 156.7 and 156.4, 

78.8, 69.6, 63.8 and 62.7, 45.2 and 44.6, 42.8, 28.7, 28.5, 25.7, 17.9, -5.0.  HRMS calcd 

for C16H32NO3Si (M + H) 314.2146, found 314.2154. 

 

175 177

+N
Boc

OTBS

176

N
Boc

OTBS

N
Boc

OTBS

CO2Me

MeO2C

+
N

Boc

OTBS

N

Boc

OTBS

O

O
O

O

178 179

SiMe3

SiMe3

+

 

General procedure for !-esterification.  In an oven-dried RB flask, carbamate 

175 (150 mg, 0.479 mmol) was dissolved in dry diethyl ether (4 mL).  TMEDA (90 %L, 

0.574 mmol, 1.2 eqiv) was added to the resulting solution and cooled to -78 oC.  s-BuLi 

in cyclohexane (415 %L, 0.574 mmol, 1.2 eqiv, 1.4M) was added dropwise and stirred 2 h 

at  -78 oC.  Excess CO2 gas was blown through the RB flask for approximately 10 min.  

The solution was stirred at -78 oC for 30 min and warmed to rt.  Ether was extracted with 

distilled water (3 x 2.5 mL) and the combined aqueous layers were then acidified with 

dilute HCl to pH = 3.  The aqueous layer was then extracted with ethyl acetate (5 x 4 

mL), which was then concentrated.  The crude oil was then taken up in hexanes (7.5 mL) 

and isopropyl alcohol (7.5 mL).  Trimethylsilyldiazomethane (66 mg, 0.574 mmol, 1.2 

eq. 2.0 M solution in hexanes) was added and the reaction was stirred 12 h at room 

temperature.  The solvent was removed in vacuo and chromatographed using a pencil 

column on silica gel (gradient up to 8:1 hexanes/ethyl acetate) to furnish 53 mg (30%) of 

3-methyl ester 176 as a colorless oil at Rf = 0.31 (7:1 hexanes/ethyl acetate), 71 mg (40%) 

of 1-methyl ester 177 as a colorless oil at Rf = 0.37 (7:1 hexanes/ethyl acetate), 11 mg 

(5%) of 3-trimethylsilyl methyl ester 178 as a colorless oil at Rf = 0.44 (7:1 hexanes/ethyl 
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acetate) and 7 mg (3%) of 1-trimethylsilyl methyl ester 179 as a colorless oil at Rf = 0.53 

(7:1 hexanes/ethyl acetate). 
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N-(tert-Butoxycarbonyl)-3-exo-carboxymethyl-5-syn-(tert-

butyldimethylsilyloxy)-2-azabicyclo[2.1.1]hexane (176).  1H NMR (400 MHz, CDCl3) 

! 4.26 (dt, J = 7.1, 1.8 Hz, 1H, H1), 4.25 (s, 1H, H5), 4.19 (s, 1H, H5), 4.17 (dt, J = 7.1, 

1.8 Hz, 1H, H1), 3.80 (m, 1H, H3), 3.74 (s, 3H, OMe, both conformers), 2.80 (m, 1H, H4), 

1.58 (d, J = 8.8 H, 1H, H6anti), 1.56 (d, J = 8.8 H, 1H, H6anti), 1.44 (s, 9H), 1.42 (s, 9H) 

1.20 (m, 1H, H6syn), 1.18 (m, 1H, H6syn), 0.87 (s, 9H), 0.86 (s, 9H), 0.06 (m, 6H); 13C NMR 

(125 MHz, CDCl3) ! 172.5 and 172.4, 156.6 and 155.5, 79.7 and 79.5, 71.7 and 71.5, 

64.3, 63.0, 57.1 and 56.8, 52.1 and 51.9, 47.9 and 47.8, 28.4 and 28.3, 25.7 and 25.6, 18.0 

and 17.9, $5.0 and $5.2.  HRMS calcd for C18H34NO5Si (M + H) 372.2201, found 

372.2196.   
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N-(tert-Butoxycarbonyl)-1-carboxymethyl-5-syn-(tert-butyldimethylsilyloxy)-

2-azabicyclo[2.1.1]hexane (177).  1H NMR (400 MHz, CDCl3) ! 3.89 (d, J = 3.0 Hz, 

1H, H5), 3.74 (s, 3H), 3.60–3.38 (br, 1H, H3), 3.30 (br, 1H, H3’), 2.51 (s, 1H, H4), 1.59 (br, 

1H, H6anti), 1.39 (br, 10H, Boc and H6syn), 0.87 (s, 9H), 0.08 (s, 6H); 13C NMR (100 MHz, 
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CDCl3) ! 168.3, 157.7, 80.2 (br), 72.8 (br), 70.4, 51.6, 48.3, 39.8, 33.9 (br), 28.3, 25.7, 

18.1, -4.9 and -5.2.  HRMS calcd for C18H34NO5Si (M + H) 372.2201, found 372.2203.   
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N-(tert-Butoxycarbonyl)-3-carboxy(trimethylsilyl)methyl-5-syn--(tert-

butyldimethylsilyloxy)-2-azabicyclo[2.1.1]hexane (178).  1H NMR (400 MHz, CDCl3) 

$ 4.26 (dt, J = 7.2, 1.7 Hz, 1H, H1), 4.25 (s, 1H, H3), 4.18 (s, 1H, H3), 4.16 (dt, J = 7.2, 

1.7 Hz, 1H, H1), 3.98 (d, J = 14.1, 1H, OCH2), 3.85 (d, J = 3.7 Hz, 1H, H5), 3.79 (m, 1H, 

OCH2), 3.73 (d, J = 14.1, 1H, OCH2), 2.77 (m, 1H, H4), 1.55 (d, J = 3.6 Hz, 1H, H6anti), 

1.53 (d, J = 3.6 Hz, 1H, H6anti), 1.44 (s, 9H, Boc), 1.42 (s, 9H, Boc), 1.18 (m, 1H, H6syn), 

0.87 (m, 9H, TBS), 0.07 (m, 15H, TBS and TMS); 13C NMR (100 MHz, CDCl3) $ 172.7 

and 172.6, 156.4 and 155.8, 79.5, 71.7 and 71.6, 64.3, 63.1, 58.4 and 58.3, 57.3 and 57.0, 

48.1 and 47.8, 28.4 and 28.4, 25.7 and 25.7 (TBS), 17.9 (TBS), -3.0 and -3.1 (TMS), -5.0 

and -5.2 (TBS).  HRMS calcd for C21H41NO5Si2Na (M + Na) 466.2415, found 466.2439. 
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N-(tert-Butoxycarbonyl)-1-carboxy(trimethylsilyl)methyl-5-syn--(tert-

butyldimethylsilyloxy)-2-azabicyclo[2.1.1]hexane (179).  1H NMR (400 MHz, CDCl3) 

$ 3.90 (d, J = 2.9 Hz, 1H, H5), 3.89-3.66 (m, 2H, OCH2), 3.51 (br, 1H, H3), 3.31 (d, J = 
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8.2 Hz, 1H, H3’), 2.51 (s, 1H, H4), 1.61 (br, 1H, H6anti), 1.40 (s, 10H, Boc and H6syn), 0.88 

(s, 9H, TBS), 0.12-0.06 (m, 15H, TBS and TMS); 13C NMR (100 MHz, CDCl3)  $ 168.7, 

157.8 (br), 80.1 (br), 73.1 (br), 70.3, 57.7, 48.3, 39.9, 34.2 (br), 28.3, 25.7 (TBS), 18.0 

(TBS), -3.0 (TMS), -4.8 and -5.1 (TBS).  HRMS calcd for C21H41NO5Si2Na (M + Na) 

466.2415, found 466.2442. 
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N-Acetyl-3-exo-carboxymethyl-5-syn-(tert-butyldimethylsilyloxy)-2-

azabicyclo[2.1.1]hexane (180).  Following general procedure for N-BOC to N-Ac 

conversion, the crude was chromatographed (prep TLC, 1:2 hexanes/ethyl acetate) to 

afford 22 mg (75%) of 180 as a colorless oil at Rf  = 0.41 (1:2 hexanes/ethyl acetate); 1H 

NMR (400 MHz, CDCl3) $ 4.69 (dt, J = 7.2, 1.7 Hz, 1H, H1), 4.38 (s, 1H, H3), 4.12 (dt, J 

= 7.0, 1.7 Hz, 1H, H1), 4.26 (s, 1H, H3), 3.87 (m, 1H, H5), 3.82 (m, 1H, H5), 3.79 (s, 3H), 

3.75 (s, 3H), 2.93 (m, 1H, H4), 2.87 (m, 1H, H4), 2.05 (s, 3H), 2.00 (s, 3H), 1.73 (d, J = 

9.1 Hz, 1H, H6anti), 1.46 (d, J = 9.1 Hz, 1H, H6anti), 1.28 (br, 2H, H6syn), 0.85 (s, 9H), 0.07 

(m, 6H); 13C NMR (100 MHz, CDCl3) $ 171.7 and 171.7, 171.1 and 170.7, 71.5 and 70.8, 

65.4 and 62.8, 58.0 and 56.2, 52.4 and 52.2, 48.4 and 47.4, 29.7, 25.6 and 25.5, 21.9 and 

21.7, 17.8 and 17.8, $5.0 and $5.0, $5.2 and $5.2 (one carbon TBS);  1H NMR (400 

MHz, D2O) $ 4.60 (br d, J = 7.2 Hz, 1H, H1), 4.55 (s, 1H, H3), 4.43 (br d, J = 7.0 Hz, 1H, 

H1), 4.34 (s, 1H, H3), 4.16 (m, 1H, H5), 4.11 (m, 1H, H5), 3.82 (s, 3H), 3.78 (s, 3H), 3.09 

(m, 1H, H4), 3.04 (m, 1H, H4), 2.12 (s, 3H), 2.05 (s, 3H), 1.57 (d, J = 9.8 Hz, 1H, H6anti), 

1.48 (d, J = 9.8 Hz, 1H, H6syn), 1.44 (d, J = 9.8 Hz, 1H, H6anti), 1.36 (d, J = 9.8 Hz, 1H, 
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H6anti), 0.85 (s, 9H, both rotamers), 0.12 (s, 6H), 0.11 (s, 6H).  HRMS calcd for 

C15H28NO4Si (M + H) 314.1782, found 314.1795.   

NOE:  The major H1 signal at ! 4.43 shows an NOE enhancement with the major 

acetyl at ! 2.12. The minor acetyl signal at ! 2.05 on irradiation does not show an NOE 

enhancement.  Amide isomer ratios were determined by comparison of H1 major/H1 

minor in both CDCl3 (67% trans) and D2O (81% trans).  
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N-Acetyl-3-exo-carboxymethyl-5-syn-hydroxy-2-azabicyclo[2.1.1]hexane 

(155).  To a solution of silyl ether 180 (16 mg, 0.051 mmol) in THF (250 %L) at 0 ºC 

there was added a solution of tetrabutylammonium fluoride trihydrate (TBAF.3H2O) (48 

mg, 0.153 mmol) in THF (250 %L). The reaction mixture was stirred at 0 ºC for 30 min, 

warmed slowly to rt, and then stirred an additional 30 min. The solvent was removed in 

vacuo and chromatographed (prep TLC, 1:9 MeOH/ethyl acetate) to afford 9 mg (89%) 

of alcohol 155 as a colorless oil at Rf = 0.41 (1:9 MeOH/ethyl acetate); 1H NMR (400 

MHz, CDCl3) ! 4.63 (dt, J = 6.8, 1.7 Hz, 1H, H1), 4.41 (s, 1H, H3), 4.37 (s, 1H, H3), 4.20 

(dt, J = 6.8, 1.7 Hz, 1H, H1), 3.99 (m, 1H, H5), 3.95 (m, 1H, H5), 3.78 (s, 3H, OMe), 3.74 

(s, 3H, OMe), 2.98  (m, 1H, H4), 2.92 (m, 1H, H4), 2.07 (s, 3H), 2.02 (s, 3H), 1.73 (d, J = 

9.1 Hz, 1H, H6anti), 1.46 (d, J = 9.1 Hz, 1H, H6anti), 1.33 (dt, J = 9.1, 2.2 Hz, 1H, H6syn), 

1.29 (dt, J = 9.1, 2.2 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) $ 172.6, 171.4, 171.3, 

171.0, 71.4 and 70.4, 65.3 and 62.8, 58.1 and 55.9, 52.6 and 52.3, 47.3 and 46.8, 26.4 and 

25.2, 21.8 and 21.7; 1H NMR (400 MHz, D2O) ! 4.62 (d, J = 6.8 Hz, 1H, H1), 4.53 (s, 
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1H, H3), 4.34 (d, J = 6.8 Hz, 1H, H1), 4.35 (s, 1H, H3), 4.10 (br, 1H, H5), 4.06 (br, 1H, 

H5), 3.83 (s, 3H), 3.78 (s, 3H), 3.09  (m, 1H, H4), 3.03 (m, 1H, H4), 2.12 (s, 3H), 2.05 (s, 

3H), 1.61 (d, J = 9.5 Hz, 1H, H6anti), 1.49 (br d, J = 9.5 Hz, 1H, H6syn), 1.45 (br d, J = 9.5 

Hz, 1H, H6syn), 1.40 (d, J = 9.5 Hz, 1H, H6anti).  HRMS calcd for C9H14NO4 (M + H) 

200.0917, found 200.0923.  

NOE (D2O):  The major acetyl signal at ! 2.12 on irradiation shows an NOE 

enhancement with the major H1 at ! 4.34 and vice-versa.  The trans/cis isomer ratio was 

determined to be 1.3 (56 % trans) in CDCl3 and 4.3 (81% trans) in D2O.  
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N-Acetyl-3-exo-carboxymethyl-5-syn-benzoyloxy-2-azabicyclo[2.1.1]hexane 

(156).  Following the general procedure for OH to OBz conversion, the crude was 

chromatographed (prep TLC: 4:1 ethyl acetate/hexanes) to afford 7 mg (92%) of syn-

benzoate 156 as a colorless oil at Rf = 0.49 (4:1 ethyl acetate/hexanes); 1H NMR (400 

MHz, CDCl3) ! 8.10–7.37 (m, 5H), 5.04 (dt, J = 7.1, 1.7 Hz, 1H, H1), 4.88 (s, 1H, H3 or 

H5), 4.55 (dt, J = 7.1, 1.7 Hz, 1H, H1), 4.54 (s, 1H), 4.27 (s, 1H), 3.81 (s, 3H), 3.78 (s, 

3H), 3.35 (m, 1H, H4), 3.27 (m, 1H, H4), 2.07–2.01 (m, 4H, COCH3 and H6anti), 1.76 (d, J 

= 9.3 Hz, 1H, H6anti), 1.66 (dt, J = 9.3, 2.2 Hz, 1H, H6syn), 1.60 (dt, J = 9.3, 2.2 Hz, 1H, 

H6syn); 
13C NMR (400 MHz, CDCl3) ! 171.3 and 170.6, 170.3, 165.5 and 165.1, 133.7 and 

133.6, 129.7 and 129.6, 128.7 and 128.6 (C on Ph, one carbon buried), 71.2 and 70.6, 

64.2 and 61.0, 57.9 and 56.3, 52.7 and 52.5, 47.2 and 45.7, 27.9 and 26.4, 21.6; 1H NMR 
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(400 MHz, D2O) ! 7.98–7.89 (m, 2H), 7.73–7.66 (m, 1H), 7.57–7.46 (m, 2H), 4.99 (s, 

1H, H5), 4.96–4.92 (m, 2H, H1 and H5), 4.86–4.73 (under D2O peak, m, 2H, H1 and H3 

conformer), 4.54 (s, 1H, H3), 3.85 (s, 3H), 3.81  (s, 3H), 3.46 (m, 1H, H4), 3.40 (m, 1H, 

H4), 2.09 (s, 3H), 2.03 (s, 3H), 1.89–1.75 (m, 2H, H6anti and its conformer and H6syn), 1.65 

(brd, J = 9.8 Hz, 1H, H6syn).  HRMS calcd for C16H17NO5Na (M + Na) 326.0999, found 

326.0990. 

 NOE (C6D6:CDCl3 1:1):  The major H1 signal at ! 4.12 on irradiation enhances the 

major H5 signal at ! 4.50 and the major COCH3 signal at ! 1.81. The major COCH3 

signal at ! 1.81 on irradiation enhances the major H1 signal at ! 4.12; the minor H1 signal 

at ! 4.92 on irradiation sees no methyl signal.  NOE (D2O): the major acetyl signal at ! 

2.09 on irradiation enhances the major H1 signal at ! 4.78; the minor acetyl signal at ! 

2.03 on irradiation enhances the minor H3 signal at ! 4.71.  Ktrans/cis = 80/20 (CDCl3) and 

Ktrans/cis = 80/20 (D2O) were determined from relative H4 integrations.   
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N-(tert-Butoxycarbonyl)-3-exo-hydroxymethyl-5-syn-(tert-butyldimethylsilyloxy)-

2-azabicyclo[2.1.1]hexane (181).  LAH (9 %L, 0.018 mmol, 2.0 M solution in THF) was 

added dropwise to a solution of carbamate 27 (11 mg, 0.030 mmol) in dry THF (600 %L) 

at $78 ºC.  The reaction mixture was maintained at $78 ºC for 1 h and then brought to 

room temperature.  After stirring for 2 h, the reaction mixture was quenched with a 1:1 

mixture of water and THF (10 %L).  The resulting solution was dried over Na2SO4, 
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filtered and washed with THF (600 %L).  Solvent was removed in vacuo to afford 9 mg 

(89%) of pure alcohol 181 as a colorless oil at Rf = 0.42 (1:4 ethyl acetate/hexanes); 1H 

NMR (400 MHz, CDCl3) ! 4.13 (br d, J = 4.8, 1H, H1), 3.89  (br s, 1H, H3), 3.87 (br s, 

1H, H3), 3.78 (br, 1H, H5), 3.76 (br, 1H, H5), 3.72 (m, 2H, CH2), 2.69 (br, 1H, OH), 2.51 

(m, 1H, H4), 1.46 (s, 9H), 1.34 (d, J = 8.9, 1H, H6anti), 1.16 (dt, J = 9.0, 2.4, 1H, H6syn), 

0.87 (s, 9H), 0.06 (s, 6H); 13C NMR (100 MHz, CDCl3) $ 159.1, 80.3, 71.1 (C5), 65.5, 

64.3 (C1), 58.2 (C3), 45.6 (C4), 28.4, 26.4 (C6), 25.7, 17.9, $5.06.  HRMS calcd for 

C17H33NO4SiNa (M + Na) 366.2071, found 366.2092.   
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NOE Study 181  

NOE:  The hydroxymethyl stereochemistry was confirmed by NOE experiments.  

The H6syn signal at ! 1.16 on irradiation enhances the CH2 signal at ! 3.76.  The H6anti 

signal at ! 1.34 on irradiation enhances the H5 signal at ! 3.72 and the H1 signal at ! 4.13.  
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Following the general procedure for #-esterification, to carbamate 171 (1.0 g, 

5.03 mmol) in dry diethyl ether (25 mL) with a positive pressure of argon at $78 ºC there 

was added TMEDA (1.7 mL, 11.06 mmol) followed by s-BuLi in cyclohexane (7.9 mL, 

11.06 mmol) dropwise via syringe at $78 ºC.  After 4 h at $45 to $50 ºC the reaction 
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mixture was then recooled to $78 ºC.  Excess CO2 gas was blown through the flask for 

approximately 5 min, stirred at $78 ºC for 30 min and then allowed to come to rt.  

Extraction with water (2 x 20 mL) followed by back-extraction of the combined water 

layers with ether (2 x 20 mL) afforded, after drying and removal of solvent, 440 mg 

(44%) of starting material 171.  The aqueous layer was acidified with dilute HCl until 

approximately pH = 3 and then was extracted with ethyl acetate (5 x 40 mL). The 

combined extracts were washed with brine (40 mL), dried over sodium sulfate, filtered 

and concentrated in vacuo to yield a light-orange oil.  The crude oil was then taken up in 

1:1 mixture of hexanes and isopropanol (80 mL), trimethylsilyldiazomethane (1.7 mL, 

3.38 mmol, 2.0 M solution in hexanes) was added under argon, and the reaction was 

stirred 12 h at rt.  The solvent was removed in vacuo to afford 748 mg of crude ester as 

light orange oil.  Since the mixture of hydroxyester components could not easily be 

separated, the crude alcohol was dissolved in dry CH2Cl2 (35 mL), cooled to 0 ºC and 

treated sequentially with triethylamine (1.9 mL, 14.06 mmol), DMAP (380 mg, 3.09 

mmol) and benzoyl chloride (820 %L, 7.03 mmol).  The reaction mixture was stirred 30 

min at 0 ºC, allowed to come to room temperature, and then stirred for 3 h.  Workup and 

chromatography on silica gel (gradient, 10–20 % ethyl acetate in hexanes) afforded 508 

mg (28%) (50% BORSM) of a mixture of 3- and 3’-methyl ester benzoates 182/183 as a 

light orange oil at Rf = 0.43 (4:1 hexanes/ethyl acetate).  Based on proton integration (H5), 

the ratio of the mixture is 49/51. 
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N-(tert-Butoxycarbonyl)-3-endo- and 3-exo-carboxymethyl-5-anti-benzoyloxy-

2-azabicyclo[2.1.1]hexane mixture (182 and 183).  1H NMR (400 MHz, CDCl3) $ 8.07–

8.01 (m, 4H), 7.62–7.54 (m, 2H), 7.50–7.41 (m, 4H), 5.22 (br, 1H, H5), 4.78 (br d, J = 7.0 

Hz, 1H, H5), 4.52 (br, 2H, 2H1), 4.41 (br, 1H, H3), 4.35 (br, 1H, H3), 3.80 (s, 3H), 3.77 (s, 

3H), 3.15 (br, 2H, 2H4), 2.92 (br d, J = 7.5 Hz, 1H, H6anti), 2.75 (br d, J = 8.4 Hz, 1H, 

H6anti), 2.12 (t, J = 8.0 Hz, 1H, H6syn), 1.72 (br, 1H, H6syn),  1.46 (br s, 18H); 13C NMR (100 

MHz, CDCl3) $ 170.7 and 170.3, 166.0 and 166.0, 155.1 (br) and 153.9 (br), 133.4 and 

133.3, 129.6 and 129.6 (2C), 128.5 and 128.5, 82.9, 80.6, 79.8, 62.6 (br), 61.1 (br), 60.2 

(br), 58.4, 52.4, 52.3, 47.0 (br), 39.3, 33.9 (br), 28.3.  HRMS calcd for C19H23NO6Na (M 

+ Na) 384.1418, found 384.1419.  
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Following general procedure for N-BOC to N-Ac conversion, the crude was 

chromatographed (1:4 hexanes/ethyl acetate) to give 130 mg (34%) of 160 as an orange 

oil at Rf = 0.28 (1:4 hexanes/ethyl acetate) and 179 mg (47%) of 161 as an orange oil at Rf 

= 0.38 (1:4 hexanes/ethyl acetate).   
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N-Acetyl-3-endo-carboxymethyl-5-anti-benzoyloxy-2-azabicyclo[2.1.1]hexane 

(160).  1H NMR (400 MHz, CDCl3) $ 8.07–8.01 (m, 2H), 7.63–7.57 (m, 1H), 7.51–7.43 

(m, 2H), 5.28 (d, J = 7.3 Hz, 1H, H5), 5.01 (d, J = 7.3 Hz, 1H, H5), 5.00 (dd, J = 7.5, 1.4 

Hz, 1H, H1), 4.52 (dd, J = 7.5, 1.4 Hz, 1H, H1), 4.51 (s, 1H, H3), 4.45 (s, 1H, H3), 3.87 (s, 

3H), 3.81 (s, 3H), 3.28 (ddd, J = 7.4, 3.3, 0.9 Hz, 1H, H4), 3.21 (ddd, J = 7.4, 3.3, 0.9 Hz, 

1H, H4), 3.02–2.93 (br, 1H, H6anti both conformers), 2.15 (s, 3H), 2.01 (s, 3H), 1.77 (dd, J 

= 7.8, 7.8 Hz, 1H, H6syn), 1.72 (dd, J = 7.8, 7.8 Hz, 1H, H6syn);
 13C NMR (100 MHz, 

CDCl3) $ 169.9 and 169.7, 168.4, 166.0 and 165.9, 133.5 and 133.4, 129.6 (2C), 128.5 

and 128.1, 79.7 and 79.2 (C5), 63.6 and 61.1 (C1),  60.7 and 58.9 (C3), 52.8 and 52.5, 47.6 

and 46.3, 39.5 and 38.8, 21.4 and 21.1; 1H NMR (400 MHz, D2O) $ 8.11–8.06 (m, 2H), 

7.76–7.570 (m, 1H), 7.60–7.53 (m, 2H), 5.16 (d, J = 7.5 Hz, 1H, H5), 4.95 (d, J = 7.5 Hz, 

1H, H5), 4.90 (dd, J = 7.5, 1.7 Hz, 1H, H1), 4.75 (dd, J = 7.5, 1.7 Hz, 1H, H1), 4.75 (s, 1H, 

H3), 4.62 (s, 1H, H3), 3.91 (s, 3H), 3.86 (s, 3H), 3.39 (ddd, J = 7.3, 3.3, 1.2 Hz, 1H, H4), 

3.33 (ddd, J = 7.3, 3.3, 1.2 Hz, 1H, H4), 3.14–3.09 (m, 1H, H6anti), 3.07–3.03 (m, 1H, 

H6anti), 2.21 (s, 3H), 2.06 (s, 3H), 1.90 (dd, J = 7.9, 7.5 Hz, 1H, H6syn), 1.83 (dd, J = 7.9, 

7.5 Hz, 1H, H6syn).  HRMS calcd for C16H18NO5 (M + H) 304.1179, found 304.1182. 

NOE (CDCl3):  The major acetyl signal at ! 2.15 on irradiation sees major H1 at ! 

4.52.  NOE (D2O):  The major acetyl signal at ! 2.21 on irradiation sees major H1 at ! 

4.75. Minor acetyl signal at ! 2.06 on irradiation sees minor H3 at ! 4.91.  Amide isomer 

ratios for 160 were determined by comparison of H5 major/H5 minor in both solvents; the 

ratio in CDCl3 is 4.0 (80% trans isomer) and in D2O it is 4.6 (82% trans isomer). 
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N-Acetyl-3-exo-carboxymethyl-5-anti-benzoyloxy-2-azabicyclo[2.1.1]hexane 

(161).  1H NMR (400 MHz, CDCl3) $ 8.06–8.02 (m, 2H), 7.64–7.57 (m, 1H), 7.50–7.44 

(m, 2H), 4.96 (dd, J = 7.7, 1.8 Hz, 1H, H1,), 4.76 (d, J = 7.4 Hz, 1H, H5), 4.73 (d, J = 7.4 

Hz, 1H, H5), 4.55 (s, 1H, H3), 4.50 (s, 1H, H3), 4.46 (dd, J = 7.3, 1.9 Hz, 1H, H1), 3.81 (s, 

3H), 3.77 (s, 3H), 3.27 (ddd, J = 7.3, 3.3, 1.3 Hz, 1H, H4), 3.20 (ddd, J = 7.3, 3.3, 1.3 Hz, 

1H, H4), 2.81 (dt, J = 8.5, 2.3, 2.3 Hz, 1H, H6anti), 2.78 (dt, J = 8.5, 2.3, 2.3 Hz, 1H, H6anti), 

2.25 (dd, J = 8.5, 7.5 Hz, 1H, H6syn), 2.16 (s, 3H), 2.02 (s, 3H), 2.00 (dd, J = 8.5, 7.5 Hz, 

1H, H6syn); 
13C NMR (100 MHz, CDCl3) $ 169.7 and 169.6, 168.6, 166.1 and 166.0, 133.6 

and 133.5, 129.7 (2C), 128.6, 82.7 and 82.3 (C5), 63.8 and 60.7 (C1), 50.6 and 57.5 (C3), 

52.7 and 52.4, 47.6 and 46.2, 34.5 and 33.2, 21.7 and 21.5; 1H NMR (400 MHz, D2O) $ 

8.12–8.07 (m, 2H), 7.75–7.70 (m, 1H), 7.60–7.54 (m, 2H), 4.92 (br, 1H, H3), 4.89 (dd, J 

= 7.6, 1.8 Hz, 1H, H1,), 4.85 (d, J = 7.6 Hz, 1H, H5), 4.73 (dd, J = 7.4, 1.8 Hz, 1H, H1), 

4.65 (s, 1H, H3), 3.82 (s, 3H), 3.77 (s, 3H), 3.39 (ddd, J = 7.3, 3.4, 1.1 Hz, 1H, H4), 3.33 

(ddd, J = 7.3, 3.4, 1.1 Hz, 1H, H4), 2.94 (dt, J = 9.2, 2.4, 2.4 Hz, 1H, H6anti), 2.92 (dt, J = 

9.2, 2.4, 2.4 Hz, 1H, H6anti), 2.21 (s, 3H), 2.08 (s, 3H), 2.08 (dd, J = 9.1, 7.8 Hz, 1H, 

H6syn), 1.86 (dd, J = 9.3, 7.7 Hz, 1H, H6syn).  HRMS calcd for C16H18NO5 (M + H) 

304.1179, found 304.1181.  

NOE (CDCl3):  The major acetyl signal at ! 2.16 on irradiation sees major H1 at ! 

4.46 and vice-versa. Minor acetyl signal at ! 2.02 on irradiation sees no proton. NOE 

(D2O):  The major acetyl signal at ! 2.21 on irradiation sees major H1 at ! 4.73.  The 
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amide isomer ratios for 161 were determined by comparison of H5 major + H5 minor 

(corrected for the minor isomer)/H1 minor in CDCl3 and H4 major/H4 minor in D2O.  The 

amide ratio is 3.4 (77% trans isomer) in CDCl3 and 4.2 (81% trans isomer) in D2O.   
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N-Acetyl-3-endo-carboxymethyl-5-anti-hydroxy-2-azabicyclo[2.1.1]hexane 

(159).  Following general procedure for OBz to OH conversion, the crude was 

chromatographed (gradient, 0 to 6% MeOH in ethyl acetate) to produce 54 mg (87%) of 

alcohol 159 as a colorless oil at Rf = 0.58 (5:1 ethyl acetate/MeOH); 1H NMR (400 MHz, 

CDCl3) $ 4.60 (dd, J = 7.3, 1.5 Hz, 1H, H1,), 4.58 (d, J = 7.1 Hz, 1H, H5), 4.38 (s, 1H, 

H3), 4.35 (d, J = 7.1 Hz, 1H, H5), 4.34 (s, 1H, H3), 4.14 (dd, J = 7.3, 1.5 Hz, 1H, H1), 3.79 

(s, 3H), 3.75 (s, 3H), 3.11 (m, 1H, H4), 2.93 (ddd, J = 7.3, 3.3, 0.9 Hz, 1H, H6anti), 2.86 

(ddd, J = 7.3, 3.3, 0.9 Hz, 1H, H6anti) 2.08 (s, 3H, COCH3), 1.94 (s, 3H, COCH3), 1.69 

(dd, J = 7.7, 7.3 Hz, 1H, H6syn), 1.64 (dd, J = 7.7, 7.3 Hz, 1H, H6syn);
 13C NMR (100 MHz, 

CDCl3) $ 170.0, 168.6, 77.2 and 76.6, 65.2 and 62.2 (C1),  61.1 and 59.1 (C3), 52.4 and 

52.0, 48.3 and 47.3, 39.1 and 38.3, 21.0 and 20.8; 1H NMR (400 MHz, D2O) $ 4.78 (s, 

1H, H3), 4.54 (dd, J = 7.6, 1.7 Hz, 1H, H1,), 4.39 (d, J = 7.1 Hz, 1H, H5), 4.50 (s, 1H, H3), 

4.38 (dd, J = 7.4, 1.8 Hz, 1H, H1), 4.22 (d, J = 7.3 Hz, 1H, H5),  3.84 (s, 3H), 3.80 (s, 3H), 

3.05 (brm, two conformers, 1H, H4), 2.96 (ddd, J = 7.3, 3.3, 1.2 Hz, 1H, H6anti), 2.14 (s, 

3H), 2.00 (s, 3H), 1.82 (two d, J = 7.3, 7.3 Hz, 1H, H6syn), 1.76 (two d, J = 7.3, 7.3 Hz, 

1H, H6syn).  HRMS calcd for C9H13NO4Na (M + Na) 222.0737, found 222.0740. 
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NOE (CDCl3):  The major acetyl signal at ! 2.08 on irradiation sees major H1 at ! 

4.14 and vice-versa. Minor acetyl signal at ! 1.94 on irradiation sees no proton.  NOE 

(D2O):  The major acetyl signal at ! 2.14 on irradiation enhances the major H1 at ! 4.38 

and vice-versa.  The minor acetyl signal at ! 2.00 on irradiation sees no proton. Major H3 

at ! 4.50 on irradiation sees no proton.  Ktrans/cis = 2.8 (76.5:26.5 CDCl3) by relative H4 

integrations and Ktrans/cis = 5.4 (84.4:15.7 D2O) by relative H6syn integrations. 
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    N-Acetyl-3-exo-carboxymethyl-5-anti-hydroxy-2-azabicyclo[2.1.1]hexane 

(150).139 Following general procedure for O-Bz to O-H conversion, the crude was 

chromatographed to afford 84 mg (85%) of known alcohol 150139 as an off-white solid at 

Rf = 0.59 (5:1 ethyl acetate/MeOH).  NOE (D2O):  The major acetyl signal at ! 2.14 on 

irradiation enhances the major H1 at ! 4.38 and vice-versa; the minor acetyl signal at ! 

2.00 on irradiation enhances no proton.  The major H3 at ! 4.50 on irradiation enhances 

no proton.  Ktrans/cis = 2.5 (71:29, CDCl3) and Ktrans/cis = 3.9 (79.5:20.5, D2O).  
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N-Acetyl-3-endo-carboxymethyl-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (184).  

General procedure for OH to F conversion.  Bis(2-methoxyethyl)aminosulfur 

trifluoride (39 mg, 0.176 mmol) was added dropwise via syringe to a solution of alcohol 
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159 (14 mg, 0.070 mmol) in dry CH2Cl2 (3 mL) under argon at $78 ºC.  The mixture was 

stirred for 2 h at rt and then heated at reflux for 8 h. The reaction mixture was quenched 

with water (2 mL), and the aqueous layer was extracted with CH2Cl2 (2 x 2 mL).  The 

organic extracts were combined and washed with brine (2 mL), dried over Na2SO4, and 

filtered.  Removal of the solvent in vacuo and chromatography (prep TLC, 3% MeOH in 

EtOAc) afforded 8 mg (57%) of fluoride 184 as an oil at Rf = 0.44 (3% MeOH in 

EtOAc);  1H NMR (400 MHz, CDCl3) $ 5.32 (dd, J = 62.1, 7.2 Hz, 1H, H5), 5.12 (dd, J = 

62.1, 7.2 Hz, 1H, H5), 4.85 (d, J = 7.2 Hz, 1H, H1,), 4.43 (s, 1H, H3), 4.38 (s, 1H, H3), 

4.34 (d, J = 7.2 Hz, 1H, H1), 3.83 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.15-2.97 (m, 2H, H4 

+ H6anti and their conformers),  2.11 (s, 3H, COCH3), 1.96 (s, 3H, COCH3),1.82 (m, 1H, 

H6syn and its conformer); 1H NMR (400 MHz, D2O) $ 5.24 (dd, J = 61.5, 7.3 Hz, 1H, H5), 

5.09 (dd, J = 61.2, 7.3 Hz, 1H, H5), 4.83 (t, J = 1.7 Hz, 1H, H3), 4.75 (dt, J = 7.8, 1.6 Hz, 

1H, H1), 4.62 (ddd, J = 7.4, 1.7, 1.0 Hz, 1H, H1), 4.53 (br s, 1H, H3), 3.86 (s, 3H, OMe), 

3.81 (s, 3H, OMe), 3.27 (m, 1H, H4), 3.19 (m, 1H, H4), 3.06 (m, 1H, H6anti), 3.01 (m, 1H, 

H6anti), 2.16 (s, 3H, COCH3), 2.00 (s, 3H, COCH3),1.93 (ddd, J = 10.9, 7.4, 3.4 Hz, 1H, 

H6syn), 1.87 (ddd, J = 10.9, 7.4, 3.4 Hz, 1H, H6syn); 
13C NMR (100 MHz, CDCl3) $  170.0 

(CO, amide), 168.4 (CO, ester), 95.5 (d, JC, F = 212.6 Hz, C5), 95.4 (d, JC, F = 211.7 Hz, 

C5), 63.5 (d, JC, F = 21.8 Hz, C1), 60.7 (d, JC, F = 3.4 Hz, C3), 60.6 (d, JC, F = 21.8 Hz, C1), 

58.7 (d, JC, F = 3.4 Hz, C3), 52.9 (OMe), 52.6 (OMe), 48.0 (d, JC, F = 19.0 Hz, C4), 46.9 (d, 

JC, F = 18.5 Hz, C4), 39.2 (C6), 38.5 (C6), 21.4 (Ac),  20.9 (Ac); 13C NMR (100 MHz, D2O) 

$  172.1 (CO), 172.0 (CO), 96.0 (d, JC, F = 210.8 Hz, C5), 64.5 (d, JC, F = 22.3 Hz, C1), 59.5 

(d, JC, F = 4.3 Hz, C3), 53.5 (OMe), 47.0 (d, JC, F = 19.3 Hz, C4), 38.8 (C6), 20.8 (Ac); 19F 

NMR (282 MHz, CDCl3)
 ! $219.0 (d, J = 62 Hz), $221.9 (d, J = 61 Hz); 19F NMR (376 
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MHz, D2O) ! $211.5 and $213.7 (5.2:1 ratio).  HRMS calcd for C9H13FNO2 (M+H) 

202.0874, found 202.0865.   

NOE  (D2O):  The major acetyl signal at ! 2.16 on irradiation enhances the major 

H1 at ! 4.62 and the minor acetyl signal at ! 2.00 on irradiation enhances the minor H3 at 

! 4.83.  Ktrans/cis = 3.65 (78:22, by integration of major/minor H5 $ minor H1 protons, or 

acetyl methyls, CDCl3) and 5.1 (84:16 by integration of major/minor H4 protons, D2O).  

In CDCl3 the characteristic downfield acetyl peak at ! 2.11 for the trans isomer (major) 

and the upfield peak at ! 1.96 for the cis isomer were used to assign the trans amide 

isomer as major.   Higher trans/cis isomer ratios for 184 of 3.94 (80% trans) in CDCl3 and 

6.65 (87% trans) in D2O were determined by fluorine NMR.   
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N-Acetyl-3-exo-carboxymethyl-5-anti-fluoro-2-azabicyclo[2.1.1]hexane (151).  

Following the general procedure for OH to F conversion, the crude was chromatographed 

(prep TLC, 3% MeOH in EA) to give 5 mg (55%) of known fluoride 151139 as an oil; 19F 

NMR (282 MHz, CDCl3)
 !  $212.7 (d, J = 62 Hz) and $214.1 (d, J = 62 Hz); 19F NMR 

(376 MHz, D2O) ! $205.8 and $206.7.  NOE (D2O):  The major acetyl signal at ! 2.16 on 

irradiation enhances the major H1 at ! 4.59.  Ktrans/cis = 2.4 (71:29, major/minor H1: 

calculated from H5 + H1minor vs H3 + H1major, CDCl3) or 2.9 (74:26 by F integration, CDCl3) 

and 4.0 (80:20 by integration of major/minor H4 peaks, D2O) or 4.2 (81:19 by F 

integrations, D2O). 
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APPENDIX A 

CRYSTAL STRUCTURE INFORMATION FOR DIBROMIDE 119 

Courtesy: Amit Choudhary 

X-Ray Structure Determination of Compound Dibromide 119 

BnN

Br

Br

119  

Crystal structure determination of 119.  The desired compound was dissolved 

in hexane with minimal amount of EtOAc.  Slow evaporation afforded crystals suitable 

for X-ray analysis after ~ 4 d.  X-ray intensity data were collected on a Bruker CCD-1000 

diffractometer with Mo K! (" = 0.71073 Å) radiation at 105(2) K with the diffractometer 

to crystal distance of 4.9 cm.  Preliminary indexing was carried out for the determination 

of cell constants.  This indexing consisted of three series of ! scans at different initial 

angles with each series consisting of 20 frames at intervals of 0.3º with the exposure time 

of 10 s per frame.  The reflections were indexed by an automated indexing routine built 

in the SMART program.  Data were collected by using the full sphere data collection 

routine to a resolution of 0.80 Å.  The intensity data was then corrected for absorption 

and Lorentz and polarization effects.  Structure solution and refinement was carried out 

using SHELXTL V.6.10.1,2  Figure 3 displays 119 with 50% probability thermal 

ellipsoids.  
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Figure A.1.   A Molecular Drawing of N-Benzyl-5-anti, 6-anti-dibromo-2-

azabicyclo[2.1.1]hexane 119 Showing 50% Probability Ellipsoids 
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Table A.1.  Crystal data and structure refinement for 119. 
 
Empirical formula  C12 H13 Br2 N 
Formula weight  331.05 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 7.2022(9) Å a= 90°. 
 b = 10.8080(13) Å b= 99.586(2)°. 
 c = 15.863(2) Å g = 90°.              

Volume 1217.5(3) Å3 
Z 4 

Density (calculated) 1.806 Mg/m3 

Absorption coefficient 6.625 mm-1 
F(000) 648 

Crystal size 0.42 x 0.30 x 0.25 mm3 
Theta range for data collection 2.29 to 30.04°. 
Index ranges -10<=h<=10, -14<=k<=14, -22<=l<=22 
Reflections collected 17977 
Independent reflections 3485 [R(int) = 0.0280] 
Completeness to theta = 30.04° 98.0 %  
Absorption correction Empirical with SADBADS 
Max. and min. transmission 0.2882 and 0.1673 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3485 / 0 / 188 

Goodness-of-fit on F2 1.068 
Final R indices [I>2sigma(I)] R1 = 0.0286, wR2 = 0.0717 
R indices (all data) R1 = 0.0343, wR2 = 0.0759 

Largest diff. peak and hole 1.868 and -0.498 e.Å-3 
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Table A.2.  Atomic coordinates ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for 119.  U(eq) is defined as one third of  the trace of the 

orthogonalized Uij tensor. 

_______________________________________________________________________ 
 x y z U(eq) 
_______________________________________________________________________ 
C(12) -572(3) 3831(2) 7083(1) 23(1) 
C(11) -2416(3) 3557(2) 6710(2) 24(1) 
C(9) -1799(3) 1393(2) 6934(2) 24(1) 
Br(1) 8076(1) 1034(1) 10096(1) 22(1) 
C(5) 5621(3) 1517(2) 9484(1) 17(1) 
C(3) 4529(3) 2549(2) 9870(1) 18(1) 
C(2) 2677(3) 2456(2) 9229(1) 18(1) 
N(1) 3475(3) 2317(2) 8411(1) 18(1) 
C(1) 5519(3) 2450(2) 8737(1) 16(1) 
Br(2) 7947(1) 4162(1) 9957(1) 22(1) 
C(10) -3022(3) 2345(2) 6623(1) 23(1) 
C(4) 5538(3) 3524(2) 9386(1) 17(1) 
C(7) 680(3) 2885(2) 7377(1) 20(1) 
C(6) 2707(3) 3187(2) 7742(2) 23(1) 
C(8) 48(3) 1663(2) 7310(2) 23(1) 
_______________________________________________________________________ 
 
 
 
Table A.3.  Bond lengths [Å] and angles [°] for 119. 
_____________________________________________________  
C(12)-C(11)  1.392(3) 
C(12)-C(7)  1.392(3) 
C(11)-C(10)  1.380(3) 
C(9)-C(10)  1.391(3) 
C(9)-C(8)  1.395(3) 
Br(1)-C(5)  1.942(2) 
C(5)-C(1)  1.548(3)         S-4 
C(5)-C(3)  1.548(3) 
C(3)-C(2)  1.540(3) 
C(3)-C(4)  1.554(3) 
C(2)-N(1)  1.511(3) 
N(1)-C(6)  1.456(3) 
N(1)-C(1)  1.485(3) 
C(1)-C(4)  1.549(3) 
Br(2)-C(4)  1.945(2) 
C(7)-C(8)  1.395(3) 
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C(7)-C(6)  1.514(3) 
C(11)-C(12)-C(7) 120.3(2) 
C(10)-C(11)-C(12) 120.5(2) 
C(10)-C(9)-C(8) 119.9(2) 
C(1)-C(5)-C(3) 82.57(15) 
C(1)-C(5)-Br(1) 118.77(14) 
C(3)-C(5)-Br(1) 118.42(14) 
C(2)-C(3)-C(5) 97.67(16) 
C(2)-C(3)-C(4) 98.22(16) 
C(5)-C(3)-C(4) 89.03(16) 
N(1)-C(2)-C(3) 99.33(16) 
C(6)-N(1)-C(1) 115.18(17) 
C(6)-N(1)-C(2) 114.13(17) 
C(1)-N(1)-C(2) 100.81(16) 
N(1)-C(1)-C(5) 96.97(16) 
N(1)-C(1)-C(4) 101.70(16) 
C(5)-C(1)-C(4) 89.18(16) 
C(11)-C(10)-C(9) 119.7(2) 
C(1)-C(4)-C(3) 82.36(15) 
C(1)-C(4)-Br(2) 118.93(14) 
C(3)-C(4)-Br(2) 117.69(14) 
C(12)-C(7)-C(8) 119.0(2) 
C(12)-C(7)-C(6) 120.0(2) 
C(8)-C(7)-C(6) 121.0(2) 
N(1)-C(6)-C(7) 111.35(18) 
C(9)-C(8)-C(7) 120.5(2) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  
Table A.4.  Anisotropic displacement parameters  (Å2x 103) for 119.  The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

_______________________________________________________________________ 

 U11 U22  U33 U23 U13 U12 
_______________________________________________________________________ 
 
C(12) 28(1)  23(1) 19(1)  2(1) 4(1)  3(1) 
C(11) 23(1)  28(1) 22(1)  1(1) 3(1)  8(1) 
C(9) 29(1)  23(1) 20(1)  -3(1) 6(1)  -6(1) 
Br(1) 17(1)  17(1) 30(1)  4(1) -3(1)  2(1) 
C(5) 15(1)  14(1) 21(1)  2(1) 0(1)  0(1) 
C(3) 14(1)  23(1) 17(1)  0(1) 5(1)  -1(1) 
C(2) 15(1)  20(1) 20(1)  1(1) 5(1)  -2(1) 
N(1) 14(1)  21(1) 19(1)  2(1) 1(1)  0(1) 
C(1) 15(1)  18(1) 16(1)  -1(1) 3(1)  1(1) 
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Br(2) 16(1)  16(1) 33(1)  -3(1) -2(1)  -3(1) 
C(10) 15(1)  38(1) 14(1)  -2(1) 2(1)  -2(1) 
C(4) 14(1)  15(1) 21(1)  -2(1) 1(1)  -1(1) 
C(7) 19(1)  24(1) 15(1)  1(1) 2(1)  -1(1) 
C(6) 20(1)  24(1) 23(1)  7(1) 0(1)  -2(1) 
C(8) 25(1)  23(1) 20(1)  1(1) 3(1)  5(1) 
_______________________________________________________________________ 
 

 Table A.5.  Hydrogen coordinates ( x 104) and isotropic  displacement parameters 

(Å2x 10 3) for 119. 

_______________________________________________________________________ 
 x  y  z  U(eq) 
_______________________________________________________________________ 
H(5A) 4950(40) 770(30) 9343(18) 22(7) 
H(3) 4420(40) 2560(20) 10480(20) 18(7) 
H(1) 6390(40) 2420(20) 8333(19) 17(7) 
H(2B) 1920(40) 1760(30) 9309(17) 20(6) 
H(2A) 1930(40) 3190(30) 9191(18) 24(7) 
H(4) 4820(40) 4270(30) 9183(18) 25(7) 
H(12) -120(40) 4670(30) 7145(18) 24(7) 
H(10) -4220(50) 2130(30) 6370(20) 30(8) 
H(9) -2280(40) 570(30) 6890(19) 31(8) 
H(11) -3200(40) 4230(30) 6530(20) 33(8) 
H(8) 960(40) 1050(30) 7508(19) 29(8) 
H(6B) 2740(50) 4120(30) 7970(20) 44(9) 
H(6A) 3570(50) 3040(30) 7290(20) 47(9) 
_______________________________________________________________________ 
 
 Table A.6.  Torsion angles [°] for 119. 
________________________________________________________________  
C(7)-C(12)-C(11)-C(10) -0.4(3) 
C(1)-C(5)-C(3)-C(2) 67.82(16) 
Br(1)-C(5)-C(3)-C(2) -173.41(14) 
C(1)-C(5)-C(3)-C(4) -30.34(15) 
Br(1)-C(5)-C(3)-C(4) 88.43(16) 
C(5)-C(3)-C(2)-N(1) -42.29(17) 
C(4)-C(3)-C(2)-N(1) 47.83(17) 
C(3)-C(2)-N(1)-C(6) -128.03(18) 
 
C(3)-C(2)-N(1)-C(1) -3.96(18) 
C(6)-N(1)-C(1)-C(5) 172.45(18) 
C(2)-N(1)-C(1)-C(5) 49.10(17) 
C(6)-N(1)-C(1)-C(4) 81.8(2) 
C(2)-N(1)-C(1)-C(4) -41.51(18) 



 190 

C(3)-C(5)-C(1)-N(1) -71.25(15) 
Br(1)-C(5)-C(1)-N(1) 170.33(14) 
C(3)-C(5)-C(1)-C(4) 30.43(14) 
Br(1)-C(5)-C(1)-C(4) -87.99(16) 
C(12)-C(11)-C(10)-C(9) 2.0(3) 
C(8)-C(9)-C(10)-C(11) -1.8(3) 
N(1)-C(1)-C(4)-C(3) 66.62(16) 
C(5)-C(1)-C(4)-C(3) -30.33(14) 
N(1)-C(1)-C(4)-Br(2) -175.90(13)   S-4 
C(5)-C(1)-C(4)-Br(2) 87.15(16) 
C(2)-C(3)-C(4)-C(1) -67.28(16) 
C(5)-C(3)-C(4)-C(1) 30.33(15) 
C(2)-C(3)-C(4)-Br(2) 173.99(14) 
C(5)-C(3)-C(4)-Br(2) -88.40(16) 
C(11)-C(12)-C(7)-C(8) -1.4(3) 
C(11)-C(12)-C(7)-C(6) 177.1(2) 
C(1)-N(1)-C(6)-C(7) 173.19(18) 
C(2)-N(1)-C(6)-C(7) -70.8(2) 
C(12)-C(7)-C(6)-N(1) 147.9(2) 
C(8)-C(7)-C(6)-N(1) -33.7(3) 
C(10)-C(9)-C(8)-C(7) -0.1(3) 
C(12)-C(7)-C(8)-C(9) 1.6(3) 
C(6)-C(7)-C(8)-C(9) -176.8(2) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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APPENDIX B 

CRYSTAL STRUCTURE INFORMATION FOR FLUOROALCOHOL 139 

Courtesy: Patrick Carroll 

X-ray Structure Determination of Compound Fluoroalcohol 139 

BocN

OH

F

139  

  

Crystal structure determination of 139.  Compound 139, C10H16NO3F, 

crystallizes in the monoclinic space group P21/c (systematic absences 0k0: k=odd and 

h0l: l=odd) with a=7.119(4)Å, b=17.160(13)Å, c=9.036(10)Å, b=97.433(11)°, 

V=1094(2)Å3, Z=4 and dcalc=1.318 g/cm3.  X-ray intensity data were collected on a 

Rigaku Mercury CCD area detector employing graphite-monochromated Mo-Ka radiation 

(l=0.71069 Å) at a temperature of 143K.  Preliminary indexing was performed from a 

series of twelve 0.5° rotation images with exposures of 30 seconds.  A total of 490 

rotation images were collected with a crystal to detector distance of 35 mm, a 2q swing 

angle of  -12°, rotation widths of 0.5° and exposures of 45 seconds: scan no. 1 was a "-

scan from 90° to 270° at ! = 10° and # = 20°; scan no. 2 was an !-scan from -20° to 5° 

at # = -90° and  " = 45°; scan no. 3 was an !-scan from -20° to 20° at # = -90° and  " = 

135°.  Rotation images were processed using CrystalCleari, producing a listing of 

unaveraged F2 and s(F2) values which were then passed to the CrystalStructureii program 

package for further processing and structure solution on a Dell Pentium III computer. A 

total of 6691 reflections were measured over the ranges 5.12 £ 2q £ 50.04 °,  -8 £ h £ 8,  -

18 £ k £ 20,  -10 £ l £ 9 yielding 1932 unique reflections (Rint = 0.0179). The intensity 



 192 

data were corrected for Lorentz and polarization effects and for absorption using 

REQABiii (minimum and maximum transmission 0.846, 1.000). 

 The structure was solved by direct methods (SIR97 iv). Refinement was by full-

matrix least squares based on F2 using SHELXL-97v. All reflections were used during 

refinement (F2 ’s that were experimentally negative were replaced by F2 = 0). The 

weighting scheme used was w=1/[s2(Fo
2 )+ 0.0603P2 + 0.3036P] where P = (Fo

2  + 2F c
2 )/3 

. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined 

using a "riding" model.  Refinement converged to R1=0.0424 and wR2=0.1079 for 1679 

reflections for which F > 4s(F) and R1=0.0481, wR2=0.1137 and GOF = 1.084 for all 

1932 unique, non-zero reflections and 141 variablesvi. The maximum D/s in the final 

cycle of least squares was 0.000 and the two most prominent peaks in the final difference 

Fourier were +0.170 and -0.259 e/Å3. 

 Table 1. lists cell information, data collection parameters, and refinement data.  

Final positional and equivalent isotropic thermal parameters are given in Table 2.  

Anisotropic thermal parameters are in Table 3.  Tables 4. and 5. list bond distances and 

bond angles.  Figure 1. is an ORTEPvii representation of the molecule with 30% 

probability thermal ellipsoids displayed. 
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Figure  B.1.  ORTEP Drawing of N-BOC-Fluoroalcohol 139 with 30% Probability 

Thermal Ellipsoids 

 

Table B.1.  Summary of Structure Determination of Compound 139 

 

Formula: C10H16NO3F 

Formula weight: 217.24 

Crystal class: monoclinic 

Space group: P21/c  (#14) 

Z 4 

Cell constants:  

 a 7.119(4)Å 

 b  17.160(13)Å 

 c 9.036(10)Å 

 b 97.433(11)° 
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 V  1094(2)Å3 

m 1.07 cm- 1  

crystal size, mm 0.32 x 0.32 x 0.08 

Dcalc
 1.318 g/cm3 

F(000) 464 

Radiation: Mo-Ka (l=0.71073Å) 

2q range 5.12 – 50.04 ° 

hkl collected: -8£ h £8;  -18£ k £20;  -10£ l 

£9 

No. reflections measured: 6691 

No. unique reflections: 1932 (Rint=0.0179) 

No. observed reflections 1679 (F>4s) 

No. reflections used in refinement 1932 

No. parameters 141 

R indices (F>4s) R1=0.0424 

 wR2=0.1079 

R indices (all data) R1=0.0481 

 wR2=0.1137 

GOF: 1.084 

Final Difference Peaks, e/Å3 +0.170, -0.259 
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Table B.2.  Refined Positional Parameters for Compound 139 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Atom                       x                               y                                  z                         Ueq, Å2
 

C1 0.8106(2) 0.37122(10) 0.2992(2) 0.0299(4) 
H1a 0.8441 0.4131 0.2353 0.040 

H1b 0.8347 0.3212 0.2552 0.040 

C2 0.9086(2) 0.37899(8) 0.4595(2) 0.0265(4) 
H2 1.0470 0.3763 0.4811 0.035 

C3 0.7985(2) 0.44865(9) 0.5157(2) 0.0273(4) 
H3 0.7812 0.4923 0.4452 0.036 

C4 0.6328(2) 0.38860(9) 0.4963(2) 0.0295(4) 
H4 0.5218 0.3947 0.5491 0.039 

C5 0.7824(2) 0.32473(9) 0.5408(2) 0.0320(4) 
H5 0.7537 0.2748 0.4901 0.043 

C6 0.4506(2) 0.37832(8) 0.2432(2) 0.0242(3) 
C7 0.3222(2) 0.36524(9) -0.0210(2) 0.0289(4) 
C8 0.2081(3) 0.43974(11) -0.0274(2) 0.0461(5) 
H8a 0.1397 0.4423 0.0573 0.069 

H8b 0.1203 0.4406 -0.1175 0.069 

H8c 0.2918 0.4836 -0.0262 0.069 

C9 0.4225(3) 0.35757(14) -0.1576(2) 0.0487(5) 
H9a 0.5027 0.4020 -0.1647 0.073 

H9b 0.3305 0.3547 -0.2451 0.073 

H9c 0.4981 0.3111 -0.1500 0.073 

C10 0.2037(3) 0.29346(11) -0.0023(2) 0.0428(5) 
H10a 0.2829 0.2480 0.0026 0.064 

H10b 0.1061 0.2891 -0.0857 0.064 

H10c 0.1470 0.2978 0.0882 0.064 

N1 0.6129(2) 0.37818(8) 0.3349(2) 0.0325(4) 
O1 0.8663(2) 0.47105(7) 0.66152(12) 0.0357(3) 
H1 0.8122 0.5109 0.6826 0.054 

O2 0.48228(14) 0.36856(6) 0.10144(11) 0.0294(3) 
O3 0.29486(14) 0.38610(6) 0.28569(12) 0.0311(3) 
F1 0.83918(14) 0.31770(6) 0.69344(11) 0.0430(3) 

Ueq=1/3[U11(aa*)2+U22(bb*)2+U33(cc*)2+2U12aa*bb*cosg+2U13aa*cc*cosb+2U23bb*cc*cosa] 
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Table B.3.   Refined Thermal Parameters (U's) for Compound 139 
 

       Atom                  U11                   U22                    U33                    U23                   U13                    
U12 

C1 0.0259(8) 0.0372(9) 0.0269(8) -
0.0060(6) 

0.0046(6) 0.0003(6) 

C2 0.0244(7) 0.0261(8) 0.0280(8) -
0.0027(6) 

-
0.0003(6) 

0.0019(6) 

C3 0.0309(8) 0.0266(8) 0.0230(8) -
0.0020(6) 

-
0.0015(6) 

0.0029(6) 

C4 0.0292(8) 0.0409(9) 0.0182(8) -
0.0027(6) 

0.0027(6) 0.0001(6) 

C5 0.0399(9) 0.0289(9) 0.0257(8) 0.0000(6) -
0.0009(7) 

-0.0015(6) 

C6 0.0282(8) 0.0235(8) 0.0208(8) -
0.0011(6) 

0.0026(6) -0.0001(5) 

C7 0.0302(8) 0.0343(9) 0.0201(8) -
0.0003(6) 

-
0.0042(6) 

-0.0006(6) 

C8 0.0577(11) 0.0409(11) 0.0353(10) 0.0021(8) -
0.0108(8) 

0.0125(8) 

C9 0.0491(11) 0.0746(14) 0.0217(9) -
0.0043(9) 

0.0021(8) -
0.0019(10) 

C10 0.0483(10) 0.0433(11) 0.0340(9) -
0.0015(8) 

-
0.0052(8) 

-0.0108(8) 

N1 0.0231(7) 0.0547(9) 0.0194(7) -
0.0062(6) 

0.0018(5) 0.0003(5) 

O1 0.0428(7) 0.0354(7) 0.0265(6) -
0.0100(5) 

-
0.0048(5) 

0.0047(5) 

O2 0.0272(6) 0.0416(7) 0.0186(6) -
0.0026(4) 

-
0.0001(4) 

-0.0005(4) 

O3 0.0260(6) 0.0414(7) 0.0258(6) -
0.0022(5) 

0.0030(5) 0.0025(4) 

F1 0.0536(6) 0.0407(6) 0.0325(6) 0.0101(4) -
0.0027(4) 

0.0018(4) 

The form of the anisotropic displacement parameter is: 
exp[-2p2(a*2U11h

2+b*2U22k
2+c*2U33l

2+ 2b*c*U23kl+2a*c*U13hl+2a*b*U12hk)]. 
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Table B.4.   Bond Distances in Compound 139, Å 

 
C1-N1 1.489(2) C1-C2 1.530(2) C2-C5 1.545(2) 
C2-C3 1.551(2) C3-O1 1.397(2) C3-C4 1.559(2) 
C4-N1 1.458(2) C4-C5 1.545(2) C5-F1 1.392(2) 
C6-O3 1.226(2) C6-N1 1.332(2) C6-O2 1.339(2) 
C7-O2 1.483(2) C7-C9 1.510(3) C7-C8 1.512(2) 
C7-C10 1.515(2)     

 
 

Table B.5.   Bond Angles in Compound 139, ° 
 
N1-C1-C2 96.65(12) C1-C2-C5 100.12(13) C1-C2-C3 100.92(12) 
C5-C2-C3 87.64(13) O1-C3-C2 113.16(12) O1-C3-C4 116.86(13) 
C2-C3-C4 82.01(12) N1-C4-C5 98.49(12) N1-C4-C3 99.64(12) 
C5-C4-C3 87.34(12) F1-C5-C2 114.30(13) F1-C5-C4 114.94(13) 
C2-C5-C4 82.67(12) O3-C6-N1 123.5(2) O3-C6-O2 125.74(13) 
N1-C6-O2 110.78(14) O2-C7-C9 102.39(14) O2-C7-C8 110.72(13) 
C9-C7-C8 110.5(2) O2-C7-C10 109.48(13) C9-C7-C10 110.4(2) 
C8-C7-C10 112.8(2) C6-N1-C4 125.89(13) C6-N1-C1 129.30(14) 
C4-N1-C1 104.76(12) C6-O2-C7 120.65(13)   
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APPENDIX C 

CRYSTAL STRUCTURE INFORMATION FOR SYNALCOHOL 153 

Courtesy: Michael J. Zdilla 

X-ray Structure Determination of Compound Synalcohl 153 

 

N
Ac

OH

153  

 

Crystal structure determination of 153.  X-ray structural determinations were 

determined on a Bruker Kappa APEX II Duo diffractometer using Mo Ka radiation. Data 

was collected using phi and omega scans using COSMO.vii Data integration was 

performed by SAINT,1 and scaling and multiscan absorption corrections were applied 

using SADABS.vii Structure solution and refinement were carried out using the SHELX 

suite.vii Treatment of a pseudomerohedral twin was performed using TwinRotMat in 

PLATON.vii 

A specimen of compound 153, C7H11NO2, approximate dimensions 0.17 mm x 

0.22 mm x 0.59 mm, was used for the X-ray crystallographic analysis. The X-ray 

intensity data were measured. 

Compound 153 crystallizes in the triclinic P-1 spacegroup, but forms systematic 

multicomponent pseudomerohedrally twinned crystals which indexing routines mistake 

for orthorhombic. The integration of the data using a triclinic unit cell yielded a total of 

15974 reflections to a maximum ! angle of 28.01° (0.76 Å resolution), of which 15974 

were independent (average redundancy 1.000, completeness = 98.3%, Rsig = 4.57%) and 
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12244 (76.65%) were greater than 2"(F2). The final cell constants of a = 6.7895(5) Å, b = 

11.8108(10) Å, c = 17.2811(14) Å, # = 90.006(2)°, $ = 90.002(2)°, % = 90.000(2)°, 

volume = 1385.8(2) Å3, are based upon the refinement of the XYZ-centroids of 

reflections above 20 "(I). The calculated minimum and maximum transmission 

coefficients (based on crystal size) are 0.9435 and 0.9829.  

The structure was solved using direct methods, and refined using the Bruker SHELXTL 

Software Package, using the space group P -1, with Z = 8 for the formula unit, C7H11NO2. 

Appropriate restraints were added as a result of disorder and correlation. Hydrogen atoms 

were added and refined using a riding model. The final anisotropic full-matrix least-

squares refinement on F2 with 525 variables converged at R1 = 5.39%, for the observed 

data and wR2 = 16.12% for all data. The goodness-of-fit was 1.032. The largest peak in 

the final difference electron density synthesis was 0.256 e-/Å3 and the largest hole was -

0.177 e-/Å3 with an RMS deviation of 0.045 e-/Å3. On the basis of the final model, the 

calculated density was 1.353 g/cm3 and F(000), 608 e-. 
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Figure C.1.  An X-ray Analysis of 5-syn-Alcohol 153 both cis and trans Amide Forms 

 

Note:  This crystalline sample has a number of challenges. 

1: Twinning. It is a 3-component pseudomerohedral twin. It is a triclinic cell with all 

approximate 90 degree angles, but there are several twin domains rotated 180 degrees 

with respect to one another. This makes refinement difficult, but we have successfuly 

treated the twinning with a twin refinement using the program TwinRotMat.4 

2: Pseudosymmetry: Unique molecules in the crystal are very similar to one another, but 

not exactly. This pseudosymmetry causes the thermal parameters to behave wildly, and 

thus, required restraints. 

3. Disorder. Molecules are oriented in different ways in different locations of the crystal 

(static disorder). Both rotational and reflection disorder are present in some sites. 
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4. Convergence. Due to the above problems, the refinement had problems converging, 

and damping restraints were used to force convergence. After convergence, the damping 

restraint was removed to accurately assess standard deviations in the atomic positions. 

H-bonding 

---------------- 

The orientation of the OH protons could not be refined, but a few of them were noted as 

fourier difference (q) peaks involved in intermolecular H-bonds.  No intramolecular 

hydrogen bonding was located. 

 

Table C.1.  Sample and crystal data for Alcohol 153.  

Identification code Alcohol 153 

Chemical formula C7H11NO2 

Formula weight 141.17 

Temperature 173(2) K 

Wavelength 0.71073 Å 

Crystal size 0.17 x 0.22 x 0.59 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 6.7895(5) Å # = 90.006(2)° 

 b = 11.8108(10) Å $ = 90.002(2)° 

 c = 17.2811(14) Å % = 90.000(2)° 

Volume 1385.8(2) Å3
  

Z 8 

Density (calculated) 1.353 Mg/cm3
 

Absorption coefficient 0.099 mm-1
 

F(000) 608 
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Table C.2.  Data collection and structure refinement for Alcohol 153.  

Theta range for data 
collection 

1.18 to 28.01° 

Index ranges -8<=h<=8, -15<=k<=15, -22<=l<=22 

Reflections collected 15974 

Max. and min. 
transmission 

0.9829 and 0.9435 

Structure solution 
technique 

direct methods 

Structure solution 
program 

SHELXS-97 (Sheldrick, 2008) 

Refinement method Full-matrix least-squares on F2
 

Refinement program SHELXL-97 (Sheldrick, 2008) 

Function minimized & w(Fo
2 - Fc

2)2
 

Data / restraints / 
parameters 

15974 / 142 / 525 

Goodness-of-fit on F2
 1.032 

Final R indices 
12244 data; 
I>2"(I) 

R1 = 0.0539, wR2 = 0.1431 

 all data R1 = 0.0739, wR2 = 0.1612 

Weighting scheme 
w=1/["2(Fo

2)+(0.0765P)2+0.4400P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and 
hole 

0.256 and -0.177 eÅ-3
 

R.M.S. deviation from 
mean 

0.045 eÅ-3
 

 

Table C.3. Atomic coordinates and equivalent isotropic atomic displacement 
parameters (Å2) for Alcohol 153.  

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

 

 x/a y/b z/c U(eq) 

O11 0.2163(4) 0.3216(2) 0.24061(16) 0.0524(7) 

N1 0.2477(4) 0.1815(2) 0.32527(17) 0.0346(7) 

C11 0.2603(5) 0.0652(4) 0.3534(2) 0.0398(9) 

O1 0.5871(7) 0.1488(4) 0.3999(2) 0.0549(14) 
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C12 0.3965(10) 0.0896(5) 0.4192(2) 0.0292(10) 

C13 0.2383(7) 0.1676(4) 0.4571(2) 0.0238(9) 

C14 0.0949(8) 0.0794(5) 0.4201(2) 0.0331(11) 

O1' 0.8977(7) 0.1360(5) 0.4043(4) 0.0507(16) 

C12' 0.0994(9) 0.1580(5) 0.4413(2) 0.0301(11) 

C13' 0.2730(11) 0.0724(9) 0.4366(5) 0.059(2) 

C14' 0.4048(11) 0.1420(9) 0.4404(4) 0.065(2) 

C15 0.2313(5) 0.2525(4) 0.3949(2) 0.0400(9) 

C16 0.2370(4) 0.2219(2) 0.2542(2) 0.0305(7) 

C17 0.2478(5) 0.1350(2) 0.1899(2) 0.0506(11) 

N2 0.7423(4) 0.4320(2) 0.17374(17) 0.0384(7) 

C21 0.7555(5) 0.4988(2) 0.1030(2) 0.0410(9) 

O2 0.0894(15) 0.3781(11) 0.0889(7) 0.0184(15) 

O21 0.6983(11) 0.5677(7) 0.2575(5) 0.0133(16) 

C22 0.5907(11) 0.4400(7) 0.0545(5) 0.0208(15) 

C23 0.7121(16) 0.3312(9) 0.0629(5) 0.0213(14) 

C24 0.9066(13) 0.4254(8) 0.0597(5) 0.0205(15) 

O2' 0.1103(7) 0.3939(5) 0.1000(4) 0.0560(15) 

O21' 0.7649(5) 0.5771(4) 0.2600(2) 0.0528(11) 

C22' 0.6177(9) 0.3165(4) 0.0726(2) 0.0457(11) 

C23' 0.7641(5) 0.4101(5) 0.0461(2) 0.0417(11) 

C24' 0.9304(7) 0.3383(4) 0.0845(2) 0.0453(11) 

C25 0.7510(5) 0.3192(4) 0.1457(2) 0.0485(11) 

C26 0.7350(4) 0.4697(2) 0.2466(2) 0.0362(8) 

C27 0.7344(4) 0.3858(2) 0.3104(2) 0.0423(10) 

N3 0.2579(2) 0.6820(2) 0.32448(17) 0.0315(7) 

C31 0.2341(5) 0.5640(2) 0.3528(2) 0.0411(9) 

O3 0.8878(5) 0.6473(5) 0.3998(2) 0.0560(15) 

C32 0.0629(7) 0.5924(4) 0.4168(2) 0.0223(9) 

C33 0.2381(8) 0.6618(5) 0.4543(2) 0.0234(10) 

C34 0.3711(11) 0.5748(7) 0.4205(4) 0.0393(13) 

O3' 0.6098(8) 0.6376(4) 0.4032(4) 0.0488(13) 

C32' 0.4359(10) 0.6380(5) 0.4358(4) 0.0514(13) 

C33' 0.2884(11) 0.5735(7) 0.4362(4) 0.0469(14) 
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C34' 0.1495(11) 0.6742(7) 0.4480(5) 0.0511(14) 

C35 0.2640(5) 0.7545(2) 0.3944(2) 0.0413(9) 

C36 0.2692(4) 0.7207(2) 0.2539(2) 0.0265(5) 

C37 0.2540(4) 0.6347(2) 0.19034(18) 0.0357(8) 

O31 0.2935(4) 0.8220(2) 0.24074(14) 0.0365(5) 

O41 0.7654(5) 0.0756(2) 0.25921(17) 0.0900(14) 

N4 0.7546(4) 0.9326(2) 0.17378(18) 0.0443(8) 

C41 0.7509(5) 0.9991(4) 0.1017(2) 0.0553(11) 

O4 0.3794(16) 0.8899(7) 0.0904(5) 0.0132(13) 

C42 0.5558(10) 0.9198(5) 0.0593(4) 0.0129(13) 

C43 0.7330(11) 0.8317(7) 0.0595(5) 0.0136(13) 

C44 0.8643(11) 0.9444(7) 0.0519(4) 0.0169(14) 

O4' 0.4069(8) 0.8888(5) 0.1009(2) 0.0707(17) 

C42' 0.9027(8) 0.8228(5) 0.0780(2) 0.0581(16) 

C43' 0.7499(7) 0.9098(5) 0.0454(2) 0.0441(13) 

C44' 0.5891(7) 0.8302(5) 0.0784(2) 0.0475(11) 

C45 0.7508(4) 0.8181(2) 0.1452(2) 0.0365(9) 

C46 0.7563(5) 0.9706(4) 0.2472(2) 0.0560(11) 

C47 0.7679(5) 0.8849(4) 0.3104(2) 0.0492(11) 

 

 

Table C.4.  Bond lengths (Å) for Alcohol 153.  

O11-C16 1.208(4) N1-C16 1.320(5) 

N1-C11 1.459(5) N1-C15 1.471(4) 

C11-C13' 1.444(11) C11-C12 1.493(7) 

C11-C14 1.619(6) C11-H11A 1.0 

C11-H11B 0.99 C11-H11C 0.99 

O1-C12 1.509(8) O1-H1A 0.84 

C12-C13 1.560(7) C12-H12A 1.0 

C13-C15 1.471(6) C13-C14 1.563(7) 

C13-H13A 1.0 C14-H14A 0.99 

C14-H14B 0.99 O1'-C12' 1.533(7) 

O1'-H1'A 0.84 C12'-C13' 1.555(11) 
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C12'-C15 1.640(7) C12'-H12B 1.0 

C13'-C14' 1.216(12) C13'-H13B 1.0 

C14'-C15 1.926(9) C14'-H14C 0.99 

C14'-H14D 0.99 C15-H15A 0.99 

C15-H15B 0.99 C15-H15C 1.0 

C16-C17 1.515(5) C17-H17A 0.98 

C17-H17B 0.98 C17-H17C 0.98 

N2-C26 1.336(4) N2-C25 1.418(5) 

N2-C21 1.458(5) C21-C23' 1.438(7) 

C21-C24 1.537(10) C21-C22 1.561(9) 

C21-H21A 1.0 C21-H21B 0.99 

C21-H21C 0.99 O2-C24 1.451(14) 

O2-H2 0.84 O21-C26 1.198(9) 

C22-C23 1.534(13) C22-H22A 0.99 

C22-H22B 0.99 C23-C25 1.462(11) 

C23-C24 1.728(14) C23-H23A 1.0 

C24-H24A 1.0 O2'-C24' 1.412(6) 

O2'-H2'A 0.84 O21'-C26 1.306(6) 

C22'-C25 1.554(6) C22'-C23' 1.556(7) 

C22'-H22C 0.99 C22'-H22D 0.99 

C23'-C24' 1.561(6) C23'-C25 2.031(7) 

C23'-H23B 1.0 C24'-C25 1.629(6) 

C24'-H24B 1.0 C25-H25A 0.99 

C25-H25B 0.99 C25-H25C 1.0 

C26-C27 1.483(5) C27-H27A 0.98 

C27-H27B 0.98 C27-H27C 0.98 

N3-C36 1.305(4) N3-C35 1.481(4) 

N3-C31 1.487(5) C31-C33' 1.491(9) 

C31-C34 1.500(8) C31-C32 1.638(6) 

C31-H31A 1.0 C31-H31B 0.99 

C31-H31C 0.99 O3-C32 1.386(6) 

O3-H3A 0.84 C32-C33 1.584(7) 

C32-H32A 1.0 C33-C34 1.487(9) 

C33-C35 1.517(7) C33-H33A 1.0 
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C34-H34A 0.99 C34-H34B 0.99 

O3'-C32' 1.308(8) O3'-H3'A 0.84 

C32'-C33' 1.258(10) C32'-C35 1.941(8) 

C32'-H32B 1.0 C33'-C34' 1.531(11) 

C33'-H33B 1.0 C34'-C35 1.537(9) 

C34'-H34C 0.99 C34'-H34D 0.99 

C35-H35A 0.99 C35-H35B 0.99 

C35-H35C 1.0 C36-O31 1.229(4) 

C36-C37 1.499(4) C37-H37A 0.98 

C37-H37B 0.98 C37-H37C 0.98 

O41-C46 1.259(5) N4-C46 1.346(5) 

N4-C45 1.440(5) N4-C41 1.473(5) 

C41-C44 1.322(9) C41-C43' 1.434(7) 

C41-C42 1.780(8) C41-H41A 1.0 

C41-H41B 0.99 C41-H41C 0.99 

O4-C42 1.359(12) O4-H4A 0.84 

C42-C43 1.590(10) C42-H42A 1.0 

C43-C45 1.493(9) C43-C44 1.608(11) 

C43-H43A 1.0 C44-H44A 0.99 

C44-H44B 0.99 O4'-C44' 1.470(8) 

O4'-H4'A 0.84 C42'-C45 1.553(6) 

C42'-C43' 1.565(7) C42'-H42B 0.99 

C42'-H42C 0.99 C43'-C44' 1.549(7) 

C43'-C45 2.035(7) C43'-H43B 1.0 

C44'-C45 1.599(5) C44'-H44C 1.0 

C45-H45A 0.99 C45-H45B 0.99 

C45-H45C 1.0 C46-C47 1.491(5) 

C47-H47A 0.98 C47-H47B 0.98 

C47-H47C 0.98   

 

Table C.5.  Bond angles (°) for Alcohol 153.  

C16-N1-C11 130.8(3) C16-N1-C15 123.4(3) 

C11-N1-C15 105.6(3) C13'-C11-N1 106.2(5) 

C13'-C11-C12 36.2(4) N1-C11-C12 96.2(4) 
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C13'-C11-C14 47.6(4) N1-C11-C14 95.7(3) 

C12-C11-C14 82.4(4) C13'-C11-H11A 129.4 

N1-C11-H11A 124.0 C12-C11-H11A 124.0 

C14-C11-H11A 124.0 C13'-C11-H11B 110.5 

N1-C11-H11B 110.5 C12-C11-H11B 144.0 

C14-C11-H11B 71.6 
H11A-C11-
H11B 

59.0 

C13'-C11-H11C 110.5 N1-C11-H11C 110.5 

C12-C11-H11C 82.5 C14-C11-H11C 151.0 

H11A-C11-H11C 49.7 
H11B-C11-
H11C 

108.7 

C12-O1-H1A 109.5 C11-C12-O1 116.9(5) 

C11-C12-C13 90.4(4) O1-C12-C13 114.2(5) 

C11-C12-H12A 111.3 O1-C12-H12A 111.3 

C13-C12-H12A 111.3 C15-C13-C12 96.8(4) 

C15-C13-C14 97.7(4) C12-C13-C14 82.1(4) 

C15-C13-H13A 123.4 C12-C13-H13A 123.4 

C14-C13-H13A 123.4 C13-C14-C11 85.9(3) 

C13-C14-H14A 114.3 C11-C14-H14A 114.3 

C13-C14-H14B 114.3 C11-C14-H14B 114.3 

H14A-C14-H14B 111.5 C12'-O1'-H1'A 109.5 

O1'-C12'-C13' 123.1(5) O1'-C12'-C15 113.5(5) 

C13'-C12'-C15 90.2(5) O1'-C12'-H12B 109.5 

C13'-C12'-H12B 109.5 C15-C12'-H12B 109.5 

C14'-C13'-C11 97.9(8) C14'-C13'-C12' 96.7(9) 

C11-C13'-C12' 92.6(6) C14'-C13'-H13B 121.1 

C11-C13'-H13B 121.1 C12'-C13'-H13B 121.1 

C13'-C14'-C15 89.2(6) C13'-C14'-H14C 113.8 

C15-C14'-H14C 113.8 C13'-C14'-H14D 113.8 

C15-C14'-H14D 113.8 
H14C-C14'-
H14D 

111.0 

N1-C15-C13 102.0(3) N1-C15-C12' 93.1(3) 

C13-C15-C12' 36.6(3) N1-C15-C14' 84.4(4) 

C13-C15-C14' 38.7(3) C12'-C15-C14' 70.9(4) 

N1-C15-H15A 111.4 C13-C15-H15A 111.4 
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C12'-C15-H15A 82.4 C14'-C15-H15A 149.9 

N1-C15-H15B 111.4 C13-C15-H15B 111.4 

C12'-C15-H15B 145.2 C14'-C15-H15B 86.7 

H15A-C15-H15B 109.2 N1-C15-H15C 129.6 

C13-C15-H15C 128.0 C12'-C15-H15C 129.6 

C14'-C15-H15C 129.6 
H15A-C15-
H15C 

59.8 

H15B-C15-H15C 49.5 O11-C16-N1 122.7(3) 

O11-C16-C17 121.5(3) N1-C16-C17 115.8(3) 

C16-C17-H17A 109.5 C16-C17-H17B 109.5 

H17A-C17-H17B 109.5 C16-C17-H17C 109.5 

H17A-C17-H17C 109.5 
H17B-C17-
H17C 

109.5 

C26-N2-C25 129.5(3) C26-N2-C21 127.7(3) 

C25-N2-C21 102.6(3) C23'-C21-N2 100.5(3) 

C23'-C21-C24 39.6(4) N2-C21-C24 98.2(4) 

C23'-C21-C22 48.5(4) N2-C21-C22 99.5(4) 

C24-C21-C22 88.1(5) C23'-C21-H21A 137.9 

N2-C21-H21A 121.3 C24-C21-H21A 121.3 

C22-C21-H21A 121.3 C23'-C21-H21B 111.7 

N2-C21-H21B 111.7 C24-C21-H21B 143.5 

C22-C21-H21B 67.3 
H21A-C21-
H21B 

59.6 

C23'-C21-H21C 111.7 N2-C21-H21C 111.7 

C24-C21-H21C 76.3 C22-C21-H21C 146.6 

H21A-C21-H21C 50.7 
H21B-C21-
H21C 

109.4 

C24-O2-H2 109.5 C23-C22-C21 86.4(6) 

C23-C22-H22A 114.3 C21-C22-H22A 114.3 

C23-C22-H22B 114.3 C21-C22-H22B 114.3 

H22A-C22-H22B 111.4 C25-C23-C22 105.7(7) 

C25-C23-C24 87.4(7) C22-C23-C24 82.4(7) 

C25-C23-H23A 123.2 C22-C23-H23A 123.2 

C24-C23-H23A 123.2 O2-C24-C21 128.2(8) 

O2-C24-C23 113.3(8) C21-C24-C23 80.7(5) 
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O2-C24-H24A 110.2 C21-C24-H24A 110.2 

C23-C24-H24A 110.2 C24'-O2'-H2'A 109.5 

C25-C22'-C23' 81.5(3) C25-C22'-H22C 115.0 

C23'-C22'-H22C 115.0 C25-C22'-H22D 115.0 

C23'-C22'-H22D 115.0 
H22C-C22'-
H22D 

112.1 

C21-C23'-C22' 106.9(4) C21-C23'-C24' 97.7(4) 

C22'-C23'-C24' 87.2(4) C21-C23'-C25 78.7(3) 

C22'-C23'-C25 49.2(3) C24'-C23'-C25 51.9(2) 

C21-C23'-H23B 119.6 C22'-C23'-H23B 119.6 

C24'-C23'-H23B 119.6 C25-C23'-H23B 161.7 

O2'-C24'-C23' 117.0(4) O2'-C24'-C25 126.0(4) 

C23'-C24'-C25 79.1(3) O2'-C24'-H24B 110.3 

C23'-C24'-H24B 110.3 C25-C24'-H24B 110.3 

N2-C25-C23 103.7(5) N2-C25-C22' 105.8(3) 

C23-C25-C22' 26.0(4) N2-C25-C24' 97.1(3) 

C23-C25-C24' 59.1(5) C22'-C25-C24' 84.9(3) 

N2-C25-C23' 78.2(3) C23-C25-C23' 29.2(5) 

C22'-C25-C23' 49.3(2) C24'-C25-C23' 49.0(2) 

N2-C25-H25A 111.0 C23-C25-H25A 111.0 

C22'-C25-H25A 86.6 C24'-C25-H25A 151.9 

C23'-C25-H25A 134.8 N2-C25-H25B 111.0 

C23-C25-H25B 111.0 C22'-C25-H25B 130.3 

C24'-C25-H25B 59.0 C23'-C25-H25B 108.0 

H25A-C25-H25B 109.0 N2-C25-H25C 120.6 

C23-C25-H25C 134.3 C22'-C25-H25C 120.6 

C24'-C25-H25C 120.6 C23'-C25-H25C 161.1 

H25A-C25-H25C 44.7 
H25B-C25-
H25C 

64.9 

O21-C26-O21' 21.0(4) O21-C26-N2 118.6(5) 

O21'-C26-N2 119.0(4) O21-C26-C27 121.8(5) 

O21'-C26-C27 121.2(4) N2-C26-C27 118.6(3) 

C26-C27-H27A 109.5 C26-C27-H27B 109.5 

H27A-C27-H27B 109.5 C26-C27-H27C 109.5 
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H27A-C27-H27C 109.5 
H27B-C27-
H27C 

109.5 

C36-N3-C35 123.9(3) C36-N3-C31 130.0(3) 

C35-N3-C31 106.0(3) N3-C31-C33' 102.8(4) 

N3-C31-C34 96.3(4) C33'-C31-C34 24.1(3) 

N3-C31-C32 96.2(3) C33'-C31-C32 60.6(4) 

C34-C31-C32 84.1(4) N3-C31-H31A 123.5 

C33'-C31-H31A 130.4 C34-C31-H31A 123.5 

C32-C31-H31A 123.5 N3-C31-H31B 111.2 

C33'-C31-H31B 111.2 C34-C31-H31B 92.9 

C32-C31-H31B 152.6 
H31A-C31-
H31B 

39.1 

N3-C31-H31C 111.2 C33'-C31-H31C 111.2 

C34-C31-H31C 134.2 C32-C31-H31C 57.9 

H31A-C31-H31C 70.2 
H31B-C31-
H31C 

109.1 

C32-O3-H3A 109.5 O3-C32-C33 119.3(4) 

O3-C32-C31 124.2(4) C33-C32-C31 81.3(3) 

O3-C32-H32A 109.7 C33-C32-H32A 109.7 

C31-C32-H32A 109.7 C34-C33-C35 99.2(5) 

C34-C33-C32 86.4(5) C35-C33-C32 100.5(3) 

C34-C33-H33A 121.2 C35-C33-H33A 121.2 

C32-C33-H33A 121.2 C33-C34-C31 89.3(5) 

C33-C34-H34A 113.8 C31-C34-H34A 113.8 

C33-C34-H34B 113.8 C31-C34-H34B 113.8 

H34A-C34-H34B 111.0 C32'-O3'-H3'A 109.5 

C33'-C32'-O3' 135.9(8) C33'-C32'-C35 87.3(5) 

O3'-C32'-C35 112.7(5) C33'-C32'-H32B 105.7 

O3'-C32'-H32B 105.7 C35-C32'-H32B 105.7 

C32'-C33'-C31 103.7(6) C32'-C33'-C34' 91.2(7) 

C31-C33'-C34' 92.0(6) C32'-C33'-H33B 121.0 

C31-C33'-H33B 121.0 C34'-C33'-H33B 121.0 

C33'-C34'-C35 95.0(5) C33'-C34'-H34C 112.7 

C35-C34'-H34C 112.7 C33'-C34'-H34D 112.7 
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C35-C34'-H34D 112.7 
H34C-C34'-
H34D 

110.2 

N3-C35-C33 97.8(3) N3-C35-C34' 96.9(4) 

C33-C35-C34' 23.8(3) N3-C35-C32' 84.7(3) 

C33-C35-C32' 46.1(3) C34'-C35-C32' 69.2(4) 

N3-C35-H35A 112.2 C33-C35-H35A 112.2 

C34'-C35-H35A 91.0 C32'-C35-H35A 155.9 

N3-C35-H35B 112.2 C33-C35-H35B 112.2 

C34'-C35-H35B 132.6 C32'-C35-H35B 77.0 

H35A-C35-H35B 109.8 N3-C35-H35C 128.7 

C33-C35-H35C 133.4 C34'-C35-H35C 128.7 

C32'-C35-H35C 128.7 
H35A-C35-
H35C 

53.9 

H35B-C35-H35C 55.9 O31-C36-N3 121.4(3) 

O31-C36-C37 122.3(3) N3-C36-C37 116.3(3) 

C36-C37-H37A 109.5 C36-C37-H37B 109.5 

H37A-C37-H37B 109.5 C36-C37-H37C 109.5 

H37A-C37-H37C 109.5 
H37B-C37-
H37C 

109.5 

C46-N4-C45 129.6(3) C46-N4-C41 128.3(4) 

C45-N4-C41 102.1(3) C44-C41-C43' 37.2(4) 

C44-C41-N4 106.3(5) C43'-C41-N4 100.5(4) 

C44-C41-C42 84.8(5) C43'-C41-C42 48.0(3) 

N4-C41-C42 94.6(4) C44-C41-H41A 121.0 

C43'-C41-H41A 138.5 N4-C41-H41A 121.0 

C42-C41-H41A 121.0 C44-C41-H41B 135.5 

C43'-C41-H41B 111.7 N4-C41-H41B 111.7 

C42-C41-H41B 70.1 
H41A-C41-
H41B 

54.2 

C44-C41-H41C 75.7 C43'-C41-H41C 111.7 

N4-C41-H41C 111.7 C42-C41-H41C 150.7 

H41A-C41-H41C 56.2 
H41B-C41-
H41C 

109.4 

C42-O4-H4A 109.5 O4-C42-C43 119.7(7) 

O4-C42-C41 129.1(6) C43-C42-C41 77.3(4) 
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O4-C42-H42A 108.9 C43-C42-H42A 108.9 

C41-C42-H42A 108.9 C45-C43-C42 97.7(5) 

C45-C43-C44 97.2(5) C42-C43-C44 83.0(5) 

C45-C43-H43A 123.1 C42-C43-H43A 123.1 

C44-C43-H43A 123.1 C41-C44-C43 91.6(6) 

C41-C44-H44A 113.4 C43-C44-H44A 113.4 

C41-C44-H44B 113.4 C43-C44-H44B 113.4 

H44A-C44-H44B 110.7 C44'-O4'-H4'A 109.5 

C45-C42'-C43' 81.5(3) C45-C42'-H42B 115.0 

C43'-C42'-H42B 115.0 C45-C42'-H42C 115.0 

C43'-C42'-H42C 115.0 
H42B-C42'-
H42C 

112.1 

C41-C43'-C44' 101.6(4) C41-C43'-C42' 103.6(4) 

C44'-C43'-C42' 86.3(4) C41-C43'-C45 79.5(3) 

C44'-C43'-C45 50.8(2) C42'-C43'-C45 49.0(2) 

C41-C43'-H43B 119.7 C44'-C43'-H43B 119.7 

C42'-C43'-H43B 119.7 C45-C43'-H43B 160.8 

O4'-C44'-C43' 113.9(5) O4'-C44'-C45 115.4(4) 

C43'-C44'-C45 80.5(3) O4'-C44'-H44C 114.3 

C43'-C44'-H44C 114.3 C45-C44'-H44C 114.3 

N4-C45-C43 103.9(4) N4-C45-C42' 102.2(3) 

C43-C45-C42' 46.4(4) N4-C45-C44' 100.2(3) 

C43-C45-C44' 38.7(3) C42'-C45-C44' 85.1(3) 

N4-C45-C43' 77.9(3) C43-C45-C43' 26.3(4) 

C42'-C45-C43' 49.5(2) C44'-C45-C43' 48.7(2) 

N4-C45-H45A 111.0 C43-C45-H45A 111.0 

C42'-C45-H45A 144.5 C44'-C45-H45A 77.0 

C43'-C45-H45A 125.3 N4-C45-H45B 111.0 

C43-C45-H45B 111.0 C42'-C45-H45B 68.8 

C44'-C45-H45B 142.5 C43'-C45-H45B 117.6 

H45A-C45-H45B 109.0 N4-C45-H45C 120.8 

C43-C45-H45C 135.0 C42'-C45-H45C 120.8 

C44'-C45-H45C 120.8 C43'-C45-H45C 161.3 

H45A-C45-H45C 50.4 
H45B-C45-
H45C 

59.3 



 214 

                                                                                                                                            

O41-C46-N4 118.9(4) O41-C46-C47 123.1(4) 

N4-C46-C47 117.7(4) C46-C47-H47A 109.5 

C46-C47-H47B 109.5 
H47A-C47-
H47B 

109.5 

C46-C47-H47C 109.5 
H47A-C47-
H47C 

109.5 

H47B-C47-H47C 109.5   
 

Table C.6.  Torsion angles (°) for Alcohol 153.  

C16-N1-C11-C13' 178.7(4) C15-N1-C11-C13' -6.2(5) 

C16-N1-C11-C12 143.2(4) C15-N1-C11-C12 -41.7(4) 

C16-N1-C11-C14 -133.9(4) C15-N1-C11-C14 41.2(3) 

C13'-C11-C12-O1 -164.1(10) N1-C11-C12-O1 -55.0(5) 

C14-C11-C12-O1 -149.9(5) C13'-C11-C12-C13 -46.5(8) 

N1-C11-C12-C13 62.6(4) C14-C11-C12-C13 -32.3(4) 

C11-C12-C13-C15 -63.3(4) O1-C12-C13-C15 56.7(5) 

C11-C12-C13-C14 33.7(4) O1-C12-C13-C14 153.6(5) 

C15-C13-C14-C11 65.0(4) C12-C13-C14-C11 -30.8(3) 

C13'-C11-C14-C13 43.6(6) N1-C11-C14-C13 -63.2(3) 

C12-C11-C14-C13 32.3(4) N1-C11-C13'-C14' -49.8(8) 

C12-C11-C13'-C14' 28.2(7) C14-C11-C13'-C14' -132.6(10) 

N1-C11-C13'-C12' 47.2(5) C12-C11-C13'-C12' 125.3(10) 

C14-C11-C13'-C12' -35.5(4) O1'-C12'-C13'-C14' 151.4(7) 

C15-C12'-C13'-C14' 32.8(7) O1'-C12'-C13'-C11 53.1(8) 

C15-C12'-C13'-C11 -65.5(5) C11-C13'-C14'-C15 66.1(6) 

C12'-C13'-C14'-C15 -27.5(6) C16-N1-C15-C13 176.1(3) 

C11-N1-C15-C13 0.6(4) C16-N1-C15-C12' 140.3(3) 

C11-N1-C15-C12' -35.2(4) C16-N1-C15-C14' -149.2(4) 

C11-N1-C15-C14' 35.2(3) C12-C13-C15-N1 38.8(4) 

C14-C13-C15-N1 -44.2(4) C12-C13-C15-C12' 117.6(6) 

C14-C13-C15-C12' 34.6(4) C12-C13-C15-C14' -26.1(4) 

C14-C13-C15-C14' -109.0(6) O1'-C12'-C15-N1 -64.7(5) 

C13'-C12'-C15-N1 61.9(5) O1'-C12'-C15-C13 -170.8(8) 

C13'-C12'-C15-C13 -44.2(6) O1'-C12'-C15-C14' -147.7(5) 
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C13'-C12'-C15-C14' -21.1(5) C13'-C14'-C15-N1 -67.9(7) 

C13'-C14'-C15-C13 49.3(7) C13'-C14'-C15-C12' 27.4(7) 

C11-N1-C16-O11 175.8(3) C15-N1-C16-O11 1.4(5) 

C11-N1-C16-C17 -2.9(5) C15-N1-C16-C17 -177.3(3) 

C26-N2-C21-C23' 178.3(3) C25-N2-C21-C23' 1.5(3) 

C26-N2-C21-C24 138.2(4) C25-N2-C21-C24 -38.6(4) 

C26-N2-C21-C22 -132.4(4) C25-N2-C21-C22 50.9(4) 

C23'-C21-C22-C23 35.4(5) N2-C21-C22-C23 -60.2(6) 

C24-C21-C22-C23 37.9(6) C21-C22-C23-C25 51.7(7) 

C21-C22-C23-C24 -33.4(5) C23'-C21-C24-O2 -142.9(13) 

N2-C21-C24-O2 -46.4(10) C22-C21-C24-O2 -145.8(10) 

C23'-C21-C24-C23 -30.6(5) N2-C21-C24-C23 65.9(5) 

C22-C21-C24-C23 -33.4(5) C25-C23-C24-O2 55.9(9) 

C22-C23-C24-O2 162.2(9) C25-C23-C24-C21 -71.8(5) 

C22-C23-C24-C21 34.4(5) N2-C21-C23'-C22' 39.7(4) 

C24-C21-C23'-C22' 130.0(8) C22-C21-C23'-C22' -53.8(5) 

N2-C21-C23'-C24' -49.7(3) C24-C21-C23'-C24' 40.7(6) 

C22-C21-C23'-C24' -143.2(6) N2-C21-C23'-C25 -1.1(2) 

C24-C21-C23'-C25 89.2(6) C22-C21-C23'-C25 -94.6(5) 

C25-C22'-C23'-C21 -57.8(4) C25-C22'-C23'-C24' 39.4(3) 

C21-C23'-C24'-O2' -56.0(5) C22'-C23'-C24'-O2' -162.6(5) 

C25-C23'-C24'-O2' -125.0(5) C21-C23'-C24'-C25 69.0(3) 

C22'-C23'-C24'-C25 -37.6(3) C26-N2-C25-C23 167.9(5) 

C21-N2-C25-C23 -15.5(6) C26-N2-C25-C22' 141.1(4) 

C21-N2-C25-C22' -42.3(4) C26-N2-C25-C24' -132.3(4) 

C21-N2-C25-C24' 44.4(3) C26-N2-C25-C23' -177.7(3) 

C21-N2-C25-C23' -1.1(2) C22-C23-C25-N2 -26.0(8) 

C24-C23-C25-N2 55.4(6) C22-C23-C25-C22' 72.2(10) 

C24-C23-C25-C22' 153.6(13) C22-C23-C25-C24' -116.1(8) 

C24-C23-C25-C24' -34.7(4) C22-C23-C25-C23' -55.9(7) 

C24-C23-C25-C23' 25.5(7) C23'-C22'-C25-N2 58.3(4) 

C23'-C22'-C25-C23 -30.5(10) C23'-C22'-C25-C24' -37.6(3) 

O2'-C24'-C25-N2 47.9(6) C23'-C24'-C25-N2 -67.6(3) 

O2'-C24'-C25-C23 149.6(7) C23'-C24'-C25-C23 34.1(5) 
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O2'-C24'-C25-C22' 153.3(5) C23'-C24'-C25-C22' 37.8(3) 

O2'-C24'-C25-C23' 115.5(6) C21-C23'-C25-N2 1.1(2) 

C22'-C23'-C25-N2 -123.2(4) C24'-C23'-C25-N2 110.4(4) 

C21-C23'-C25-C23 151.5(10) C22'-C23'-C25-C23 27.1(9) 

C24'-C23'-C25-C23 -99.2(10) C21-C23'-C25-C22' 124.3(4) 

C24'-C23'-C25-C22' -126.4(5) C21-C23'-C25-C24' -109.3(4) 

C22'-C23'-C25-C24' 126.4(5) C25-N2-C26-O21 -168.8(5) 

C21-N2-C26-O21 15.3(6) C25-N2-C26-O21' 167.2(4) 

C21-N2-C26-O21' -8.6(5) C25-N2-C26-C27 -0.4(5) 

C21-N2-C26-C27 -176.2(3) C36-N3-C31-C33' 164.6(4) 

C35-N3-C31-C33' -16.4(4) C36-N3-C31-C34 141.0(4) 

C35-N3-C31-C34 -39.9(4) C36-N3-C31-C32 -134.3(3) 

C35-N3-C31-C32 44.8(3) N3-C31-C32-O3 54.7(5) 

C33'-C31-C32-O3 155.9(6) C34-C31-C32-O3 150.4(5) 

N3-C31-C32-C33 -64.9(3) C33'-C31-C32-C33 36.2(4) 

C34-C31-C32-C33 30.8(4) O3-C32-C33-C34 -155.4(5) 

C31-C32-C33-C34 -30.9(4) O3-C32-C33-C35 -56.7(6) 

C31-C32-C33-C35 67.8(4) C35-C33-C34-C31 -66.3(5) 

C32-C33-C34-C31 33.7(4) N3-C31-C34-C33 63.0(4) 

C33'-C31-C34-C33 -44.3(11) C32-C31-C34-C33 -32.6(4) 

O3'-C32'-C33'-C31 -57.4(11) C35-C32'-C33'-C31 63.0(6) 

O3'-C32'-C33'-C34' -149.8(9) C35-C32'-C33'-C34' -29.3(5) 

N3-C31-C33'-C32' -41.6(7) C34-C31-C33'-C32' 35.0(9) 

C32-C31-C33'-C32' -131.6(7) N3-C31-C33'-C34' 50.1(5) 

C34-C31-C33'-C34' 126.7(14) C32-C31-C33'-C34' -39.8(4) 

C32'-C33'-C34'-C35 38.3(6) C31-C33'-C34'-C35 -65.5(5) 

C36-N3-C35-C33 178.2(3) C31-N3-C35-C33 -0.9(4) 

C36-N3-C35-C34' 154.3(4) C31-N3-C35-C34' -24.9(4) 

C36-N3-C35-C32' -137.5(3) C31-N3-C35-C32' 43.4(3) 

C34-C33-C35-N3 42.2(5) C32-C33-C35-N3 -45.8(4) 

C34-C33-C35-C34' 131.6(12) C32-C33-C35-C34' 43.6(9) 

C34-C33-C35-C32' -32.6(4) C32-C33-C35-C32' -120.6(6) 

C33'-C34'-C35-N3 56.2(6) C33'-C34'-C35-C33 -37.6(9) 

C33'-C34'-C35-C32' -25.5(5) C33'-C32'-C35-N3 -68.0(5) 
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O3'-C32'-C35-N3 71.4(6) C33'-C32'-C35-C33 38.2(5) 

O3'-C32'-C35-C33 177.6(8) C33'-C32'-C35-C34' 31.5(6) 

O3'-C32'-C35-C34' 170.9(7) C35-N3-C36-O31 2.7(5) 

C31-N3-C36-O31 -178.3(3) C35-N3-C36-C37 -178.1(3) 

C31-N3-C36-C37 0.8(4) C46-N4-C41-C44 142.4(5) 

C45-N4-C41-C44 -38.9(5) C46-N4-C41-C43' -179.8(4) 

C45-N4-C41-C43' -1.2(4) C46-N4-C41-C42 -131.7(4) 

C45-N4-C41-C42 47.0(3) C44-C41-C42-O4 154.9(9) 

C43'-C41-C42-O4 148.9(10) N4-C41-C42-O4 48.9(8) 

C44-C41-C42-C43 36.8(5) C43'-C41-C42-C43 30.8(4) 

N4-C41-C42-C43 -69.2(4) O4-C42-C43-C45 -61.2(8) 

C41-C42-C43-C45 66.7(4) O4-C42-C43-C44 -157.6(8) 

C41-C42-C43-C44 -29.6(4) C43'-C41-C44-C43 -27.9(5) 

N4-C41-C44-C43 57.9(5) C42-C41-C44-C43 -35.3(4) 

C45-C43-C44-C41 -56.4(5) C42-C43-C44-C41 40.5(5) 

C44-C41-C43'-C44' 150.0(8) N4-C41-C43'-C44' 46.8(4) 

C42-C41-C43'-C44' -39.9(4) C44-C41-C43'-C42' 61.0(6) 

N4-C41-C43'-C42' -42.2(4) C42-C41-C43'-C42' -128.9(6) 

C44-C41-C43'-C45 104.0(7) N4-C41-C43'-C45 0.8(3) 

C42-C41-C43'-C45 -85.9(4) C45-C42'-C43'-C41 62.6(4) 

C45-C42'-C43'-C44' -38.4(4) C41-C43'-C44'-O4' 47.8(5) 

C42'-C43'-C44'-O4' 150.9(4) C45-C43'-C44'-O4' 113.7(5) 

C41-C43'-C44'-C45 -65.9(4) C42'-C43'-C44'-C45 37.2(4) 

C46-N4-C45-C43 175.3(4) C41-N4-C45-C43 -3.3(4) 

C46-N4-C45-C42' -137.1(4) C41-N4-C45-C42' 44.3(4) 

C46-N4-C45-C44' 135.8(4) C41-N4-C45-C44' -42.8(3) 

C46-N4-C45-C43' 179.4(4) C41-N4-C45-C43' 0.8(3) 

C42-C43-C45-N4 -48.9(5) C44-C43-C45-N4 34.9(5) 

C42-C43-C45-C42' -142.6(7) C44-C43-C45-C42' -58.8(5) 

C42-C43-C45-C44' 40.0(5) C44-C43-C45-C44' 123.8(8) 

C42-C43-C45-C43' -58.1(6) C44-C43-C45-C43' 25.8(5) 

C43'-C42'-C45-N4 -62.3(4) C43'-C42'-C45-C43 35.5(5) 

C43'-C42'-C45-C44' 37.1(4) O4'-C44'-C45-N4 -48.2(5) 

C43'-C44'-C45-N4 63.9(4) O4'-C44'-C45-C43 -147.8(8) 
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C43'-C44'-C45-C43 -35.8(6) O4'-C44'-C45-C42' -149.7(5) 

C43'-C44'-C45-C42' -37.7(4) O4'-C44'-C45-C43' -112.0(6) 

C41-C43'-C45-N4 -0.8(3) C44'-C43'-C45-N4 -115.4(4) 

C42'-C43'-C45-N4 117.8(4) C41-C43'-C45-C43 170.1(8) 

C44'-C43'-C45-C43 55.5(7) C42'-C43'-C45-C43 -71.3(8) 

C41-C43'-C45-C42' -118.6(4) C44'-C43'-C45-C42' 126.9(5) 

C41-C43'-C45-C44' 114.5(4) C42'-C43'-C45-C44' -126.9(5) 

C45-N4-C46-O41 178.0(4) C41-N4-C46-O41 -3.8(6) 

C45-N4-C46-C47 4.1(5) C41-N4-C46-C47 -177.7(3) 

 

Table C.7.  Anisotropic atomic displacement parameters (Å2) for Alcohol 153.  

The anisotropic atomic displacement factor exponent takes the form: -2'2[ h2 a*2 U11 + ... 
+ 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

O11 0.091(2) 0.0348(14) 0.0311(11) 0.0019(11) 0.0001(14) 0.0004(14) 

N1 0.0443(16) 0.0347(17) 0.0247(13) -0.0073(11) -0.0039(11) 0.0013(15) 

C11 0.045(2) 0.039(2) 0.0353(17) 0.0075(15) -0.0117(15) -0.0009(15) 

O1 0.043(2) 0.057(3) 0.065(3) -0.017(2) 0.010(2) -0.0166(17) 

C12 0.0304(11) 0.0266(13) 0.0307(14) -0.0016(9) -0.0026(9) 0.0022(8) 

C13 0.040(2) 0.018(2) 0.014(2) 0.0027(15) -0.0039(15) 0.0032(13) 

C14 0.0317(11) 0.0342(14) 0.0333(14) -0.0007(9) 0.0018(9) -0.0051(9) 

O1' 0.0107(16) 0.083(4) 0.059(3) -0.029(3) 0.0090(18) -0.010(2) 

C12' 0.033(2) 0.021(2) 0.036(2) -0.008(2) -0.005(2) -0.0152(17) 

C13' 0.027(3) 0.083(5) 0.067(5) -0.001(4) 0.000(3) 0.008(2) 

C14' 0.033(2) 0.124(7) 0.037(3) 0.011(4) -0.016(3) -0.013(4) 

C15 0.045(2) 0.052(2) 0.0230(15) -0.0074(15) -0.0042(14) 0.0036(16) 

C16 0.0337(15) 0.0278(16) 0.0301(15) -0.0043(13) 0.0032(14) 0.0027(14) 

C17 0.082(3) 0.042(2) 0.0276(17) -0.0018(15) 0.0031(17) 0.005(2) 

N2 0.0441(18) 0.0387(18) 0.0324(15) -0.0015(14) -0.0014(13) -0.0084(15) 

C21 0.047(2) 0.041(2) 0.0348(18) 0.0007(16) 0.0033(15) -0.0059(15) 

O2 0.0191(15) 0.0194(18) 0.0166(17) 0.0017(10) 0.0012(10) -0.0003(9) 

O21 0.0128(18) 0.0147(18) 0.0124(17) 0.0006(9) -0.0002(10) -0.0017(10) 

C22 0.0201(16) 0.0217(17) 0.0207(18) 0.0014(10) -0.0025(10) 0.0004(9) 

C23 0.0205(15) 0.0212(16) 0.0220(18) -0.0013(10) -0.0008(10) -0.0006(8) 
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C24 0.0191(15) 0.0219(17) 0.0206(18) 0.0000(10) 0.0003(10) -0.0007(8) 

O2' 0.0399(18) 0.060(3) 0.069(3) 0.010(2) -0.014(2) -0.0071(17) 

O21' 0.058(3) 0.052(2) 0.049(2) -0.0036(18) -0.001(2) -0.017(2) 

C22' 0.045(2) 0.035(2) 0.058(3) -0.006(2) -0.003(2) -0.0084(18) 

C23' 0.038(2) 0.049(3) 0.038(3) 0.011(2) -0.0072(18) -0.0033(17) 

C24' 0.046(2) 0.046(2) 0.044(2) 0.012(2) -0.0172(18) -0.0059(15) 

C25 0.059(2) 0.036(2) 0.051(2) 0.0014(16) -0.0057(18) -0.0072(18) 

C26 0.0237(15) 0.060(2) 0.0248(15) 0.0009(16) -0.0006(11) 0.0033(15) 

C27 0.038(2) 0.051(2) 0.037(2) 0.0069(16) 0.0034(15) -0.0070(16) 

N3 0.0357(15) 0.0305(16) 0.0284(13) -0.0074(11) -0.0015(11) -0.0060(13) 

C31 0.045(2) 0.035(2) 0.043(2) 0.0134(15) -0.0117(15) -0.0050(15) 

O3 0.0175(15) 0.095(4) 0.055(3) -0.041(3) 0.0014(16) 0.0002(17) 

C32 0.0375(14) 0.015(2) 0.015(2) 0.0032(15) 0.0025(17) -0.0157(14) 

C33 0.031(2) 0.025(3) 0.014(2) 0.0041(18) -0.0117(18) -0.0035(16) 

C34 0.0397(14) 0.0383(16) 0.0398(16) 0.0003(9) -0.0003(10) 0.0027(9) 

O3' 0.043(2) 0.043(3) 0.060(3) -0.016(2) -0.001(2) -0.015(2) 

C32' 0.0510(13) 0.0534(16) 0.0499(16) 0.0039(10) 0.0002(9) 0.0026(9) 

C33' 0.053(3) 0.053(3) 0.035(3) 0.018(3) 0.027(3) 0.0018(14) 

C34' 0.0514(15) 0.0519(17) 0.0501(17) -0.0007(10) 0.0016(10) 0.0008(10) 

C35 0.060(2) 0.043(2) 0.0216(15) -0.0040(13) 0.0032(15) -0.0146(17) 

C36 0.0220(11) 0.0218(14) 0.0357(16) -0.0014(13) -0.0015(11) -0.0038(11) 

C37 0.040(2) 0.042(2) 0.0252(16) -0.0039(15) -0.0013(13) -0.0022(15) 

O31 0.0456(11) 0.0333(11) 0.0306(11) 0.0025(9) 0.0000(11) -0.0024(10) 

O41 0.181(4) 0.0470(17) 0.0424(16) -0.0028(14) -0.005(2) -0.033(2) 

N4 0.062(2) 0.0394(18) 0.0320(15) -0.0020(14) -0.0109(14) -0.0064(18) 

C41 0.084(3) 0.045(2) 0.037(2) 0.0120(17) 0.011(2) -0.004(2) 

O4 0.0130(13) 0.0137(15) 0.0127(15) -0.0018(9) 0.0021(9) -0.0003(9) 

C42 0.0129(13) 0.0134(16) 0.0125(16) 0.0010(9) 0.0002(9) 0.0001(8) 

C43 0.0115(14) 0.0149(15) 0.0144(16) -0.0011(10) -0.0001(9) -0.0002(7) 

C44 0.0144(15) 0.0182(16) 0.0182(17) 0.0018(9) 0.0006(10) -0.0027(9) 

O4' 0.040(2) 0.101(3) 0.071(3) 0.050(2) 0.001(2) 0.000(2) 

C42' 0.050(2) 0.076(3) 0.048(3) 0.029(3) 0.017(2) 0.016(2) 

C43' 0.036(2) 0.056(3) 0.041(3) 0.003(2) -0.0049(17) -0.0007(18) 

C44' 0.0460(18) 0.056(3) 0.041(2) 0.010(2) -0.0200(18) -0.0123(16) 
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C45 0.0322(18) 0.033(2) 0.044(2) 0.0060(15) -0.0034(14) -0.0092(14) 

C46 0.069(3) 0.066(3) 0.033(2) -0.0024(18) -0.018(2) -0.005(2) 

C47 0.053(2) 0.057(3) 0.038(2) 0.0101(17) -0.0103(17) -0.022(2) 

 

 

Table C.8. Hydrogen atomic coordinates and isotropic atomic displacement 
parameters (Å2) for Alcohol 153.  

 x/a y/b z/c U(eq) 

H11A 0.2715 -0.0025 0.3190 0.048 

H11B 0.1421 0.0218 0.3378 0.048 

H11C 0.3783 0.0272 0.3320 0.048 

H1A 0.6300 0.1247 0.3574 0.082 

H12A 0.4203 0.0203 0.4511 0.035 

H13A 0.2376 0.1875 0.5134 0.029 

H14A -0.0312 0.1119 0.4018 0.04 

H14B 0.0733 0.0107 0.4518 0.04 

H1'A -0.1671 0.0915 0.4324 0.076 

H12B 0.0810 0.1827 0.4962 0.036 

H13B 0.2750 0.0026 0.4694 0.071 

H14C 0.5204 0.1234 0.4079 0.078 

H14D 0.4453 0.1604 0.4940 0.078 

H15A 0.1056 0.2949 0.3956 0.048 

H15B 0.3424 0.3064 0.3988 0.048 

H15C 0.2318 0.3368 0.3999 0.048 

H17A 0.2442 0.1736 0.1397 0.076 

H17B 0.1354 0.0832 0.1939 0.076 

H17C 0.3706 0.0920 0.1944 0.076 

H21A 0.7680 0.5831 0.1047 0.049 

H21B 0.6382 0.5474 0.0958 0.049 

H21C 0.8757 0.5463 0.1021 0.049 

H2 1.0711 0.3104 0.1020 0.028 

H22A 0.4606 0.4374 0.0803 0.025 

H22B 0.5794 0.4680 0.0007 0.025 
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H23A 0.6994 0.2652 0.0269 0.026 

H24A 0.9253 0.4542 0.0058 0.025 

H2'A 1.1522 0.3741 0.1437 0.084 

H22C 0.4807 0.3424 0.0809 0.055 

H22D 0.6234 0.2453 0.0424 0.055 

H23B 0.7735 0.4300 -0.0100 0.05 

H24B 0.9544 0.2676 0.0541 0.054 

H25A 0.6499 0.2712 0.1708 0.058 

H25B 0.8825 0.2856 0.1549 0.058 

H25C 0.7531 0.2538 0.1824 0.058 

H27A 0.6910 0.4225 0.3583 0.063 

H27B 0.8676 0.3556 0.3175 0.063 

H27C 0.6442 0.3238 0.2976 0.063 

H31A 0.2305 0.4964 0.3180 0.049 

H31B 0.3233 0.5115 0.3252 0.049 

H31C 0.0966 0.5376 0.3466 0.049 

H3A -0.1522 0.6268 0.3559 0.084 

H32A 0.0354 0.5234 0.4486 0.027 

H33A 0.2402 0.6793 0.5109 0.028 

H34A 0.3818 0.5051 0.4520 0.047 

H34B 0.5031 0.6042 0.4066 0.047 

H3'A 0.5984 0.6197 0.3564 0.073 

H32B 0.4591 0.6590 0.4911 0.062 

H33B 0.2829 0.5061 0.4712 0.056 

H34C 0.1462 0.7008 0.5023 0.061 

H34D 0.0142 0.6589 0.4294 0.061 

H35A 0.1549 0.8100 0.3955 0.05 

H35B 0.3916 0.7943 0.3999 0.05 

H35C 0.2780 0.8386 0.3978 0.05 

H37A 0.2655 0.6726 0.1401 0.054 

H37B 0.1264 0.5962 0.1936 0.054 

H37C 0.3601 0.5790 0.1958 0.054 

H41A 0.7473 1.0837 0.1029 0.066 

H41B 0.6311 1.0466 0.0981 0.066 
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H41C 0.8692 1.0476 0.0967 0.066 

H4A 0.3921 0.8805 0.1383 0.02 

H42A 0.5342 0.9471 0.0052 0.016 

H43A 0.7422 0.7669 0.0225 0.016 

H44A 1.0013 0.9345 0.0703 0.02 

H44B 0.8625 0.9777 -0.0007 0.02 

H4'A 0.3720 0.8670 0.1451 0.106 

H42B 0.9156 0.7520 0.0478 0.07 

H42C 1.0325 0.8552 0.0920 0.07 

H43B 0.7503 0.9288 -0.0110 0.053 

H44C 0.5678 0.7597 0.0474 0.057 

H45A 0.6368 0.7761 0.1664 0.044 

H45B 0.8734 0.7775 0.1589 0.044 

H45C 0.7479 0.7525 0.1817 0.044 

H47A 0.7061 0.9153 0.3573 0.074 

H47B 0.9062 0.8671 0.3211 0.074 

H47C 0.6989 0.8158 0.2944 0.074 
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