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Abstract 

Iminosugars have generated much attention in recent years as targets for the 

potential therapeutic treatment of a wide range of illnesses (e.g. cancer, HIV, diabetes, 

liposomal storage disorders, etc). Not surprisingly, the development of new synthetic 

methods towards iminosugars is of great interest to synthetic chemists. Previous 

synthetic strategies rely on carbohydrate starting materials (e.g. chiral pool synthesis) 

and are limited in their ability to produce stereoisomers or analogues, limiting their 

application to target-specific syntheses. We propose it is more advantageous to develop 

a method such that many stereoisomers and analogues can be synthesized from a 

common intermediate. This thesis describes a general, concise, and stereoselective 

method for the preparation of iminosugar alkaloids from non-carbohydrate starting 

materials. The method reported herein involves the diastereoselective nucleophilic 

addition of propargylamines to α-chloroaldehydes, followed by a domino epoxidation-

cyclization sequence providing 2,5-dihydropyrrole intermediates that upon 

dihydroxylation provides iminosugar natural products in good overall yield and optical 

purity.  

Keywords:  iminosugar; natural product synthesis; chloroaldehyde; glucosidases;  
organocatalysis 
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1. Introduction 

1.1. Carbohydrates and Glycoside Hydrolases 

Carbohydrates are organic compounds with the general molecular formula 

Cx(H2O)y. The simplest form of a carbohydrate is a monosaccharide (e.g. D-glucose (1), 

D-mannose (2)), and cannot be hydrolyzed into a simpler sugar. Carbohydrates that 

yield up to several simple sugars upon hydrolysis of glycosidic bonds are often called 

oligosaccharides (e.g. sucrose (3)), and those that yield a large number (> 10) of simpler 

sugars upon hydrolysis are called polysaccharides. Carbohydrates are abundant in 

nature and play important roles as molecular sources of energy, carriers of biological 

information, and are key components in biological macromolecules such as 

glycoproteins, glycolipids, and nucleic acids (e.g. DNA and RNA).  

O
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HO

HO OH

OH

D-glucose (1)

O

OH

HO

HO OH

OH

D-mannose (2)

O

HO
OH

HO

HO

O

O
OH

OH

OH
OH

sucrose (3)  
Figure 1.1. Examples of pyranose mono- and disaccharides 

Glycoside hydrolases cleave glycosidic bonds in polysaccharides and other 

biological compounds containing sugars (e.g. glycoconjugates) and are involved in 

important biological processes such as lysosomal glycoprotein processing, and the 

biosynthesis of oligosaccharides in glycoproteins or glycolipids.1 As enzymes, the 

reactions they catalyze are highly stereospecific and typically act on either α- or β-
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glycosidic bonds, but not both. In the mammalian gut, digestive glucosidases breakdown 

complex polysaccharides to simpler monosaccharides that are absorbed through the 

intestinal wall. Inhibition of any or all of these activities could regulate the absorption of 

carbohydrates and blood-sugar levels, implicating potential treatments for diabetes.2 

Lysosomal storage disorders (e.g. Gaucher’s, Tay-Sach’s disease) are caused by 

deficiencies in lysosomal glycoside hydrolases leading to an accumulation of storage 

products in the lysosomes of animal cells and a change in cellular structure and function. 

As well, processing glycosidases (e.g. glycosyltransferases) are involved in tumour 

metastasis and in the transformation of healthy cells to cancer cells, as tumour cells 

often display abnormal levels of glycosylation on the surface of cells from an altered 

gene expression of glycosyltransferases.3 The use of iminosugar analogues to prevent 

abnormalities in glycosyltransferases and to reduce tumour growth is currently being 

investigated as a strategy for cancer treatment.3,7 The search for more potent and 

selective glycoside hydrolase inhibitors has led to the discovery of iminosugars as 

therapeutic agents for a wide range of illnesses such as diabetes, lysosomal storage 

disorders, and cancer.  

1.1.1. Iminosugar Alkaloids – Glycoside Hydrolase Inhibitors 

Iminosugars are alkaloids and carbohydrate analogues in which the endocyclic 

oxygen has been replaced with a nitrogen atom (Figure 1.2). This simple replacement of 

oxygen and nitrogen atoms renders iminosugars metabolically inert to glucosidases, but 

does not disable their recognition by the enzyme.2 They are found in many plants and 

microorganisms and are classified into five structural groups of polyhydroxylated 

pyrrolidines, piperidines, indolizidines, pyrrolizidines, and nortropanes. The first reported 

isolation of an iminosugar was in 1966 by Inouye who isolated nojirimycin (NJ) (4), a 
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polyhydroxylated piperidine and non-selective α-β-glucosidase inhibitor with antibiotic 

properties, from bacterium Streptomyces roseochromogenes. The hydroxyl group at C-1 

is known to render these compounds unstable. Soon after the isolation of nojirimycin, 

more stable deoxygenated derivatives were synthesized. For example, 1-

deoxynojirimycin (DNJ) (5) was prepared by Paulsen4 in 1966 by hydride reduction of 

nojirimycin (4).  

N
H

N
H

N
H

HO OH

HO

OH
HO OH

OH

OHOH

HO
OH OH

nojirimycin (4) 1-deoxynojirimycin (5) isofagomine (6)  
Figure 1.2. Representative iminosugars 

It was found that removal of the hydroxyl group at C-1 does not disable enzyme 

inhibitive properties, but rather enhances α-glucosidase activity.2 This demonstrates the 

importance of an unsubstituted C-1 (anomeric) carbon to the substrate specificities of 

the enzyme.  As well, further structural modifications to the natural substrate were 

studied as in the case of isofagomine (6), a potent β-glucosidase inhibitor whereby the 

anomeric carbon of the carbohydrate has been replaced with a nitrogen, and the 

endocyclic oxygen replaced with a carbon.5 

Their biological activity is explained by the fact that at physiological pH they are 

protonated and resemble the structural geometry and electronic properties of the natural 

enzyme substrate. During hydrolysis of the glycosidic bond, protonation of the anomeric 

oxygen is followed by formation of an oxocarbenium transition structure 7 which adopts 

a half-chair conformation and a partial positive charge. Iminosugars are considered to 

mimic the charge of the oxocarbenium transition structure 7 present within the reactive 

sites of sugar-processing enzymes during glycosylation (Figure 1.3).6 Moreover, they are 
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capable of binding to the enzyme more tightly than the natural substrate. For example, 

DNJ (5) has a binding affinity five times greater than that of the natural substrate glucose 

(1).2 

O
HO

OH
NHOHO
OH

OH

HO
OH

5  1-deoxynojirimycin (4)

H
H

O
H–A

!+

!"

 
Figure 1.3. Proposed transition state for glucosidase reactions and an 

iminosugar mimic 

Not surprisingly, iminosugars have been found to inhibit a variety of 

carbohydrate-processing enzymes such as α- and β-glucosidases, mannosidases, and 

fructosidases. Thus, they represent potential leads for the therapeutic treatment of a 

wide range of illnesses such as cancer, HIV diabetes, lysosomal storage disorders and 

others.7 Notably, iminosugars have found utility as chemical chaperones, reversible 

competitive inhibitors that alter the folding state of abnormal glycosidases, restoring 

enzyme functionality and preventing degradation by endoplasmic reticulum quality 

control mechanisms.7 For example, the tartaric salt of isofagomine (6), DNJ (5) and its 

C-1 glucoside analogues8 are currently being evaluated as potential potent and selective 

glucosidase chemical chaperones for treatment of Fabry disease and Gaucher’s disease 

and lysosomal storage disorders characterized by a wide range of symptoms (e.g. pain, 

fatigue, burning extremities, nausea, heart disease, and  kidney failure). The realization 

that iminosugars have enormous potential as therapeutic agents has led to an increase 

in their demand. Often natural products cannot be isolated in large enough quantities 

from their natural sources for thorough investigation of their potential applications. 

Consequently, many studies toward the syntheses of iminosugar natural products and 

their analogues have been reported. 
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1.2. Current Synthetic Strategies Towards Iminosugars 

Previous synthetic strategies towards iminosugars can be stereochemically 

inflexible, require the use of chiral carbohydrate starting materials and involve multiple 

protecting group manipulations. Often this leads to long and challenging synthetic 

sequences whereby the endocyclic nitrogen is introduced through carbohydrate 

degradation followed by several functional group transformations. These methods have 

been reviewed extensively and will not be described here.7,9–13 As synthetic chemists 

continue to emphasize the importance of step economy14 when developing new 

synthetic methods, the number of synthetic steps required to access iminosugar 

analogues has reduced in recent years.11   For example, an efficient de novo synthesis 

of N-butyldeoxynorjirimycin (8) (e.g. Miglustat), a chemical chaperone for the treatment 

of Gaucher’s disease, commences with reduction of the hemiacetal group of 2,3,4,6-

tetra-O-benzyl-α-glucopyranose (9) with lithium aluminum hydride in THF to afford diol 

10 (Scheme 1.1).15 After a double-oxidation step under Pftizner-Moffat conditions,16 

dialdehyde 11 was subject to a reductive-amination and cyclization sequence with 

sodium borohydride and butylamine to afford the benzoate piperidine 12 in 77% yield. 

The potent α-β-glucosidase inhibitor N-butyldeoxynojirimycin (8) is obtained after lithium 

metal-reduction in four steps from glucopyranose (9). 
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OBnO
BnO

OBn

OHBnO

LiAlH4, THF

98%
HO

OBnOBn

OBn

OBn

DMSO, (CF3CO)2O
CH2Cl2, Et3N

OBnO
BnO

OBn

OBnO

BuNH3
+HCO2

-

NaBH4CN, MeOH
3Å mol. seive Li, NH3

77% 91%N
Bu

BnO OBn
OBn

OBn N
Bu

HO OH
OH

OH

12 N-butyldeoxynojirimycin (8)

9 10 11

OH

 
Scheme 1.1. Early de novo synthesis of N-butyldeoxynojorimycin by 

carbohydrate degradation 

As opposed to the classical de novo synthetic approach that does not allow the 

ability to produce stereoisomers or analogues, stereoselective synthetic strategies 

towards iminosugars often involve the preparation of many stereoisomers and 

analogues from a common intermediate.  In this sense, many isomeric iminosugars may 

be produced allowing for comprehensive study of their biological properties. For 

example, a non-carbohydrate approach toward the synthesis of polyhydroxylated 

pyrrolizidine iminosugar hyacinthacine A1 13 initiates with a lithium metal reduction of 

achiral N-Boc pyrrole 14 providing racemic trans-15 (Scheme 1.2).17 The olefin moiety is 

diastereoselectively dihydroxylated with a catalytic amount of osmium tetroxide in the 

presence of trimethylamine N-oxide to provide a 1,2-diol that is protected as the 

acetonide 16 under standard procedure using dimethoxypropane in acetone. A solution 

of sodium borohydride in THF/MeOH reduced the C3 ester regioselectively to an alcohol 

that was subsequently protected as the tert-butyldimethylsilyl ether. The remaining ester 

moiety is reduced to keto aldehyde 17 with DIBALH, then subjected to a Wittig 

olefination to afford α-β-unsaturated methyl ester 18 in nearly quantitative yield. 

Hydrogenation of the carbon-carbon double bond with Pt-catalyst and hydrogen gas 

followed by complete reduction of the methyl ester with DIBALH afforded alcohol 19. The 
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primary alcohol is activated with methanesulfonylchloride and cyclization took place 

immediately following removal of the Boc group under mildly acidic conditions. Finally, a 

global deprotection with HCl/MeOH gave racemic hyacinthacine A1 (13) upon 

neutralization with aqueous sodium hydroxide and basic column chromatography.  

NBoc
MeO2C

CO2Me

Li, NH3

isoprene, –78 °C
NBoc

MeO2C

CO2Me

i. OsO4, Me3NO, CH2Cl2
ii. dimethoxypropane, TsOH

acetone

NBoc
MeO2C

CO2Me
O

O

i. NaBH4
THF/MeOH

ii. TBSCl, imidazole

73%
93%

85%

iii. DIBALH
CH2Cl2, –40 °C

NBoc

CHO
O

O

14 15

16 18

toluene, !
99%

NBoc
O

O
CO2Me19

i. H2, PtO2,
MeOH, r.t.
ii. DIBAL-H
CH2Cl2, – 78 °C

93%

NBoc
O

O
OH

i. MsCl, pyr, 0 °C
ii. TESOTf, 2,6-lutidine,
CH2Cl2, –78 °C to r.t. NHO

HO H

HOTBSO

TBSO TBSO

iii. HCl, then NaOH

89%20 13

Ph3P
CO2Me

 
Scheme 1.2. A non-carbohydrate approach towards bicyclic iminosugars 

Hollinshead and co-workers17 envisioned that using a similar method, one could 

prepare iminosugar 1-epiaustraline (20) from a diastereoselective vinylmetal addition to 

keto aldehyde  17. To this end, keto aldehyde  17 was treated with vinylmagnesium 

bromide at room temperature to afford anti-Felkin product alcohol 21 in excellent (N-Boc) 

diastereoselectively (92:8) via a chelation controlled transition structure. From allylic 

alcohol 21 the synthesis of 1-epiaustraline proceeds by reaction with TBSOTf which 

effectively removes the Boc group and protects the secondary alcohol in the same pot. 

This is followed by a regioselective (> 7:1) hydroboration to provide primary alcohol 22 

which, upon activation with MsCl to afford mesylate 23, cyclizes to pyrrolizidine 24 in 

good yield (71%). A global deprotection with 1:1 TFA:H2O affords the iminosugar in 84% 
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yield. This represents an efficient total synthesis of 1-epiaustraline (20) (12 steps, 14% 

overall yield), and the first total synthesis of hyacinthacines A1 (13 steps, 31% overall 

yield) from common intermediate aldehyde 17.  

NBoc

CHO
O

O

TBSO
MgBr

THF, r.t.
d.r. = 91:8

NBoc
O

O

TBSO

OH
H

i. TBSOTf, 2,6-lutidine
CH2Cl2, –78 °C

ii. BH3•THF, then
H2O2, NaOH, THF
61% over 2 steps

NH
O

O

TBSO

OTBS
H

OH
MsCl, Et3N, CH2Cl2

71%
NH

O

O

TBSO

OTBS
H

OMs

N
O

O

TBSO

H
OTBS

TFA/H2O (1:1)

84%
NHO

HO

HO

H
OH

17 21

22 23

24 1-epiaustraline (20)  
Scheme 1.3. Synthesis of 1-epiaustraline (20) from keto aldehyde (17)  

1.3. α-Chloroaldehyde Synthesis 

In modern day organic synthesis and medicinal chemistry, α-halo carbonyl 

compounds are valuable synthetic intermediates for a range of products with economic 

utility such as pharmaceuticals, semiochemicals, and materials. The first reported 

synthesis of an α-halo carbonyl compound was in 1859 by Fittig with the chlorination of 

acetone to provide 1,1-dichloroacetone.18 In 1871, Schröder first prepared an α-

chloroaldehyde with his studies on the reaction between chlorine gas and 3-

methylbutanal.19 As an alternative to chlorine gas, Brown and Ash20 described the α-

chlorination of aliphatic aldehydes by the decomposition of sulfuryl chloride to sulfur 
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dioxide and chlorine. Since these early studies, considerable advances in asymmetric α-

chlorination of carbonyl compounds have been made.  

For example, Togni reported the first electrophilic enantioselective α-chlorination 

of β-keto-esters using a chiral organotitanium catalyst and N-chlorosuccinimide as a 

chlorine source affording the corresponding α-chloro-β-keto-esters with excellent 

stereocontrol (62-90% e.e.).21 More recently, asymmetric α-functionalization22 of 

carbonyl compounds has been achieved using chiral secondary amines to generate 

reactive enamine intermediates, also known as organocatalysis. Jørgenson and co-

workers23 reported that L-proline catalyzed the α-chlorination (25 to 26) of 3-

methylbutanal with N-chlorosuccinimide as chlorine source to give 3-methyl-3-chloro-

butanal in good yield but low enantioselectivity (23% e.e.). This result led to a screening 

of 2-substituted and 2,5-disubstituted pyrrolidine catalysts that determined L-prolinamide 

(27) and diphenylpyrrolidine (28) provided efficient conversion and high 

enantioselectivity over a scope of aliphatic and unsaturated aldehydes (Table 1.1). 
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Table 1.1. Jørgenson’s organocatalytic enantioselective α-chlorination of 
aldehydes 

O

H R

10 mol% cat.
NCS

DCM, 1-10h

O

H R

Cl
N
H NH2

O
N
H

PhPh

L-prolinamide (27) diphenylpyrrolidine (28)25 26  
Entry R L-prolinamide 

yield (%) 
e.e. (%) Diphenylpyrrolidine 

yield (%) 
e.e. (%) 

1 Me 71 75 – – 

2 Et 87 80 90 97 

3 iPr 95 87 90 94 

4 tBu 93 95 30 94 

5 nHex 95 70 99 95 

6 Allyl 90 74 90 95 

7 Bn 99 78 82 95 

8 (CH2)2OTBS 92 86 95 81 

 

 Following mechanistic studies, it is proposed the catalytic cycle for α-

chlorinations using L-proline/diphenylpyrrolidine organocatalytic systems initiates with 

the condensation of aldehyde and amine to form an iminium-enamine equilibrium (Figure 

1.4).24 Computational studies suggested negligible steric shielding of the α-carbon, 

hence Jorgensen hypothesized the initial chlorination occurs at the nitrogen centre 

followed by a 1,3-sigmatropic shift (not shown) of the chlorine to the α-stereogenic 

centre. Although no N-chlorine intermediates were observed by spectroscopic methods, 

absence of a kinetic isotope effect suggests this pathway cannot be ruled out. Upon 

iminium ion hydrolysis, the desired α-chloroaldehyde is formed and the imidazolidinone 

catalyst regenerated. 
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Figure 1.4. Proposed catalytic cycle for L-proline/diphenylpyrrolidine catalyzed 

α-chlorination of aldehydes 

Concomitant to Jorgensen’s publication, MacMillan25 reported a direct 

organocatalytic enantioselective α-chlorination of aldehydes 25. A survey of reaction 

conditions determined high yields and high levels of stereochemical control are achieved 

using imidazolidinone catalyst (28 with quinone 29 as a chlorine source, affording 

general α-chloroaldehydes 30 (Table 1.2). It is noteworthy that substrate stereofacial 

bias is overridden by steric interactions between the incoming chlorine and the 

organocatalyst, offering synthetic advantages over substrate directed stereocontrol.  
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Table 1.2. MacMillan’s enantioselective α-chlorination of aldehydes 

O

H R +
N
H

N
O

Ph

N

N
O

Ph
H

R

H

Cl

Cl
Cl

Cl

O

Cl

Cl

N

N
O

Ph

R

Cl

Cl
Cl

Cl

O

Cl

ClH

25 28

29
H

O

Cl

R

30

 
Entry R Yield (%) e.e. (%) 

1 nHex 71 92 

2 cHex 87 94 

3 adamantyl 85 95 

4 Bn 92 80 

5 vinyl hexyl 76 92 

6 CH3(CO)(CH2)3– 78 87 

7 MOMO(CH2)2– 94 93 

 

A limitation of enamine-imine equilibrium catalyzed α-functionalization is post-

product racemization of the α-stereogenic centre leading to less than optimal 

enantioselectivity. To overcome post-product racemization, MacMillan developed a new 

mechanistic approach involving SOMO (Singly Occupied Molecular Orbital) catalysis26. 

This approach recognizes SOMO catalysis alters the electronic properties of enamines, 

rendering the α-chloro product inert to enamine formation (i.e. racemization) providing 

higher levels of kinetic stereocontrol over ionic enamine catalysis and over a broad 

scope of aliphatic, cyclic, and functionalized aldehydes (Table 1.3). 
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Table 1.3. Enantioselective α-chlorinations of aldehydes with SOMO-catalysis 

O

H R

O

H R

20 mol% cat.
0.5 eq. Cu(TFA)2

NaS2O8, H2O
1.5 eq. LiCl

CH3CN, 4 h, 10 °C25 30
Cl N

H

N
O •TFA

imidazolidinone 31  
entry R yield (%) e.e. (%) 

1 nHex 90 96 

2 oct-1-enyl 81 95 

3 MOMO(CH2)3– 94 93 

4 Bn 92 80 

5 cHex 89 96 

6 EtO(CO)(CH2)3– 91 94 

7 Ph(CH2)3– 95 95 

8 hept-4-enyl 89 96 

9 methylindole 75 91 

10 N-Boc-4-piperidinyl 95 95 

 

A proposed mechanism for this transformation begins with condensation of 

aldehyde and imidazolidinone catalyst 31 forming an iminium ion intermediate that is 

then oxidized by a one electron oxidant system (Na2S2O8 and Cu(TFA)2) generating an 

enamine radical cation. This radical cation is rapidly attacked by a SOMO radical (Cl) 

forming a radical cation species. Upon one election oxidation of the radical cation, 

hydrolysis of the iminium intermediate release the imidazolidinone catalyst and affords 

the desired enantioenriched α-chloroaldehyde.  
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Scheme 1.4. Proposed SOMO catalytic cycle for enantioselective α-chlorinations 

1.4. Nucleophilic Additions to α-Chloroaldehydes 

The works of MacMillan and Jørgenson have provided robust methods for the 

preparation of enantiopure α-chloroaldehydes that are currently being used as building 

blocks for complex-molecular synthesis. A common transformation of α-chloroaldehydes 

involves the addition of carbon nucleophiles to the carbonyl centre providing 1,2-

chlorohydrins, intermediates for the synthesis of epoxides, olefins, and heterocycles. 

This section will summarize previous examples of nucleophilic additions to α-

chloroaldehydes, and the adopted model used to predict their stereochemical outcome. 

Cornforth first reported an organometallic addition to an α-chloroaldehyde in 

1959 upon adding n-BuMgBr and n-BuLi into 2-chlorobutanal to give chlorohydrin 
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products with a 1,2-anti stereochemical configuration.27 This observation is explained by 

the Cornforth model, whereby, as summarized by Evans, says “electrostatic [dipole] 

effects are instrumental in dictating an antiparallel dihedral angle relationship between 

the carbonyl and the R-Cl substituent.”.28 Computational studies suggest electronegative 

α-substituents (OMe, Cl, F) favour Cornforth transition structures, while less 

electronegative α-substituents favour the Polar Felkin-Ahn29 model where the 

electronegative substituent aligns orthogonal to the carbonyl carbon-oxygen double 

bond. In either case, nucleophilic additions to α-chloroaldehydes are predicted based on 

the steric effects (size) of the other α-substituents (R vs H). As the carbonyl oxygen and 

α-chlorine atoms align anti-periplanar to minimize overall dipole moment, the nucleophile 

approaches the carbonyl centre from the Burgi-Dunitz angle leading to two possible 

transition structures (32 and 33, Figure 1.5). In one transition structure 32, the 

nucleophile approaches the carbonyl carbon between the R group and chlorine atoms 

leading to the disfavoured 1,2-syn-chlorohydrin product. In the second transition 

structure 33, steric interactions between nucleophile and hydrogen is minimal leading to 

the favoured 1,2-anti-chlorohydrin product.  
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Figure 1.5. Cornforth model rationale for the stereochemical outcome of 

additions to α-haloaldehydes 

Lithium acetylides have been shown to react with racemic α-chloroaldehydes, 

demonstrating their utility for the rapid synthesis of olefins and unsaturated epoxides. In 

a patent issued by Roussel-Uclaf in 1976, Buendia and Vivat30 reported the addition of 

lithium derivative of propargylalcohol (34) into (S)-2-chloroheptanal (35) in the first 

reported alkynylation of an α-chloroaldehyde in their multi-gram scale preparation of 

trans-epoxy cis-olefins 36. This was followed by Martel et. al. in 1978 with the addition of 

lithium acetylide 37 to 2-chloroheptanal31 (35) followed by a reduction step with Lindlar’s 

catalyst to afford cis-olefin 38. In 1989, Bernier et. al. reported the addition of a 

dimethylpropargylamine 39 to 2-chloroethanal (40) in preparation of γ-amino α-

acetylenic trans-epoxides 4132 (Scheme 1.5).  
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Scheme 1.5. Early examples of organometallic additions to racemic α-

chloroaldehydes 

Until recently, there have been no examples of organometallic additions to α-

chloroaldehydes for the preparation of optically enriched 1,2-chlorohydrins. In 2007, 

Britton and Kang demonstrated lithium alkynylations of α-chloroaldehydes proceeded in 

excellent yield and in high diastereoselectivity without loss of optical purity in their 

studies on the synthesis of non-racemic trans-epoxides33 (Table 1.4). Following a survey 

of solvents (hexanes, Et2O, THF) and bases (EtMgBr, n-BuLi), it was determined that 

adding organolithium reagents to optically enriched (R)-2-chloropentanal (42) at –78 °C 

in THF affords 1,2-anti-chlorohydrin products 43 in good yield (Entries 1 & 3) and high 

levels of diastereoselectivity. A base-promoted (KOH) epoxidation step afforded the 

corresponding trans-epoxides 44 in good overall yield (75-86%). 
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Table 1.4. Organolithium additions to optically enriched (R)-2-chloropentanal 

RLi, THF
–78 °C, 10 min

O

H
Cl

R

OH

Cl42 43

KOH,
EtOH, rt O

H
HR

44  

entry R yield (%) d.r. (anti:syn)a yield, epoxide (%) 

1 1-heptynyl 48 20:1 86 

2 (E)-1-undecenyl 68 17:1 75 

3 (E)-1-heptenyl 98 13:1 87 

4 (Z)-1-heptenyl 94 14:1 77 

5 Ph 70 13:1 84 

6 Hex 85 8:1 79 

7 Hex 70 30:134 – 

a As determined by 1H NMR spectroscopic analysis of crude reaction mixture 

In agreement with these findings, Vanderwal and co-workers34 reported a highly 

diastereoselective addition (30:1 anti:syn) of 1-hexyne into (R)-2-chloropentanal (42) 

affording 1,2-anti-chlorohydrin products in their synthesis of chlorosulfolipids (Entry 7). 

The aforementioned methodology of preparing optically enriched chlorohydrins 

by organolithium addition to α-chloroaldehydes was extended to the synthesis of 

substituted heterocycles, common structural motifs in biologically active natural 

products. For instance, Kang reported a concise total synthesis of (+)-goniothalesdiol 

4535 that initiated with an enantioselective α-chlorination of commercially available 

oxoester 46 provided the desired α-chloroaldehyde 47 in excellent yield (88%) and 

enantiopurity (91% e.e.) in the presence of imidazolidinone catalyst 31 and LiCl as a 

chlorine source (Scheme 1.5). Treatment of (Z)-2-phenyl-1-iodoethene (48) with n-BuLi 

effected a lithium-halogen exchange. The resulting vinyl lithium was added to α-

chloroaldehyde 47 to provide the 1,2-anti-chlorohydrin 49 with high yield (88%) and good 
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stereocontrol (dr = 13:1). Subsequent diastereoselective dihydroxylation afforded 

chlorotriol 50 as the major diastereomer (dr = 8:1) which cyclizes when subjected to 

microwave heating (120 °C) in methanol to afford (+)–goniothalesdiol (45) in 4 steps and 

49% overall yield. This represents an improvement over previously reported syntheses 

that range in length from 10 to 16 linear steps. 

O

H OCH3

O N
H

N
O

tBu
•TFA

46

31

88%
e.e. = 91%

O

H OCH3

O

Cl

20 mol %
Cu(CO2CF3)2

LiCl, H2O, CH3CN
10 °C, 4 h

47

Ph
I

n-BuLi, THF
–78 °C
then, 47

Ph OH

Cl
OCH3

O OsO4 (1 mol %), NMO
acetone-H2O (1.5:1)

74%88%
d.r. = 13:1

Ph

OH

Cl
OCH3

O

OH

OH

48 49

50

MW, CH3OH

120 °C, 1 H
92%

O

OHHO

OCH3

O
(+)-goniothalesdiol (45)  

Scheme 1.6. Total synthesis of (+)-goniothalesdiol 

Following a study on the concise and stereoselective formation of 2,5-dihydro-3-

hydroxypyrrrolidines by Britton and Draper,36 a rapid synthesis of (+)-preussin (51) 

commences with the lithium enolate of undecanal 52 reacting with enantio-enriched (e.e. 

= 98%) (R)-α-chlorohydrocinnamaldehyde 53 to give a mixture of diastereomeric 

chlorohydrin products 54 and 55 favouring the 1,2-anti-configuration (4:1) in good yield 

(75%). The relatively low level of stereo-induction is often seen with α-benzyl-α-

chloroaldehyde substrates, presumably due to electronic effects of the α-benzyl group 

interfering with the stability of the transition states described by the Cornforth model. The 

optically-enriched chlorohydrin 54 was subject to a reductive amination step with 
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methylamine which proceeded in excellent yield (91%) to complete the synthesis of (+)-

preussin (51) and it’s epimer 56 (d.r. = 6:1) in just three steps. 

O

6

LDA, THF
–78 °C

then
O

H
Cl

52

53

O

6
54: anti
55: syn

Cl

54

1. CH3NH2
THF, rt, 6 h

2. NaCNBH3

75%
d.r. = 4:1

OH

91%
d.r. = 6:1

N
H

OH

Ph
8

(+)-preussin (51)

+
N
H

OH

Ph
8

56  
Scheme 1.7. A rapid synthesis of (+)-preussin 

While lithium-mediated aldol reactions with α-chloroaldehydes have been studied 

thoroughly over recent years,37–40 little attention has been given to nucleophilic additions 

of organolithium reagents derived from propargylamines to α-chloroaldehydes. While 

there is precedent for nucleophilic reactions involving racemic α-chloroaldehydes, to the 

best of our knowledge no reports of nucleophilic additions involving propargylamines and 

optically enriched α-chloroaldehydes exist prior to our studies. 

1.5. Research Goals 

Due to the potential of iminosugars as therapeutic agents combined with the 

limitations of current synthetic strategies utilizing carbohydrate starting materials, and 

recent reports of rapid access to optically pure substituted heterocycles from α-

chloroaldehydes, our goal for this project is to develop a concise and stereoselective 

synthesis of pyrrolidine-based iminosugars alkaloids from non-carbohydrate starting 
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materials. This would allow for preparation of structurally interesting and biologically 

active iminosugar alkaloids. In addition, we propose it would be advantageous to 

develop a method that would allow for the generation of analogues for medicinal 

chemical studies. Our method would involve an intramolecular 5-exo-tet epoxide 

opening with amines, and diastereoselective addition of organometallic reagents (ie. 

lithium derivatives of propargylamines) to optically enriched α-chloroaldehydes, obtained 

by organocatalytic enantioselective α-chlorination of aldehydes. 



 

22 

2. Iminosugar Synthesis From α-
Chloroaldehydes 

2.1. Retrosynthetic Analysis 

To achieve our research goals of accessing iminosugars from non-carbohydrate 

starting materials, we envisaged pyrrolidine iminosugars 57 could be obtained based on 

formation of key intermediate 2,5-dihydropyrrole 58 (Scheme 2.1) by intramolecular 5-

exo-tet epoxide of γ-amino α-alkenyl epoxide 59, which could be obtained from α-alkenyl 

chlorohydrin 60. 

N
H OH

R

OHHO

OH

Cl

R

NH2

OH
R

Cl

N
H OH

R

NH2

O
R

NH2

H
H

O
R

Cl

+
NH2

R = H or alkyl
57 58 59

60612562  
Scheme 2.1.   General retrosynthetic analysis of iminosugars from α-chloroaldehydes 

Alkenyl chlorohydrin 60 is proposed to be generated by hydrogenation of second 

key intermediate alkynyl chlorohydrin 61 in the presence of Lindlar’s catalyst. This key 

intermediate may be obtained by diastereoselective nucleophilic addition of 

propargylamine (62) to α-chloroaldehydes 25.   
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2.2. Diastereoselective Nucleophilic Addition of 
Propargylamines to α-Chloroaldehydes 

Initial studies on diastereoselective additions of propargylamines to α-

chloroaldehydes commenced with commercially available propargylamine (62) and 

racemic 2-chloroundecanal (52) as substrates, chosen (Table 1) based on their 

availability and ease of handling since small linear chain α-chloroaldehydes (less than 6 

carbons) are generally more volatile (b.p. < 100 °C). Racemic α-chloroaldehyde was 

prepared under Jorgensen23 conditions in one step from undecyl aldehyde. 

Diastereoselective nucleophilic addition commenced with deprotonation of the terminal 

alkyne using one equivalent of n-BuLi in THF at – 78° C, affording the desired product 

alkynyl chlorohydrin 63 in less than desirable yield (22%). 

Table 2.1. Initial diastereoselective additions of propargylamine to α-
chloroaldehyde  

NH2

i. n-BuLi, THF
–78 °C, 1 h

NH2

OH

Cl
7

62 63
ii. O

Cl
7

52 22%
d.r. = 20:1  

Entry Isolation Result 

1 Flash chromatography Could not isolate  

2 Precipitation w/ TsOH Decomposition 

3 Precipitation w/ HCl 22% isolated yield 

 

1H NMR analysis of crude mixtures showed clean formation of product as a 

single diastereomer (d.r. > 20:1). Isolation of the free amine via flash chromatography 

was unsuccessful, presumably due to the polar nature of chlorohydrin product 63 (Entry 

1). Attempts to isolate by other methods included precipitation with organic acid (e.g. 
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tosylic acid) which resulted in product decomposition as observed by 1H NMR 

spectroscopy (Entry 2). Precipitation with aqueous hydrogen chloride afforded the 

desired salt of 63 in 22% yield (Entry 3). 

Table 2.2. Optimization of N-Bocpropargylamine addition to 2-chloroundecanal 

NHBoc

n-BuLi, THF
–78 °C

NHBoc

OH

Cl
7

64 66

N

O

O

65

52

t

 

Entry Mol eq. aldehyde t (min) % conversiona 

1 1.5 30 7% 

2 1.5 15 43% 

3 2.0 5 23% 

4 2.0 10 36% 

5 2.0 15 51% 

6 2.0 20 59% 

7 2.0 30 7% 

a As determined by integration of signals from 1H NMR spectra of crude mixtures 

To improve the isolated yield, the amine function of 62 was protected with an 

acid-labile Boc group to afford commercially available N-Bocpropargylamine 64. Upon 

formation of dianion 65 with 2 equivalents of n-BuLi, drop wise addition of 2-

chloroundecanal 52 afforded the desired anti-addition adduct 66 after period t as a single 

diastereomer as determined by 1H NMR analysis (Figure 2.1). It was determined the 

optimal time of reaction between dianion 65 and α-chloroaldehyde 52 to be 20 min after 

which time considerable decomposition occurs (Table 2.2). The 1H NMR spectrum of 66 

included key resonances at δ = 3.90 (dd, 1H, 10.1, 3.9) assigned to the proton geminal 

to the chlorohydrin chlorine, and 4.46 (dd, 1H, J = 5.9, 1.6 Hz) assigned to the proton 
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geminal to the chlorohydrin oxygen. It was clear by the coupling constant that this proton 

has long range coupling to the amino methylene on the opposite side of the carbon-

carbon triple bond. Furthermore, a multiplet at δ = 3.88 (2H) was assigned to the 

methylene protons of the propargyl moiety, and a singlet at 1.44 (9H) was assigned to 

the tert-butyl protons of the Boc group.  The IR spectrum displayed a broad peak at 3350 

cm-1 characteristic of an O-H stretch frequency. 

 
Figure 2.1. 1H NMR spectrum of undecyl alkynyl chlorohydrin (66) 

 The reaction outcome was optimized by varying stoichiometry of aldehyde, 

reaction time between dianion 65 and aldehyde (Table 2.2). Optimal results were 

obtained by allowing dianion 65 and 2-chloroundecanal 52 to stir for a minimum of 15 

min (Entry 6) and no more than 20 min, after which time product decomposition 

accelerates (Entry 1). 
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NHBoc N(Boc)2 N(TMS)2 NBoc(TMS)
64 67 68 69  

Figure 2.2. Various protected propargylamines studied 

At this time, we hypothesized that deprotonation of the less acidic terminal alkyne 

proton is the rate-determining step with a high energy of activation due to dianion 

formation. Thus, we proposed that incorporating a second base-stable but acid-labile 

protecting group would increase product formation, and avoid potential competing 

reaction pathways such as decomposition resultant from unstable dianionic 

intermediates. To this end, the nucleophilic addition of various propargylamines including 

N-Bocpropargylamine (64), N,N-bis(Boc)propargylamine (67), N,N-

bis(trimethylsilyl)propargylamine (68), and N-Boc-N-trimethylsilylpropargylamine (69) 

(Figure 2.2) to our model system (±)-2-chloroundecanal (52) were studied and the 

results tabulated  (Table 2.3). 

Table 2.3. Survey of substrates and bases for nucleophilic addition to 2-
chloroundecanal 

Propargylamine Base % Conversion a 

64 n-BuLi 44 

67 n-BuLi 44 

68 LDA 25 

69 LDA 56 

a As determined by integration of signals from 1H NMR of crude mixtures. 

LDA was prepared in situ and used as base in presence of TMS-protected 

amines. These results show additions of orthogonally protected N-Boc-N-

trimethylsilylpropargylamine (69) to 52 in the presence of LDA gave the best results. 

Conveniently, N-Boc-N-trimethylsilylpropargylamine (69) can be desilylated in situ with 

acid (HCl) to afford N-Boc addition adduct 66. 
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Table 2.4. Deuterium quenches with deprotonated propargylamines 

67: R1= R2 = Boc
69: R1= Boc; R2 = TMS

LDA, THF

t, T
NR1R2

D2O

NR1R2

D

NR1R2

H

 
# propargylamine t (min) T (°C) D/1H (%)a 

1 67 15 –78 94 

2 67 30 –78 89 

3 67 60 –78 91 

4 69 40 –78 70 

5 69 40 –78-0 > 95 

6 69 60 –78 > 95 

a As determined by integration of signals from 1H NMR spectra of crude mixtures. 

At this time, we proposed the yield of diastereoselective addition could be 

increased further by determining precisely the amount of time necessary for complete 

deprotonation with a series of lithium acetylide deuterium quenches performed at – 78° 

C in THF (Table 2.4). Quench times were varied incrementally, and deuterium 

incorporation (D/1H) values were obtained by integration of signals from the 1H NMR 

spectrum of the crude mixture. It was shown that complete deuterium incorporation was 

obtained after 40 min for substrates N,N-bis(Boc)propargylamine (67) and N-Boc-N-

trimethylsilylpropargylamine (69). 

The development of a diastereoselective addition of propargylamines to α-

chloroaldehydes allowed for investigations into the formation of allylic epoxides from the 

α-acetylenic chlorohydrins in hand. To this end, a quick study into the cis-reduction of 

the α-C-C triple bond revealed that hydrogenation of free amine 63 does not proceed to 

the desired cis-alkene 70, as indicated by the absence of olefin resonances in the 1H 
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NMR spectrum. It was proposed that the presence of a primary amino function (e.g. 

Lewis base) was interfering with the function of the Pd-catalyst (e.g. Lewis acid), 

presumably forming a Lewis acid-base adduct. It was eventually found by protecting the 

amine function of 63 with a Boc group as in 66 effected the desired transformation in 

high yield (95%) to provide allylic 1,2-anti-chlorohydrin 71 (Scheme 2.2). The 1H NMR 

spectrum of 71 displayed a key resonance at δ = 5.61 (m, 2H) corresponding to two 

olefin protons. 

NHBoc

OH

Cl 7 OH

Cl

7
NHBoc

H2, quinoline
EtOH

66 71

NH2

OH

Cl 7 OH

Cl

7
NH2

H2, quinoline
EtOH63 70

95%

Pd-CaCO3

Pd-CaCO3

 
Scheme 2.2. Hydrogenation of undecyl chlorohydrins with Lindlar’s catalyst 

2.3. Pyrrolidine Iminosugar Synthesis: Domino 
Epoxidation-Pyrrole Cyclization 

Amines are common nucleophiles for SN2 epoxide-openings, a useful transformation 

for the construction of substituted heterocyclic compounds.41,42 Recently, an 

intramolecular epoxide-opening was demonstrated in the total synthesis of (+)-

radicamine (72), an iminosugar natural product and α-glucosidase inhibitor used in 

Chinese folk medicine for its antidiuretic properties.43 The synthesis concludes with a 

deprotection of diol 73 effected by treatment with triflouroacetic acid to provide aminodiol 

74, followed by a pyrrolidine 5-exo-tet44 epoxide-opening cyclization upon addition of 
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base (solid sodium bicarbonate) to afford the natural product (+)-radicamine (72) in 

moderate yield (40%) (Scheme 2.3). 

NHBoc

OH
OH

HO

O TFA, CH2Cl2, 0 °C
30 min

NaHCO3(s) 30 h

N
H

HO OH

HO OH

73

(+)-radicamine (72)

NH2

OH
OH

HO

O

74

TFA•

40%

 
Scheme 2.3. Amine epoxide-opening in synthesis of (+)-radicamine B 

Our preparation of 2,5-dihydropyrroles continues with hydrogenation of undecynyl 

chlorohydrin 66 with Lindlar’s catalyst cleanly which provides cis-alkenyl chlorohydrin 71 

in nearly quantitative yield (95%). Removal of the Boc group was effected by treatment 

of 71 with 2M ethereal HCl providing the γ-amino chlorohydrin salt 75 (Scheme 2.4).  
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Cl 7

H2
Pd-BaSO4
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EtOH
95%

NHBoc

Cl

OH 7
i. 2M HCl-Et2O

ii. 2M NaOH

NH2

7O N
H OH

H
777%

66 71

76 77

NH2•HCl

Cl

OH 7

75

 
Scheme 2.4. 2,5-Dihydropyrrole synthesis by domino epoxidation-cyclization 

sequence 

In the same reaction vessel, formation of γ-amino epoxide 76 is achieved with 

treatment of chlorohydrin 75 with excess base (NaOH) and is followed by a rapid 

cyclization and epoxide-opening by the γ-nitrogen to afford undecyl dihydropyrrole 77 
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(Figure 2.3). The 1H NMR spectrum recorded on 77 displayed two resonances at δ = 

5.96 (dt, 1H, J = 6.0, 2.0 Hz) and 5.89 (dt, 1H, J = 6.0, 2.0 Hz) assigned to the olefin 

protons, and a multiplet at δ = 3.48 (1H) corresponding to the pyrrole methane proton 

adjacent to the endocyclic nitrogen. Importantly, the HRMS data displayed a peak at m/z 

= 226.2126 that is in agreement with the molecular formula of C14H27NO (M+H). 

 
Figure 2.3. 1H NMR spectrum of undecyl dihydropyrrole (77) 

Relative stereochemical configuration between hydroxy proton and tertiary proton 

adjacent to the nitrogen of the pyrrole ring was determined by converting dihydropyrrole 

77 to rigid bicyclic carbamate 78 with peptide coupling agent carbamoyldiimidazole, and 

was analyzed by 1H-1H NOESY spectroscopy. A key nOe enhancement was observed 

between resonances corresponding to protons H-4 and H-5, suggesting a 1,2-syn 

relationship. Further evidence of the structure of 78 was obtained by comparison of 1H 
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and 13C NMR data with that reported in the literature and the results tabulated (Table 

2.5).45 As shown, the 1H and 13C NMR chemical shifts of the carbamate ring of 77 

compare favourably with that reported in the literature. 

Table 2.5. Comparison of NMR chemical shifts between rigid bicyclic 
carbamate (77) and literature values in CDCl3 

N

H4

O
O

H5

6

H
HN

H

H
H

H

OH
6 THF77 78

nOeN NN

O

N

 

 compound 78a Pyne, 200444 

Position 1H δ (ppm) 13C δ (ppm) 1H δ (ppm) 13C δ (ppm) 

1 α: 3.75, β: 4.40-
4.46 

55.1 α: 3.70-3.80, β: 
4.34-4.44 

54.8 

2 6.04 126.8 5.98-6.04 126.4 

3 5.86 131.6 5.80-5.86 131.4 

4 4.72 68.3 4.64-4.76 68.3 

5 4.72 79.0 4.64-4.76 78.5 

7 – 162.4 – 162.5 

a 1H NMR data of crude product 

In a demonstration of substrate scope, our 2,5-dihydropyrrole synthesis described 

above was applied to substrates bearing various functionality. Substrates were chosen 

based on their availability. To this end, the lithium derivative of N-Bocpropargylamine 64 

was added into (S)-2-chloropentanal 79 in the presence of BuLi at –78 °C to afford 

pentynyl chlorohydrin 80 in moderate yield (44%) and excellent diastereoselectivity (> 

20:1) as determined 1H NMR resonances of crude mixtures (Scheme 2.5). 
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Scheme 2.5. Formation of allylic chlorohydrins from N-Bocpropargylamine 

The alkyne moiety underwent a cis-reduction upon treatment with Lindlar’s catalyst 

(Pd-BaSO4), quinoline, and hydrogen gas to afford cis-pentenyl chlorohydrin 81 in good 

yield (75%). Diastereoselective addition of 64 into (S)-2-chlorocinnamaldehyde 82 

proceeded in moderate yield (55%) and moderate level of stereocontrol (d.r. = 2:1) to 

afford alkynyl benzyl chlorohydrin 83. The relatively low level of stereocontrol is 

attributed to the benzyl substituent, as aliphatic aldehydes typically provide anti-

chlorohydrins with diastereomeric ratios in excess of 10:1. 36 Hydrogenation of the C-C 

triple bond with Lindlar’s catalyst and quinolone afforded cis-allylic benzyl chlorohydrin 

84 in moderate yield (63%). 
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Scheme 2.6. Formation of allylic chlorohydrins from N-

Boccyclohexylpropargylamine 

Spirocentres were incorporated into dihydropyrroles upon adding the lithium derivative of 

commercially available N-Boccyclohexylpropargylamine 85 was added into (S)-2-

chloropentanal 79 in the presence of BuLi at –78 °C to afford pentynyl chlorohydrin 86 in 

moderate yield (44%) and excellent diastereoselectivity (> 20:1) as determined by 

integration of 1H NMR resonances of crude mixtures (Scheme 2.6). The alkyne moiety 

underwent a cis-reduction upon treatment with Lindlar’s catalyst (Pd-BaSO4) and 

hydrogen gas in the presence of quinolone to afford cis-pentenyl chlorohydrin 87 in good 

yield (75%). Diastereoselective addition of 85 into (S)-2-chlorocinnamaldehyde 82 

proceeded in moderate yield (55%) and moderate level of stereocontrol (d.r. = 2:1) to 

afford alkynyl benzyl chlorohydrin 88. Hydrogenation of the C-C triple bond with Lindlar’s 

catalyst (Pd-BaSO4) in the presence of quinoline afforded cis-allylbenzyl chlorohydrin 89 

in moderate yield (63%). 

To our delight, epoxidation-cyclization gave good isolated yields of most cyclized 

products. The purity of compounds was assessed by integration of peaks from 1H NMR 
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spectra (Table 2.6).  Of note, we converted pentyl chlorohydrin 81 to pentyl 

dihydropyrrole 90 bearing a short alkyl chain, albeit at less appreciable yields. 

Substituted chlorohydrins (e.g. 84, 87, 89) were subjected to epoxidation-cyclization 

sequences to provide 2,5-dihydropyrroles incorporating different functionality including 

aromatic (e.g. 91) and spirocyclic moieties (e.g. 92 and 93).   

Table 2.6. Formation of substituted 2,5-dihydropyrroles via a domino 
epoxidation-cyclization sequence 

Entry Chlorohydrin Producta Yield, 
dihydropyrrolea 
(%) 

Purity 
(%)b 

1 

71
NHBoc
OH

Cl

7

 

N
H OH

H

7

77  

88 > 95% 

2 

81
NHBoc
OH

Cl

 

N
H OH

H

90  

45 > 95% 

3 

84
NHBoc
OH

Cl

 

N
H OH

H

91  

83 > 95% 

4 

87
NHBoc
OH

Cl

 

N
H OH

H

92  

92c 89% 

5 

89
NHBoc
OH

Cl

 

N
H OH

H

93  

86c 80% 

a 2M HCl-Et2O 3 h, then excess 2M aqueous NaOH, MeOH. b. As determined by 1H NMR analysis c 
Estimated yields 
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In summary, the work described in this chapter exploited recent advances in 

organocatalytic α-chlorination of aldehydes through the development of a concise and 

general method for the construction of alkyl- and benzyl-substituted 2,5-dihydropyrroles. 

Furthermore, this methodology involves a highly diastereoselective nucleophilic addition 

of propargylamines to α-chloroaldehydes, and a domino epoxidation-cyclization 

sequence to afford the pyrrole scaffold. With these results in hand, we directed focus 

towards the synthesis of an iminosugar natural product and potential chemotherapy 

agent (–)-swainsonine. 
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3. A Concise and Stereoselective Synthesis of  
(–)-Swainsonine 

(–)-Swainsonine (94) is an indolizidine alkaloid found in many species of 

terrestrial microorganisms (Streptomyces nojirensis), and plants known as ‘locoweed’ 

(Astralagus lentiginosus) for their neurotoxic effects following chronic consumption by 

livestock. This natural product has garnered significant attention from the synthetic 

chemistry community, evident by the number of syntheses reported (over 40) since its 

isolation in 1973 from fungus Rhizoctonia leguminicola.46 Presumably, swainsonine’s 

popularity as a synthetic target is driven by it’s ability to inhibit Golgi α-mannosidase II, 

an enzyme involved in processing glycoproteins on the surface of cancer cells, and is 

considered a potential chemotherapy drug having reached phase II clinical trials.47 As 

well, the search for more potent and selective glucosidase inhibitors has inspired the 

preparation of several swainsonine stereoisomers and analogues.48–53 

N

HO OH

OHH

 
Figure 3.1. Structure of (–)-swainsonine (94) 

Early syntheses of swainsonine generally initiate from chiral carbohydrate 

starting materials (e.g. D-glucose (1), D-mannose (2)), and require multiple protection-

deprotection sequences and functional group transformations resulting in a greater 

number of synthetic steps (e.g. reducing overall yield) and a limited ability to produce 

stereoisomers or analogues. The first total synthesis of (–)-swainsonine (94) was 
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reported by Richardson54 in 1984 from D-glucose (1). This process involved the 

condensation of 3,6-iminohexose (95) with ethanedithiol in the presence of hydrochloride 

acid to construct the pyrrolidine core and give diethyl dithioacetal 96. Subsequent 

cyclization affords (–)-swainsonine (94) with an overall yield of 0.7% over 17 steps. Hwu 

and co-workers55 initiated their synthesis from D-mannose (2) which includes an amine 

epoxide-opening double cyclization sequence of intermediate 97 as a key step to form 

the indolizidine 98 which upon removal of the acetonide and hydride reduction affords (–

)-swainsonine (94). From benzylamine 99, Sharpless56 demonstrated a 

diastereoselective epoxidation of olefin 100 to provide γ-amino epoxide 101, in the first 

stereoselective synthesis of (–)-swainsonine (94) from non-carbohydrate starting 

materials. This iterative process afforded the natural product in 6.6% overall yield over 

21 steps. 

O OH

OH
OH

HO

HO
D-glucose 1 95

97 98

100 101

O OH

OH
OH

HO

HO
D-mannose 2

NTs

Bn

OHNH
Bn
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99
NTs

Bn

OH
(–)-Dipt
Ti(OiPr)

TBHP, CH2Cl2
–20 °C
91%

N
H

HO OH

OH

CH(SEt)2
96

N
Cbz

O

OH

OHHO
H

H

SHHS

HCl
74%

EtO2C CbzHN
N

O O

O

H OH
O O

O Pd/C, H2

EtOH
60%

O

(–)- 94

 
Scheme 3.1. Starting materials and key steps in early syntheses of (–)-

swainsonine (94) 

Studies towards a scale-up synthesis have led to improvements in the 

preparation of optically enriched (–)-swainsonine (94).57 Notably, in 2008 Sharma 
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reported an efficient target-oriented synthesis of (–)-swainsonine (94) from chiral starting 

materials. This multi-gram preparation initiates with a Wittig olefination of lactol 102 

(Scheme 3.2).58  

(–)-swainsonine (94)

O OH

O O O O

HO CO2Et

N

O

O EtO2C

N

OO

N

HO OH

OH
N

O O

OH

N

O

O
HO2C

BrPPh3(CH2)3CO2Et
KHMDS

THF, –78 °C

i. PPH3, DIAD, TMSN3
THF

ii. nBu4NF

2M NaOH(aq)
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H H
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BH3, H2O2, THF

NaOH, H2O
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Dowex -OH resin

O O
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!
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Scheme 3.2.  Multi-kilogram preparation of (–)-swainsonine from chiral lactol 

A screen of reaction conditions (base, solvent, temperature, stoichiometry 

revealed that cold (–78 °C) lactol 102 in the presence of 2 equivalents of ylide 3-

(carbethoxypropyl)triphenylphosphonium bromide and base (potassium 

hexamethyldisilazane) in THF affords primary alcohol 103  in good yield (80%). A 

common procedure in the conversion of primary alcohols to azides involves careful 

handling of sodium azide59 in DMF at elevated temperatures, a reagent considered 

acutely toxic and known to decompose explosively upon heating. As a safety precaution 

for multi-kg scale azidation, primary alcohol 103 was subject to Mitsunobu conditions60 

using TMS-azide in the presence of triphenylphosphine and DIAD at 0 °C in THF to 

provide azide 104 in >90% yield as determined by HPLC analysis of crude mixtures. 

Upon heating a dilute solution of azide 104 in toluene to 110 °C, the formation of cyclic 
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imine 105 was monitored over the course of 30 h by HPLC. Cyclization was found to 

proceed cleanly and after work-up the pure product (>98% purity as determined by 

HPLC) was obtained. Hydrolysis of ester group of cyclic imine 105 with aqueous base 

(NaOH) followed by a neutral work-up (pH ~6.5) afforded carboxylic acid 106 which was 

used in the next step without purification. Excess moisture was removed from carboxylic 

acid 106 azeotropically by diluting in toluene then refluxing with a Dean-Stark apparatus, 

followed by a cyclization step in the presence of mild acid (AcOH) to afford bicyclic 

amide 107 which was used in the next step without purification. Amide 107 was subject 

to hydroboration with excess borane-THF complex followed by treatment with aqueous 

base (NaOH) and hydrogen peroxide resulting in the formation of hydroxy indolizidine 

108 and the remaining stereogenic centre in a 60% overall yield over four steps. A final 

removal of the acetonide group of hydroxy indolizidine 108 was effected with acid (HCl) 

followed by a basic ion-exchange chromatography to afford pure natural product (94 

(98.7% w/w as determined by HPLC analysis) in an impressive 38% overall yield over 

seven steps. Like all other target-oriented syntheses, this method is limited in its ability 

to produce compound libraries for drug development studies, however this relatively 

short synthesis (number of steps) is considered to be the benchmark of comparison 

since it is highly efficient and, as shown, has been demonstrated to provide gram 

quantities of optically enriched (–)-swainsonine (94). 

Following our pursuit of synthesizing iminosugar alkaloids from α-

chloroaldehydes, enantioselective α-chlorination of 5-chloropentanal (109) was 

evaluated following a screen of organocatalysts and reaction temperatures. Based on 

previous examples of α-chlorinations of aliphatic aldehydes, this reaction was expected 

to proceed in high yield and good stereocontrol. The enantiomeric excess of each 
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reaction was determined by chiral HPLC analysis of the benzoyl ester derived from the 

addition of N-Bocpropargylamine (64) to 2,5-dichloroaldehyde 110. The results were 

tabulated (Table 3.1), however a comparison of amino acid-derived catalysts (e.g. L-

proline) under Jørgenson conditions failed to provide the level of enantioselectivity we 

expected (Entries 1 and 2).  

Table 3.1. Organocatalytic enantioselective α-chlorination of 2,5-
dichloropentanal 

O

H Cl
Cl

O

H Cl

see table

CH2Cl2
or CH3CN

N
H

N
O •TFA

imidazolidinone 31109 110  
# Catalyst T (°C) Time % Yield %e.ea 

1 L-proline  0-23 4 h 49 0 

2 (R)-prolinamide 0-23 24 h 58 62 

3 31 0 5 h 61 30 

4 31 –25 73 h 62 58 

5 31 –35 19 d 75 82 

a. As determined by chiral HPLC analysis of the benzoyl ester derivative from the addition of N-
Bocpropargylamine to 2,5-dichloropentanal 

A SOMO-catalytic system with imidazolidinone catalyst 31 and LiCl as chlorine 

source in acetonitrile at sub-zero temperatures provided good isolated yields and good 

enantioselectivity (Entries 3-5). It was determined reaction temperatures greater than –

35 °C gave significant losses in stereocontrol (Entries 3 and 4).  It was found chlorination 

of 5-chloropentanal (109) under SOMO catalytic conditions at –35 °C completed over 19 

days to provide α-chloroaldehyde 110 in good yield (75%). The progress of the reaction 

was monitored by 1H NMR spectroscopy. In particular, during the course of the reaction 

a resonance at δ = 9.78 (t, 1H) ppm associated with the starting material aldehyde 

proton was replaced by a resonance at δ = 9.55 (d, 1H) corresponding to the aldehyde 
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proton of the α-chloroaldehyde product (Figure 3.2).  Moreover, the appearance of signal 

δ = 4.23 (ddd, 1H) assigned to the chloromethine proton unambiguously confirmed the 

formation of α-chloroaldehydes. Additionally, the HRMS displayed a peak at m/z = 

153.9948 which is in agreement with the molecular formula of C5H8Cl2O (M+H). 

 
Figure 3.2. 1H NMR spectrum of (2S*)-2,5-dichloropentanal (110) 

With optically enriched α-chloroaldehyde in hand, our formal synthesis of (–)-

swainsonine continued with diastereoselective addition of N,N-Boc(TMS)propargylamine 

(69) into (2S)-2,5-dichloropentanal (110) (Scheme 3.3). This key reaction initiates with 

treatment of 69 with freshly prepared LDA –78 °C to form a lithiated propargylamine. To 

this is added dichloroaldehyde 110 and the two materials are allowed to react for 20 min 

to afford a 1,2-anti-chlorohydrin addition adduct. This is followed by selective removal of 

the N-trimethylsilyl group in the same pot under acidic conditions to afford alkynyl 
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dichlorohydrin 111 in good yield (78%) and excellent diastereoselectivity (d.r. > 20:1) as 

determined by 1H NMR analysis of crude mixtures. Hydrogenation of 111 is effected by 

treatment with Lindlar’s catalyst (Pd-BaSO4) and quinolone in ethanol under an 

atmosphere of hydrogen to provide allylic chlorohydrin 112 cleanly and in good yield 

(95%). The amine function of 112 is deprotected with acid to provide allylic chlorohydrin 

HCl salt 113.  

NBoc(TMS)

1. LDA, THF, –78 °C

O

Cl
Cl

2. 2M HCl-Et2O

then
NHBoc

OH

Cl
Cl
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ii. 2M HCl-Et2OCl

NHBoc
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Cl

NH2•HCl
OH

Cl

113

H2

Pd-BaSO4
quinoline,

EtOH

 
Scheme 3.3. Synthesis of allylic dichlorohydrin (113) 

In our initial dihydropyrrole cyclization studies, it was found that treatment of 113 

with excess base (NaOH) provides tetrahydrofuran 114 in quantitative yield. This result 

was confirmed by comparison of 1H NMR signals of 114 with those reported in the 

literature.61 In our proposed mechanism, epoxidation-cyclization is followed by 

deprotonation of the secondary alcohol with excess base (NaOH) to generate alkoxide 

species 115. This nucleophilic species subsequently attacks the carbon atom of the 

terminal alkyl halide in an SN2 fashion forming tetrahydrofurans  (Scheme 3.4). The 1H 

NMR spectrum of 114 displayed resonances at δ = 3.84 (m, 2H) and 4.2 (m, 1H) 

assigned to protons vicinal to the tetrahydrofuran oxygen. 
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Scheme 3.4. Base-promoted domino epoxidation-cyclization of allylic 

dichlorohydrin (113)  

A lower concentration or slow addition of base was hypothesized to reduce 

alkoxide formation and subsequent tetrahydrofuran cyclization, allowing the less 

nucleophilic (relative to oxygen) nitrogen to attack the terminal alkyl halide as desired. It 

was found that treating ammonium chlorohydrin 113 with drop wise addition of 2  

equivalents of base (NaOH) over 1 h provided 2-(5-chloropentyl) dihydropyrrole 116 as 

determined by 1H NMR spectroscopy. Upon stirring overnight at room temperature, 2-(5-

chloropentyl) dihydropyrrole 116 undergoes intramolecular SN2 displacement of the 

terminal chloride by the γ-nitrogen62–65 to afford indolizidine HCl salt 117 after 15 h. The 

1H NMR spectrum of the 117 freebase features two resonances at δ = 6.17 (m, 1H) and 

5.95 (dt, 1H, J = 6.3, 2.1 Hz) characteristic of cyclic olefin protons, two resonances at 

3.60 (ddd, 1H, J = 13.3, 3.8, 2.3, Hz), and 3.38 (m, 2H) assigned to the pyrrole 

methylene protons adjacent to the endocylic nitrogen, a resonance at 3.24 (ddd, 1H, J = 

10.8, 9.5, 4.5 Hz) assigned to pyrrole methine proton adjacent to the ring nitrogen, and a 

resonance at 2.88 (m, 1H) assigned to the hydroxy methine proton. Importantly, the IR 

spectrum displayed a broad signal at 3356 cm-1 characteristic of an O-H stretch. As well, 
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the HRMS data showed a peak at m/z = 139.1003 which is in agreement with the 

molecular formula C8H13NO. 

 
Figure 3.3. 1H NMR spectrum of hydroxy indolizidine (118) 

With these results in hand, from alkenyl dichlorohydrin 112 a one-pot 

deprotection step with acid (HCl) is followed by a epoxidation-cyclization sequence 

effected by slow addition of 2 equivalents of base (NaOH) to afford hydroxy indolizidine 

118, the resulting product has an estimated purity of 88% as determined by integration 

of resonances from 1H NMR spectrum. In 2000, Carretero66 reported a cis-

dihydroxylation of hydroxy indolizidine 118 en route to (–)-swainsonine that proceeded in 

good yield (61%). Stereofacial bias is towards the undesired diastereomer epi-(–)-

swainsonine (119) (d.r = 2:3). Thus, through intermediate hydroxyl indolizidine 118, our 

studies represent a concise (5 steps from α-chloroaldehyde) formal synthesis of (–)-
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swainsonine (94) in an overall yield of 25% and an estimated enantiomeric excess of 

82% from optically enriched (2S)-2,5-dichloropentanal (110) (Scheme 3.5).  
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Scheme 3.5. A formal synthesis of (–)-swainsonine (94) and (–)-epi-swainsonine 

Additionally, several preparations of (–)-swainsonine (94) involving 

diastereoselective dihydroxylations of substituted indolizidines (e.g. -OTBS, -OH, -OBn) 

have been reported to proceed in good yield and high diastereocontrol (Table 3.2). For 

example, tert-butyldimethylsilyl indolizidine 120 has been converted to (–)-swainsonine 

by cis-dihydroxylation in the presence of OsO4 and N-methylmorpholine N-oxide 

followed by cleavage of the silyl ether67 with acid to provide diols 121 and 122 in a 20:1 

diastereomeric mixture in good yield (49%) (Entry 2). The high diastereoselectivity is 

consistent with addition of a bulky osmium reagent to the α-face, since attack from the β-

face would be sterically hindered by protons H-8α and H-3β 68 (Scheme 3.5). The yield 

of cis-dihydroxylation improves to 68% by treating silyl indolizidine 120 with Sharpless 

AD-mix-α69 and methyl sulphonamide67 (Entry 3). 
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Table 3.2. Diastereoselective dihydroxylation of 5-hydroxyindolizidines 

N
ORH

N
ORH

121

HO OH

N
ORH

HO OH

122

+
acetone/water

1.5:1

see table

N
OHH

(–)-swainsonine (94)

HO OH

yield

 
entry R Reagents yield (%) d.r. (anti:syn) 
1 TBS 120 OsO4/NMO 76a 88:1270 

2 TBS 120 OsO4/NMO 49c 20:171 

3 TBS 120 AD-mix-α/CH3SO2NH2 68b 20:167 

4 H 118 OsO4/NMO 45d 60:4066 

5 Bn K2OsO42H2O/NMO 34e 67:3368 

6 Bn AD-mix-α/ 
CH3SO2NH2 

44e 98:268 

7 Bn AD-mix-β/ CH3SO2NH2 49e 95:568 

a TBAF;Ac2O, pyr, DMAP; K2CO3, MeOH b. TBAF; Ac2O, pyr, DMAP;Amberlite IRA-401, MeOH c. 2M HCl 
d. Ac2O, pyr, DMAP; K2CO3, MeOH e.Ac2O, pyr; 2,2-dimethoxypropane, p-TsOH; PdCl2, H2, 
MeOH; 2M HCl, THF; basic ion-exchange 

In our hands, hydroxy indolizidine 118 is converted to the tert-butyldimethylsilyl 

ether derivative by treatment with sodium hydride and tert-butyldimethylsilyl chloride to 

afford silyl ether indolizidine 120 in modest yield (30%) (Scheme 3.6). The 1H NMR 

spectrum of 120 displayed diagnostic signals at δ = 0.99 (s, 9H), 0.07 (s, 3H), and 0.05 

(s, 3H) assigned to the tert-butyldimethylsilyl ether. As well, the HRMS displayed a peak 

at m/z = 254.1957 (M+H) and is in agreement with the molecular formula of C14H28NOSi. 

Evidence of the absolute stereochemistry of 120 was provided by measuring the optical 

rotation ([α]D25 = –50°, c = 0.17, CH2Cl2), which is in agreement with literature values 

([α]D25 = –59.6°, c = 0.50, CH2Cl2)72. Thus, through tert-butyldimethylsilyl indolizidine 120, 

our studies represents a concise formal synthesis of (–)-swainsonine (94) in six steps 

with an estimated overall yield of 8% and an assumed enantiomeric excess of 82% as 

determined by chiral HPLC analysis. 
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(–)-swainsonine (89)  
Scheme 3.6.  Synthesis and dihydroxylation of tert-butyldimethylsiloxy 

indolizidine (120) towards  (–)-swainsonine (94)  

3.1. Summary 

Carbohydrates are ubiquitous in nature and play a vital role in many biological 

processes. As sugar mimics and inhibitors of carbohydrate processing enzymes, 

iminosugars have garnered significant attention, presumably because of their potential to 

treat a wide range of illnesses (cancer, diabetes, liposomal storage disorders, etc.). 

Current synthetic strategies often require chiral carbohydrate starting materials, resulting 

in decreased yields and a higher number of synthetic steps. To overcome this, we have 

developed a concise (5 step) and stereochemically flexible synthesis of mono- and 

bicyclic iminosugars incorporating 5- and 6- membered ring cores from common 

chlorohydrin intermediates. Our method involves a diastereoselective addition of 

propargylamines to α-chloroaldehydes, followed by a domino epoxidation-cyclization 

sequence to afford 2,5-dihydropyrroles. Using this method, a concise and 

stereoselective formal synthesis of indolizidine alkaloid and potent Golgi α-mannosidase 

inhibitor (–)-swainsonine (94) has been developed from optically active α-chloroaldehyde 

110 in good overall yield (8- 25%) and enantiopurity (82%). The successful application of 

our catalytic asymmetric 2,5-dihydropyrrole synthesis to (–)-swainsonine (94) represents 

the most concise route to the potential chemotherapy agent out of over 40 known 

procedures.73 
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4. Future Directions 

The hyacinthacine alkaloids are part of an expanding group of polyhydroxylated 

pyrrolizidine iminosugars isolated from bulb extracts of Hyacinthoides nonscripta, 

Muscari armeniacum, and others74.  In addition to other structurally related iminosugars, 

the hyacinthacines have glucosidase inhibitory effects and thus have potential as 

antiviral, antidiabetic, anticancer, and antiobesity agents. The future directions of this 

project include the synthesis of pyrrolizidine alkaloids hyacinthacine B (123). Our 

proposed synthesis initiates from ketal chloroaldehyde 124 and commercially available 

Garner’s aldehyde-derived alkyne75 125.  

N
HO

H

hyacynthacine B (123)

OH

HO OH O

O OCl

124

O
NBoc

125

+

 
Scheme 4.1. Retrosynthetic analysis of hyacinthacine B 

Ketal chloroaldehyde 124 is proposed to be generated by reaction of vinyl ketone 

126 with ethylene glycol to give vinyl ketal 127 that upon ozonolysis could afford ketal 

aldehyde 128 (Scheme 4.2). Subjecting ketal aldehyde 128 to α-chlorination under 

MacMillan conditions12 as described previously affords enantiopure ketal chloroaldehyde 

124 in three steps. 
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O
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cat. 31 Cl

O3

126 127

124

PPh3

O

O O

NaCl, Na2S2O8
Cu(TFA)2•2H2O

128  
Scheme 4.2. Proposed synthesis of ketal chloroaldehyde (124) 

A diastereoselective addition of the lithium derivative of 125 into ketal α-

chloroaldehyde 124 is proposed to afford 1,2-anti-chlorohydrin addition adduct 129 

(Scheme 4.3). Following hydrogenation with Lindlar’s catalyst to provide allylic 

ketalchlorohydrin 130, a global deprotection under acidic (HCl) conditions followed by 

two molar equivalents of base (NaOH) would form γ-amino epoxide 131 in situ that is 

proposed to be rapidly attacked by the γ-nitrogen and undergo epoxidation-cyclization to 

afford β-hydroxyketo 2,5-dihydropyrrole 132, presumed to be in equilibrium with iminium 

species 133.  

O
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O
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EtOH
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ii. NaOH
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i. HCl-Et2O
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N
HO

H
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OH–H2O

 
Scheme 4.3. Proposed synthesis of keto dihydropyrrole (133) 

The end game strategy for the proposed synthesis of hyacinthacine B (123) 

would commence with a reductive-amination76 of keto dihydropyrrole 132 affording 
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pentultimate intermediate 134 (Scheme 4.4). Diastereoselective cis-dihydroxylation of 

134 with osmium tetraoxide and trimethylamine N-oxide in acetone and water 77 would 

afford optically pure polyhydroxylated pyrrolizidine 123 in 7 steps from readily available 

starting materials. 

NaBH(OAc)3

AcOH N
HO

H

134

OH

K2OsO4, Me3NO

Acetone, H2O N
HO

H

hyacinthacine B (123)

OH

HO OH

N
H

HO

OH O

H

132

 
Scheme 4.4. Proposed synthesis of hyacinthacine B (123) 
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5. Experimental Procedures 

All reactions described were performed under an atmosphere of dry argon or 

nitrogen using flame-dried glassware unless otherwise specified. Flash chromatography 

was carried out with 230-400 mesh silica gel (E. Merck, Silica Gel 60) following the 

technique described by Still.78 Concentration and removal of trace solvents was done via 

a Buchi rotary evaporator using acetone-dry-ice condenser and a Welch vacuum pump.  

Nuclear magnetic resonance (NMR) spectra were recorded using 

deuterochloroform (CDCl3), deuteromethanol (CD3OD) or deuterobenzene (C6D6) as the 

solvent. Signal positions (δ) are given in parts per million from tetramethylsilane (δ 0) 

and were measured relative to the signal of the solvent (CDCl3: δ 7.26, 1H NMR; δ 77.0, 

13C NMR; CH3OD: δ 3.31, 1H NMR; δ 49.0, 13C NMR; C6D6: δ 7.16, 1H NMR; δ 128.1, 

13C NMR). Coupling constants (J values) are given in Hertz (Hz) and are reported to the 

nearest 0.1 Hz. 1H NMR spectral data are tabulated in the order: multiplicity (s, singlet; d, 

doublet; t, triplet; m, multiplet), number of protons, coupling constants, assignment 

(where possible). NMR spectra were recorded on a Bruker Avance 600 equipped with a 

QNP or TCI cryoprobe (600 MHz) or Bruker 400 (400 MHz). Assignments of 1H and 13C 

NMR spectra are based on analysis of 1H-1H COSY, HMBC, HMQC, TOCSY and 1D 

NOESY spectra.  
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High performance liquid chromatography (HPLC) analysis was performed on an 

Agilent 1200 HPLC, equipped with a variable wavelength UV-Vis detector and Chiracel 

OD-H chiral column (0.46 cm x 25 cm).  

Infrared (IR) spectra were recorded on a Thermo Nicolet Nexus 670 FTIR 

spectrometer or a MB-series Bomem/Hartman & Braun Fourier transform 

spectrophotometer on NaCl plates. Only selected, characteristic absorption data are 

provided for each compound.  

Chemical ionization (CI) mass spectra were recorded on a Varian 4000 

GC/MS/MS mass spectrometer. High resolution mass spectra were performed on an 

Agilent 6210 TOF LC/MS mass spectrometer, Bruker microOTOF II, or a Bruker maXis.   

Optical rotation was measured on a Perkin-Elmer Polarimeter 341 at 589 nm. 

5.1.1. General preparation of α-chloroaldehydes 

All α-chloroaldehydes except those described below were prepared under 

methods previously reported32,34. All 1H NMR, 13C NMR, HRMS, and IR data was 

consistent with literature values. 

5.1.2. Preparation of (±)-(2S*)-2-chloroundecanal (52): 

O

H
Cl  

To a stirred solution of undecanal (2.00 g, 11.7 mmol) in CH2Cl2 (24 mL) was 

added L-proline (135 mg, 1.17 mmol) and N-chlorosuccinimide (1.72 g, 12.9 mmol) at r.t. 

The reaction mixture was stirred for 4 h at r.t. then diluted with pentanes (60 mL), cooled 
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(–78 °C), filtered, and concentrated in vacuo. The resulting oil was dissolved in pentanes 

(24 mL), cooled (–78 °C), filtered, and concentrated in vacuo to provide (±)-(2S*)-2-

chloroundecanal (2.37 g, 97%) as a clear oil. Purity is estimated to be 80% as 

determined by integration of 1H NMR signals. 

 1H NMR (400 MHz, CDCl3) δ: 9.49 (d, 1H, J = 2.5 Hz), 4.16 (ddd, 1H, J = 8.2, 2.8, 2.8 

Hz), 1.26 (m, 16H), 0.89 (t, 3H, 6.6 Hz) 

13C NMR (100 MHz, CDCl3) δ: 195.4, 64.0, 32.1, 31.9, 29.4, 29.3, 29.2, 28.9, 25.5, 22.7, 

14.1 

IR (neat, cm-1): 2926, 2857, 1736 

5.1.3. Preparation of (±)-N-Bocalkynylundecylchlorohydrin (66): 

OH

Cl
H
NO

O  

To a cold (–78 °C), stirred solution of N-Boc-propargylamine (259 mg, 1.67 

mmol) in dry THF (8 mL) was added n-BuLi (2.53 M, 1.3 ml, 3.36 mmol) drop wise over 

5 min. The reaction mixture stirred for 1 h, then a solution of 2-chloroundecanal (684 mg, 

3.34 mmol) in minimal amount of THF (0.5 mL) was added drop wise over 3 mins at –78 

°C. After 12 mins of stirring, the reaction mixture was quenched with NH4Cl (1 mL), then 

treated with EtOAc (8 mL). The phases were separated and the aqueous phase 

extracted with EtOAc (3 x 8 mL). The combined organic layers were washed with brine, 

dried (Na2SO4), and concentrated in vacuo. The crude product was purified by flash 

chromatography (1:4 EtOAc:Hexanes) to provide N-Bocalkynylundecylchlorohydrin 66 

(260 mg, 44%) as a clear oil. 
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1H NMR (400 MHz, CD3OD) δ: 4.46 (ddd, 1H, J = 5.9, 1.6, 1.6 Hz), 3.90 (ddd, 1H, 10.1, 

3.9, 3.9), 3.88 (m, 2H), 1.91 (m, 1H), 1.70 (m, 1H), 1.58 (m, 1H), 1.44 (s, 9H), 1.31 (s, 

13H) 

13C NMR (100 MHz, CDCl3) δ: 158.0, 83.7, 81.0, 80.5, 67.2, 67.0, 34.4, 33.1, 30.8, 30.7, 

30.6, 30.4, 30.2, 28.7, 27.6, 23.7, 14.5 

IR (neat, cm-1): 3350, 2922, 2849, 1691 

Exact mass calc’d for C19H34ClNO3: 359.2227; found: 359.2223 

5.1.4. Preparation of propargylamine (69): 

N
Si

O

O

 

To a cold (–78 °C), stirred solution of N-Boc-propargylamine  (2.00 g, 12.9 mmol) 

in dry THF (130 mL) was added a solution of n-BuLi (2.16 M in THF, 5.6 mL, 12.2 mmol) 

drop wise over 10 min. After this mixture was stirred for 30 min at –78 °C, 

trimethylsilylchloride (1.80 mL, 14.2 mmol) was added, and the resultant yellow solution 

was allowed to warm to r.t.. The reaction mixture was then concentrated in vacuo. The 

resultant residue was dissolved in Et2O and filtered through Celite. The filtrate was 

concentrated and the crude product was purified by distillation (Kugelrohr apparatus, bp 

~ 75 °C, 0.1 mm Hg) to provide propargylamine 69 (2.5 g, 89%) as a colourless oil. 

1H NMR (500 MHz, CDCl3) δ: 3.88 (s, 2H), δ: 2.13  (t, 1H, J = 3.0 Hz), δ: 1.47 (s, 1H), δ: 

0.27 (s, 1H) 
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13C NMR (100 MHz, CDCl3) δ: 157.1, 82.3, 79.8, 70.7, 70.1, 33.4, 28.0 

IR (neat, cm-1): 2973, 1703, 1367, 1322, 1250 

Exact mass calc’d for C11H21NO2Si: 227.1342; found: 250.1229 (M+Na) 

5.1.5. Preparation of (±)-(Z)-N-Bocalkenylundecylchlorohydrin (71): 

HN

O O

OH

Cl

 

To a stirred solution of alkynyl chlorohydrin 66 (101 mg, 0.278 mmol) and 

quinoline (4 µL, 0.04 mmol) in EtOH (5 mL) was added 5% Pd-BaSO4 (30 mg, 0.014 

mmol) at 0 °C. The resultant suspension was stirred under an atmosphere of H2 

(balloon) for 10 min, then filtered through Celite and concentrated to provide (Z)-N-

Bocalkenylundecylchlorohydrin 71 (80 mg, 80%,) as a clear oil which was used in the 

next step without purification. 

1H NMR (400 MHz, CD3OD) δ: 5.61 (m, 2H), 4.54 (m, 1H), 3.94 (m, 1H), 3.81 (m, 1H), 

3.73 (m, 1H), 1.86 (m, 1H), 1.62 (m, 1H), 1.46 (s, 9H), 1.34 (s, 14H), 0.92 (t, 3H, J = 6.9 

Hz) 

13C NMR (100 MHz, CDCl3) δ: 156.9, 130.1, 130.0, 78.8, 69.6, 66.6, 53.4, 37.5, 33.3, 

31.7, 29.2, 29.0, 28.8, 27.4, 26.1, 23.3, 13.0 

IR (neat, cm-1):  3389, 2968, 2917,1678 

Exact mass calc’d for C19H36ClNO3: 361.2384; found: 362.2450 (M+H)+ 
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5.1.6. Preparation of (±)-hydroxyundecyldihydropyrrole (77): 

N
H OH

H

 

To alkenyl chlorohydrin 71 (30 mg, 0.101 mmol) was added ethereal HCl (2.0 M, 

0.6 mL) at r.t. The reaction mixture was stirred for 3 h. After this time, all volatiles were 

removed in vacuo. The residue was redissolved in MeOH (1 mL) and aqueous NaOH 

(2M, 0.51 mL) was added. This mixture was stirred for 3 h. After this time, the solvent 

was removed in vacuo and the resultant residue was treated with CH2Cl2 (1 mL) and 

deionized H2O (1 mL). The resultant phases were separated and the aqueous phase 

extracted with CH2Cl2 (3 x 2 mL). The combined organic layers were washed with brine 

then dried (Na2SO4) to afford hydroxyundecyldihydropyrrole 77 (20 mg, 88%) as a white 

solid. 

1H NMR (400 MHz, MeOD) δ: 5.96 (dt, 1H, J = 6.0, 2.0 Hz), 5.89 (dt, 1H, 6.0, 2.0 Hz), 

3.92 (m, 1H), 3.76 (dddd, 1H, 14.7, 4.3, 2.1, 2.1 Hz), 3.68 (dddd, 14.6, 3.6, 2.1, 2.1 Hz), 

3.48 (m, 1H), 1.57 (m, 2H), 1.32 (m, 14H), 0.90 (t, 3H, 6.7 Hz) 

13C NMR (100 MHz, MeOD) δ: 130.4, 129.2, 74.6, 71.6, 54.2, 35.1, 33.1, 30.8, 30.8, 

30.7, 30.4, 27.0, 23.7, 14.4 

IR (neat): 3266, 2921, 2851 cm-1 

Exact mass calcd for C14H27NO: 225.2093; found: 226.2163 (M+H)+ 
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5.1.7. Preparation of rigid bicyclic carbamate (78): 

N

H

O
O

H

6

 

To a solution of undecyl dihydropyrrole 77 (7 mg, 0.03 mmol) was added 

carbamoyldiimidazole (6 mg, 0.04 mmol) in THF (6.22 mL), and the solution stirred for 2 

h at r.t.. After this time, the solvent was removed in vacuo and the resultant residue was 

treated with CH2Cl2 (1 mL) and deionized H2O (1 mL). The resultant phases were 

separated and the aqueous phase extracted with CH2CL2 (3 x 2 mL). The combined 

organic layers were washed with brine and dried (Na2SO4) to afford crude rigid bicyclic 

carbamate 78. All 1H and 13C NMR data was consistent with those previously reported 

by Pyne and Lindsay.44  

1H NMR (400 MHz, CD3OD) δ: 6.04 (m, 1H), 5.86 (m, 1H), 4.72 (m, 2H), 4.40-4.46 (m, 

1H), 3.75 (m, 1H), 1.49-1.62 (m, 4H), 1.27 (s, 12H), 0.88 (t, 3H, J = 6.6 Hz).  

13C NMR (100 MHz, CD3OD) δ: 162.4, 131.6, 126.8, 79.0, 68.3, 55.1, 33.2, 33.0, 30.5, 

29.9, 29.6, 29.5, 25.7, 22.8, 14.3. 

 

5.1.8. Preparation of (±)-N-Bocalkynylpentylchlorohydrin (80): 

OH

Cl
H
NO

O  

To a cold (–78 °C), stirred solution of propargylamine 69 (698 mg, 3.08 mmol) in 

dry THF (26 mL) was added n-BuLi (2.59 M, 1.5 ml, 3.9 mmol) drop wise over 5 min. 
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After this solution was stirred for 1 h, a solution of 2-chloropentanal (316 mg, 2.62 mmol) 

in THF (1 mL) was added drop wise over 3 mins at –78 °C. The reaction mixture was 

stirred for 5 min then quenched with NH4Cl and treated with EtOAc (20 mL). The phases 

were separated. The aqueous phase was extracted with EtOAc (3 x 20 mL). The 

combined organic phases were washed with brine, dried (Na2SO4), and concentrated in 

vacuo. The crude product was purified via flash chromatography (1:4 EtOAc:hexanes) to 

provide N-Bocalkynylpentylchlorohydrin 80 (320 mg, 44%) as a colourless oil. 

1H NMR (400 MHz, CD3OD) δ: 4.47 (ddd, 1H, J = 5.8, 1.8, 1.8 Hz), 3.93 (ddd, 1H, J = 

9.9, 3.7, 3.7 Hz), 1.88 (m, 1H), 1.72 (m, 1H), 1.62 (m, 1H), 1.45 (m, 1H), 0.95 (t, 3H, J = 

7.0 Hz) 

13C NMR (100 MHz, CD3OD) δ: 158.0, 83.7, 81.0, 80.5, 66.9, 66.8, 36.4, 30.7, 28.7, 

20.7, 13.8 

IR (neat, cm-1): 3379, 2999, 2961, 1691, 1367 

Exact mass calc’d for C13H22ClNO3: 275.1288; found: 275.1287 (M)+ 

5.1.9. Preparation of (±)-(Z)-N-Bocalkenylpentylchlorohydrin (81): 

HN

O O

OH

Cl

 

To a cold (0 °C), stirred solution of alkynyl chlorohydrin 80 (48 mg, 0.174 mmol) 

and quinoline (5.0 µL, 0.0087 mmol) in EtOH (2.0 mL) was added 5% Pd-BaSO4 (49 mg, 

0.023 mmol). The resultant suspension was allowed to warm to r.t. and stirred under an 
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atmosphere of H2 (balloon) for 10 min. The reaction mixture was filtered through Celite 

and concentrated to provide (Z)-N-Bocalkenylpentylchlorohydrin 81 (36 mg, 75%) as a 

clear oil which was used in the next step without further purification. 

1H NMR (400 MHz, CD3OD) δ: 5.61 (m, 2H), 4.54 (m, 1H), 3.95 (m, 1H), 3.81 (dd, 1H, J 

= 15.7, 5.9 Hz), 3.72 (dd, 1H, 15.7, 4.4 Hz), 1.83 (m, 2H), 1.65 (m, 2H), 1.45 (s, 9H), 

0.97 (t, 3H J = 7.4 Hz) 

13C NMR (100 MHz, CDCl3) δ: 158.4, 130.5, 131.4, 80.3, 70.9, 67.7, 38.9, 36.8, 28.7, 

20.7, 13.9 

IR (neat, cm-1): 3411, 2969, 2926,1678 

Exact mass calc’d for C13H24ClNO3: 277.1445; found: 277.1445 (M)+ 

5.1.10. Preparation of (±)-hydroxypentyldihydropyrrole (90): 

N
H OH

H

 

Alkenyl chlorohydrin 89 (99 mg, 0.363 mmol) was dissolved in methanolic HCl 

(3M, 0.50 mL, 1.5 mmol). The reaction mixture was heated to 40 °C and stirred for 1 h. 

After this time, the solvent was removed in vacuo. The resultant residue was treated with 

aqueous NaOH (2M, 0.90 mL, 1.8 mmol) and this solution was stirred for 5 min, then 

treated with CH2CL2 (1 mL). The resultant phases were separated, and the aqueous 

layer extracted with CH2CL2 (3 x 2 mL). The combined organic layer were washed 

(brine), dried (Na2SO4), and concentrated in vacuo. The crude product was purified by 

flash chromatography (25% MeOH/CH2Cl2 with 1% NH4OH) to provide 

hydroxypentyldihydropyrrol 90 (15 mg, 44%) as white solid (refer to Appendix). 
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1H NMR (400 MHz, CDCl3) δ: 5.99 (ddd, 1H, J = 6.2, 2.1, 2.1, 2.1 Hz), 5.90 (dddd, 1H, J 

= 6.2, 2.1, 2.1, 2.1 Hz), 4.12 (m, 1H), 3.87 (dddd, 14.5, 4.2, 2.2, 2.1 Hz), 3.79 (m, 1H), 

3.63 (m, 1H), 1.56 (m, 2H), 1.42 (m, 2H), 0.97 (t, 3H, J = 7.2 Hz) 

13C NMR (100 MHz, CDCl3) δ: 130.5, 129.5, 74.4, 71.7, 54.3, 37.3, 20.1, 14.3 

IR (neat, cm-1): 3351, 2956, 2923 

Exact mass calcd for C8H15NO: 141.1154; found: 142.1232 (M+H)+ 

5.1.11. Preparation of (±)-N-Bocalkynylphenylchlorohydrin (83): 

OH

Cl
H
NO

O  

To a cold (–78 °C), stirred solution of propargylamine 69 (505 mg, 2.22 mmol) in 

dry THF (18 mL) was added n-BuLi (2.59 M, 1.0 ml, 2.7 mmol) drop wise over 5 min. 

After this solution was stirred for 1.5 h, 2-chlorohydrocinnamaldehyde (300 mg, 1.78 

mmol) was added at –78 °C. The reaction mixture was stirred for 5 min then quenched 

with NH4Cl and treated with EtOAc (10 mL). The resultant phases were separated and 

the aqueous phase was extracted with EtOAc (3 x 10 mL). The combined organic 

phases were washed with brine, dried (Na2SO4), and concentrated in vacuo. The crude 

product was purified via flash chromatography (1:4 EtOAc:hexanes) to provide N-

Bocalkynylphenylchlorohydrin 83 (315 mg, 55%) as a colourless oil. 

1H NMR (400 MHz, CD3OD) δ: 7.31-7.21 (m, 5H), 4.46 (ddd, 1H, J = 3.7, 1.7, 1.7 Hz), 

4.14 (ddd, 1H, J = 9.0, 5.2, 4.2 Hz), 3.90 (s, 2H), 3.28 (dd, 1H, J = 14.3, 5.5 Hz), 2.98 

(dd, 1H, J = 14.5, 9.0 Hz), 1.45 (s, 9H) 
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13C NMR (100 MHz, CD3OD) δ: 158.1, 130.5, 129.5, 127.9, 84.5, 80.7, 80.6, 67.7, 66.3, 

41.2, 30.9, 28.8 

IR (neat, cm-1): 3368, 2977, 2930, 1691, 1396, 1366 

Exact mass calc’d for C17H22ClNO3: 323.1288; found: 323.1288 (M)+ 

5.1.12. Preparation of (±)-(Z)-N-Bocalkenylphenylchlorohydrin (84): 

HN

O O

OH

Cl

 

To a stirred solution of alkyne 83 (102 mg, 0.309 mmol) and quinoline (5.0 µL, 

0.041 mmol) in EtOH (3 mL) was added 5% Pd-BaSO4 (33 mg, 0.016 mmol) at 0 °C. 

The resultant suspension was allowed to warm to r.t. and stirred under an atmosphere of 

H2 (balloon) for 15 min then filtered through Celite, The resultant solution was 

concentrated to provide (Z)-N-Bocalkenylphenylchlorohydrin 84 (64 mg, 63%) as a clear 

oil which was used in the next step without further purification. 

1H NMR (400 MHz, CD3OD) δ: 7.33-7.21 (m, 5H), 5.73-5.62 (m, 2H), 4.59 (dd, 1H, J = 

7.8, 5.4 Hz), 4.19 (ddd, 1H, J = 9.8, 4.4, 4.4 Hz), 3.78 (dd, 1H, J = 15.2, 5.9 Hz), 3.71 

(dd, 1H, J = 15.7, 5.7 Hz), 3.25 (dd, 1H, J = 14.5, 4.2 Hz), 2.86 (dd, 1H, J = 14.5, 9.74 

Hz), 1.46 (s, 9H) 

13C NMR (100 MHz, CD3OD) δ: 158.5, 139.4, 131.9, 131.0, 130.4, 129.3, 127.6, 80.2, 

70.5, 68.3, 41.0, 38.9, 28.7 
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IR (neat, cm-1): 3411, 3025, 2977, 1678, 1415,1362 

Exact mass calc’d for C17H24ClNO3: 325.1445; found: 348.1349 (M+Na)+ 

5.1.13. Preparation of cyclohexylamine (85): 

NH
O

O

 

To a solution of 1-ethynylcyclohexamine (1.10 mL, 8.00 mmol) in dry THF (80 

mL) was added Boc2O (2.1 mL, 8.80 mmol) at 40 °C and allowed to stir for 22 h. After 

this time, the reaction mixture was concentrated in vacuo. The crude product was 

purified by flash chromatography (1:8 EtOAc:hexanes) to afford cyclohexylamine 85 (1.9 

g, 95%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 4.61 (s, 1H), 2.37 (s, 1H), 2.07 (m, 2H), 1.75-1.54 (m, 7H), 

1.45 (s 9H), 1.29-1.22 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ: 154.0, 86.0, 79.7, 70.9, 51.1, 37.3, 28.4, 25.2, 22.3 

IR (neat, cm-1): 3291, 3243, 3127, 2969, 2926, 2852, 1692 

Exact mass calc’d for C13H21NO2: 223.1572; found: 224.1644 (M+H)+ 
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5.1.14. Preparation of (±)-N-
Boccyclohexylalkynylpentylchlorohydrin (86): 

OH

Cl
H
NO

O
 

To a cold (–78 °C), stirred solution of propargylamine 85 (927 mg, 4.15 mmol) in 

dry THF (20 mL) was added n-BuLi (2.7 M, 3.1 ml, 8.3 mmol) drop wise over 5 min. After 

this solution was stirred for 1.5 h, 2-chloropentanal (500 mg, 4.15 mmol) was added drop 

wise over 10 mins at –78 °C. The reaction mixture was stirred for 5 min then quenched 

with saturated aqueous NH4Cl and allowed to warm to r.t.. The resultant phases were 

separated and the aqueous phase was extracted with EtOAc (3 x 10 mL). The combined 

organic phases were washed with brine, dried (Na2SO4), and concentrated in vacuo. The 

crude product was purified via flash chromatography (1:4 EtOAc:hexanes) to provide N-

Boccyclohexylalkynylpentylchlorohydrin  86 (510 mg, 36%) as a colourless oil. 

1H NMR (400 MHz, CD3OD) δ: 4.51 (d, 1H, J = 4.6 Hz), 3.95 (dd, 1H, 9.9, 3.7 Hz), 2.09 

(m, 2H), 1.91 (m, 1H), 1.78-1.55 (m, 11H), 1.45 (s, 9H), 0.96 (t, 3H, J = 7.0 Hz) 

13C NMR (100 MHz, CD3OD) δ: 156.6, 89.3, 81.9, 79.5, 67.2, 67.1, 38.4, 36.7, 36.5, 

28.4, 26.5, 23.5, 23.4, 20.7, 20.6, 13.9 

IR (neat, cm-1): 3356, 2995, 2926, 1692, 1367,1275 

Exact mass calc’d for C18H30ClNO3: 343.1914; found: 382.1555 (M+K)+ 
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5.1.15. Preparation of (±)-(Z)-N-
Bocyclohexylcalkenylpentylchlorohydrin (87): 

HN

O O Cl

OH

 

To a stirred solution of propargylamine 86 (251 mg, 0.730 mmol) and quinoline (4.0 µL, 

0.033 mmol) in EtOH (7 mL) was added 5% Pd-BaSO4 (207 mg, 0.0971 mmol) at r.t.. 

The resultant suspension was stirred under an atmosphere of H2 (balloon) for 2.5 h then 

filtered through Celite. The resultant solution was concentrated in vacuo to provide (Z)-

N-Bocyclohexylcalkenylpentylchlorohydrin 87 (202 mg, 80%) as a colourless oil which 

was used in the next step without purification. 

1H NMR (400 MHz, CD3OD) δ: 5.66 (d, 1H, J = 12.4 Hz), 5.48 (dd, 1H, J = 12.9, 10.6 

Hz), 3.91 (ddd, 1H, J = 10.6, 4.2, 2.9 Hz), 4.85 (m, 1H), 2.04 (m, 1H), 1.95 (m, 1H), 1.81 

(m, 1H), 1.74 (m, 1H), 1.69-1.62 (m, 3H), 1.58-1.48 (m, 6H), 1.46 (s, 9H), 0.96 (t, 3H, J = 

7.7 Hz) 

13C NMR (100 MHz, CD3OD) δ: 156.5, 140.3, 129.1, 79.9, 70.9, 68.1, 55.6, 38.1, 37.4, 

35.8, 28.9, 28.8, 26.5, 23.0, 22.9, 20.9 

IR (neat, cm-1): 3368, 2930, 1692 

Exact mass calc’d for C18H32ClNO3: 345.2071; found: 345.2074 (M+H)+ 
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5.1.16. Preparation of (±)-N-
Boccyclohexylalkynylphenylchlorohydrin (88): 

OH

Cl
H
NO

O
 

To a cold (–78 °C), stirred solution of propargylamine 85 (663 mg, 2.97 mmol) in 

dry THF (15 mL) was added n-BuLi (2.66 M, 2.24 ml, 5.97 mmol) drop wise over 5 min. 

After this solution was stirred for 1.5 h, 2-chlorohydrocinnamaldehyde (504 mg, 2.97 

mmol) was added –78 °C. The reaction mixture was stirred for 5 min then quenched with 

saturated aqueous NH4Cl and allowed to warm to r.t. The resultant phases were 

separated and the aqueous phase was extracted with EtOAc (3 x 10 mL). The combined 

organic phases were washed with brine, dried (Na2SO4), and concentrated in vacuo. The 

crude product was purified via flash chromatography (1:4 EtOAc:hexanes) to provide N-

Boccyclohexylalkynylphenylchlorohydrin 88 (523 mg, 45%) as a colourless oil. 

1H NMR (400 MHz, CD3OD) δ: 7.29 (m, 5H), 4.49 (d, 1H J = 3.8 Hz), 4.16 (d, 1H, J = 

5.7, 5.7, 3.8 Hz), 3.31 (m, 1H), 3.01 (dd, 1H, 14.4, 8.5 Hz), 2.14 (m, 2H), 1.74 (m, 2H), 

1.63 (m, 6H), 1.45 (s, 9H) 

13C NMR (100 MHz, CD3OD) δ: 156.8, 139.3, 130.5, 129.5, 127.8, 89.9, 81.4, 79.5, 68.1, 

66.4, 58.3, 41.7, 38.7, 28.9, 28.8, 26.7, 23.6, 23.5 

IR (neat, cm-1): 3342, 2965, 1692, 1490. 

Exact mass calc’d for C22H30ClNO3: 391.1914; found: 414.1815 (M+Na)+ 
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5.1.17. Preparation of (±)-(Z)-N-
Bocyclohexylcalkenylphenylchlorohydrin (89): 

HN

O O Cl

OH

 

To a stirred solution of N-Boccyclohexylalkynylphenylchlorohydrin 88 (259 mg, 0.660 

mmol) and quinoline (5.0 µL, 0.0330 mmol) in EtOH (7 mL) was added 5% Pd-BaSO4 

(187 mg, 0.0878 mmol) at r.t. The resultant suspension was stirred under an atmosphere 

of H2 (balloon) for 4.5 h. then filtered through Celite. The resultant solution was 

concentrated in vacuo to provide alkenylphenylchlorohydrin 89 (228 mg, 88%) as a 

colourless oil which was used in the next step without purification. 

1H NMR (400 MHz, CD3OD) δ: 5.63 (d, 1H, J = 12.0 Hz), 5.45 (dd, 1H, J = 11.6, 9.4 Hz), 

4.82 (m, 1H), 3.88 (ddd, 1H, J = 10.7, 4.5, 2.9 Hz), 2.01 (m, 1H), 1.90 (m, 1H), 1.78 (m, 

1H), 1.71 (m, 1H), 1.64-1.59 (m, 2H), 1.57-1.45 (m, 6H), 1.42 (s, 9H), 0.90 (t, 3H, J = 7.5 

Hz) 

13C NMR (100 MHz, CD3OD) δ: 155.2, 139.3, 138.3, 129.2, 127.8, 127.4, 126.1, 78.6, 

69.5, 67.8, 65.5, 54.2, 35.9, 27.5, 25.2, 21.6, 21.5, 14.1 

IR (neat, cm-1): 3390, 3008, 2926, 1692, 1392,1276 

Exact mass calc’d for C22H32ClNO3: 393.2071; found: 394.2139 (M+H)+ 
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5.1.18. Preparation of (±)-hydroxyphenyldihydropyrrole (91): 

N
H OH

H

 

To alkynylchlorohydrin 84 (99 mg, 0.307 mmol) was added methanolic HCl (3M, 

1.3 mL, 3.87 mmol). The reaction mixture was heated to 40 °C and stirred for 1 h. After 

this time, the solvent was removed in vacuo. The resultant residue was treated with 

aqueous NaOH (2M, 2.31 mL, 4.61 mmol) and this solution was stirred for 5 min then 

treated with CH2Cl2 (5 mL). The resultant phases were separated, and the aqueous layer 

extracted with CH2Cl2 (3 x 2 mL). The combined organic layer were washed (brine), 

dried (Na2SO4), and concentrated in vacuo. The crude product was purified by flash 

chromatography (25% MeOH/CH2Cl2 with 1% NH4OH) to provide phenyl dihydropyrrole 

91 (26 mg, 44%) as a solid (refer to Appendix).  

1H NMR (400 MHz, CDCl3) δ: 7.27 (m, 4H), 7.18 (m, 1H), 6.00 (m, 2H), 4.00 (m, 1H), 

3.84-3.70 (m, 3H), 2.92 (dd, 1H, J = 13.8, 4.5 Hz), 2.70 (dd, 1H, J = 13.8, 8.7 Hz) 

13C NMR (100 MHz, CDCl3) δ: 138.7, 129.2, 129.1, 127.9, 127.4, 125.8, 74.3, 69.6, 52.8, 

40.2 

IR (neat, cm-1): 3341, 3042, 2922, 1494, 1455 

Exact mass calc’d for C12H15NO: 189.1154; found: 190.1244 (M+H)+ 
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5.1.19. Preparation of (±)-cyclohexylhydroxypentyldihydropyrrole 
(92): 

N
H OH

H

 

To alkenylchlorohydrin 87 (21 mg, 0.055 mmol) was added ethereal HCl (2M, 

0.60 mL, 1.10 mmol). The reaction mixture was allowed to stir for 18 h. After this time, 

the solvent was removed in vacuo. The resultant residue was treated with aqueous 

NaOH (2M, 0.67 mL, 1.32 mmol). This solution was stirred for 40 min. After this time, 

MeOH was removed in vacuo and aqueuos layer was then treated with CH2CL2 (5 mL). 

The resultant phases were separated, and the aqueous layer extracted with CH2CL2 (3 x 

2 mL). The combined organic layers were washed (brine) then dried (Na2SO4), and 

concentrated in vacuo. The crude product was purified by flash chromatography (10% 

MeOH/CH2Cl2 with 1% NH4OH) to provide dihydropyrrole 92 (11 mg) as a white solid. 

Resonances listed for the 13C NMR spectra of 92 may not be correct due to presence of 

impurities. Purity is estimated to be 89% by integration of peaks from 1H NMR spectrum 

(refer to Appendix). 

1H NMR (400 MHz, CDCl3) δ: 5.65 (d, 1H, J = 11.3 Hz), δ: 5.48 (dd, 1H, J = 12.1, 9.8 

Hz), δ: 4.86 (m, 1H), δ: 3.91 (ddd, 1H, J = 10.7, 4.6, 3.0 Hz), δ: 2.03 (m, 1H), δ: 1.94 (m, 

1H), δ: 1.81 (m, 1H), δ: 1.73 (m, 1H), δ: 1.69-1.62 (m, 2H), δ: 1.59-1.48 (m, 5H), δ: 1.43-

1.36 (m, 3H, J = 2.4 Hz), δ: 0.96 (t, 3H, J = 7.3 Hz) 

13C NMR (100 MHz, CDCl3) δ: 140.3, 129.1, 70.9, 68.1, 55.7, 38.1, 37.4, 35.8, 26.5, 

23.0, 22.9, 20.8, 13.8 

IR (neat): 3394, 2926, 2848 cm-1 
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Exact mass calc’d for C13H23NO: 209.1780; found: 210.1852 (M+H)+ 

5.1.20. Preparation of (±)-cyclohexylhydroxyphenyl dihydropyrrole 
(93): 

N
H OH

H

 

Alkenylchlorohydrin 89 (182 mg, 0.462 mmol) was dissolved in ethereal HCl (2M, 

4.6 mL). The reaction mixture was allowed to stir for 18 h. After this time, the solvent 

was removed in vacuo. The resultant residue was treated with aqueous NaOH (2M, 4.0 

mL, 6.9 mmol), and this solution was stirred for 12 h. After this time, MeOH was 

removed in vacuo and aqueuos layer was then treated with CH2Cl2 (5 mL). The resultant 

phases were separated, and the aqueous layer extracted with CH2Cl2 (3 x 2 mL). The 

combined organic layers were washed (brine) then dried (Na2SO4), and concentrated in 

vacuo. The crude product was purified by flash chromatography (10% MeOH/CH2Cl2 

with 1% NH4OH) to provide 93 (73 mg) as a white solid. Resonances listed for the 13C 

NMR spectra of 93 may not be correct due to limited sample size and presence of 

impurities. Purity is estimated to be 80% by integration of peaks from 1H NMR spectrum 

(refer to Appendix). 

1H NMR (400 MHz, CDCl3) δ: 7.31-7.16 (m, 5H), 6.07 (d, 1H, J = 5.8 Hz), 5.88 (d, 1H, J 

= 6.4 Hz), 3.92 (m, 1H), 3.69 (m, 1H), 2.91 (dd, 1H, J = 14.3, 5.3 Hz), 2.77 (dd, 1H, J = 

14.3, 7.5 Hz), 1.67-1.40 (m, 10H) 

13C NMR (100 MHz, CDCl3) δ:  140.5, 139.3, 130.4, 129.3, 127.4, 127.2, 75.2, 70.0, 

69.7, 42.0, 39.6, 38.9, 26.7, 24.5, 24.4 

IR (neat, cm-1): 3377, 2921, 2844, 1490, 1448 
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Exact mass calc’d for C17H23NO: 257.1780; found: 258.1852 (M+H)+ 

5.1.21. Preparation of 5-chloropentanal (109): 

H Cl

O

 

To a suspension of pyridinium chlorochromate (10.50 g, 48.94 mmol) and 4 Å 

molecular sieves (2.50 g) in dry CH2Cl2 (36 mL) was added 5-chloropentanol (3.20 mL, 

24.4 mmol) drop wise over 3 min at 0 °C. The reaction mixture was allowed to warm to 

r.t., stirred for 2.5 h, then treated with Et2O (15 mL) and filtered. The resultant black 

residue was washed with Et2O (3 x 15 mL). The combined organic washes were back 

extracted with H2O (15 mL), dried (Na2SO4) and concentrated in vacuo. The resultant 

crude product was distilled (Kugelrohr apparatus, bp ~ 100 °C, 2 mm Hg) to provide 5-

chloropentanal 109 (2.5 g, 85%) as a colourless oil. 

1H NMR (400 MHz, CDCl3) δ: 9.78 (s, 1H), δ: 3.55 (t, 2H, J = 5.9 Hz), δ: 2.49 (dt, 2H, J = 

7.3, 1.6 Hz), δ: 1.80 (m, 4H) 

13C NMR (100 MHz, CDCl3) δ: 201.9, 44.6, 43.1, 32.0, 19.6 

IR (neat, cm-1): 3398, 2947, 1736 

Exact mass calc’d for C5H9ClO: 120.0342; found: 120.0335 (M)+ 
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5.1.22. Preparation of (–)-(2S*)-2,5-dichloropentanal (110): 

H Cl

O

Cl  

To a cold (–25 °C) stirred solution of (2R*,5S*)-2-tert-butyl-3,5-

dimethylimidazolidin-4-one (471 mg, 1.66 mmol), LiCl (527 mg, 12.4 mmol), Na2S2O8 

(1.20 g, 8.29 mmol), Cu(TFA)22H2O (1.97 g, 4.15 mmol), in acetonitrile (66 mL) was 

added H2O (15 µL) and 5-chloropentanal (1.00 g, 8.29 mmol) drop wise over 2 min. 

After this solution was stirred for 19 d, the reaction mixture was quenched with saturated 

aqueous NH4Cl and diluted with EtOAc. The two phases were separated and the aqueos 

phase extracted with EtOAc (3 x 25 mL). The combined organic layers were washed 

(brine), dried (Na2SO4), and concentrated in vacuo. The resultant crude mixture was 

purified via flash chromatography (1:7 EtOAc: Hexanes) to provide (–)-(2S*)-2,5-

dichloropentanal 110 (804 mg, 62%) as a clear oil. Purity is estimated to be 82% as 

determined by integration of signals from 1H NMR. 

1H NMR (400 MHz, CDCl3) δ: 9.55 (d, 1H, J = 1.9 Hz), 4.25 (ddd, 1H, J = 7.9, 4.9, 1.9 

Hz), 3.62 (t, 2H, J = 6.0 Hz), 2.49 (m, 1H), 2.23 (m, 1H), 1.96-2.10 (m, 2H) 

13C NMR (100 MHz, CDCl3) δ: 195.0, 63.0, 43.9, 29.2, 28.5 

IR (neat, cm-1): 2964, 1737, 1445, 1285 

Exact mass calc’d for C5H8Cl2O: 153.9952; found: 153.9948 (M)+ 

[α]D23 : –24.3° (c = 1.11, CHCl3) 

The enantiomeric excess of 82% was determined by chiral HPLC analysis of the 

benzoyl ester derived from the addition of N-Boc-N-trimethylsilylpropargyamine (69 to 
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110. Thus, to a solution of addition adduct 111 (22 mg, 0.0741 mmol) in dry DCM (0.75 

mL) was added pyridine (60 µL), and benzoyl chloride (90 µL, 0.741 mmol). The reaction 

mixture was allowed to stir overnight. After this time, the reaction was quenched with 

sat’d NaHCO3 (2 mL) and diluted with DCM (5 mL). The aqueous phase was extracted 

with DCM (3 x 5 mL), washed (brine), dried (Na2SO4), and concentrated in vacuo. The 

crude product was purified by flash chromography (1:4 EtOAc:Hexanes) to afford 1-(N-

tert-butoxycarbonyl)-3-amino-1-propynyl)-1-(1,4-dichlorobutyl) benzoate 111b. 

Separation of the enantiomers was accomplished by HPLC (95:5 Hexanes:MeOH w/ 1% 

DEA). t(R) = 15.5 min, t(S) = 17.9 min. 

NBoc(TMS)

1. LDA, THF, –78 °C

O

Cl
Cl

2. 2M HCl-Et2O

then
NHBoc

OH

Cl
Cl

BzCl, pyr

NHBoc

OBz

Cl
Cl

69
110

111 111b

 

5.1.23. Preparation of (–)-N-Bocalkynylpentyldichlorohydrin (111): 

Cl
Cl

H
N

O

O

OH

 

To a cold (–78 °C), stirred solution of diisopropylamine (0.199 mL, 1.41 mmol) in 

dry THF (32 mL) was added was added n-BuLi (2.56 M, 0.50 mL, 1.21 mmol) drop wise 

over 3 min. After this solution was stirred for 40 min, propargylamine 69 (250 mg, 1.10 

mmol) was added at –78 °C. After this solution was stirred for 1 h, (2S*)-2,5-

dichloropentanal (285 mg, 1.84 mmol) was added drop wise over 3 mins at –78 °C. The 

reaction mixture was stirred for 20 min then HCl-Et2O (2M, 1.10 mL, 2.20 mmol) was 
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added. This mixture was stirred for 5 min then treated with saturated aqueous NH4Cl (10 

mL) and EtOAc (10 mL). The resultant phases were separated and the aqueous phase 

was extracted with EtOAc (3 x 10 mL). The combined organic phases were washed 

(brine), dried (Na2SO4), and concentrated in vacuo. The resultant crude product was 

purified via flash chromatography (1:4 EtOAc:Hexanes) to provide dichlorohydrin 111 

(266 mg, 78%) as a clear oil. 

1H NMR (400 MHz, CD3OD) δ: 4.49 (dd, 1H, J = 6.2, 1.8 Hz), 3.96 (m, 1H), 3.86 (s, 1H), 

3.61, (t, 2H, J = 6.2 Hz), 2.15-2.03 (m, 2H), 1.78-1.91 (m, 2H), 1.45 (s, 9H) 

13C NMR (100 MHz, CD3OD) δ: 172.9, 83.9, 66.9, 66.4, 61.5, 45.2, 31.9, 30.8, 28.7, 

20.5, 14.5 

IR (neat, cm-1): 3331, 2976, 1691, 1367 

Exact mass calc’d for C13H21Cl2NO3: 309.0898; found: 309.0901 (M)+ 

[α]D23 : –7.69 (c = 5.9, CHCl3) 

5.1.24. Preparation of (–)-(Z)-N-Bocalkenylpentyldichlorohydrin 
(112): 

HN

O O

OH

Cl
Cl

 

To a stirred solution of 111 (155 mg, 0.500 mmol) and quinoline (8.0 µL, 0.067 

mmol) in EtOH (5 mL) was added 5% Pd-BaSO4 (53 mg, 0.025 mmol) at 0 °C. The 

resultant suspension was allowed to warm to r.t. and stirred under an atmosphere of H2 
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(balloon) for 15 min. The reaction mixture was filtered through Celite and concentrated in 

vacuo to provide 112 as a clear oil which was used in the next step without further 

purification. 

1H NMR (400 MHz, CD3OD) δ: 5.58 (m, 2H), 4.53 (m, 1H), 3.93 (m, 1H), 3.79 (dd, 1H, J 

= 15.1, 5.1), 3.70 (dd, 1H, J = 15.3, 3.4), 2.06 (m, 2H), 1.88 (m, 2H), 1.74 (m, 2H), 1.43 

(s, 9H) 

13C NMR (100 MHz, CD3OD) δ: 157.4, 130.4, 130.0, 69.6, 65.7, 65.5, 43.8, 37.6, 30.6, 

29.5, 27.4 

IR (neat, cm-1): 3326, 2974, 1678,1414 

Exact mass calc’d for C13H23Cl2NO3: 311.1055; found: 312.1129 (M+H)+ 

 

5.1.25. Preparation of (–)-(Z)-N-alkenylpentyldichlorohydrin  
ammonium chloride (113): 

ClH!H2N
OH

Cl
Cl

 

To crude 112 (135 mg, 0.432 mmol) was added a solution of HCl-Et2O (2M, 4.3 

mL, 8.6 mmol) at r.t.. The reaction mixture was stirred for 18 h at r.t. then concentrated. 

The resultant oil was triturated with cold Et2O. The remaining solid was dried in vacuo to 

afford 113 as a solid and was used in the next step without further purification. 

1H NMR (400 MHz, CD3OD) δ: 5.88 (ddd, 1H, J = 11.2, 7.6, 1.6 Hz), 5.70 (dddd, 1H, J = 

15.1, 8.3, 1.2, 0.7 Hz), 4.46 (t, 1H, J = 6.7 Hz), 3.94 (m, 1H), 3.78 (dd, 1H, J = 14.6, 7.7 
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Hz), 3.71 (dd, 1H, J = 14.4, 6.1 Hz), 3.62 (t, 2H J = 6.1 Hz) 2.11 (m, 2H), 1.89 (m, 1H), 

1.77 (m, 1H) 

13C NMR (100 MHz, CD3OD) δ: 136.3, 125.4, 72.1, 66.9, 45.4, 38.4, 32.0, 30.7 

IR (neat, cm-1): 3381, 3016, 2934, 1276 

Exact mass calc’d for C8H16Cl3NO: 247.0297; found: 212.0603 (M-Cl) 

5.1.26. Preparation of tetrafuranyldihydropyrrole (114): 

N
H

O

H

H

 

To a stirred solution of 113 (34 mg, 0.14 mmol) in MeOH (1 mL) was added 

aqueous NaOH (2M, 2 mL). The reaction mixture was allowed to stir for 1 h. After this 

time, the solvent was removed in vacuo and the residue was purified by flash column 

chromatography (15% MeOH / CH2CL2 w/ 1% NH4OH) to afford tetrahydrofuranyl 

dihydropyrrole 114 as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ: 5.95 (m, 1H), 5.86 (m, 1H), 4.53 (m, 1H), 4.20 (m, 1H), 

4.09 (m, 2H), 3.84 (m, 2H), 1.94 (m, 2H), 1.76-1.71 (m, 2H) 

Exact mass calc’d for C8H13NO: 139.0997; found: 139.0992 (M)+ 
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5.1.27. Preparation of (–)-hydroxy indolizidine (118): 

N
OHH

 

To a solution of crude 113  (107 mg, 0.432 mmol) in MeOH (0.20 ml) was added 

aqueous NaOH (2M, 0.20 mL, 0.40 mmol) drop wise at r.t. over 3 h (syringe pump). The 

reaction mixture was stirred for 15 h then concentrated in vacuo. The resultant residue 

was dissolved in CH2Cl2 (1% MeOH, 1% NH4OH), filtered, and concentrated in vacuo. 

The resultant crude mixture was purified by flash chromatography (99:1 CH2Cl2:MeOH 

w/ 1% NH4OH, then 90:10 CH2Cl2:MeOH w/ 1% NH4OH) to provide (–)-hydroxy 

indolizidine 118 (38 mg) as a yellow oil. Resonances listed for the 13C NMR spectra of 

118 may not be correct due to presence of impurities. Purity is estimated to be 88% by 

integration of peaks from 1H NMR spectrum (refer to Appendix). 

1H NMR (600 MHz, CDCl3) δ: 6.17 (m, 1H), 5.95 (dt, 1H, J = 6.3, 2.1 Hz), 3.60 (ddd, 1H, 

J = 13.3, 3.8, 2.3 Hz), 3.38 (ddd, 1H, J = 10.8, 9.5, 4.5 Hz), 3.24 (dddd, 1H, J = 13.0, 

7.4, 2.4, 1.8 Hz), 2.94 (m, 1H), 2.88 (m, 1H), 2.46 (m, 1H), 2.01 (dddd, 1H, J = 15.7, 7.3, 

3.1, 3.1 Hz), 1.68 (m, 2H), 1.25 (m, 1H) 

13C NMR (150 MHz, CDCl3) δ: 132.3, 129.7, 74.5, 71.2, 58.3 49.6, 34.2, 24.4 

IR (neat, cm-1): 3356, 2932 

Exact mass calc’d for C8H13NO: 139.0997; found: 139.1003 (M)+ 

[α]D23 : –40.4 (c = 0.82, CHCl3) 
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5.1.28. Preparation of (–)-tert-butylsilyloxy indolizidine (120): 

N
OTBSH

 

To a solution of crude (–)-hydroxy indolizidine 118 (16 mg, 0.073 mmol) in dry THF 

(0.750 mL) was added NaH (60%, 28 mg, 0.69 mmol) at r.t. The reaction mixture was 

allowed to stir for 1 h then tert-butyldimethylsilyl chloride (19 mg, 0.13 mmol) was added. 

The resultant reaction mixture was stirred for 1 h then quenched with H2O. The aqueous 

phase was extracted with EtOAc (3 x 5 mL), and the combined organic phases were 

washed (brine), dried (Na2SO4), and concentrated in vacuo. The crude product was 

purified by flash chromatography through basic alumina (5% EtOAc in hexanes) to 

provide (–) tert-butylsilyloxy indolizidine 120 (10 mg, 32%) as a colourless oil. All data 

were consistent with that previously reported.66 

1H NMR (600 MHz, C6D6) δ: 6.19 (m, 1H), 5.69 (ddd, 1H, J = 6.3, 4.0, 2.3 Hz), 3.60 (ddd, 

1H, J = 13.3, 10.3, 4.5 Hz), 3.54 (dt, 1H, J = 12.5, 1.9 Hz), 3.13 (dddd, 1H, J = 12.6, 6.5, 

2.3, 1.7 Hz), 3.04 (m, 1H), 2.73 (dd, 1H, J = 11.0, 4.6 Hz), 2.25 (dd, 1H, J = 11.7, 2.8 

Hz), 1.89 (ddd, 1H, J = 12.2, 7.7, 4.0 Hz), 1.59 (m, 1H), 1.41 (m, 1H), 1.27 (m, 1H), 0.99 

(s, 9H), 0.07 (s, 3H), 0.05 (s, 3H) 

13C NMR (150 MHz, CD3OD) δ: 131.5, 128.9, 74.8, 72.5, 58.3, 49.1, 35.2, 26.1, 25.1, 

18.3, –4.0, –4.4 

Exact mass calc’d for C14H28NOSi: 254.1935; found: 254.1957 (M)+ 

 [α]D23 : –50 (c = 0.15, CH2Cl2) lit: [α]D23 : –59.6 (c = 0.70, CH2Cl2)  
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Figure 5.1.  1H NMR (top) and 13C NMR (bottom) spectra of phenyl dihydropyrrole 

(91) 
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Figure 5.2. 1H NMR (top) and 13C NMR (bottom) spectra of pentyl dihydropyrrole 
(90) 
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Figure 5.3 1H NMR (top) and 13C NMR (bottom) spectra of spiro pentyl 

dihydropyrrole (92) 
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Figure 5.4. 1H NMR (top) and 13C NMR (bottom) spectra of spiro phenzyl 

dihydropyrrole (93) 
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Figure 5.5. HPLC trace of enantioenriched compound (111b) 
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Figure 5.6. HPLC trace of racemic compound (111b) 


