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Abstract 

Fitting broadly under the category of target-oriented synthesis of complex organic 

molecules, the work described in this document pertains primarily to exploiting the facile 

organocatalytic synthesis of enantiomerically enriched α-chloroaldehydes, drawing out 

their potential through conversion into 1,2-chlorohydrins, and exploring the means by 

which these substances may be coerced to undergo intramolecular cyclization involving a 

nitrogen nucleophile.   

Specific targets and methodology include a successfully completed synthesis of the 

natural product (+)-preussin and similarly substituted pyrrolidines through the reductive 

annulation of β-iminochlorohydrins, a formal synthesis of (-)-swainsonine and related 

alkaloids through a related intramolecular cyclization strategy, and the synthesis and 

structural analysis of a carbocyclic mechanism-based inactivator of a glycoside 

hydrolase. 

As a secondary focus, this thesis also describes the isolation, structural elucidation, and 

testing of the long-range sex pheromone of the strepsipteran Xenos peckii, which was 

ultimately determined to be (7E,11E)-3,5,9,11-tetramethyltridecadienal, and of the 

chemical constituents of the bed bug (Cimex lectularius) aggregation pheromone, which 

were ultimately determined to be dimethyl disulfide, dimethyl trisulfide, (E)-2-hexenal, 

(E)-2-octenal, 2-hexanone, and histamine. 
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Epigraph 

The world looks chaotic; deeper study shows us the order in it; with still deeper 

and more intensive study we are able to understand enough of the order underneath the 

apparent chaos so as to work with it rather than against it. 

- Edgar Anderson 

“How to Spend a Nice Quiet Evening With a Potato” 

 

The progress of science requires the growth of understanding in both directions, 

downward from the whole to the parts and upward from the parts to the whole. 

- Freeman Dyson 
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Chapter 1. Introduction 

1.1. The Value of Target-Oriented Synthesis Research 

Synthetic organic chemistry is an enabling science.  It creates meaningful 

advances in medicine, materials, and humanity’s fundamental understanding of the 

natural world through the preparation of intricate molecules from diverse sources in 

nature or our imaginations.  It has done so and will continue to do so with methods that 

are increasingly efficient, scalable, environmentally benign, and in control of structure to 

such a fine degree as to confer on the target nearly any set of properties we may wish.   

More specifically, total synthesis of natural products, being the rational, stepwise 

construction of molecules produced by organisms, has been an active field of research 

since the nineteenth century when Friedrich Wöhler serendipitously synthesized urea.  

This achievement disproved the theory of vitalism by showing that organic compounds 

could be made outside of a living organism and therefore in the absence of any such 

purported vital force.  In the twentieth century, total synthesis of natural products as a 

field expanded immensely in its methods, targets, and overall scope, being elevated to a 

more widely appreciated art form through the work of scientists such as R. B. Woodward 

and E. J. Corey, to name merely two.   

It has been suggested that total synthesis in the twenty-first century is a mature 

field and, given sufficient time and resources, capable of reproducing nearly any 

molecule desired, no matter how complex or otherwise challenging.1  At the time of this 

writing, proponents of this view frequently refer to syntheses of the anticancer drug 

eribulin,2 the antimalarial natural product artemisinin,3 the polyether natural products 

such as brevetoxin A4 and ciguatoxins,5,6 and others to support the position that the 
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capabilities of synthesis are no longer in need of improving.  But careful consideration 

reveals that there remain numerous compelling justifications for natural product synthesis 

research. 

 

Figure 1. A representative selection of complex molecules whose total syntheses 

have been achieved. 

Firstly, total synthesis of a natural product can be valuable as a source of material 

for biological testing.  It is not unusual for only a minute quantity to be available when a 

molecule is first isolated from nature and has its structure determined.  The structure of 

ciguatoxin was determined from 0.35 mg of purified material following extraction of 
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4000 kg of moray eels.7  This is not an entirely atypical case because molecules of 

interest tend to have very potent activity, and therefore only require the producing 

organism to generate them in tiny amounts as a defensive mechanism.  Frequently, the 

molecule of interest originates in a species that is not easily cultivated or for which 

harvesting necessitates killing the organism, as would be the case for obtaining the 

anticancer agent paclitaxel from the bark of the slow growing Pacific Yew tree (Taxus 

brevifolia).  In such situations, total synthesis may be used, and indeed has been used, to 

supply quantities of the substance that are sufficient for more thorough biological testing 

than was initially performed on the original material isolated from the natural source.  In 

the case of paclitaxel, the material that is administered to patients is actually produced 

through semisynthesis beginning from the related molecule baccatin III harvested in a 

sustainable manner by extraction of the leaves of the taxonomically related English Yew 

Taxus baccata.  These applications of synthesis are especially important when the 

producing organism is never definitively identified, as may be the case for endophytes 

which are unable to be cultured apart from their host organism.8,9 

Secondly, a total synthesis of a natural product can be valuable as a guide for 

future syntheses.  It is frequently the case that in the initial attempts to reach a target 

structure, much is discovered regarding the inherent reactivity preferences of a core 

scaffold, the anticipated difficulty or ease of establishing key connections, the stability of 

isolable synthetic intermediates, and so on.  Such patterns of reactivity guide the design 

process of subsequent synthetic plans, giving rise to reaction sequences that circumvent 

known pitfalls and make use of established shortcuts, resulting in a new synthesis that 

may be more efficient, more flexible, less costly, less environmentally hazardous, or 

otherwise favorable.  A recent example of the evolution of synthetic strategy has 

culminated in the extraordinarily efficient (five reaction pots and only three 

chromatographic separations) synthesis of artemisinin by Zhu and Cook,3 who 

generously credit the insights gained from prior artemisinin syntheses performed in other 

laboratories as an enabling foundation of their own work.10 
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Thirdly, a total synthesis of a natural product may be valuable in that it can 

provide evidence for or against the structure (especially absolute stereostructure) 

proposed by the chemists who first isolated the compound from nature.  Historically, this 

justification for total synthesis has been more common in decades past than in recent 

years since the popularization of X-ray crystallographic analysis of complex organic 

molecules, but even so has still resulted in structural revisions up to the very recent 

past.9–14 

Fourthly, total synthesis can enable the production of analogs of the natural 

product which have superior properties with regard to biological potency, ADME, and/or 

structural simplicity.  One particularly prominent example is the clinically used 

anticancer drug eribulin which, although it contains 19 stereogenic centers, is derived 

from the vastly more complex (32 stereogenic centers) natural product halichondrin B.2,17 

  

Figure 2. Structures of Halichondrin B and Eribulin. 
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Fifthly, total synthesis of natural products is valuable for the reason that it often 

leads to the discovery of new reactivity that has value beyond the context of the synthesis 

in which it was initially observed.  This may occur by design or completely by chance, 

elicited by the complex and challenging nature of the synthetic goal and the meticulous 

level of characterization required.  In fact, many reactions18,19 and reagents20 used widely 

today were first discovered over the course of completing a complex natural product 

synthesis, or were intentionally created to meet the unique challenge of a particular 

synthetic environment. 

Sixthly, total synthesis of natural products is valuable as a means of training and 

educating chemists.  It provides students with experience in an incredibly diverse variety 

of chemical reagents, functional groups, experimental conditions, preparative separations, 

and analytical techniques. 

It was with all of the above motivations in mind that the synthesis projects 

described in this thesis were conceived and carried out.   

1.2. Stereochemical Complexity as a Major Synthetic Challenge 

Stereochemical complexity is a prominent feature of many natural products and 

its control often constitutes the most challenging aspect of a target-oriented synthesis.  

More specifically, methods for the formation of C-C bonds with stereocontrol are 

typically of especially high value in comparison to methods for the creation of 

stereogenic centers with all the C-C bonds already established, for example in the 

reduction of carbonyls to chiral alcohols, for which many suitable methods exist.   

One such classical method, the Corey-Bakshi-Shibata (CBS) reduction, also 

known as the Corey-Itsuno reduction, uses a chiral proline derivative to deliver a hydride 

to a ketone in such a way that the sterics of the ketone’s substituents allow one to predict 

which face will receive the hydride as a result of interaction with the catalyst, and thus 
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which enantiomer or diastereomer of the alcohol product will be produced.21  This is a 

prototypical example of stereochemical induction by reagent control.   

However criticism has come from those who for stylistic or practical reasons 

prefer the use of substrate control22 whereby reactions take advantage of the inherent bias 

of a chiral core scaffold in order control the generation of further stereogenic centers.  It 

may be argued that this approach to stereocontrol is superior for its lack of reliance on 

chiral reagents or catalysts which are frequently expensive.  The intrinsic limitations of 

substrate control are 1. that at least one stereogenic center must already exist on the 

molecule for there to be any inherent stereochemical bias in its interaction with an achiral 

reagent, 2. that the inherent bias may lead to the undesired stereochemical configuration 

in the new stereogenic center, 3. that it typically grants access to a good yield of only one 

diastereomer, however multiple diastereomers may be desired, and 4. that the bias may be 

small, leading to low diastereoselectivities. 

The work of Sharpless and coworkers (recognized with the Nobel Prize in 

chemistry in 2001) in asymmetric epoxidations23 and dihydroxylations24 constitute a 

landmark achievement in stereochemical induction by reagent control which is often held 

up as proof that chiral reagents can indeed provide very high selectivities inexpensively, 

and at times even override the inherent bias of a chiral substrate molecule.  Nonetheless 

there continues to be an appropriate place for both substrate control and reagent control in 

modern target-oriented complex molecule synthesis. 

1.3. α-Chloroaldehydes: Methods of Asymmetric Synthesis and 

Synthetic Utility 

In the Britton group we have found that a particularly efficient synthesis strategy 

for stereochemically complex organic molecules is to introduce asymmetry at an early 

stage through organocatalysis and then set remaining stereogenic centers by taking 

advantage of substrate control in further elaboration of the molecule.  One of our most 

commonly employed tactics is the synthesis of enantiomerically enriched α-
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chloroaldehydes through a proline-based organocatalyst, followed by C-C bond 

formation by nucleophilic addition to form a chlorohydrin as a key synthetic intermediate 

(figure 3). 

 

Figure 3. General representation of synthesis tactics. 

While the variety of stereoselective halogenation methods known to have been 

employed in the context of complex molecule synthesis is vast,25 the discussion of 

halogenation herein will largely be limited to α-chloroaldehydes and their conversion to 

chlorohydrins.  Excellent reviews of organocatalytic asymmetric α-heteroatom 

functionalization of aldehydes and ketones have been published by Jørgensen and 

Marigo26 and of asymmetric enamine catalysis more broadly by List and coworkers.27 

The first report of a racemic α-chloroaldehyde synthesis dates all the way back to 

1871,28 but it was not until 2004 that chemists had access to convenient, operationally 

simple, scalable methods of synthesizing α-chloroaldehydes with high enantiopurity 

using inexpensive reagents through the reports published by the research groups of 

Macmillan29 and Jørgensen.30  These methods stand in stark contrast to the reliable and 

effective but ultimately inefficient synthesis of enantiomerically enriched α-

chloroaldehydes from amino acids by De Kimpe and coworkers31 which makes use of 

chiral starting materials rather than asymmetric catalysis (figure 4). 

 

Figure 4. De Kimpe asymmetric chloroaldehyde synthesis. 
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The general mechanism of asymmetric α-functionalization of an aldehyde by 

enamine organocatalysis is depicted below (figure 5). 

 

Figure 5. General catalytic cycle for asymmetric α-functionalization by enamine 

organocatalysis. 

A proline-based amine or other amine baring a chiral substituent condenses with 

the aldehyde starting material, passing through an iminium intermediate to the enamine, 

which then serves as the nucleophile for reaction with the supplied electrophile of choice.  

The final process of hydrolysis frees the functionalized aldehyde and regenerates the 

amine catalyst.  Facial selectivity, which controls the productive approach of the 

electrophile in order to create the stereogenic center selectively, may arise from a 

combination of steric, H-bonding, or other electronic interactions. 

The nature of a suitable catalyst and chlorine electrophile combination for the α-

chlorination of aldehydes was explored in an early report by Macmillan and coworkers in 

which they proposed that when employing the Leckta quinone as the chlorine 
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electrophile, the reaction proceeds through a Zimmerman-Traxler type transition state as 

illustrated below.  

 

Figure 6. Proposed origin of stereoselectivity in Macmillan’s seminal 

asymmetric α-chlorination of aldehydes. 

In the same year as publication of the Macmillan research group’s report,29 the 

Jørgensen group unveiled an alternate method30 of synthesizing enantiomerically 

enriched α-chloroaldehydes through enamine catalysis whose advantages include use of 

the inexpensive and shelf-stable N-chlorosuccinimide (NCS) as the chlorinating agent 

and more readily accessible reaction temperature (0 °C to room temperature vs. -30 °C 

for the Macmillan procedure).   

Further study by the Jørgensen research group into the mechanism of asymmetric 

α-chlorination of aldehydes employing chiral 2,5-diphenylpyrrolidine generated 

computational and experimental evidence that chlorination may occur initially at the 

enamine nitrogen, leading to an N-chloroammonium species that undergoes a 1,3-

sigmatropic rearrangement to form the bond between chlorine and the α-carbon, rather 

than a direct transfer of the chlorine atom from the electrophilic chlorinating agent to the 

α-carbon.32 
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Figure 7. Mechanistic hypothesis for indirect chlorination by sigmatropic 

rearrangement of N-chloroammonium. 

This mechanistic hypothesis is supported in part by the observation that optical 

purity of the product is independent of the chlorine source used, whether it be N-

chlorosuccinimide (NCS), N-chlorophthalimide (NPS), or 2,3,4,5,6,6-hexachloro-2,4-

cyclohexadien-1-one (Leckta quinone). 

While the aforementioned methods of the Macmillan and Jørgensen research 

groups do typically provide convenient access to a large variety of α-chloroaldehydes 

inexpensively and with high enantiopurity, aldehydes which require long reaction times 

may have the enantiopurity of their product chloroaldehydes degraded.  In 2009 this 

limitation was largely bypassed through an improved method from the Macmillan 

research group which makes use of an imidazolidinone catalyst, lithium chloride, and 

oxidants to chlorinate aldehydes asymmetrically.33  A cationic nitrogen radical species 

has been proposed as an intermediate, and the method has therefore been dubbed as 

SOMO activation in reference to the Singly Occupied frontier Molecular Orbital. 

 

Figure 8. Asymmetric chlorination by Macmillan’s SOMO activation. 
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Nucleophilic addition to α-chloroaldehydes is particularly useful for the synthesis 

of stereochemically complex molecules in part because it can occur with stereoselectivity 

for production of the 1,2-anti-chlorohydrins preferentially over 1,2-syn-chlorohydrins.  

This stereochemical outcome has been rationalized by Corthforth and coworkers34 in 

their report describing the nucleophilic addition of Grignard and alkyl lithium reagents to 

α-chlorocarbonyl compounds.  They proposed that the most reactive conformation of an 

α-chloroaldehyde is that in which the C-Cl bond and carbonyl are oriented away from 

one another (antiparallel) in order for their strong dipoles to minimize repulsion of partial 

negative charge developing in the transition state.  The alternate eclipsed conformation 

whose C-Cl bond and carbonyl are aligned in the same direction (parallel) would proceed 

through a transition state in which the developing alkoxide charge is in close proximity to 

the negative end of the C-Cl bond dipole – a destabilizing effect.  Addition onto the 

reactive conformation preferentially leads to the 1,2-anti-chlorohydrin because approach 

of the nucleophile prefers passing by the α-carbon’s hydrogen rather than the sterically 

larger R group.  Invocation of the Bürgi-Dunitz trajectory (vs. perpendicular attack) and 

torsional effects35,36 has been included in the closely related Evan’s electrostatic model. 

 

Figure 9. Evans-Cornforth model for stereochemical induction in addition to α-

chloroaldehydes. 
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An alternate model to rationalize the preferred stereochemical outcome of 

nucleophilic addition to α-chloroaldehydes is known as the polar Felkin-Anh model.37,38   

This argument resembles the Cornforth model in that it invokes preference for attack at 

the Bürgi-Dunitz trajectory from the less sterically hindered side, but differs in that it 

proposes a different reactive conformation of the α-chloroaldehyde.  The staggered 

conformation shown below is thought to lead to a low energy transition state by 

permitting stabilization of the incoming nucleophile through partial donation of electron 

density from the nucleophile into the σ* orbital of the adjacent C-Cl bond 

(hyperconjugation). 

 

Figure 10. Polar Felkin-Anh model for stereochemical induction in addition to α-

chloroaldehydes. 

In recent years clever studies have been designed to further refine our 

understanding of 1,2-stereoinduction and have lent support for the Cornforth model over 

the polar Felkin-Anh model in the nucleophilic addition of enolates to α-heteroatom-

substituted aldehydes, primarily on the basis of proposed syn-pentane interactions in 

transition states.39–41 
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Figure 11. Comparative transition state analysis for enolate additions to 

heteroatom-substituted aldehydes using the polar Felkin-Anh and 

Cornforth models. 

As illustrated above, the Cornforth model predicts that the E-enolate substituent 

experiences a syn-pentane interaction with X.  The fact that this destabilizing syn-pentane 

interaction would not occur in the Z-enolate leads to the conjecture that Z-enolates give 

higher 3,4-anti selectivity relative to E-enolates.  This prediction (opposite that which 

would be arrived at on the basis of the polar Felkin-Anh model) has been found to be in 

good agreement with experimental outcomes.39 

1.4. Occurrence, Synthesis, and Utility of 1,2-Chlorohydrins 

1,2-chlorohydrins have proven to be extraordinarily useful synthetic intermediates 

in the Britton laboratory and elsewhere, but they are not unknown in nature.  An 

inexhaustive selection of natural and unnatural products containing a 1,2-chlorohydrin or 

related functionality is shown below, including the artificial sweetener sucralose, the 

iridoid natural product rehmaglutin D isolated from plants of the genus Rehmannia which 

are used in traditional Chinese medicine, and a variety of chlorinated lipids.42,43 
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Figure 12. Select natural and unnatural chlorohydrin-containing molecules. 

The synthetic utility of 1,2-chlorohydrins, as well as that of their α-

chloroaldehyde precursors, is somewhat limited by their highly variable instability to 

prolonged storage or vigorous reaction conditions, however this has not prevented their 

use as versatile synthetic intermediates in the context of complex molecule synthesis.  
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The diversity of such transformations has been reviewed,44 and it is worthwhile to 

highlight that one of the most common means of managing the frequently inherent 

instability of 1,2-chlorohydrins is to convert them into the corresponding epoxides by 

treatment with base, which may render them more stable and less exotic in the eyes of 

most chemists.  This has been accomplished prominently by the research groups of 

Christmann,45 MacMillan,33 and others.  In a related fashion, the ability to convert 

enantiomerically-enriched α-chloroaldehydes to their corresponding terminal aziridines 

has been demonstrated by the Lindsley research group through a three step, one pot 

process of enantioselective α-chlorination, reductive amination, and base-induced 

cyclization.46 

 

Figure 13. Transformation of chloroaldehydes to chiral epoxides and aziridines. 
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De Kimpe and coworkers have successfully synthesized enantiomerically-

enriched internal aziridines through a process beginning with α-chloroaldehydes and 

proceeding not through 1,2-chlorohydrins but rather α-chloro tert-butanesulfinyl 

aldimines, which are made to undergo nucleophilic addition of Grignard reagents to β-

chloro N-sulfinamides, which are then cyclized under basic conditions to the 

corresponding internal aziridines.47 

The Britton group has taken advantage of the ease with which 1,2-anti-

chlorohydrins may be converted to trans-epoxides by completing a general method for 

the synthesis of nonracemic trans-epoxides, including the sex pheromones of the pine 

looper moth Bupalus piniarius and tussock moth Orgyia postica, in which addition of an 

alkyl lithium nucleophile in tetrahydrofuran solvent provides the 1,2-anti-chlorohydrin 

that can cyclize to the corresponding epoxide upon treatment with potassium hydroxide 

in ethanol.48 

 

Figure 14. General synthesis of nonracemic trans epoxides by Kang and Britton. 

At the time that the work described in this thesis was initiated, it was of particular 

interest to the Britton group to attempt cyclization of nitrogen-containing chlorohydrin 

molecules through direct displacement of the chlorine atom by an internal nitrogen 

nucleophile to form 5-membered rings.  Such a transformation would be a natural 

extension of the highly substituted chiral tetrahydrofuran syntheses previously 

demonstrated in the Britton laboratory, in which oxygen atoms of chloropolyols were 

induced to displace chlorine atoms under a variety of Lewis acidic49 or microwave50 

conditions, a method later notably adopted by the laboratory of Scott Snyder in their 

synthesis of 8- and 9-membered Laurencia-type bromoethers.51 
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Figure 15. Proposed nitrogen heterocycle synthesis and precedent syntheses of 

tetrahydrofurans. 

Such a plan was deemed reasonably achievable in part because there is a long and 

varied record of nitrogen nucleophiles successfully displacing halogen atoms in an 

intramolecular fashion to form 3-membered rings (aziridines, see above), 4-membered 

rings (azetidines),52 5-membered rings (pyrrolidines, pyrrolines, pyrroles),53 and 6-

membered rings (piperidines, etc.)54 or larger.  1-Azaallylic anions, commonly generated 

by deprotonation at the α-position of an imine, are known to effectively serve as 

nucleophiles for this purpose generally52 as are the anions of chiral tert-

butanesulfinamides for displacement of a primary chlorine atom in the formation of chiral 

5-membered nitrogen heterocycles specifically.55 

It is a confluence of the ease with which enantiomerically enriched α-

chloroaldehydes may now be prepared through the above methodologies together with 

the high diastereoselectivity observed for a subsequent nucleophilic addition of 

organolithium reagents which set the stage for unprecedentedly efficient construction of 
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small, stereochemically complex rings through methods previously established in the 

Britton laboratory and expanded in this thesis, which it is hoped will present further 

opportunities for scientists at Simon Fraser University and elsewhere. 

1.5. Thesis Overview and Specification of Contributions 

The work described in this document pertains primarily to exploiting the facile 

organocatalytic synthesis of enantiomerically-enriched α-chloroaldehydes, drawing out 

their potential through conversion into 1,2-chlorohydrins, and exploring means by which 

these substances may be coerced to undergo intramolecular cyclization involving a 

nitrogen nucleophile (chapters 2-4).  As a secondary focus, this thesis describes the 

isolation and structural elucidation of insect semiochemicals whose structures are 

unrelated to those in the earlier chapters (chapters 5 and 6). 

Chapter 2 delineates a successfully completed synthesis of the natural product 

(+)-preussin and similarly substituted pyrrolidines through the reductive annulation of β-

iminochlorohydrins.  This author was the sole performer of laboratory work for this 

project. 

Chapter 3 describes a formal synthesis of (-)-swainsonine and related alkaloids.  

This work takes its foundation from the cyclization strategy described in chapter 2, and 

builds upon it by coupling propargylamines with α-chloroaldehydes in order to produce 

substances that are readily progressed to nitrogen heterocycles more complex than those 

previously synthesized as described in chapter 2.  The end result of this synthetic 

sequence is particularly notable for its brevity (six steps from 5-chloropentanal to (-)-

swainsonine).  This author contributed laboratory work (experiments, purification, and 

characterization) to the formal synthesis of swainsonine, but not to the related alkaloids 

included in the publication. 

Chapter 4 describes the synthesis and structural analysis of a carbocyclic 

mechanism-based inactivator of a glycoside hydrolase.  This author contributed early 
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laboratory synthesis and synthetic strategy design which informed the subsequent 

synthetic work that appears in published form. 

Chapter 5 describes the isolation, structural elucidation, and field testing of the 

long-range sex pheromone of the strepsipteran Xenos peckii, which was ultimately 

determined to be (7E,11E)-3,5,9,11-tetramethyltridecadienal.  This author carried out and 

analyzed NMR spectroscopic experiments on the isolated natural material. 

Chapter 6 describes the isolation, structural elucidation, and baited trap testing of 

the chemical constituents of the bed bug (Cimex lectularius) aggregation pheromone, 

which were ultimately determined to be dimethyl disulfide, dimethyl trisulfide, (E)-2-

hexenal, (E)-2-octenal, 2-hexanone, and histamine.  This author contributed to the 

discussion and planning of extraction and purification methods as well as performed 

some early stage NMR spectroscopic experiments. 
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Chapter 2. A Concise and Stereoselective Synthesis of 

Hydroxypyrrolidines: Rapid Synthesis of (+)-Preussin 

Reprinted (adapted) with permission from: 

Draper, J. A.; Britton, R. Org. Lett. 2010, 12 (18), 4034.  

Copyright 2010 American Chemical Society.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

1  J. A Draper was the sole performer of laboratory work in this publication. 
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Chapter 3. A Short, Organocatalytic Formal Synthesis 

of (-)-Swainsonine and Related Alkaloids 

Reprinted (adapted) with permission from: 

Dhand, V.; Draper, J. A.; Moore, J.; Britton, R. Org. Lett. 2013, 15 (8), 1914.  

Copyright 2013 American Chemical Society. 

3.1. Preface 

Chapter 3 describes a formal synthesis of (-)-swainsonine and related alkaloids.  

This work takes its foundation from the cyclization strategy described in chapter 2, and 

builds upon it by coupling propargylamines with α-chloroaldehydes in order to produce 

substances that are readily progressed to nitrogen heterocycles more complex than those 

previously synthesized as described in chapter 2.  The end result of this synthetic 

sequence is particularly notable for its brevity (six steps from 5-chloropentanal to (-)-

swainsonine).  J. A. Draper contributed laboratory work (experiments, optimization of 

conditions, purification, and characterization) to the formal synthesis of swainsonine 

(compounds 8, 20-28, scheme 4), but not for the related alkaloids included in the 

publication.  All other laboratory work was performed by V. Dhand and J. Moore. 
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Chapter 4. Structural Snapshots for Mechanism-Based 

Inactivation of a Glycoside Hydrolase by Cyclopropyl 

Carbasugars 

Reprinted (adapted) under the Creative Commons. 

https://creativecommons.org/licenses/by/4.0/legalcode 

Attribution: 

Adamson, C.; Pengelly, R. J.; Shamsi Kazem Abadi, S.; Chakladar, S.; Draper, J.; 

Britton, R.; Gloster, T. M.; Bennet, A. J. Angew. Chem. Int. Ed. 2016, 55, 14978. 

Copyright 2016 John Wiley & Sons, Inc. 

4.1. Preface 

J. A. Draper contributed early laboratory synthesis and synthetic strategy design 

which informed the subsequent synthetic work that appears in published form.  

Experimental details disclosed in the following journal publication are the work of C. 

Adamson, R. J. Pengelly, and S. Shamsi Kazem Abadi. 

The early efforts to use the Britton lab chlorohydrin chemistry in a synthesis of 

carbasugars is depicted in the figures below. 

Initial attempts to reach the carbocyclic mimic of N-acetylgalactosamine met with 

difficulty at the stage of oxidizing at the allylic (pseudoanomeric) position (figure 16). 

https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 16. Initial route with failed allylic oxidation. 

 Modifications of this route revealed that ring closing olefin metathesis reactions 

on these systems are largely unsuccessful in the absence of the conformationally 

restricting epoxide used in the final route (Figure 17) or in the presence of a variety of 

alkenes (enoates and others not shown) other than the simplest exo methylene.   

 The use of Julia olefination conditions proved to be a critical advance in allowing 

good yield of olefinated product without the need to protect the β-hydroxyl group. 

 The triisopropylsilyl group was preferable to tert-butylsilyl or para-

methoxybenzyl groups in order to minimize elimination during the aldol addition and 

silyl migration during the epoxide formation. 

 A final key challenge, introduction of the nitrogen, was overcome through the 

reaction with N-acetylisocyanate which proceeds through imide and carbamate 

intermediates before cleavage to the aminoalcohol, using bases carefully selected to 

complete epoxide opening and prevent premature cleavage of the imide (figure 17).  This 



 

87 

method proved far superior to epoxide opening with azide anion, which was found to 

result in low yield and preferential reaction to the undesired regioisomer. 

 

Figure 17. Successful route to N-acetylgalactosamine mimic. 

 In summary, the above route was ultimately successful in reaching the desired 

target in 11 steps through a highly diversifiable and orthogonally functionalized key 

epoxycyclohexene intermediate (Figure 18).  The insights gained during this work have 

enabled the synthesis of related carbasugars, the full details of which will be disclosed in 

due course in addition to the synthesis of cyclopropyl carbasugars described in this 

chapter. 
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Figure 18. Summary of successful route highlighting key synthetic intermediates. 
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Chapter 5.  (7E,11E)-3,5,9,11-

Tetramethyltridecadienal: Sex Pheromone of the 

Strepsipteran Xenos peckii 

Reprinted (adapted) with permission from: 

Hrabar, M.; Zhai, H.; Gries, R.; Schaefer, P.W.; Draper J.; Britton, R.; Gries, G. J. Chem. 

Ecol. 2015, 41 (8), 732. 

Copyright 2015 Springer Science+Business Media New York 

5.1. Preface 

J. A. Draper performed structural determination of the pheromone 

tetramethyltridecadienal isolated from the natural source on microgram scale using 1H 

and COSY NMR spectroscopy (data summarized in table 1 and figure 6).  This structural 

determination was aided by detailed suggestions from R. Gries on the basis of her 

interpretation of gas chromatographic and mass spectrometric data, as well as extensive 

knowledge of insect biosynthesis. 
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Chapter 6. Bed Bug Aggregation Pheromone Finally 

Identified 

Reprinted (adapted) with permission from John Wiley and Sons: 

Gries, R.; Britton, R.; Holmes, M.; Zhai, H.; Draper, J.; Gries, G. Angew. Chem. Int. Ed. 

2015, 54 (4) 1135. 

Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

6.1. Preface 

J. A. Draper contributed to the discussion and planning of extraction and 

purification methods as well as performed some early stage NMR spectroscopic 

experiments, in particular, work which eliminated non-pheromone components from 

extract mixtures and also that led to the identification of 3-hydroxykynurenine-O-sulfate 

(Figure 1).  The additional experimental data disclosed in this publication are the work of 

R. Gries, M. Holmes, and H. Zhai. 
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Chapter 7. Conclusion 

7.1. Overview 

The introduction of this document enumerated a variety of ways in which the 

target-oriented synthesis of complex organic molecules may be a rewarding area of 

research.  This list specifically included 1. as a source of material, whether for early 

biological testing or other purposes, 2. as a guide for improved future syntheses, 3. to 

provide evidence for or against a proposed molecular structure, 4. for the production of 

analogs with favorably adjusted physical or biological properties, 5. designed or 

serendipitous discovery of new reactivity, and 6. as a means of providing rigorous 

training to young scientists in a large diversity of chemical reagents, functional groups, 

experimental conditions, preparative separations, and analytical techniques. 

A perspective on the synthesis and use of α-chloroaldehydes and chlorohydrins 

revealed that enantioselective organocatalytic methods made the field ripe for 

exploitation to produce efficient syntheses of natural products and other stereochemically 

complex organic molecules. 

Chapter 2 contains the details of a successfully completed synthesis of the natural 

product (+)-preussin and similarly substituted pyrrolidines through the reductive 

annulation of β-iminochlorohydrins in a way that builds on previously established 

methods of forming similarly substituted tetrahydrofurans. 

Chapter 3 contains the details of a formal synthesis of (-)-swainsonine and related 

alkaloids.  This work takes its foundation from the cyclization strategy described in 

chapter 2, and builds upon it by coupling propargylamines with α-chloroaldehydes in 

order to produce substances that are readily progressed to nitrogen heterocycles more 

complex than those previously synthesized as described in Chapter 2.  The end result of 

this synthetic sequence is particularly notable for its brevity (six steps from 5-

chloropentanal to (-)-swainsonine).  J. A. Draper contributed laboratory work 
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(experiments, optimization of conditions, purification, and characterization) to the formal 

synthesis of swainsonine (compounds 8, 20-28, scheme 4), but not for the related 

alkaloids included in the publication.  All other laboratory work was performed by V. 

Dhand and J. Moore. 

Chapter 4 contains the details of the synthesis and structural analysis of a 

carbocyclic mechanism-based inactivator of a glycoside hydrolase.  This design of this 

synthetic sequence was informed by insights gained during the synthesis of a related 

carbasugar mimic of N-acetylgalactosamine, not least of which include: the necessity of 

installing the allylic oxygen early in the sequence; the dependence of a successful ring 

closing olefin metathesis reaction on the exo methylene and epoxide functionalities; the 

advantage of Julia olefination conditions over other methods; the ideality of the 

triisopropylsilyl group in various synthetic intermediates; and ring formation by tethered 

nucleophiles such as an imide anion (changed to a diazo group in the cyclopropyl 

synthesis). 

Chapter 5 describes the isolation, structural elucidation, and field testing of the 

long-range sex pheromone of the strepsipteran Xenos peckii, which was ultimately 

determined to be (7E,11E)-3,5,9,11-tetramethyltridecadienal.  J. A. Draper performed 

structural determination of the pheromone tetramethyltridecadienal isolated from the 

natural source on microgram scale using 1H and COSY NMR spectroscopy, an 

achievement which was aided heavily by detailed suggestions from R. Gries on the basis 

of her interpretation of gas chromatographic and mass spectrometric data, as well as 

extensive knowledge of insect biosynthesis. 

Chapter 6 describes the isolation, structural elucidation, and baited trap testing of 

the chemical constituents of the bed bug (Cimex lectularius) aggregation pheromone, 

which were ultimately determined to be dimethyl disulfide, dimethyl trisulfide, (E)-2-

hexenal, (E)-2-octenal, 2-hexanone, and histamine.  J. A. Draper contributed to the 

discussion and planning of extraction and purification methods as well as performed 

some early stage NMR spectroscopic experiments, in particular, work which eliminated 
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non-pheromone components from methanolic extracts and that also led to the 

identification of 3-hydoxykynurenine-O-sulfate. 

7.2. A Retrospective Critique of Target-Oriented Synthesis with 

Recommendations for the Future of the Field 

In the spirit of impartiality, and toward the end of providing a balanced 

perspective of the field of target-oriented synthesis, it is appropriate that the conclusion of 

this thesis includes an identification of particular problems with which synthesis research 

projects are sometimes conceived and presented.  Some of said problems may be 

sufficiently impactful that they threaten to harm the continued progress of the field and 

position of respect which it has historically enjoyed.  Only an honest appraisal in the 

scientific community of past and present shortcomings will allow for maximization of the 

aforementioned benefits to be accomplished. 

Much of the criticism directed at target-oriented synthesis relates to the priority of 

efficiency.  A variety of measures of efficiency have been described, but it is frequently 

the case that step economy is overlooked when describing the merits of a completed 

synthesis.1-3  This is an unfortunate circumstance because the total number of synthetic 

steps required to reach a target is necessarily tied to the total cost of materials, 

purification, worker hours, etc., and would have a powerful effect on the practical impact 

of said syntheses should they be adopted for large scale production. 

In a related fashion, the perceived value of a completed synthesis is at times 

linked to the novelty of the target rather than that of the efficiency, overall strategy, and 

specific methodology displayed.  This might be seen as unfortunate firstly for the fact 

that a previously unsynthesized target whose structure is trivially different from one 

which has already been reached numerous times will be less likely to yield some of the 

benefits listed above, and secondly for the fact that chemists engaging in a race to be first 

may be tempted to sacrifice quality for speed by brute force, bearing in mind that 

publication journal prestige may be at stake.  Journal editors and reviewers are in a 
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position to mitigate this trend by deemphasizing the weight of target novelty in perceived 

merit as they award prestige through publication in well-respected journals. 

It is also frequently the case that practitioners of target-oriented synthesis invite 

warranted criticism when their stated motivations for initiating a project are merely 

oblique and nonspecific references to a target’s biological activity, and in this way imply 

that said target is a promising lead for progression through the drug discovery pipeline.  

Total syntheses of natural products can be, and indeed frequently have been,59 stepping 

stones along the way of accumulating enough evidence of safety and efficacy for final 

approval as a drug, however experts in areas of medicinal chemistry and biology will 

justifiably object when there are readily apparent obstacles in the way of a synthetic 

target’s further development toward becoming a therapeutic agent, whether they be low 

potency, nonselective toxicity, the presence of Michael acceptors or other nondrug-like 

features, or known problems associated with the natural product’s biomolecular binding 

target. 

This is not a condemnation of role of natural product synthesis in drug discovery 

efforts.  Quite on the contrary, this author is in agreement with others in the opinion that 

the pharmaceutical industry should return to a strong focus on the potential of natural 

products, in part because of the long history of success with natural product or natural 

product-derived molecules, which together constituted the majority of drug approvals 

from 1984 to 2014.4,5 

Even considering the continued development of genetic technologies for 

production of complex organic molecules via synthetic biology (heterologous expression 

of biosynthetic machinery and their products in an easily cultivated host organism) and 

the increasingly prominent place of biological macromolecules in pharmaceutical 

science, the conventional chemical synthesis of organic molecules will in many cases 

continue to be the best option for the foreseeable future. 



 

112 

Finally, given that the bleeding edge of target-oriented synthesis of complex 

organic molecules resides with such strong standing in academic spheres, the scientific 

community, and indeed all the broader society ultimately, would do well to encourage 

emphasis on valuable but economically unincentivized areas of research such as 

antibiotic discovery and development which industrialists inherently have less freedom to 

pursue. 

It is hoped that the methods and results described in this document may one day 

inspire and enable work that expands beyond the scope of basic research into applied 

areas of pharmaceutical science, nutrition, agrochemicals, and other fine chemicals. 
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Appendix A.  

 

Remaining Supporting Information for A Short, 

Organocatalytic Formal Synthesis of (-)-Swainsonine and 

Related Alkaloids 
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Appendix B.  

 

Supporting Information for Structural Snapshots for 

Mechanism-Based Inactivation of a Glycoside Hydrolase by 

Cyclopropyl Carbasugars 
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Appendix C.  

 

Supporting Information for (7E,11E)-3,5,9,11-

Tetramethyltridecadienal: Sex Pheromone of the Strepsipteran 

Xenos peckii 

Michael Hrabar · Huimin Zhai · Regine Gries · Paul W. Schaefer · Jason Draper · 

Robert Britton · Gerhard Gries  

Michael Hrabar · Huimin Zhai · Regine Gries · Gerhard Gries 

Department of Biological Sciences, Simon Fraser University, Burnaby, British Columbia,  

V5A 1S6 Canada  

Huimin Zhai · Jason Draper · Robert Britton 

Chemistry Department, Simon Fraser University, Burnaby, British Columbia, V5A 1S6 

Canada  

Paul W. Schaefer  

4 Dare Drive, Elkton, Maryland 21921, United States of America  

 

Experimental Section 

All reactions described were performed at ambient temperature and atmosphere unless 

otherwise specified. Column chromatography was carried out with 230-400 mesh silica 

gel (E. Merck, Silica Gel 60). Concentration and removal of trace solvents was done via a 

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

Some compounds (see below) were purified by preparative high performance liquid 

chromatography (HPLC), using a Waters 600 instrument equipped with the dual 



 

167 

absorbance detector model 2487 and fitted with a synergy hydro reverse phase column 

(250 mm ×  4.6 mm × 4 microns; Phenomenex, Torrance, CA, USA); samples were 

analyzed  using a 1 ml/min flow of acetonitrile. Nuclear Magnetic Resonance (NMR) 

spectra were recorded using deuterochloroform (CDCl3) 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 (1H NMR: CDCl3: δ 7.26; C6D6: δ 

7.16; 13C NMR: CDCl3: δ 77.0; C6D6: δ 128.1). 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; q, quartet; sept, septet; m, 

multiplet; app apparent; br broad), coupling constants, number of protons. NMR spectra 

were recorded on a Bruker 400 (400 MHz), a Bruker 500 (500 MHz) or a Bruker 600 

(600 MHz).  

 

Preparation of (3R,5S/3S,5R)-3,5-dimethyl-6-iodohexan-1-ol. A solution of methyl 6-

iodo-3,5-dimethylhexanoate (Rodstein et al. 2009) (5) (5.0 g, 17.6 mmol, 1.0 eq) in 

anhydrous CH2Cl2 (100 ml) was cooled to −78 °C, and DIBAL (1.0 M in hexanes, 36.0 

ml, 36.0 mmol, 2.0 eq) was added dropwise. The reaction mixture was stirred at −78 °C 

for 3 h, then quenched with a 15% aqueous solution of Rochelle salt. The aqueous layer 

was separated and extracted with CH2Cl2 (30 mL). The combined organic layers were 

washed sequentially with water, and brine, then dried over Na2SO4 and concentrated. The 

residue was purified by flash chromatography (hexane-EtOAc = 5:1 then 3:1) to provide 

4.05 g (90%) of 3,5-dimethyl-6-iodohexan-1-ol as a colorless oil. 1H NMR (400 MHz, 
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CDCl3) δ: 3.65-3.79 (m, 2H), 3.27 (dd, J = 4.0, 9.6 Hz, 1H), 3.19 (dd, J = 5.6, 9.6 Hz, 

1H), 1.48-1.70 (m, 4H), 1.33-1.46 (m, 2H), 1.02-1.10 (m, 1H), 0.99 (d, J = 6.4 Hz, 3H), 

0.93 (d, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ: 60.8, 43.9, 39.7, 31.5, 26.8, 

21.4, 19.8, 18.3. HRMS: m/z calcd for C8H17IO: 256.1244. Found: 256.1248. 

 

Preparation of (2R,4S/2S,4R)-1-iodo-2,4-dimethyl-6-((tetrahydro-2H-pyran-2-yl)oxy 

hexane (6). A solution of 3,5-dimethyl-6-iodohexan-1-ol (1.83 g, 7.15 mmol, 1.0 eq) in 

CH2Cl2 was added to 3,4-dihydro-2H-pyran (1.76 g , 21.0 mmol, 3.0 eq) and pyridinium 

p-toluenesulfonate (181 mg, 0.72 mmol, 0.1 eq). The mixture was stirred at ambient 

temperature for 16 h and was then washed sequentially with 10% of aqueous NaHCO3, 

and brine, then dried over Na2SO4 and concentrated. The residue was purified by flash 

chromatography (hexane-EtOAc = 10:1 to provide 2.18 g (90%) of the tetrahydropyranyl 

ether 6 as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 4.54-4.61 (m, 1H), 3.73-3.92 

(m, 2H), 3.36-3.54 (m, 2H), 3.21-3.28 (m, 2H), 3.07-3.16 (m, 2H), 1.76-1.88 (m, 1H), 

1.46-1.74 (m, 8H), 1.30-1.43 (m, 2H), 1.00-1.09 (m, 1H), 0.97 (diastereomer, d, J = 6.4 

Hz, 3H), 0.96 (diasteromer, d, J = 6.4 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ: 99.0, 98.8, 65.8, 65.4, 62.4, 62.3, 44.1, 44.0, 36.6, 36.5, 31.9, 31.7, 30.8, 

27.5, 27.2, 25.5, 21.3, 21.2, 20.0, 19.9, 19.7, 19.6, 18.1, 18.0. HRMS: m/z calcd for 

C13H25IO2: 340.2409. Found: 340.2404. 
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Preparation of (3R,5S/3S,5R)-3,5-dimethyl-7-((tetrahydro-2H-pyran-2-yl)oxy)hept-

anenitrile. To a solution of the tetrahydropyranyl ether 6 (1.02 g, 3.0 mmol, 1.0 eq) in 

DMSO (20 ml) was added NaCN (294 mg, 6.0 mmol, 2.0 eq). The mixture was then 

heated to 50 °C and maintained at this temperature for 18 h. After this time, the reaction 

mixture was diluted with H2O (20 mL) and EtOAc (55 ml). The organic layer was 

separated and washed sequentially with H2O (3 x 20 ml) and brine. The organic layer was 

dried over Na2SO4 and concentrated to provide 700 mg (98%) of the desired nitrile as a 

colorless oil that was used directly in the subsequent reaction without further purification. 

1H NMR (400 MHz, CDCl3) δ: 4.53-4.60 (m, 1H), 3.73-3.91 (m, 2H), 3.35-3.54 (m, 2H), 

2.28-2.37 (m, 1H), 2.16-2.24 (m, 2H), 1.92-2.02 (m, 1H), 1.76-1.87 (m, 1H), 1.46-1.73 

(m, 7H), 1.34-1.44 (m, 2H), 1.11-1.20 (m, 1H), 1.08 (d, J = 6.4 Hz, 3H), 0.94 

(diastereomer, d, J = 6.4 Hz, 3H), 0.93 (diastereomer, d, J = 6.4 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ: 118.8, 118.7, 99.1, 98.9, 65.5, 65.2, 62.5, 62.4, 43.6, 43.4, 36.4, 36.3, 

30.8, 27.9, 27.8, 27.3, 27.2, 25.4, 24.3, 24.2, 20.0, 19.9, 19.8, 19.7. HRMS: m/z calcd for 

C14H25NO2: 240.1964 (M+H). Found: 240.1967 (M+H). 

 

Preparation of (3R,5S/3S,5R)-3,5-dimethyl-7-((tetrahydro-2H-pyran-2-

yl)oxy)heptanal. A solution of the nitrile (700 mg, 2.9 mmol, 1.0 eq) in anhydrous 

CH2Cl2 (40 ml) was cooled to −78 °C, and DIBAL (1.0 M in hexanes, 6.1 ml, 6.1 mmol, 

2.1 eq) was added dropwise. The reaction mixture was stirred at −78 °C for 3 h, then 

quenched with a 15% aqueous solution of Rochelle’s salt. The aqueous layer was 

separated and extracted with CH2Cl2 (30 ml). The combined organic layers were washed 
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sequentially with H2O and brine, then dried over Na2SO4 and concentrated. The residue 

was purified by flash chromatography (hexane-EtOAc = 6:1) to provide 625 mg (89%) of 

the desired aldehyde as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 9.75 (t, J = 2.4 Hz, 

1H), 4.53-4.60 (m, 1H), 3.73-3.90 (m, 2H), 3.34-3.54 (m, 2H), 2.36-2.44 (m, 1H), 2.14-

2.24 (m, 2H), 1.76-1.86 (m, 1H), 1.60-1.73 (m, 3H), 1.47-1.59 (m, 4H), 1.24-1.42 (m, 

2H), 1.06-1.15 (m, 1H), 0.95 (d, J = 6.0 Hz, 3H), 0.91 (diastereomer, d, J = 6.4 Hz, 3H), 

0.90 (diastereomer, d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ: 202.9, 99.0, 98.7, 

65.6, 65.4, 62.3, 50.8, 44.7, 36.4, 36.2, 30.7, 27.3, 27.2, 25.5, 25.4, 20.4, 20.0, 19.6. 

HRMS: m/z calcd for C14H26O3: 242.3544. Found: 242.3549. 

 

Preparation of (3R,5S/3S,5R)-3,5-dimethyl-7-((tetrahydro-2H-pyran-2-

yl)oxy)heptan-1-ol (7). To a solution of the above-mentioned aldehyde (496 mg, 2.02 

mmol, 1.0 eq) in MeOH (15 ml) was added NaBH4 (308 mg, 8.1 mmol, 4.0 eq) 

portionwise. Following complete addition of the NaBH4, the reaction mixture was stirred 

at ambient temperature for 3 h, then quenched with an aqueous solution of NaHCO3 

(10%). The reaction mixture was concentrated and the remaining aqueous layer was 

extracted with EtOAc (2 x 20 ml). The combined organic layers were washed 

sequentially with H2O and brine, then dried over Na2SO4 and concentrated. The residue 

was purified by flash chromatography (hexane-EtOAc = 4:1) to provide 437 mg (88%) of 

the alcohol 7 as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 4.52-4.59 (m, 1H), 3.70-

3.90 (m, 2H), 3.58-3.70 (m, 2H), 3.32-3.53 (m, 2H), 1.88-2.13 (br, OH), 1.44-1.83 (m, 

10H), 1.20-1.41 (m, 3H), 0.94-1.05 (m, 1H), 0.88 (d, J = 6.4 Hz, 6H). 13C NMR (100 
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MHz, CDCl3) δ: 99.0, 98.7, 65.9, 65.7, 62.4, 62.3, 60.9, 45.1, 39.7, 36.4, 36.2, 30.7, 27.3, 

27.2, 26.8, 25.4, 20.3, 20.2, 20.1, 19.6. HRMS: m/z calcd for C14H28O3: 244.3703. Found: 

244.3726. 

 

Preparation of (3R,5S/3S,5R)-1-bromo-3,5-dimethyl-7-((tetrahydro-2H-pyran-2-

yl)oxy)heptane. A solution of triphenylphosphine (330 mg, 1.26 mmol, 1.5 eq) in 

anhydrous CH2Cl2 (20 ml) was cooled to 0 °C, and bromine (202 mg, 1.26 mmol, 1.5 eq) 

was added dropwise. The light yellow reaction mixture was stirred at 0 °C for 30 min, 

then a solution of the alcohol 7 (208 mg, 0.84 mmol, 1.0 eq) and NEt3 (170 mg, 1.68 

mmol, 2.0 eq) in CH2Cl2 (10 ml) was added dropwise and the resulting reaction mixture 

was stirred at ambient temperature overnight. The crude reaction mixture was then 

concentrated and the residue was purified by flash chromatography (hexane-EtOAc = 

6:1) to provide 218 mg (83%) of the desired bromide as a colorless oil. 1H NMR (400 

MHz, CDCl3) δ: 4.54-4.61 (m, 1H), 3.72-3.90 (m, 2H), 3.33-3.53 (m, 4H), 1.76-1.95 (m, 

2H), 1.48-1.76 (m, 9H), 1.31-1.43 (m, 1H), 1.23-1.31 (m, 2H), 0.96-1.06 (m, 1H), 0.90 

(d, J = 6.0 Hz, 6H), 0.88 (d, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ: 99.0, 98.8, 

65.8, 65.6, 62.3, 44.6, 39.8, 36.5, 36.3, 32.0, 30.8, 29.0, 27.2, 25.5, 20.2, 19.7, 19.5, 19.4. 

HRMS: m/z calcd for C14H27BrO2: 307.1273. Found: 307.1271. 
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Preparation of (3R,5S/3S,5R)-1-bromotriphenylphosphonium-3,5-dimethylheptan-7-

ol (8). To a solution of the bromide (138 mg, 0.45 mmol, 1.0 eq) in toluene (10 ml) was 

added triphenylphosphine (236 mg, 0.90 mmol, 2.0 eq) and the resulting mixture was 

heated at reflux for 16 h. The reaction mixture was then concentrated and the residue was 

washed with diethyl ether (2 x 10 ml) and dried under vacuum to provide 223 mg (>95%) 

of the phosphonium salt 8 as a white foam. This material was used directly in the 

subsequent reaction without further purification.   

 

Preparation of (3R,5S,7E,9RS,11E/3S,5R,7E,9RS,11E)-3,5,9,11-tetramethyltrideca-

7,11-dien-1-ol (10ab) and (3R,5S,7Z,9RS,11E/3S,5R,7Z,9RS,11E)-3,5,9,11-

tetramethyltrideca-7,11-dien-1-ol (11ab). A solution of the phosphonium salt 8 (223 

mg, 0.46 mmol, 1.0 eq) in anhydrous THF (15 ml) was cooled to −78 °C, and n-BuLi (1.6 

M in hexanes, 0.76 ml, 0.92 mmol, 2.0 eq) was added dropwise. The reaction mixture 

was stirred at −78 °C for 1 h, then the aldehyde (+/-)-9 (Amorelli et al. 2015) (58 mg, 

0.46 mmol, 1.0 eq) was added. The reaction mixture was stirred at −78 °C for 1 h, then 

slowly warmed to ambient temperature and stirred for an additional 1 h before treatment 

with saturated aqueous NH4Cl (15 ml). The aqueous layer was separated and extracted 

with EtOAc (15 ml). The combined organic layers were washed sequentially with H2O 

and brine, then dried over Na2SO4 and concentrated. The residue was purified by flash 

chromatography (hexane-EtOAc = 10:1) to provide 116 mg (69%) of a 15:1 (7Z:7E) 

mixture of the dienols 10ab:11ab. 1H NMR (500 MHz, CDCl3) δ: 5.15-5.29 (m, 3H), 

3.63-3.75 (m, 2H), 2.55-2.65 (m, 1H), 1.78-2.10 (m, 4H), 1.51-1.71 (m, 11H), 1.22-1.38 



 

173 

(m, 3H), 0.96-1.05 (m, 1H), 0.91 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H), 0.87 (d, J 

= 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ: 137.1, 134.3, 126.5, 126.3, 119.8, 61.2, 

47.7, 44.8, 39.8, 34.4, 30.7, 30.6, 30.0, 27.0, 20.6, 20.2, 20.1, 15.8, 13.3. HRMS: m/z 

calcd for C17H32O: 253.2526 (M+H). Found: 253.2519 (M+H). A sample (18 mg) 

containing a ~1:1 mixture of 7E:7Z dienols was available following repetitive 

chromatography using AgNO3 (20%) impregnated silica gel. 

 

Preparation of (3R,5S,7Z,9RS,11E/3S,5R,7Z,9RS,11E)-3,5,9,11-tetramethyltrideca-

7,11-dienal (13ab). A sample containing a ~1:1 mixture of the dienols 10ab:11ab (18 

mg, 0.07 mmol, 1.0 eq) was dissolved in dry CH2Cl2 (8 ml), and NaHCO3 (9.4 mg, 0.11 

mmol, 1.5 eq) was added followed by Dess-Martin periodinane (47 mg, 0.11 mmol, 1.5 

eq). After stirring he reaction mixture at ambient temperature for 2 h, it was treated with a 

10 % aqueous solution of Na2S2O3 (5 ml) and a saturated aqueous solution of NaHCO3 (5 

mL) and stirred for an additional 20 min. The aqueous layer was separated and extracted 

with EtOAc (3 x 10 ml). The combined organic layers were washed with brine (8 ml), 

dried over MgSO4, and concentrated to provide 17 mg of a mixture of the aldehydes 12ab 

and 13ab as a colorless oil (94%). Purification of 13ab by preparative HPLC (see above) 

afforded 3.1 mg of  7E,11E-aldehydes 13ab. 1H NMR (500 MHz, C6D6) δ: 9.37 (s, 1H), 

5.30-5.39 (m, 2H), 5.20-5.29 (m, 1H), 2.27-2.38 (m, 1H), 2.03-2.11 (m, 1H), 1.93-2.02 

(m, 2H), 1.85-1.93 (m, 2H), 1.66-1.79 (m, 2H), 1.56 (d, J = 7.0 Hz, 3H), 1.55 (s, 3H), 

1.32-1.39 (m, 1H), 1.04-1.13 (m, 1H), 1.01 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H), 

0.80 (diasteromer, d, J = 7.0 Hz, 3H), 0.79 (diastereomer, d, J = 6.5 Hz, 3H), 0.73 (d, J = 
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6.5 Hz, 3H). 13C NMR (125 MHz, C6D6) δ: 201.4, 138.9, 135.1, 127.0, 126.9, 120.9, 

51.5, 48.8, 44.9, 44.7, 40.6, 40.4, 35.80, 31.2, 26.2, 21.3, 21.2, 21.1, 20.5, 16.3, 14.1. 

HRMS: m/z calcd for C17H30O: 251.2369 (M+H). Found: 251.2381 (M+H). 
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Appendix D.  

 

Supporting Information for Bed Bug Aggregation Pheromone 

Finally Identified 
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