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This dissertation discusses the structural elucidation and total synthesis of bioactive marine 

natural products. Separation of the MeOH extracts of three Verongida sponges provided novel 

bromotyrosine alkaloids (BTAs), the structures of which revealed oxidative and non-oxidative 

dimerization and other unprecedented structural motifs. The Caribbean Aplysina lacunosa and 

Western Australian Pseudoceratina verrucosa furnished eight novel BTAs characterized by a 

spirocyclohexadienyl-isoxazoline (SIO) ring system. Evaluation of the MeOH extract of the 

Bahamian Pseudoceratina crassa revealed the presence of nine new BTAs embodied by an O-
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methyl-2,6-dibromotyrosyl ketoxime. The planar structures of the 17 alkaloids were determined 

by interpretation of MS, 1D and 2D NMR data, and the absolute configuration of the SIO unit was 

ascertained by ECD. Analysis of the compounds by specific rotation, Cotton effects and chiral-

phase HPLC revealed that BTAs are configurationally heterogenous. Extracts from A. lacunosa 

showed inhibitory activity against a-chymotrypsin. Alkaloids from P. verrucosa and P. crassa 

selectively inhibited acetylcholinesterase and butyrylcholinesterase, respectively. 

 The structure of the unusually complex glycolipid axinoside-1 was elucidated by integrated 

spectroscopic analysis, MS, degradation, and derivatization to reveal a tetrasaccharide, comprising 

three D-xylose units and one D-glucose, linked to a C28-aglycone. The identities of the sugar units 

were established after acidic methanolysis, conversion to persilylated ethers and GCMS analysis 

with comparison to authentic standards. Linkage analysis was performed by HMBC, and anomeric 

configurations were established from interpretation of 1JCH coupling constants. The location of the 

2º OH groups in the aglycone and the site of glycosylation were ascertained through MS 

fragmentation. The absolute configuration of the terminal g-butyrolactone in the aglycone was 

determined by ECD. Configurational assignment of the three free 2º OH groups was achieved from 

interpretation of the colossal 1H NMR anisotropy induced in the d values of their corresponding 

tri-(naphth-1-yl)methoxyacetic acid (NMA) esters, and comparative analysis of Dd values of the 

corresponding tri-NMA derivatives of two stereodefined synthetic models, prepared by multistep 

synthesis. 

 Lastly,  extensive efforts towards the total synthesis of lepadin I, a selective 

butyrylcholinesterase inhibitor, were carried out leading to an advanced intermediate through 

tandem Robinson annulation–aza-Michael cyclization, setting the stage for the end-game and 

completion of the natural product. 
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CHAPTER ONE. INTRODUCTION 

 

1.1 Marine Natural Products as a Source of Potential Drug Leads 

The world’s oceans cover more than 70% of the earth’s surface and are home to about one 

million species of animals and over a billion species of microbes, with many yet to be discovered. 

Of the 35 animal phyla currently identified, only one phylum, the Onychophora or velvet worms, 

is completely absent from aquatic life.1 Mollusca, Porifera, Cnidaria, Platyhelminthes, Nematoda, 

Annelida, Arthropoda, Echinodermata, and Chordata comprise the nine major and best-known 

animal phyla. The latter phyla are predominately marine, with Arthropoda, Nematoda and 

Mollusca encompassing the most diverse marine species. Marine invertebrates are well-known 

sources of diverse natural products, with the Porifera (sponges) and Cnidaria (corals, hydras, 

jellyfish, sea anemones, etc.) phyla accounting for ~54% of the total number of bioactive marine 

natural products (MNPs, Figure 1.1).2 Marine organisms, along with associated-symbiotic 

microorganisms (such as dinoflagellates and colonizing bacteria), produce and release secondary 

metabolites or ‘toxins’3 as a mechanism of chemical defense.4 Many of these unique and complex 

molecules display profound biological activities and show remarkably high hit rates in biological 

screenings compared to terrestrial natural products.5 Subsequently, MNPs have presented a 

significant source of drug leads for the pharmaceutical industry (Figure 1.1). 

The potential of new drug candidates has encouraged the search for bioactive MNPs in the 

hopes of treating life-threatening illnesses. Several technological advances and research methods 

have facilitated the discovery of new MNPs. Developments in automated extraction, 

prefractionation, mass spectrometry, NMR and dereplication methodologies have tremendously 

reduced the time in identifying known and new natural products. Although, over 38,000 MNPs 
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have been identified as of June 2022,6 only a small subset of marine organisms has been examined 

for bioactive natural products.7  

Currently, seven MNPs are marketed drugs, primarily as cancer therapeutics (Figure 1.2).1 

The peptide ziconotide (1.1, trade name Prialt®), originally isolated from the tropical cone snail 

Conus magus, is the first MNP to receive drug approval in the United States in 2004 for the 

treatment of severe, chronic pain in spinal cord injury.1,8 Trabectedin (1.2, Yondelis®) – a second 

drug isolated from the tropical sea squirt Ecteinascidia turbinata – received approval in Europe in 

2007 for the treatment of soft tissue sarcoma and ovarian cancer, and in the United States in 2015 

for the treatment of metastatic liposarcoma.1,9 A third example is the antibody-drug conjugate 

(ADC) brentuximab-vedotin (Adcetris®) developed by Seattle Genetics. Brentuximab-vedotin was 

approved by the FDA in 2011 and EU in 2015 for the treatment of patients with stage 3 or 4 

Hodgkin lymphoma.10 The ADC drug is composed of an antibody against the CD30 antigen, a 

cleavable linker, and the cytotoxic drug monomethyl auristatin E (1.3), an analog of the marine 

pentapeptide dolastatin 10. Pettit’s group first prepared monomethyl auristatin E to explore the 

cytotoxic structure-activity relationship (SAR) of dolastatin 10,11 originally isolated from the 

marine sea hare Dolabella auricularia.12 

 
Figure 1.1: (a) Number and proportional distribution of bioactive MNPs from various marine 
organisms. PN/NT** and PVHD refer to “protection of neurons/neurotoxicity” and “prevention of 
heart and vascular disease,” respectively. Remaining bioactivities that cannot be classified in the 
above groups are categorized under “other activity.” (b) Distribution of chemical classes in 
Porifera and Cnidaria. Figures (a) and (b) were taken directly from reference 2.  
 

(a) (b) 
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Figure 1.2: The structures of approved marine drugs: (a) the amino acid sequence and 3D structure 
of w-conotoxin MVIIA (ziconotide/Prialt®), (b) trabectedin (Yondelis®), and (c) the drug load 
monomethyl auristatin E (brentuximab-vedotin/Adcetris®). The 3D structure of ziconotide was 
adopted directly from Wikipedia; see reference 13.  
 

 
Figure 1.3: The three basic Porifera body structures, adopted from Wikimedia Commons. The 
figure was adopted directly from reference 14. 
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1.2 Bromotyrosine-Derived Alkaloids from Verongida Sponges 

Sponges (phylum Porifera) are primitive multicellular organisms consisting of mainly 

asymmetrical bodies made of complex networks of canals and chambers.15 These simple 

invertebrates adopt three basic morphologies: asconoid, syconoid and leuconoid (Figure 1.3).15 

The simplest – asconoid – have small vase-like porous structures, an osculum (opening at the top), 

and a spongocoel (exposed inner chamber) lined with choanocytes (collar cells lined with flagella). 

Similar in structure, syconoid sponges possess folds within their thickened body wall along with 

ostia (elongated pores) that form canals, increasing the surface area and enabling sponges to 

capture more nutrients including bacteria, plankton, and detritus. Leuconoid sponges, with their 

intricate interconnected canal systems, are the biggest of all three sponge types and enjoy the 

largest surface area of all.  

Approximately 90–95% of the species Porifera belongs to the class Demospongiae. 

Demosponges possess the leuconoid body form in a variety of asymmetrical shapes with skeletons 

consisting of soft spongin or hard spicules made of calcium carbonate or silicon dioxide (silica). 

Marine demosponges emerged over 635 million years ago in the second geologic period of the 

Neoproterozoic Era. Abundant sedimentary concentrations of 24-isopropylcholestanes, 

geologically stable biomarkers of 24-isopropylcholesten-3-ols,16 detected in formations of the 

Huqf Supergroup of the South Oman Salt Basin, revealed that demosponges emerged in the 

Cryogenian period and represent the oldest Metazoa (multicellular animals) in the fossil record.17 

Marine sponges are an extraordinary source of biologically relevant secondary metabolites 

with unique chemical diversity in their complex structures and broad range of biological activities. 

Among marine microorganisms, marine algae and marine invertebrates, the largest number of 

MNPs of most diverse structures have been isolated from marine sponges.2 Sponges are sessile 
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benthic organisms adept at forming mutualistic relationships with microbial species, thus, forming 

a diverse microbial community within sponges that contribute to their ample chemical diversity. 

It is no coincidence that MNPs from sponges differ significantly from the well-known canonical 

structures of natural products from the plant Kingdom where the origin of folkloric medicines and 

the basis of modern pharmacopeias lie.  

Among these are sponges of the order Verongida; abundant producers of chemically 

diverse bromotyrosine alkaloids (BTAs) that provide the sessile organisms with chemical defenses 

against predation18-19 and fouling.20-21  

 

Figure 1.4: Representative structures of the four subclasses of bromotyrosine-derived alkaloids. 

Bromotyrosine alkaloids (BTAs) represent one of the most abundant and structurally 

diverse class of marine-derived natural products with over 800 congeners now identified.22,23 The 

first report of these secondary metabolites occurred in 1967 when Sharma and Burkholder related 

the isolation of the broad-spectrum antibiotic 1.4 and dimethoxyketal 1.5 from the marine sponges 

Verongia cauliformis and V. fistularis, respectively.24-25 Since then, additional bromotyrosine-
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derived MNPs exhibiting diverse biological activities including antimicrobial, antifungal, 

antibacterial, cytotoxicity, antifouling, antiviral, enzyme inhibition, and calcium channel 

regulation have been reported.22-23 The highly modular nature of the BTAs along with chemical 

modifications in the aromatic rings, linkers and terminal coupling partners gives rise to an array of 

biosynthetically related alkaloids. The chemical diversity of this class of compounds can be 

epitomized by a single unifying postulate: the condensation of a bromotyrosyl ketoxime or 

bromooxepine with short-chain amines derived from decarboxylated proteinogenic or non-

proteinogenic amino acids. Subsequently, BTAs can be divided into four subclasses including the 

oxime bromotyrosines, spiro-cyclohexadienyl-isoxazoline or spiroisoxazoline (SIO), 

spirooxepinisoxazoline, and bastadins exemplified by purpuramine I (1.6),26 (+)-purealidin R 

(1.7),27 19-hydroxypsammaplysin X (1.8),28 and bastadin-5 (1.9),29 respectively (Figure 1.4).  

 

Scheme 1.1: Proposed biogenesis of oxime bromotyrosines and spiroisoxazolines. 

 Biogenetically, the spiroisoxazolines (SIOs) and related spirooxepinisoxazolines are 

derived from the same arene oxide precursor, 1.12 (Scheme 1.1 and 1.2).30,31,32 The oxime 

OMe
BrBr

O

N
HO

H2N

O

H+

Nucleophilic 
attack

[O]

OMe
BrBr

N
OH

OHO

Oxime 
Bromotyrosines (1.11)

OH

NH2

OHO

L-Tyrosine (1.10)

O
N

OMe
BrBr

O
H2N

HO

(+)-Purealidin R
1R,6S-1.7

1.12a

OMe
BrBr

O
N

OMe
BrBr

O
H2N

HO

1.12b

O

(–)-Purealidin R
1S,6R-1.13

N OH

NH2

O
H+



 
 

7 

bromotyrosines are biosynthesized from tyrosine in a four step sequence (arbitrary order): 

deamination (aminotransferase) to the a-ketoacid, methylation (methylase, SAM) of the phenol, 

bromination (bromoperoxidase), and transformation to the a-ketoxime (oximinotransferase, 

Scheme 1.1).32 Subsequent nucleophilic attack of the oxime HO onto the arene oxide with C–O 

bond cleavage and protonation gives the SIO skeleton with the hydroxyl group at C-1. The majority 

of the SIOs exhibit a positive optical rotation ([a]D) and positive Cotton effects (De) consistent 

with the 1R,6S-configuration; fewer are of the antipodal 1S,6R-configuration. For example, (–)-

purealin33 and (–)-purealidin R34 (1.13) were isolated from the Okinawan sponge Psammaplysilla 

purea, while (+)-purealin34 and (+)-purealidin R27 (1.7) were obtained from the Southern 

Australian sponge Pseudoceratina spp. suggesting that the biosynthesis of the SIO alkaloids is 

enantiodivergent. The enantiodivergent desymmetrization occurs during the monooxygenase-

promoted epoxidation of the arene thus providing two antipodes 1.12a and 1.12b that give rise to 

the 1S,6R- and 1R,6S-absolute configuration.32 

  

Scheme 1.2: Proposed biogenesis of spirooxepinisoxazolines. 
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To date, 45 spirooxepinisoxazoline alkaloids have been identified including 

psammaplysins A-Z and their 19-hydroxy derivatives,28,30 ceratinamides A-B,35 psammaceratin 

A,36 ceratinadin A-F,37,38,39 and frondoplysin A-B.40 All the spirooxepinisoxazolines are 

characterized by a distinctive HO in the isoxazoline ring, and some of the derivatives are acylated 

by a terminal fatty acyl sidechain. The oxepin of the spirooxepinisoxazoline skeleton may be 

biosynthesized from the arene oxide 1.12 through a disrotatory electrocyclic ring opening (Scheme 

1.2).32 A subsequent 1,3-sigmatropic hydride shift furnishes olefin 1.15, which gives epoxide 1.16 

upon oxidation.32 Nucleophilic attack by the oxime HO upon epoxide 1.16 provides the 

dihydrooxepin 1.17.32 Although, the relationship between optical rotations, Cotton effects, and 

absolute configuration of the SIO alkaloids is well understood, the corresponding correlations for 

members of the spirooxepinisoxazoline subclass remain unclear due to the greater conformational 

flexibility of the dihydrooxepin compared to the spirocyclohexadienes.30a 

Marine sponges belonging to the genus Ianthella, of the order Verongida, are characteristic 

producers of brominated metabolites including the bromobenzofurans exemplified by the 

iantherans,41 and BTAs represented by aeroplysinin-1,42 fistularin-3,43 and the bastadins. 

Kazlauskas and colleagues reported the isolation of the first seven bastadins in 1980-81,29,44 and 

numerous studies have been published since regarding the identification, biological activity, and 

synthesis of this family of 28 compounds. The acyclic or macrocyclic metabolites are derived from 

four units of tyrosine that have undergone extensive aryl ring hydroxylation and bromination, 

decarboxylation to a tyramine, and oxidation of the 2-amino group to a distinct ketoxime unit. 

Bastadins 1–3 are characterized by one oxidative phenolic coupling of two tyramine tyrosine 

subunits whereas the remaining bastadins, including bastadin-5 (1.9, Figure 1.4), are bis-biaryl 

ether tetrapeptides with a parent bastarane29 skeleton or the isomeric isobastarane ring.  
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The biogenetic origin of BTAs remains contentious due to contradictory evidence 

suggesting that BTAs arise from the host and associated symbiont organisms. Brominated 

alkaloids, found localized within the spherulous cells of the gelatinous mesohyl of Aplysina 

sponges, suggest that spherulous cells of the sponge host may be the biogenetic producers of these 

brominated metabolites.45,46,47 This is contrary to the findings of Berlinck and coworkers who 

isolated several BTAs from cultures of the marine bacterium Pseudovibrio denitrificans Ab134, 

obtained from specimens of the sponge Arenosclera brasiliensis. The findings indicate that the 

marine bacterium Pseudovibrio denitrificans Ab134 may be responsible for the biosynthesis of 

some brominated alkaloids.48 Recently, Agarwal and colleagues utilized a multi-omic approach to 

examine the microbiome and natural product chemistry of geographically (Guam, Solomon 

Islands, Florida Keys, and Puerto Rico) and phylogenetically distinct Verongida sponges.49 The 

presence of bromotyrosine alkaloids in phylogenetically and geographically distinct marine 

sponges is independent of the associated microbiome signifying that the sponge host itself may be 

the biosynthetic source of these alkaloids.49 Still, the authors discovered a significant correlation 

between the disparate microbiome and disparate metabolome of the oxime bromotyrosines, SIOs, 

and bastadins suggesting that the microbiome plays a crucial role in shaping the metabolome.49 

 

1.3 Cholinesterase Inhibitory Activity of Marine Natural Products 

1.3.1 Alzheimer’s Disease 
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Figure 1.5: Anatomic locations of the limbic system that plays an important role in learning and 
memory functions. Figure was taken from reference 50.  
 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder associated with 

severe synaptic loss and substantial brain atrophy in the frontal (intelligence, reasoning, and social 

behavior) and parietal lobes (language) as well as the entorhinal cortex, hippocampus, and 

amygdala in the temporal lobe (memory) (Figures 1.5 – 1.6). AD was the sixth leading cause of 

death in the US in 2019, and the seventh leading cause of death in 2020 and 2021 after the 

emergence of COVID-19 and its addition to the list of “top 10 causes of death.”51-52 Currently, an 

estimated 6.1 – 6.4 million Americans, age 65 or older, are living with the disease, and 73% of 

those individuals are age 75 or older.53 By 2060, it’s anticipated that the number of Americans age 

65 and older in the United States (US) suffering from AD will increase to 13.9 million. 

Furthermore, by 2050, AD is expected to place a financial burden of $1 trillion on the United States 

economy, tripling from the $305 billion spent in 2020.54 According to the World Alzheimer Report 

2021, over 55 million individuals worldwide were living with dementia in 2021, and that number 

is anticipated to reach 78 million by 2030.55 Worldwide, the estimated cost of dementia in 2019 

amounted to $1.3 trillion, and is anticipated to surpass $2.8 trillion by 2030.56 Although, the 

financial burden of AD is quite extensive, the long duration of the illness, much of which is spent 
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in a state of severe disability, has significantly burdened dementia patients along with their 

caregivers and families.  

 

Figure 1.6: Brain atrophy in advanced Alzheimer’s disease. Image taken from reference 57. 

Age is the greatest risk factor for AD along with lifestyle and preexisting health problems 

such as diabetes, cardiovascular disease, and neurological disorders.58 Presently, the baby-boomer 

generation, born from 1946 – 1964, has already begun to reach age 65 with the oldest members of 

this generation turning age 75 in 2021. The prevalence of AD related dementia increases 

considerably after age 65 with the risk of developing the disease doubling every five years. An 

estimated 40% of individuals age 85 and older are living with AD today.55  

Clinically, AD slowly develops and progressively deteriorates from preclinical and mild 

cognitive impairment to severe dementia over the span of years and possibly decades.59 AD 

patients experience memory loss, confusion, incoherent communication, personality and 

behavioral changes, and cognitive impairment,60 and they require significant assistance with daily 

activities including eating, bathing, clothing, and other routine self-care tasks.59 Neuronally, AD 

is primarily characterized by neuronal and synaptic loss correlated with the depletion of the human 

cholinergic neuronal markers choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) 

in the basal forebrain and hippocampus.61-62 Moreover, as AD advances from mild to severe 
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dementia, the ratio of human butyrylcholinesterase (BuChE) to AChE increases significantly from 

0.6 to 0.9 in the frontal cortex and 0.6 to 11 in the entorhinal cortex.63 Subsequently, the cholinergic 

pool in an AD brain is substantially depleted, giving rise to the cholinergic hypothesis, and 

significantly affecting cognition and memory processing.64 The progressive decline of the 

neurotransmitter acetylcholine (ACh) is strongly correlated with cognitive deterioration, memory 

impairment and behavioral dysfunction observed in AD patients.60  

 

Figure 1.7: (a) Sequential proteolytic processing of APP to Ab42: APP cleavage by b-secretase 
and g-secretase to Ab42 monomers, and subsequent aggregation to Ab42- oligomers and plaques. 
(b) Destabilization (dissociation) of microtubules upon loss of tau binding, hyperphosphorylation, 
and aggregation of tau into neurofibrillary tangles (NFTs). Images taken from reference 60. 

 

Pathologically, an AD brain features the accumulation of extraneuronal amyloid plaques 

and intraneuronal neurofibrillary tangles along with neuroinflammation of glia cells including 

microglia and astrocytes (Figure 1.6). Amyloid plaques consist of amyloid b-proteins (Ab) that 

are secreted proteolytic products of the type 1 transmembrane Ab precursor protein (APP, Figure 

1.7).60 APP is successively proteolyzed by two membrane-bound aspartate proteases to the Ab-40 

and Ab-42 peptides.60 Initial cleavage of APP by b-secretase (BACE-1) at the b-site provides a C-

terminal fragment (APP CTF-b) that is further processed by the promiscuous g-secretase at the e 

cleavage site to liberate two APP intracellular domains (AICD), Ab48 and Ab49. Sequential 

(a) (b) 
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trimming of Ab49 and Ab48 by a carboxypeptidase function of g-secretase (presenilin 1 and 2) 

delivers Ab40 and Ab42, respectively. The minor variant (Ab42) is particularly predisposed to the 

formation of soluble oligomers and aggregates.60  

The downstream neurofibrillary tangles (NFTs) are comprised of hyperphosphorylated 

aggregates of the microtubule-associated tau protein.60 In healthy individuals, tau binds to 

microtubules and promotes their self-assembly, formation and stabilization. In contrast, 

hyperphosphorylated tau forms NFTs that disrupt intracellular functions, through the 

disintegration of cytoskeletal microtubules and associated tubulin proteins, leading to the collapse 

of neurite extension and stabilization followed by synaptic loss and cognitive decline. Evidence 

suggests that pathological NFT formation is well correlated with neurodegeneration, more than 

amyloid pathology, in AD pathogenesis.60  

Neuroinflammation or chronic immune activation of microglial and astrocytes, mediated 

by the clearance of Ab plaques, exacerbates neuronal degeneration.65  Overactivation of microglial 

cells and reactive astrocytes promotes the production of high concentrations of pro-inflammatory 

cytokines (the tumor necrosis factor (TNF-a), interferon-g and interleukin-1) and chemokines that 

stimulate chronic neuroinflammation.65 Additionally, reactive astrocytes release high levels of 

reactive oxygen species (ROS) that cause oxidative stress, and in turn, induce nitrosative stress 

(overproduction of nitric oxide, NO).66 Chronic inflammation plays a central role in the onset of 

AD and contributes significantly to the progression and severity of the disease.  

 

1.3.2 FDA Approved Cholinesterase Inhibitors 
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Figure 1.8: Structures of cholinesterase inhibitors. 

Current AD therapeutics target either the clearance of b-amyloid plaques or maintenance 

of the ACh neurotransmitter pool by inhibition of the cholinesterase (ChEs) enzymes. Drugs 

targeting b-amyloid have suffered colossal disappointments in recent years with one exception.67 

Biogen’s aducanumab (Aduhelm®)—a human monoclonal antibody involved in the clearance of 

brain b-amyloid (Ab-plaques)—received controversial FDA approval in June 2021 after it showed 

“incomplete and contradictory” data in two concurrent phase III clinical trials.67-68 Although, 

aducanumab is the first disease-modifying therapy to receive accelerated approval for the 

treatment of the underlying cause of AD, additional clinical studies are needed to confirm the 

drug’s benefits (slow progression of AD symptoms or enhance cognition). Conversely, Pfizer’s 

antibody bapineuzumab, Eli Lily’s solanezumab, Merck’s BACE (b-secretase) inhibitor 

verubecestat, and Johnson & Johnson’s BACE inhibitor atabecestat are among several amyloid 

targeting drugs to fail in late-stage clinical trials in patients with moderate to advanced AD due to 

their inability to slow cognitive decline.67  

In contrast, ChE inhibitors including Janssen’s galantamine (1.18, Razadyneâ), Novartis’s 

rivastigmine (1.19, Excelonâ), and Pfizer’s donepezil (1.20, Ariceptâ) were developed and 

approved by the FDA based on the cholinergic hypothesis of AD (Figure 1.8).69-70 The alkaloid 
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galantamine hydrobromide, originally isolated from the snowdrop Galanthus nivalis, is a 

reversible competitive inhibitor of AChE and an allosteric modulator of nicotinic acetylcholine 

receptors (nAChRs).71 The pseudo-irreversible inhibitor rivastigmine is a simplified analog of the 

naturally occurring physostigmine (1.22) isolated from the Manchineel tree and Calabar bean.70 

Compared to physostigmine, rivastigmine is a potent in vivo inhibitor of AChE and BuChE due to 

its improved bioavailability and increased lipophilicity enhancing its ability to cross the blood-

brain barrier into the central nervous system (CNS).72 The synthetic piperidine derivative 

donepezil, approved in 1996 for the treatment of AD, is a highly selective noncompetitive 

reversible inhibitor of AChE.73 ChE inhibitors are typically prescribed in combination with the N-

methyl D-aspartate (NMDA) antagonist memantine (Namenda) to alleviate the neurotoxic effects 

of excess glutamate arising from the over-activation of glutamine receptors.74 ChE inhibitors delay 

the progression of AD symptoms and improve memory, thinking, reasoning, language 

comprehension and communication, and activities of daily living by increasing the concentration 

of the neurotransmitter ACh in the CNS. The aforementioned inhibitors are largely selective 

towards AChE except for rivastigmine, which selectively inhibits hBuChE with an IC50 of 0.037 

µM (hAChE, IC50 = 4.15 µM).75 

 

1.3.3 Cholinesterase Enzymes  
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Figure 1.9: Differences in active site gorges of human (a) AChE (hAChE) and (b) BuChE 
(hBuChE, see reference 76). The transition state of ACh or butyrylcholine (BuCh) is modeled in 
the active site and represented in ball and stick. The gorge (gray), acyl-binding pocket (magenta), 
catalytic triad (sticks in cyan), and key aromatic residues (yellow) are depicted. 

 

The structurally and functionally related serine hydrolases, hAChE and hBuChE, catalyze 

the hydrolysis of choline esters (Figure 1.9).77 Both ChEs belong to the a/b-hydrolyse fold 

superfamily of enzymes that are characterized by a central b-sheet surrounded by a-helices.77 X-

ray crystallography of hAChE and hBuChE established that the active site, located at the bottom 

of an essentially hydrophobic 20 Å gorge, consists of a catalytic triad of Ser, His and Glu.78 In 

hBuChE, the gorge is lined with six aromatic amino acid residues, in contrast with the 14 aromatic 

amino acid residues found interacting with ligands in hAChE. Moreover, the acyl pocket of 

hBuChE is lined with two small hydrophobic amino acids, Val288 and Leu286, that are replaced 

with two larger phenylalanine residues (Phe295 and Phe297) in hAChE.76-78 The acyl binding 

pocket (Figure 1.9, magenta), located in the active site gorge, orients and holds the acyl group of 

the respective substrate (acetyl for ACh; butyryl for butyrylcholine or BuCh) in place during 

hydrolysis. The aromatic rings of the two Phe residues protrude into the active site gorge in hAChE 

and tightly accommodate the acetyl chain of ACh. In contrast, the relatively smaller sidechains of 

(a) (b) 
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Val and Leu effect a conformational change onto the active site of the enzyme and enable it to 

accommodate the binding of bulkier substrates and inhibitors. 

Both ChEs catalyze the hydrolysis of ACh though BuChE also hydrolyzes butyrylcholine 

(BuCh) and succinylcholine. AChE is highly efficient at the hydrolysis of ACh at low 

concentrations, but is substrate inhibited at higher levels.79 Conversely, the non-specific BuChE is 

substrate activated at the concentrations of substrate inhibition in AChE.79 The phenomenon of 

substrate inhibition in AChE likely arises because of the binding of a second ACh substrate at the 

P-site (located at the lip of the gorge, labeled in green, Figure 1.9) which then blocks the release 

of the hydrolysis products.76 In BuChE, substrate activation is mediated by the binding of a second 

substrate at the P-site of the enzyme-substrate complex that further stabilizes hydrolysis 

intermediates.76 Additionally, BuChE is capable of compensating for some of the functions of 

AChE. Experiments with AChE knockout mice – which survive to maturity – show that BuChE 

can supersede AChE in sustaining the structural and functional integrity of the cholinergic 

system.80 Furthermore, knockout mice are highly susceptible to the toxic effects of selective 

BuChE inhibitors such as organophosphates.81  

Evidence suggests that BuChE may participate in the transformation of diffuse Ab-amyloid 

plaques (benign form) to the compact and pathogenic structures associated with neurodegeneration 

and dementia.82-83 Histofluorescence staining with the fluorescent dye thioflavin S—which binds 

to b-pleated sheets and helical filaments in amyloid deposits and neurofibrillary tangles, 

respectively—revealed the presence of three types of plaques: (1) diffuse non-neuritic plaques 

(thioflavine S-negative) and (2) compact but non-neuritic plaques (thioflavine S-positive) 

associated with non-demented individuals, and (3) compact neuritic plaques found in AD 

patients.83 Computed densitometry revealed a fivefold to sixfold increase in the BuChE reactivity 
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in amyloid plaques of patients with AD.82 In demented AD patients, BuChE correlates positively 

with the generation of neocortical neuritic b-amyloid plaques, neurofibrillary tangles, dystrophic 

neurites and neuropil threads, when compared with non-demented controls.82-83  

Lahiri and colleagues demonstrated that the potent and selective BuChE inhibitor (–)-N1-

phenethylcymserine (1.21, Figure 1.8) improved cognitive function in aged rats.84 Carbamate 1.21 

is an analog of the alkaloid (–)-physostigmine (1.22), a reversible ChE inhibitor isolated from the 

Calabar bean Physostigma venenosum of tropical West Africa and fruit of the Manchineel tree 

Hippomane mancinella of the wetlands of North and South America.70 Phenethylcymserine 

possesses 5000-fold selectivity towards BuChE and induces a dose-dependent increase in the 

extracellular levels of ACh in rat cortex as measured by microdialysis methods, improves cognitive 

performance and memory processing in aged rats as assessed in a maze model, and reduces the 

levels of secreted Ab-40, Ab-42 and APP in rat brain.84 The findings support the hypothesis that 

BuChE inhibitors, along with AChE inhibitors, remain a valid target for treatment of AD as they 

enhance ACh concentrations in the brain and improve cognition. 

 

1.3.4 Cholinesterase Inhibitors from Marine Sponges 

 Numerous cholinesterase (ChE) inhibitors have been isolated from marine organisms. The 

marine environment is an exceptional source of new and potent bioactive MNP, including selective 

ChE inhibitors, that may serve as natural pharmacophores to inspire the development of clinically 

relevant drugs. Marine sponges, particularly of the order Verongida, are prolific producers of 

brominated ChE inhibitors, the inhibitory potencies of which are measured in the archetypal 

Ellman protocol developed in 1961.85 A few of these metabolites from marine sponges have been 

selected for further discussion.  
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Figure 1.10: Structures of brominated ChE inhibitors from Verongida sponges.  

 

 
Figure 1.11: The active site of AChE showing the PAS region and the hydrolysis of ACh in the 
active site. Figure taken from reference 70. 
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Aplysamine-4 (1.23), originally isolated from the Hawaiian sponge Psammaplysilla 

purpurea,86 is a non-competitive reversible inhibitor of insect AChE with a Ki of 2 µM (Figure 

1.10).87 The corresponding free amine 1.24, obtained from alkaline treatment of 1.23, is 

significantly less active against insect AChE (Ki = 22 µM). Similarly, aplysamine-2 (1.25), isolated 

from extracts of the Australian marine sponge Aplysina sp.,88 inhibited AChE through non-

competitive binding with an IC50 of 1.3 µM.89 In contrast, purpuramine J (1.26),90 which only 

differs from 1.25 in its terminal N-oxide motif, is not active against AChE.89 The activities of  

aplysamine-4 and aplysamine-2 reflect the importance of the terminal ammonium and 

dimethylamine functionalities for the inhibitory activity against AChE. The ammonium and 

dimethylamino moieties are expected to form p-cation interactions with the peripheral anionic site 

(PAS) of AChE in a similar manner as the quaternary ammonium group of ACh (Figure 1.11).70 

The PAS region is located at the gorge entrance of the enzyme and is lined with aromatic residues 

that form p-cation interactions and guide ACh towards the active site at the bottom of the gorge.70  

 Additionally, the presence of the oxime group in the bromotyrosine-derived metabolites 

appears critical for the inhibition of AChE. In contrast to oximes 1.23 and 1.25, amines 1.27 and 

1.28 weakly inhibited AChE with IC50’s of 70 and 107 µM, respectively (Figure 1.10).89 Purealidin 

Q (1.29), a spiro-cyclohexadienyl-isoxazoline alkaloid from the Okinawan sponge 

Pssammaplysilla purea,27 is a potent non-competitive inhibitor of AChE with an IC50 of 1.2 µM. 

Analogously, homoaerothioin (1.31)91 is a potent competitive inhibitor of electric eel AChE 

(eeAChE, IC50 = 2.9 µM), hAChE (IC50 = 4.5 µM), and BuChE (IC50 = 6.2 µM), while fistularin 

1 (1.30)43 moderately inhibited hAChE (IC50 = 47.5 µM).92 Unique iantheran A (1.32), a dimeric 

tetrabrominated benzofuran containing a rare 2,3-dihydroxy-1,3-butadiene disulfate moiety, was 

isolated from extracts of Ianthella sp. collected in the Great Barrier Reef, Australia.93 Compound 



 
 

21 

1.32 was evaluated against a panel of enzymes, and was identified as a potent inhibitor of several 

enzymes including AChE (IC50 = 0.42 µM).93 

 

Figure 1.12: Structures of brominated ChE inhibitors from different sponge classes.  

 Additional brominated secondary metabolites and ChE inhibitors have been isolated from 

different orders of the Demospongiae class (Figure 1.12). Psammaplysene D, isolated from 

extracts of the marine sponge Psammoclemma sp.94 and Polynesian sponge Suberea 

ianthelliformis,95 is a potent mixed competitive/non-competitive inhibitor of AChE (IC50 of 1.3 

µM) that binds to both the free enzyme and enzyme-substrate complex.95 Interestingly, the N,N-

dimethyl-3-phenoxypropan-1-amine terminus and trans-cinnamoyl moiety were crucial for the 

inhibitory activity against AChE. Moodie and co-workers isolated the tyramine metabolite 

stryphnusin (1.34) from the Norwegian boreal sponge Stryphnus fortis and evaluated its inhibitory 

activity against eeAChE (IC50 = 232 µM) and equine serum BuChE (eqBuChE, inactive).96 

Subsequently, the authors prepared a library of analogs to investigate the structure-activity 

relationship (SAR) of 1.34. The synthetic analog 1.35 showed significantly enhanced inhibition of 
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eeAChE (IC50 = 57 µM) and eqBuChE (IC50 = 20 µM) implying that the additional bromination 

and methylation of the phenol were sufficient to increase the bioactivity.96  

 In 2016, Anderson and colleagues evaluated compounds 1.36-1.39, isolated from the deep 

water boreal sponge Geodia barretti collected off the Norwegian coast, as inhibitors of eeAChE 

and aqBuChE (Figure 1.12).97 The 2,5-diketopiperazines barettin (1.36) and 8,9-dihydrobarettin 

(1.37) showed significant inhibition of eeAChE with Ki values of 29 and 19 µM, respectively, 

while indoles 1.38 and 1.39 were essentially inactive with Ki > 200 µM.97 Although, alkaloid 1.39 

showed weak inhibition of eqBuChE (IC50 = 222 µM), 6-bromoconicamin (1.38, IC50 = 14 µM) 

was more potent than the two diketopiperazines.97 Additionally, the authors prepared a library of 

analogs based on the scaffold of indoles 1.38-1.39 to investigate their SAR against AChE and 

concluded that the brominated indole motif is not sufficiently responsible for the pronounced 

bioactivity observed with barettin and 8,9-dihydrobarettin.97  

 

Figure 1.13: Structures of galantamine (1.18), petrosamine (1.42), and 2-bromoamphimedine 
(1.43). 
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is essential for oroidin’s bioactivity. This is particularly significant as many BTAs contain the 2-

aminoimidazole moiety and may potentially inhibit AChE.  

The pentacyclic, pyridoacridine petrosamine (1.42) was isolated from the marine sponge 

Petrosia sp. collected at Carrie Bow Cay, Belize (Figure 1.13).100 Petrosamine strongly inhibited 

eeAChE, by approximately six-fold higher potency, in comparison to the positive control 

galantamine (1.18).101 Petrosamine and galantamine exhibited IC50 values of 91 and 590 nM, 

respectively. In contrast, the pyridoacridine 2-bromoamphimedine (1.43), obtained from extracts 

of the Thai sponge Petrosia n. sp., showed weak inhibitory activity at 300 µM.101 Molecular 

docking studies showed that the quaternary ammonium group of petrosamine formed strong 

interactions with key residues in the active site gorge of electric eel Torpedo californica AChE; 

thus, explaining the observed bioactivites.101  

 

Figure 1.14: Structures of ChE inhibitors from different sponge classes.  
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 The pyrroloiminoquinone alkaloids discorhabdins B (1.46), L (1.47), G (1.44), and 3-

dihydro-7,8-dehydrodiscorhabdin C (1.45) were isolated from the methanol extracts of 

Latrunculia cf. lendenfeldi and L. cf. bocagei collected near the Antarctic Peninsula (Figure 

1.14).102 Alkaloids 1.44-1.47 are reversible competitive inhibitors of eeAChE (Ki = 1.6 – 15.0 

µM), hAChE (Ki = 22.8 – 98.0 µM), and eqBuChE (Ki = 5.0 – 76.0 µM).103 Favorably, 

electrophysiological studies of discorhabdin G (1.44) at 8.43 µM (80% inhibition of eeAChE) 

showed that it lacked undesirable effects on skeletal muscle function and neurotransmission, 

particularly muscle twitches and tetanic contractions.103  

 Liu and colleagues evaluated the alcohol extract of the South China Sea sponge 

Xestospongia testudinaria for anti-acetylcholinesterase activity and isolated several lipids and 

sterols including 1.48-1.51.104 Mutafuran H (1.48), a brominated ene-tetrahydrofuran, potently 

inhibited AChE at equivalent potency as the positive control tacrine with IC50 values of 0.64 and 

0.41 µM, respectively.104 Additionally, xestospongic acid (1.49)105 and the hydroperoxy sterols 

1.50106 and 1.51107 moderately inhibited AChE (IC50 = 12.65, 11.45 and 14.51 µM, respectively). 

 Marine sponges continue to deliver bioactive natural products, many of which are 

cholinesterase inhibitors. Some cholinesterase inhibitors were highlighted and discussed to 

showcase their wide chemodiversity and formidable potential for pharmacognostic studies. 

 

1.4 Conclusions 

 The marine environment is a wellspring for structurally diverse and bioactive natural 

products. The highly diversified structural scaffolds of MNPs are a source of inspiration for drug 

development. Alkaloids, including decahydroquinolines and bromotyrosine-derived metabolites, 

constitute the largest class of marine natural products, however, the formulas of most marine 
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natural products lack nitrogen; chemical classes of non-nitrogenous secondary metabolites include 

terpenoids, polyketides, peptides, steroids, and lipids. Glycolipids, such as caminoside A and 

axinoside-1, comprise a rare subset of glycosylated lipids, the structures of which depart from 

more conventional glycosphingolipids. These structurally complex molecules often display novel, 

potent, and selective biological activities that complement well-known motifs of synthetic drugs. 

The following dissertation explores the structural determination and total synthesis of bioactive 

heterocycles – both alkaloids and glycolipids – from marine sponges. 
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CHAPTER TWO. DISCOVERY OF BROMO-SPIROISOXAZOLINE ALKALOIDS FROM 

THE CARIBBEAN MARINE SPONGE APLYSINA LACUNOSA 

 

Abstract: Three new bromotyrosine spiroisoxazoline alkaloids, lacunosins A and B (2.1–2.2) and 

desaminopurealin (2.3), were isolated from a MeOH extract of the marine sponge Aplysina 

lacunosa that showed modest a-chymotrypsin inhibitory activity. The structures of 2.1–2.3 share 

the spirocyclohexadienyl-isoxazoline ring system found in purealidin-R and several other 

Verongid sponge secondary metabolites. Compounds 2.1 and 2.2 are coupled to a glycine and an 

isoserine methyl ester, respectively. Alkaloid 2.3 is linked, contiguously, to an O-1-aminopropyl 

3,5-dibromotyrosyl ether and finally, to histamine through an amide bond. The planar structures 

of all three compounds were obtained from analysis of MS and 1D and 2D NMR data. The absolute 

configuration of the SIO unit of 2.1–2.3 was assigned by electronic circular dichroism (ECD). The 

isoserine amino acid residue in 2.2 was found to be a 1:1 mixture of epimers using a new Marfey’s 

type reagent, derived from Trp-NH2. Allylic O-naphthoylation of the SIO subunit enhances the 

ECD spectrum of SIOs and improves discrimination of enantiomorphs. A unifying hypothesis is 

proposed that links the biosynthesis of several of the new compounds with previously reported 

analogues. 
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2.1 Introduction 

 Among the earliest marine natural products reported are alkaloids and peptides containing 

modified bromotyrosine residues from marine sponges (Porifera), mainly in the order Verongida. 

Approximately 300 bromotyrosine alkaloids of marine origin have been reported in the literature 

to date.1,2 The formidable oxidative brominating capacity of Verongid sponges is manifested in 

not only secondary metabolites, but also high-levels of bromotyrosine amino acid residues in the 

structural proteins (chitin) of Ianthella basta3 and Aplysina cavernicola.4 Bromotyrosine 

secondary metabolites from marine sponges show a variety of biological properties, including 

antibacterial,5 anti-inflammatory,6 antineoplastic,7 and antifungal activities that clearly 

demonstrate bio- and chemodiverse repertoires. A remarkable report by Berlinck and coworkers 

shows that several bromotyrosine-derived natural products, conventionally associated with 

Verongid sponges, are produced by fermentation of a Verongid sponge-derived bacterium, 

Pseudovibrio denitrificans Ab134.8  

 In screening for protease inhibitors, we found the MeOH extract of the marine sponge 

Aplysina lacunosa from the Bahamas exhibited significant inhibition of a-chymotrypsin activity. 

Here we report the structures of three new brominated spiroisoxazoline (SIO) alkaloidal peptides, 

lacunosins A (2.1) and B (2.2) and des-aminopurealin (2.3), from an assay-guided survey of 

extracts with a-chymotrypsin inhibitory activity. The structure of alkaloid 2.2 includes a rare 

isoserine residue. 

 

2.2 Isolation and Structural Elucidation of Lacunosins A–B and Desaminopurealin 
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Figure 2.1: The structures of lacunosins A (2.1), B (2.2), desaminopurealin (2.3), verongidoic 
acid methyl ester (2.4a), (+)-purealidin-R (2.4b), and verongidoic acid (2.4c). 
 

Extracts of the sponge A. lacunosa were found to induce 100% inhibition of a-

chymotrypsin at 50 µg.mL–1. The total MeOH extract of A. lacunosa was separated by progressive 

solvent partitioning into four fractions A–D, and a-chymotrypsin inhibitory activity was found to 

partition into the CH2Cl2/MeOH-soluble “B fraction”. Further purification of the latter by size 

exclusion chromatography further segregated activity into mid-eluting and late-eluting fractions 

(Figure 2.2).  HPLC and examination by LCMS and 1H NMR delivered three new bromotyrosine-

derived metabolites (2.1–2.3) in addition to the known compounds aeroplysinin-1,9 aerophobin-

1,10 aerophobin-2,11 purealidin-N,12 purealin,13 methyl ester 2.4a,14 and aplysinin-B7a (for 

structures, see Appendix). MS analysis of 2.1 and 2.2 showed [M+Na]+ of 474.9113 and 504.9215 

corresponding to molecular formulas of C13H14Br2N2O6 and C14H16Br2N2O7, respectively. The 
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isotopic patterns of the sodium adduct ions confirmed the presence of two Br atoms in each of 2.1 

and 2.2. Additionally, FTIR absorptions at ~ 3400 and 1680–1670 cm-1 revealed the presence of 

OH/NH and amide carbonyl groups, respectively. Comparison of the 1H and 13C NMR data of 2.1 

and 2.2 (Table 2.1) with reported literature values for (+)-purealidin-R12 (2.4b, Figure 2.1) 

demonstrated that both 2.1 and 2.2 contained the SIO moiety with different side chains attached to 

the amide NH.  

The 1H and 13C NMR spectra of 2.1 showed the characteristic features of the O-Me-

spiroisoxazoline ring system common to purealidin-R (2.4b) and many other bromotyrosine-

derived natural products from Verongid sponges. Additionally, the 1H and HSQC spectra of 2.1 

revealed an extra C-11 OMe group (δH 3.72, s; δC 52.3) and the deshielded methylene CH2-10 (δH 

4.01, 2H, s; δC 41.3). The C-9 signal (δC 170.4) in 2.1 was assigned to a carboxamide which was 

linked, sequentially by HMBC correlations, to the deshielded CH2-10 (δH 4.02, 2H) and the 

terminal methyl ester group at δH 3.72, therefore, constituting a Gly-OMe residue. Compound 2.1 

is the N-Gly-OMe-extended derivative of 2.4b. 

 
Figure 2.2: a-Chymotrypsin inhibition by fractions from size-exclusion chromatography 
(Sephadex LH-20, MeOH elution) of Aplysina lacunosa solvent-partitioned extract. See 
Experimental Section. 
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Figure 2.3: COSY and HMBC correlations of (–)-2.3 (600 MHz, CD3OD). 

The 1H and HSQC spectra of 2.2 indicated a diastereotopic CH2 group (δH 3.64, m and 

3.60, m) with a complex multiplet structure (see Figure 2.4 and discussion, below), an O-CH-11 

(δH 4.34, dd, 6.0, 4.8), and the 13-MeO signal (δH 3.75, s; δC 58.9) in addition to the anticipated 

SIO ring. A COSY cross-peak between the CH2-10 and the CH-11 signals, together with HMBC 

correlations between CH2-10 and C-9/C-11/C-12, between CH-11 and C-11/C-12, and between C-

13-MeO and the carbonyl C-12 (δC 172.8) suggests 2.2 comprises an SIO joined to an isoserine 

(isoSer) methyl ester residue through an amide bond.  

Compound (–)-2.3, with the formula C27H28Br4N6O7, is the desamino analog of purealin, a 

potent inhibitor of myosin and dynein ATPase isolated from an Okinawan specimen of 

Psammaplysilla purea.13,14b The 1H and 13C NMR spectrum of 2.3 were almost identical with those 

of purealin;13 the major differences were the presence of an imidazolyl 1H NMR signal H-23 (δH 

8.77, s, 1JCH = 218 Hz) and other minor chemical shift changes near the histamine group. Full 1H 

and 13C NMR assignment of 2.3 was secured through DQF-COSY, HSQC and HMBC (Figure 

2.3). HMBC correlations were observed from H-21 (δH 2.93, 2H, t, 6.7) to C-23 (δC 116.1) and C-

24 (δC 133.3). As with almost all natural products containing a-ketoxime-bromotyrosine amides, 

(–)-3 has the E-oxime configuration.15 The low specific rotation ([a]D –11) and weak Cotton effect 

[l 253 (De +0.8), 284 (+0.8)] of (–)-2.3 suggests this sample is nearly racemic (see below). 
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The configuration of the isoSer in 2.2 was addressed by a variant of Marfey’s method.16 

Total hydrolysis of 2.2 (6 M HCl, 110 ˚C, 16 h), followed by treatment of the residue with our 

newly described L-FDTA reagent (2.5, Scheme 2.1)17 gave DTA derivatives with superior 

resolutions on reversed-phase HPLC.18 Unexpectedly, two peaks corresponding to L-isoSer-L-

DTA (tR = 13.63 min) and D-isoSer-L-DTA (tR = 13.94 min) were observed, suggesting the isoSer 

residue in 2.2 was a mixture of epimers. When the hydrolysis was repeated under milder conditions 

(4 M HCl, 110 ̊ C, 12 h), followed by derivatization by L-FDTA, HPLC revealed the same mixture. 

To exclude the possibility of epimerization during acid hydrolysis of 2.2, authentic L-isoSer was 

subjected to the latter conditions of hydrolysis, and upon L-FDTA derivatization and HPLC 

analysis, a single peak was obtained corresponding to L-isoSer-L-DTA. Consequently, the above 

results confirm that 2.2 is a mixture of C-11 epimers (1:1). 

Given the results above, the complexity of the 1H NMR spectrum of 2.2, particularly the 

10-CH2 multiplet structure, could now be interpreted in a different, consistent manner.  From 

inspection of the structure of 2.2, the expected multiplet pattern of NH-CH2-CH(OH)- (Figure 

2.4a) should be that of an ABX system (the couplings of OH and NH signals are absent due to 

deuterium exchange in CD3OD: see DQF-COSY, 600 MHz, Figure 2.12). The CH2-10 signal 

should, therefore, consist of a maximum of 8 lines; yet clearly 16 lines are present. The most likely 

interpretation is that the 1H NMR signals for CH2-10 of the epimeric mixture 2.2 are two 

overlapping eight-line spin systems—the AB parts of two ABX spin systems—with virtually the 

same vicinal and geminal J values, but each slightly offset in chemical shift by different amounts 

(on average, Dd ~0.01, or 6.6 Hz at 600 MHz).19  Because the nearest stereocenter C-6 is 6-bonds 

away, the 10-CH2 J-splitting pattern would be expected to be similar for each epimer, dictated only 

by local torsional parameters, solvation and hydrogen bonding.  The simulated 1H NMR 
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spectrum20 (Figure 2.4b) supports these conclusions. In short, the deceptive spectral complexity of 

the 10-CH2 1H NMR signal of 2.2 arises from overlapping spin systems of diastereomers.21 

 

  
Figure 2.4: (a) 1H NMR spectra of the diastereotopic 10-CH2 of 2.2 (600 MHz, CD3OD) and (b) 
simulated spectrum of ABX. Line width, 1.15 Hz, dA 3.589, J = 13.0, 6.0, 4.8 Hz; dB 3.644, J = 
13.0, 6.0, 4.8 Hz. Epimer: dA 3.600, J = 13.0, 6.0, 4.8 Hz; dB 3.652, J = 13.0, 6.0, 4.8 Hz (dX is not 
shown). Ref. 20. 
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Table 2.1: 1H and 13C NMR Data for 2.1–2.3 in CD3OD. 

 δC, type δH (int., mult, J, Hz) 
# 2.1a,b 2.2a 2.3a 2.1c 2.2d 2.3d 

1 75.2, CH 74.0, CH 74.1, CH 4.08, s  4.11, s  4.08, s 
2 113.9, C 112.6, C 112.9, C    
3 148.7, C 147.8, C 147.7, C    
4 122.1, C 121.3, C 121.3, C    
5 132.3, 

CH 
130.6, 
CH 

130.8, 
CH 

6.41, s 6.443 [6.437 c], s 6.42, s 

6 91.9, C 91.0, C 90.9, C    
7 39.9, CH2 38.7, CH2 38.7, CH2 3.76, d 

(18.0) 
3.79, d (18.6) 3.78, d (18.6) 

    3.09, d 
(18.0) 

3.11, d (18.6) 3.10, d (18.6) 

8 154.7, C 153.4, C 153.8, C    
9 160.3, C 160.2, C 160.2, C    
10 41.3, CH2 42.5, CH2 36.6, CH2 4.01, s 3.644 [3.652e], ddd (13.0, 6.0, 

4.8) 
3.58, t (6.9) 

     3.600 [3.589e], ddd (13.0, 6.0, 
4.8) 

 

11 170.4, C 69.1, CH 29.2, CH2  4.34, dd (6.0, 4.8) 2.10, pent (6.6) 
       
12  172.8 70.8, CH2   4.04, t (6.0) 
13   151.2, C    
14   117.5, C    
14’   117.5, C    
15   133.1, 

CH 
  7.46, s  

15’   133.1, 
CH 

  7.46, s  

16   136.2, C    
17   27.4, CH2   3.81, s  
18   150.6, C    
19   164.2, C    
20   37.6, CH2   3.56, t (6.7) 
21   24.4, CH2   2.93, t (6.7) 
22   133.1, C    
23   116.1, 

CH 
  7.30, s 

24   133.3, 
CH 

  8.77, s (1JCH = 218 
Hzf) 

3-OMe 60.2, CH3 58.9, CH3 59.0, CH3 3.71, s 3.75, s 3.72, s  
11-
OMe 

52.3, CH3   3.72, s    

12-
OMe 

 51.3, CH3   3.77, s   

a13C chemical shifts were obtained indirectly from HSQC and HMBC data. b125 MHz, (CD3)2CO. c500 MHz. d600 
MHz. eSignal for C-11 epimer. See text for discussion of multiplet complexity and Figure 2.4b for NMR simulation. 
fFrom “13C satellite” measurements. 
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The absolute configurations of the brominated cyclohexadienyl-SIOs were originally 

assigned by Rinehart and coworkers, who correlated the ECD spectrum and X-ray crystal structure 

of the degenerate skewed 1,3-dienes in (+)-aerothionin,22,23 based on earlier studies of 

aeroplysinin-1 by Fulmor and coworkers24 and pioneering chiroptical studies of skewed dienes by 

Moscowitz25 and others.26 The 1,3-diene in the canonical SIO structure, verongidoic acid (2.4c) 

deviates from planarity by approximately +17˚27 (Figure 2.5) and is expected to manifest a positive 

Cotton effect (CE). In fact, two positive CEs are observed in the C2 dimer, (+)-aerothionin (Table 

2.2): l 245 nm (De +23.7) and 284 (+21.4).22  The optical rotations of the commonly-configured 

(1R,6S)-SIOs are also consistently dextrorotatory (Table 2.2). Similar trends are observed in other 

brominated skewed 1,3-cyclohexadienes, (–)-aeroplysillin-1 (2.S5) and aplysinafulvin (2.S8), 

which lack an SIO ring system. The ECD spectra of 2.1–2.3 (Figure 2.20) each showed the same 

positive CEs, albeit of lower magnitudes than (+)-aerothionin. The strongest CEs were those of 

2.1 [l 253 (De +5.2), 284 (+3.6)] and the weakest, those of 2.3. It can be concluded that the 

dominant chirality of the SIO ring in 2.1–2.3 is (1R,6S), as depicted, but 2.3 is nearly racemic.  

Further chiroptical determination of the %ee of 2.1–2.3 is impeded by lack of reliable standard 

SIOs of known %ee.28 

Concern was raised about the relatively lower magnitude CEs observed in 2.1–2.3. Given 

that De is a molar quantity, the magnitude of the CE should be relatively invariant across all similar 

SIOs that lack additional stereogenic centers,29 yet this is not the case. For example, the magnitudes 

of the CE at l ~250 nm observed in samples of fistularin-3 (2.S2) range from De +16 to +32.1 

(Table 2.2).  We were left to consider the possibility that 2.1–2.3 are not homochiral; that is, the 

SIO ring system is formed with imperfect stereofidelity.30 There is precedence for this 

phenomenon; for example, ianthesine-A (2.S14), -B–D, from an Australian Ianthella sp.,31 
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purealidin B (2.S15) from an Okinawan Psammaplysilla purea,32 and pseudoceratinines A and C 

(2.S16 and 2.S17) from P. verrucosa33 have SIO rings of the antipodal (1S,6R) configuration. 

Capon and co-workers isolated (±)-purealin (2.S18) from Southern Australian specimens of 

Pseudoceratina spp. and convincingly demonstrated that coisolated (–)-pseudoceratinine A 

(2.S16) and (–)-aerophobin-2 were partial racemates after conversion (R-MTPA, DCC) to a 

mixture of their respective diastereomeric R-Mosher’s esters (dr 2:1).34 From a sample of P. 

verrucosa collected in Dampier, Western Australia, Karuso and coworkers found the (–)-

enantiomer of (+)-purpuroceratic acid B (2.8b)35,36 along with other antipodal SIO compounds.37 

Finally, the curious case of 2.4c offers an even more interesting study: The EC of 2.4c (Table 2.2) 

is of lower magnitude and opposite in sign to that of fistularin-3 (2.S2), both isolated from the 

same specimen of Pseudoceratina sp. from the Bahamas.38 

The 1,3-diene twist of SIOs gives rise to a modest CE, which becomes difficult to detect 

in “near racemic” samples. In order enhance the ECD signal in SIOs and provide an independent 

indicator of chirality we exploited the useful cyclic allylic benzoate method developed by 

Nakanishi and coworkers.39 The exciton coupling (EC) observed between the two nondegenerate 

chromophores—a benzoyloxy group and the adjacent C=C bond—gives rise to a split Cotton effect 

of which the sign of longer wavelength component is determined reliably from the helicity. When 

extended to acyclic 1,3-dienyl naphthoate esters, the magnitude of the EC is enhanced 

significantly. From energy minimized models of 2.4a (Figure 2.5), it is apparent the diene helicity 

(q (H-1–C-1–C-6–H6 = 17.2˚) and allylic helicity (q (H-1–C-1–C-6–H6) = 102.2˚) are of the same 

sign. We reasoned that the superposition of CEs arising from helicities of the 1,3-diene and 1,3-

dienyl naphthoate moieties would reinforce the magnitude of the CE. 
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Treatment of synthetic (+)-2.4a14c with 6-methoxy-2-naphthoyl chloride (2.6)40 (Et3N, 

DMAP, CH2Cl2, Scheme 2.2) gave naphthoate ester (–)-2.7. The ECD spectrum of naphthoate 

ester (–)-2.7,  (Figure 2.6) showed additional complexity not seen in the ECD spectrum of the 

parent SIO including a red-shifted positive Cotton effect (l 310 nm, De +7.6) corresponding to the 

forbidden R-band (n –> π*) of the naphthoate chromophore. Although the magnitude of the CE in 

(–)-2.7 is no greater than native SIOs, the “fingerprint” CE of similar 6-methoxy-2-naphthoate 

esters may be useful for fine-scale chiroptical analyses where longer wavelength features are 

preferable.  

 
Scheme 2.1: Hydrolysis of 2.2 and derivatization of isoSer by L-FDTA (2.5).  

 

 
Scheme 2.2: Naphthoate ester (–)-2.7 from acylation of (+)-2.4a. 
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(a) (b)  

#Conf. Energy, E 
(kJ.mol–1) 

 

Torsional 
Angle, q a  

(deg˚) 
6 6.6 8.9 
5 6.4 7.3 
4 5.7 8.0 
3 1.4 -13.9 
2 1.1 17.6 
1 0.0 17.2b 

a. q (H-1–C-1–C-6–H6). b. q‘(H -1–C-1–C-6–H6) = 102.2 

Figure 2.5: Energy-minimized conformers (MMFF) of (1S,6R)-verongidoic acid methyl ester 
(2.4a). (a) The six lowest E conformers. (b) Model of the Lowest E conformer (iSpartan). 
 

 
Figure 2.6: UV-vis and ECD spectra (c 2.49 x 10–5 M, MeOH, 23 ˚C) of 6’-methoxy-2’-
naphthoate ester (–)-2.7 derived from (+)-2.4a.
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Table 2.2: Chiroptical Data ([a]D, ECD) for Three Chemotypes (A-C) of Dibromocyclohexa-1,3-

dienes. 

 
 

Compound Type Origin Species [a]D l /nm (De)a l /nm 
(De)a 

Ref 

2.1 C Bahamas Ap. lacunosab +71.8 253 (+5.2) 284 (+3.6) c 
2.2 C Bahamas Ap. lacunosab +32 253 (+3.1) 284 (+2.8) c 
2.3 C Bahamas Ap. lacunosab –11 253 (+0.8) 289 (+0.8) c 

(+)-Aerothionin (2.S1) C Mexico Ap. fistularisd +210e 245 (+23.7) 284 
(+21.4) 

22 

Fistularin-3 (2.S2) C Belize Ai. crassaf  273 (+32.1) 287 
(+27.6) 

5c 

Araplysillin III (2.S3b) C Belize Ai. crassaf +96.3g   5c 

Hexadellin C (2.S4) C Belize Ai. crassaf +102h   5c 

(–)-Aeroplysinin-1 
(2.S5) 

A Caribbean Ia. ardisi,j –198k 282 (–15)  24 

(+)-Aeroplysinin-1 
(2.S6) 

A Bahamas Ia. sp. +182k   24 

‘Verongidoic acid’ 
(2.4c) 

C Bahamas Ps. crassal,i  245 (–9.1) 284 (–6.4) 48 

2.S2 C Virgin Islands Ap. f. fulvam +104.2p   41 
2.S2 C Bahamas Ps. crassal,i  245 (+16) 284 (+15) 48 
2.S2 C Brazil Ap. 

cauliformiso 
 252 (+19.7) 286 

(+19.7) 
52 

2.S2 C Bahamas ‘Ap. fulva’p  251 (+19.0) 285 
(+17.8) 

52 

‘11-epi-Fisturalin-3’q 

(2.S7) 
C Australia Ag. oroidesr +65.2s 248 (+23.7) 284 

(+20.6) 
42 

a. MeOH. Literature values of molar ellipticities, [q], are normalized: De = 3300[q]. See Appendix for the 
structures 2.S1–2.S19b. b. Aplysina lacunosa. c. This work. See Experimental. d. Aplysina fistularis. e. (c 
1.0, MeOH). f. Aiolochroia crassa. g. (c 0.19, MeOH). h. (c 0.067, MeOH). i. renamed Aiolochroia crassa. 
j. Ianthella ardis. k. (c 0.5, acetone). l. Pseudoceratina crassa. m. Pseudovibrio denitrificans Ab134 isolated 
from sponge Arenosclera braziliensis. n. Aplysina forma fulva. o. Aplysina cauliformis. p. Originally 
identified as Aplysina fulva, but upon review, it is more likely Aplysina fistularis. q. The configuration at 
C-11 is variable.52 r. Agelas oroides. s. (c 1.04, acetone). t. Aplysina fulva. u. (c 0.002, MeOH). v. Aplysina 
caissara. w. (c 0.0014, MeOH). x. (c 0.0021, MeOH). y. (c 0.06, MeOH). z. (c 0.04, MeOH). aa. 
Pseudoceratina verrucosa. ab. (c 0.4, MeOH). ac. Less common (1S,6R) configuration. ad. (c 1.02, 
MeOH). ae Psammaplysilla purea (likely P. purpurea). af. (c 1.3, MeOH). ag. (c 1, MeOH). ah. (c 2.1, 
MeOH). ai. no chiroptical data; presumably “0”. aj. (c 0.55, MeOH). ak. (c 6.25, CH2Cl2). 
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Table 2.2: Chiroptical Data ([a]D, ECD) for Three Chemotypes (A-C) of Dibromocyclohexa-1,3-

dienes continued. 

Compound Type Origin Species [a]D l /nm (De)a l /nm 
(De)a 

Ref 

Aplysinafulvin (2.S8) B Brazil Ap. fulvat +130u 251 (+1.63) 285 
(+0.79) 

43 

(12S)-Hydroxy-11-oxo-
aerothionin (2.S9) 

C Bahamas Ap. fistularisd +152.5 250 (+18.2) 288 
(+15.2) 

44 

(12R)-Hydroxy-11-oxo-
aerothionin (2.S10) 

C Bahamas Ap. fistularisd +162.7 251 (+18.3) 288 
(+15.0) 

44 

11-Hydroxyaerothionin 
(2.S11) 

C Brazil Ap. caissarav +178w 248 (+24) 284 (+24) 45 

        
Caissarine C (2.S12) C Brazil Ap. caissarav +175x 248 (+26) 290 (+27) 45 

        
N-sulfatoaraplysillin I 

(2.S13) 
C Bahamas ‘Ap. fulva’t +100y 244 (+8.3)  285 (+8.0) 50 

(+)-Purpuroceratic acid 
B (2.8b) 

C Bahamas ‘Ap. fulva’t +140z 243 (+7.0) 289 (+5.2) 50 

(–)-Purpuroceratic acid 
B (2.8b) 

 Australia Ps. verraa –9ab   37 

Ianthesine A (2.S14)ac C Australia Ianthella sp. –118ad 248 (–10.2)  285 (–
9.94) 

31 

Purealdin B (2.S15)ac C Japan Psa. pur.ae –4.5af 252 (–2.5) 290 (–2.4) 32 

Pseudoceratinine A 
(2.S16)z 

C New 
Caledonia 

Ps. verr.aa –158ag 248 (–9.66) 290 (–
8.48) 

33 

(–)-Purealin (2.S18)z C Japan Psa. pur.ae –85ah 245 (–9.51) 284 (–
9.15) 

13 

(±)-Purealin (2.S18) C Australia Ps. sp ai   34 

Subereamolline A 
(2.S19a) 

C Egypt Suberea 
mollis 

+156.5aj   46 

Subereamolline A 
(2.S19a) 

C Egypt Suberea 
mollis 

+22.9ak   46 

        

a. MeOH. Literature values of molar ellipticities, [q], are normalized: De = 3300[q]. See Appendix for the 
structures 2.S1–2.S19b. b. Aplysina lacunosa. c. This work. See Experimental. d. Aplysina fistularis. e. (c 
1.0, MeOH). f. Aiolochroia crassa. g. (c 0.19, MeOH). h. (c 0.067, MeOH). i. renamed Aiolochroia crassa. 
j. Ianthella ardis. k. (c 0.5, acetone). l. Pseudoceratina crassa. m. Pseudovibrio denitrificans Ab134 isolated 
from sponge Arenosclera braziliensis. n. Aplysina forma fulva. o. Aplysina cauliformis. p. Originally 
identified as Aplysina fulva, but upon review, it is more likely Aplysina fistularis. q. The configuration at 
C-11 is variable.52 r. Agelas oroides. s. (c 1.04, acetone). t. Aplysina fulva. u. (c 0.002, MeOH). v. Aplysina 
caissara. w. (c 0.0014, MeOH). x. (c 0.0021, MeOH). y. (c 0.06, MeOH). z. (c 0.04, MeOH). aa. 
Pseudoceratina verrucosa. ab. (c 0.4, MeOH). ac. Less common (1S,6R) configuration. ad. (c 1.02, 
MeOH). ae Psammaplysilla purea (likely P. purpurea). af. (c 1.3, MeOH). ag. (c 1, MeOH). ah. (c 2.1, 
MeOH). ai. no chiroptical data; presumably “0”. aj. (c 0.55, MeOH). ak. (c 6.25, CH2Cl2). 
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Brominated SIOs arise from bromination–oxidation of tyrosine, as shown by Rinehart and 

co-workers using 14C-labeling.47 Much speculation has appeared on the biosynthesis of the SIO 

and subsequent transformation, the consensus being that the SIO ring system arises from oxidation 

of a 3,5-Br2Tyr-a-ketoxime to an 1,2-arene epoxide followed by intramolecular SN2 attack-ring 

opening by the C=NOH group. The dominance of (+)-(1R,6S)-SIO stereoisomers in Nature attest 

to re-facial selectivity of the putative arene epoxidase, with the less common (–)-(1S,6R) 

enantiomorphs arising from variant enzymes exhibiting preferential si-facial selectivity, or even 

nonselectivity in the cases of near-racemic SIOs.  Another way to view this outcome is imperfect 

desymmetrization by O atom addition to the aryl ring of the 3,5-Br2Tyr-a-ketoxime precursor.  

In this report, our interest was on the origin of isoSer, a rare nonproteinogenic amino acid 

observed in 2.2 and the first time in an SIO. Although it is possible that isoSer derives from an 

independent, discrete biosynthetic pathway like most other AAs, the rac-modification seen in 2.2 

suggests an alternative explanation: a post-assembly oxidation of the SIO-containing compound 

(Scheme 2.3).  Condensation of 2.4c (reported from Pseudoceratina sp.48 and as a fermentation 

product of Pseudovibrio denitrificans Ab1348,49 and given the name ‘verongidoic acid’) with b-

alanine would give purpuroceratic acid A (2.8a),36 a likely intermediate also found with 

homologues (e.g. purpuroceratic acid B, 2.8b), in at least two other Verongid sponges.14a,50 

Compound 2.8a would then suffer stereorandom a-hydroxylation by a monooxygenase enzyme 

(Scheme 2.3) giving carboxylic acid i; the corresponding methyl ester 2.2 arises as an artifact of 

adventitious Fischer–Speier esterification during extraction with MeOH.51 Earlier observations of 

non-specific hydroxylation of spiroisoxazolines from Aplysina sp. support the notion that such 

“biotransformations” may be commonplace in the biosyntheses of brominated SIOs.52 Finally, a 

unifying hypothesis comes to mind. The structure of purealidin-R (2.4b), itself, may arise from a 
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well-known pathway to C-terminal primary amides:53 a-hydroxylation of the terminal Gly residue 

of ii (again, 2.1 arises from ii by adventitious methylation of ii) to give the carbinolamine iii 

followed by hydrolytic loss of glyoxylic acid to give 2.4b.  

Several peptides with isoSer residues have been shown to be protease inhibitors. For 

example, a series of synthetic isoSer-containing peptides showed significant inhibition of 

aminopeptidase-N.54 Upon assay, none of the new compounds 2.1–2.3, or the other seven known 

secondary metabolites from the active extract of A. lacunosa showed inhibition of a-chymotrypsin 

at concentrations up to 25 µg.mL–1, suggesting the chemical entity responsible for inhibitory 

activity is a very minor, potent congener that escaped detection, or decomposed during 

purification. 
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Scheme 2.3: Biosynthetic hypothesis for 2.1, 2.2 and 2.4b. 

 

2.3 Conclusions 

In conclusion, three new brominated spiroisoxazoline alkaloids 2.1–2.3 were isolated from 

extracts of Aplysina lacunosa, and their structures determined by integrated analysis of MS, NMR 

and ECD data. The rare amino acid (±)-isoSer was found as a residue in 2.2, a 1:1 mixture of 
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epimers. Configurational heterogeneity is noted in spiroisoxazolines, both in ECD and the range 

of magnitude of the Cotton effects (De) and preparation of diastereomeric amides from 2.4c.  None 

of the new or known compounds were responsible for activity in the a-chymotrypsin inhibition 

assay. 

Chapter 2, in total, is a reprint of the material, “Bromo-spiroisoxazoline Alkaloids, 

Including an Isoserine Peptide, from the Caribbean Marine Sponge Aplysina lacunosa” J. Nat. 

Prod. 2020, 83, 1532-1540. The dissertation author was the primary author of this paper and 

gratefully acknowledges the contributions of coauthors Matthew T. Jamison, and Tadeusz F. 

Molinski. 
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2.5 Experimental Section 

General Experimental Procedures. Optical rotations were measured on a JASCO P-2000 

polarimeter at the D-double emission line of Na. UV-Vis spectra were measured on a JASCO V-

630 spectrometer. ECD spectra were measured on a JASCO J-810 spectropolarimeter at 23 °C in 

quartz cells of 1, 2 or 5 mm pathlength. FTIR spectra were collected from thin film samples using 

a JASCO FTIR-4100 fitted with an ATR ZnSe plate. 1D and 2D NMR spectra were measured on 

a JEOL ECA (500 MHz) spectrometer, equipped with a 5 mm 1H{13C} room temperature probe, 

or a Bruker Avance III (600 MHz) NMR spectrometer with a 1.7 mm 1H{13C/15N} microcryoprobe 

(23 ̊ C).  Chemical shifts were referenced to internal solvent or residual 1H signals (CDCl3, dH 7.26 

ppm; dC 77.16. CD3OD, dH 3.31; dC 49.00). LC-MS measurements were performed with a 

Thermoelectron Surveyor UHPLC coupled to an MSD single-quadrupole detector. HR-ESI-TOF 

mass spectroscopy analyses were conducted on an Agilent 1200 HPLC connected to an Agilent 

6350 TOF-MS at the Small Molecule Mass Spectrometry Facility at the Department of Chemistry 

and Biochemistry at UCSD. Preparative, semi-preparative and analytical HPLC purifications were 

carried out on a JASCO system consisting of a UV-VIS detector (UV-2075), dual-pumps (PU-

2086 Plus), and a dynamic mixer (MX-2080-32). 

Biological Material. The sponge Aplysina lacunosa (11-14-018) was collected in 2011 

from Little San Salvador Island in the Bahamas (lat. 24˚ 35.242’N, long. 75˚ 58.495˚W) at a depth 

of -23 m using scuba and kept frozen (–20 ˚C) until needed. A type sample (MeOH) is archived in 

the Department of Chemistry and Biochemistry, UCSD.   

Extraction and Isolation. A sample of A. lacunosa (11-14-018) was lyophilized (dry wt. 

24.0 g) and extracted twice with MeOH (2 x 400 mL). The combined, filtered extracts were 

concentrated under reduced pressure to yield an extract (5.17 g), which was dissolved in 
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MeOH/H2O (9:1, 400 mL) before repeated partitioning against hexanes (3 x 400 mL) to provide 

the hexane-soluble ‘A’ fraction (0.2517 g). The MeOH/H2O solution (6:4, 600 mL) was adjusted 

to 40% v/v H2O, and the mixture repeatedly partitioned against CH2Cl2 (2 x 400 mL). The 

combined CH2Cl2 layers were concentrated to deliver the CH2Cl2-soluble ‘B-fraction’ (0.8412 g) 

after removal of volatiles. The MeOH/H2O layer was concentrated under reduced pressure and the 

residual aqueous layer extracted with n-BuOH (2 x 300 mL) to yield the n-BuOH-soluble ‘C’ layer 

(1.2460 g) and H2O-soluble ‘D’ layer (2.8300 g) after removal of volatiles. 

The ‘B-fraction’ (0.7342 g) was separated by size-exclusion chromatography (Sephadex 

LH-20, MeOH) and the eluate grouped into 16 fractions by TLC profiling (9:1 of CH2Cl2/MeOH, 

UV-activity, p-anisaldehyde stain). The tenth fraction (18.5 mg) was further purified by reversed-

phase preparative HPLC (Phenomenex C18 column, 150 x 21.2 mm, 5 µm, under gradient elution: 

initial conditions 10% CH3CN/H2O-0.1% TFA for 3 min to 60% CH3CN/H2O-0.1% TFA over 20 

min, 13 mL.min–1 flow rate) to yield lacunosin A (2.1, 3.2 mg) eluting at tR = 17.19 min. The 

eleventh fraction (10.0 mg) was also purified by reversed-phase semi-preparative HPLC 

(Phenomenex C18 column, 250 x 10 mm, 5 µm, step gradients, initial conditions: 30% 

CH3CN/H2O-0.1% TFA for 5 min to 75% CH3CN/H2O-0.1% TFA for an additional 25 min, 2.5 

mL.min–1 flow rate) to yield 13 fractions. Fraction 6 (0.3 mg) contained lacunosin B (2.2) eluting 

at tR = 18.95 min. Fraction 9 (0.2 mg) which eluted at tR = 21.38 min was further purified by 

reverse-phase analytical HPLC (Synergi Hydro-RP column, 150 x 4.6 mm, 4 µm, step gradients, 

initial conditions 20% CH3CN/H2O-0.1% TFA for 3 min to 70% CH3CN/H2O-0.1% TFA for 32 

min, 0.7 mL.min–1 flow rate) to yield desaminopurealin (2.3, 0.1 mg) that eluted at tR = 24.50 min. 

An additional 0.7 mg of compound 2.3 was purified from the twelfth fraction (11.7 mg) of the LH-

20 column under similar semi-preparative HPLC conditions as the eleventh fraction. Additional 
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HPLC separations delivered aeroplysinin-1,9 aerophobin-1,10 aerophobin-2,11 purealidin-N,12 

methyl ester 2.4a,14a,b and aplysinin-B7a and whose identities were confirmed by MS and 1H NMR. 

Lacunosin A (2.1): pale yellow solid; [a]23.8D +71.8 (c 1.00, MeOH); ECD (c 3.93 x10–4M, 

MeOH) lmax (∆e) 214 (–1.8), 227 (0), 253 (+5.08), 282 (+3.7) nm; UV (MeOH) λmax (log ε) 194 

(3.48), 230 (3.37), and 282 (3.09); FTIR (ATR, film, ZnSe) ν 3353, 1744, 1671, 1599, 1541, 1438, 

1205, 1133, 1047, 1025, 988, 916, 837, 801, 766 and 722 cm–1; 1H and 13C NMR data, Table 2.1;  

HRMS (ESI-TOF) m/z 474.9113 [M+Na+] (calcd for C13H14Br2N2O6Na+, 474.9111). 

Lacunosin B (2.2): white solid; [a]23.9D +31.8 (c 0.15, MeOH); UV (MeOH) λmax (log ε) 

194 (3.68), 225 (3.48), and 281 (3.15) nm; ECD (c 3.56 x10–4 M, MeOH) lmax 214 (De  –1.4), 227 

(0), 251 (+3.1) and 282 (+2.7) nm; FTIR (ATR, film, ZnSe) ν 3427, 1685, 1207, 1141, 805, and 

724 cm–1; 1H and 13C NMR data, Table 2.1; HRMS (ESI-TOF) m/z 504.9215 [M+Na]+ (calcd for 

C14H16Br2N2O7Na+, 504.9216). 

Desaminopurealin (2.3): white solid; [a]23.5D –10.5 (c 0.13, MeOH); UV (MeOH) λmax (log 

ε) 205 (3.88), 221 (4.56) and 275 (3.04) nm; ECD (c 4.63 x10–4 M, MeOH) lmax (De) 214 (–0.34), 

227 (0), 251 (+0.8) and 282 (+0.7); FTIR (ATR, film, ZnSe) ν 3405, 1684, 1207, 1142, 804, and 

722 cm–1; 1H and 13C NMR data, Table 2.1; HRMS (ESI-TOF) m/z 864.8828 [M+H]+ (calcd for 

C27H29Br4N6O7+, 864.8826).  

Compound (2.4a): white solid; [a]21.4D +145 (c 0.44, MeOH), lit.14c [a]27.9D +165.5 (c 

0.325, C6H6); ECD (1.07 x10–3 M, MeOH) l (De) 222 (4.48), 252 (12.58) and 289 (-4.83) nm; 1H 

NMR and HRMS of 2.4a were consistent with literature values.14b,c 

Acid Hydrolysis of  2.2. A sample of 2.2 (0.1 mg, 0.2 µmol) was dissolved in 4 M HCl (100 

µL, 400 µmol) and stirred in a sealed vial at 110 ºC for 12 h. The solution was cooled to room 
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temperature, dried under a stream of N2, and derivatized with L-FDTA (2.5)17 to yield the isoSer-

DLT derivatives of 2.2 for LC-MS analysis (see below). 

Absolute Configuration of iso-Ser in Compound 2.2. To the acid hydrolysate of 2.2 in H2O 

(50 µL) was added 1 M NaHCO3 (50 µL, 50 µmol) and L-FDTA17 (2.5, 0.25 mg, 0.65 µmol) in 

acetone (75 µL). The reaction was stirred at 85 ºC for 30 min, cooled and neutralized with 1 M 

HCl (50 µL, 50 µmol). The derivatized hydrolysate (20 µL) was diluted with MeOH (80 µL), 

centrifuged and analyzed by LC-MS (Hypersil Gold, C18 column, 50 x 2.1 mm, 1.9 µm, linear 

gradient, initial conditions 15%-45% CH3CN/H2O-0.1% HCOOH over 25 min, 0.5 mL.min–1 flow 

rate). L-DTA derivatives of authentic standards of L- and DL-isoSer eluted gave peaks at tR = 13.63 

min and 13.94 min, respectively. The LC-MS analysis of L-DTA derivative of the acid hydrolysate 

of 2.2 gave both L-isoSer-L-DTA and D-isoSer-L-DTA (ratio ~1:1). 

6'-Methoxy-2'-naphthoate Ester ((±)-2.7).  A solution of (±)-2.4a14c (1.0 mg, 2.5 µmol) in 

CH2Cl2 (0.2 mL) was treated sequentially with 6-methoxy-2-naphthoyl chloride (2.6, 0.55 mg, 10 

µmol, prepared from the corresponding carboxylic acid and oxalyl chloride), Et3N (1.0 mg, 10 

µmol) and DMAP (~0.5 mg) at 0 ˚C, then stirred for 16 h at 23 ˚C. The mixture was concentrated, 

applied to a preparative TLC plate (silica, 20 x 20 x 0.1 cm) and the plate eluted (40:60 EtOAc-

hexanes) to give a non-polar UV-active fraction (1.4 mg) containing (±)-2.7 (Rf = 0.26, 35:65 

EtOAc-hexanes). The latter was further purified by HPLC (normal phase, Rainin Dynamax 10 x 

250 mm, 5µ, 35% EtOAc-hexanes, 4.0 mL.min–1) to give (±)-2.7 as a straw-yellow solid (0.73 mg, 

49%). UV-vis (MeOH) lmax 209 nm (log10 e 4.16), 241 (4.17), 255 (4.18), 310 (3.48); 1H NMR 

(500 MHz, CDCl3) dH  8.49 (1H, s), 7.97 (1H, dd, J = 8.4, 1.2 Hz), 7.85 (1H, d, J = 9.0 Hz), 7.77 

(1H d, J = 8.4 Hz), 7.21 (1H, dd, J = 9.0, 2.4 Hz), 7.16 (1H, d, J = 2.4 Hz), 6.40 (1H, s), 6.18 (1H, 

s), 3.96 (3H, s, 6’-OMe), 3.85* (3H, s, 3-OMe), 3.82* (3H, s, COOMe), 3.61 (1H, d, J = 18.6 Hz, 
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H-7b), 3.10 (1H, d, J = 18.6 Hz, H-7a); HRMS (ESI-TOF) m/z 601.9418 [M+Na]+ (calcd for 

C14H16Br2N2O7Na+, 601.9420).  

(1R,6S)-6’-Methoxy-2’-naphthoate Ester (1R,6S)- 2.7). A sample of (±)-2.4a (4.2 mg) was 

separated by semi-preparative chiral-phase HPLC (Phenomenex, Amylose-2, 10 x 250 mm, 30:70 

CH3CN-H2O, 4.0 mL.min–1) to give pure (+)-2.4a (tR = 18.2 min, 1.5 mg) and (–)-2.4a (tR = 30.6 

min, 1.5 mg).  A sample of (+)-2.4a (0.78 mg, 2.0 µmol) was acylated with freshly prepared 6-

methoxy-2-naphthoyl chloride (6, 7.9 µmoL) and Et3N (7.9 µmol) in CH2Cl2 (80 µL) to give 

(1R,6S)- 2.7a (0.29 mg) after purification by HPLC (normal phase, Rainin Dynamax 10 x 250 mm, 

5µ, 35% EtOAc-hexanes, 4.0 mL.min–1 tR = 7.4 min).  (1R,6S)- 2.7: colorless solid; [a]D23 –21 (c 

0.058, MeOH); UV-vis (MeOH) lmax (log10 e) 210 (4.11), 237 (4.37), 253 (4.20) and 310 (3.82) 

nm; ECD (2.49 x 10–5 M, MeOH) l (De) 217 (–5.7), 267 (+4.7) and 310 (+7.6) nm; 1H NMR (600 

MHz), identical with that of (±)-2.7; HRMS (ESI-TOF) m/z 596.9860 [M+NH4]+ (calcd for 

C27H19Br2N2O7+, 596.9867). 

 

2.6. Appendix  
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Figure 2.21: (a) UV-vis and (b) CD of Compounds 2.1 (c = 3.93 x 10-4 M), 2.2 (3.56 x 10-4 M) 
and 2.3 (4.63 x 10-4 M) (MeOH, 23 ˚C). 
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2.2 

2.3 



 74 

 
Figure 2.22: (a) UV-vis and (b) CD of Compounds 2.3 (c = 5.06 x 10-4 M), 2.4a (1.07 x 10-3 M), 
2.S6 (1.80 x 10-4 M) and 2.S18 (9.17 x 10-4 M) (MeOH, 23 ˚C). 
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Figure 2.23: 1H NMR of Ester 2.7 (CDCl3, 600 MHz). 
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CHAPTER THREE. DISCOVERY OF SPIROISOXAZOLINE INHIBITORS OF 

ACETYLCHOLINESTERASE FROM PSEUDOCERATINA VERRUCOSA  

 

Abstract: Examination of the MeOH extract of the Western Australian sponge, Pseudoceratina 

verrucosa, collected near Ningaloo Reef, for selective acetylcholinesterase (AChE) inhibitors, 

yielded five new bromotyrosine alkaloids, methyl purpuroceratates A and B (3.1b and 3.2b), 

purpuroceratic acid C (3.3a) and ningalamides A and B (3.4 and 3.5). The structures of 3.1–3.4 

share the dibromo-spirocyclohexadienyl-isoxazoline (SIO) ring system found in purealidin-R 

while ketoxime 3.5 is analogous to ianthelline and purpurealidin I. The planar structures of all five 

compounds were obtained from analysis of MS, 1D and 2D NMR data, and the absolute 

configuration of the spiroisoxazoline (SIO) unit was assigned by electronic circular dichroism 

(ECD) and comparison with standards prepared by total synthesis of methyl purpuroceratate C, 

(±)-3.3b. Compound 3.4 is the most complex SIO described, to date. The configuration of the 

homoserine subunit (C) in 3.4 was ascertained, after acid hydrolysis, with an L-tryptophanamide 

derivative based on Marfey’s method. Chiral-phase HPLC, with comparison to synthetic 

standards, revealed that most SIOs isolated from P. verruscosa were configurationally 

heterogenous; some, essentially racemic. Chiral-phase HPLC, with UV-ECD detection is 

demonstrated as a superlative method for configurational assignment and quantitation of the 

enantiomeric composition of SIOs. Two SIOs – aerophobin-1 and aplysinamisine II – emerged as 

selective inhibitors of AChE over butyrylcholinesterase (BuChE, IC50 ratio >10) while 

aplysamine-2 moderately inhibited both cholinesterase (ChEs, IC50, AChE 0.46 µM, IC50, BuChE 1.03 

µM). SIO alkaloids represent a potentially new structural manifold for lead-discovery of new 

therapeutics for treatment of Alzheimer’s disease. 
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 3.1 Introduction 

Marine sponges (Porifera), mainly in the order Verongida, are prolific producers of 

bromotyrosine (BrTyr) alkaloids. Over 300 bromotyrosine alkaloids of marine origin have been 

reported in the literature to date.1,2 These natural products have modular structures comprising 

subunits linked by amide bonds or O-arylethers between component derived from extensive 

modifications of the parent amino acids (AAs) 3,5-Br2Tyr and 3-BrTyr (collectively, BrxTyr), 

connected through other AA-derived linkers. Here, the common structural themes of the subunits 

include decarboxylation of BrxTyr to brominated phenethylamines, and oxidation of the a-amino 

group to the corresponding a-ketoximine; a functional group that often suffers further oxidative 

cyclization to bicyclic spiroisoxazolines (SIOs). Many SIOs have been shown to possess 

significant bioactivity including antibacterial activity; a subject that has been extensively 

reviewed.3,4 A significant recent finding by Berlinck and coworkers shows that several 

bromotyrosine-derived natural products, previously known from Verongid sponges, are expressed 

by a Verongid sponge-derived bacterium, Pseudovibrio denitrificans Ab134 under fermentation 

conditions; a discovery that supports the hypothesis that most, if not all, sponge-associated SIOs 

are of microbial origin.3 Contemporary drugs for treatment of Alzheimer’s disease (AD) address 

neurotransmitter insufficiency by blocking acetylcholinesterase (AChE) to ameliorate loss of 

cognitive function. The standard of care is currently the plant alkaloid, galantamine from 

Galanthus spp. and other species.  The SIOs, with their unique modular structural motif, were 

attractive targets for exploring alternatives to galantamine as possible leads for development of 

AD therapeutics. 

In a survey for selective inhibitors of acetylcholinesterase (AChE) over 

butyrylcholinesterase (BuChE) from marine invertebrates, extracts of a sample of Pseudoceratina 
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verrucosa from Exmouth Gulf, Indian Ocean, Western Australia, were examined. Here we report 

the structures of five new BrxTyr alkaloids: purpuroceratic acid methyl esters A and B (3.1b, 

3.2b),5,6 purpuroceratic acid C (3.3a), ningalamide A (3.4), and ningalamide B (3.5), in addition 

to the known compounds purealidin-R (3.6),4 verongidoic acid methyl ester (+)-3.7b,7 and other 

BrxTyr secondary metabolites (see Experimental). The total synthesis of methyl purpuroceratate C 

(±)-3.3b is described in service as a standard for quantitative analytical methodology to determine 

%ee of SIOs based on chiral phase-HPLC coupled with electronic circular dichroism (ECD) 

detection. The structure of compound 3.4 is the most complex SIO reported to date; all compounds 

exhibit heterogeneous enantiomeric compositions.  

 

 
3.2 Isolation and Structure Determination of Methyl Purpuroceratates A and B and 

Purpuroceratic Acid C 

The MeOH extract of Pseudoceratina verrucosa was progressively solvent-partitioned 

against hexane, CH2Cl2, n-BuOH, and H2O to provide four partitions, A–D. Partition B was 

separated into 11 fractions by size-exclusion chromatography (Sephadex LH-20, CH3OH). 

Fractions 3-5 were further purified by reversed-phase HPLC (C18) to deliver 3.1–3.5 in addition to 

known compounds purpuroceratic acids A (3.1a)6 and B (3.2a),6,8 purealidin R (3.6),4 verongidoic 

acid methyl ester (3.7b),7 aerophobin-1 (S3.1, for structures, see Appendix),9 aerophobin-2 

(S3.2),9b N-methyl-aerophobin-2 (S3.3),10 purealidin J (S3.4), and K (S3.5),4 14-oxo-aerophobin-

2 (S3.6),11 aplysinamisine II (S3.7),12 pseudoceratinamide A (S3.8),13 purpurealidin J (S3.9),14 

hexadellin C (S3.10),15 purpuramine I (S3.12),16 and araplysillin-III (S3.13).15  
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Figure 3.1: The structures of purpuroceratic acid methyl esters A (3.1b) and B (3.2b), 
purpuroceratic acid C (3.3a), ningalamide A (3.4), and ningalamide B (3.5), in addition to other 
known compounds. 
 

The HRMS of 3.1b and 3.2b confirmed their molecular formulas of C14H16Br2N2O4 (m/z 

488.9254; calcd 488.9254 for C14H16Br2N2O4Na+) and C15H18Br2N2O6 (m/z 502.9416; calcd 

488.9254 for C15H18Br2N2O6Na+), respectively; the isotopic patterns of both ions indicated the 

presence of two Br atoms. The 1H and 13C NMR spectra of 3.1b and 3.2b (Table 3.1) were similar 

to the reported data for purpuroceratic acids A (3.1a) and B (3.2a),6,8 respectively, except for the 

presence of extra signals due to a methoxyl group at δH 3.68 (3H, s) and 3.66 (3H, s), and δC 52.3 

ppm, suggesting the corresponding homologous esters, methyl purpuroceratates A and B (3.1b–
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3.2b). Methyl esters 3.1b–3.2b could have arisen as artifacts of purification from acid-promoted 

Fischer-type esterification while standing in CH3OH solvent, although evidence is lacking.5 

HRMS of purpuroceratic acid C (3.3a) showed an [M+H]+ peak at 479.9527 (calcd 

479.9532) corresponding to a molecular formula of C15H18Br2N2O6. The isotopic pattern of the 

protonated molecular ion confirmed two Br atoms. FTIR absorptions at ~3400 and 1680-1670 cm-

1 revealed the presence of OH or NH and amide carbonyl groups, respectively. 1H and 13C NMR 

spectra of 3.3a were similar with those reported for (+)-purealidin-R (3.6)4 which suggests the 

structure of 3.3a consists of an SIO amide linked to a different side chain as evidenced by 1H NMR 

and 2D spectroscopic data: δH 6.42 (1H, s), 4.34 (1H, dd, 6.0, 4.8), 3.76 (1H, d, 18.0), 3.09 (1H, 

d, 18.0), and 3.77 (3H, s) corresponding to the O-Me-spiroisoxazoline unit and δH 3.35 – 3.32 (2H, 

m), 2.38 (2H, t, 7.3), and 1.62 (4H, ddt, 13.8, 10.4, 7.2) belonging to the alkyl sidechain. A 

contiguous 1H spin system, comprising δH 1.62 (4H, ddt, 13.8, 10.4, 7.2) with δC 39.2, 34.4, 29.8, 

and 23.3, along with a carboxyl group signal at δC 177.4, correlated to a 4-aminobutanoic acid side 

chain (Table 3.1). COSY correlations confirmed the spin system and defined the structure as 

purpuroceratic acid C (homopurpuroceratic acid B, 3.3a). Treatment of 3.3a with diazomethane 

gave the corresponding methyl ester 3.3b (quantitative). A structure 3.3a, previously proposed by 

Nicacio and coworkers, who coined the name ‘homopurpuroceratic acid B’,3 was based on limited 

LC HRMS and MS-MS data. Here, compound 3.3a, renamed purpuroceratic acid C for consistency 

of nomenclature, is fully characterized for the first time. 

 

3.3 Structure Determination of Ningalamides A and B 

Ningalamide A (3.4) was isolated as a colorless solid with a molecular formula of 

C35H37Br6N5O11 (m/z 1176.7582; calcd 1176.7590); the presence of six Br atoms was supported 
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by the observation of the expected heptet isotopomer cluster in the HRMS spectrum. FTIR 

absorptions at ~3400 and 1680-1670 cm-1 were consistent with OH or NH and a 2˚ amide group, 

respectively.  

Table 3.1: 1H and 13C NMR data for 3.1b–3.2b, and 3.3a (CD3OD).  

Position δH (int., mult, J, Hz)a δCb 
3.1b 3.2b 3.3a 3.1b 3.2b 3.3a 

1 4.07 (1H, s) 4.07 (1H, s) 4.07 (1H, s) 75.5 75.5 75.5 
2    114.1 114.2 114.6 
3    149.3 149.3 149.2 
4    122.7 122.7 122.7 
5 6.42 (1H, s) 6.42 (1H, s) 6.42 (1H, s) 132.5 132.3 132.2 
6    92.4 92.3 92.2 
7a 3.76 (1H, d, 

18.0)  
 

3.76 (1H, d, 18.0)  
 

3.76 (1H, d, 
18.0)  
 

40.1 40.1 40.0 

7b 3.09 (1H, d, 
18.0) 

3.09 (1H, d, 18.0) 3.09 (1H, d, 
18.0) 

40.1 40.1 40.0 

8    155.1 155.2 155.8 
9    161.6 161.7 161.5 
10 3.52 (2H, t, 

6.8) 
3.35 – 3.32 (2H, 
m) 

3.35 – 3.32 (2H, 
m) 

36.4 39.7 39.2 

11 2.60 (2H, t, 
6.8) 

2.38 (2H, t, 7.3) 1.62 (2H, ddt, 
13.8, 10.4, 7.2) 

34.4 25.6 29.8 

12  1.85 (2H, q, 7.1) 1.62 (2H, ddt, 
13.8, 10.4, 7.2) 

173.7 32.0 23.3 

13   2.38 (2H, t, 7.3)  175.4 34.4 
14      177.4 
13-

OCH3 
3.68 (3H, s)   52.3   

14-
OCH3 

 3.66 (3H, s)   52.3  

OCH3 3.72 (3H, s) 3.73 (3H, s) 3.73 (3H, s) 60.3 60.3 60.3 
a500 MHz. b125 MHz. 

 

The 1H NMR of 3.4 shows more complexity than that of fistularin-3,17 and revealed the 

presence of five subunits, A-E, as described below. A terminal SIO (subunit A) was acylated to a 

2,6-dibromotyramine (subunit B) that was in turn ether-linked to a homoserine residue (subunit 
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C). The amino acid was esterified to a 3-amino-1-propanol linker (subunit D) and terminated with 

an O-methyl-2’,6’-dibromo-3’-hydroxytyrosyl ketoxime (subunit E).  

 

Figure 3.2: Key COSY (blue, bold) and HMBC (black, arrow) correlations of ningalamide A 
(3.4). 
 

COSY correlations observed between signals δH 3.49 (2H, t, 7.2) and δH 2.79 (2H, t, 7.2), 

attached to C-10 and C-11, respectively, in addition to HMBC correlations between C-10 

methylene to the amide δC 160.7 and quaternary carbon at C-12 (δC 139.0), C-11 methylene to the 

aromatic CH’s at δC 133.7, and aromatic CH’s at δH 7.45 (2H, s) to δC 118.2 and 152.0 clearly 

showed an SIO amide linked to an O-methyl 2,6-dibromotyramine (Table 3.2). COSY cross-peaks 

comprised a contiguous spin system of diastereotopic CH2 at C-17 (δH 2.37 (1H, m), 2.56 (1H, 

m)), CH2 at C-16 (δH 4.20, 2H, m) and CH at C-18 (δH 4.02, 2H, m). HMBC correlations were also 

observed from H-16 and H-17 to a-carbon at C-18 (δC 53.8) as well as from H-18 to the carbonyl 
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shifts (δH 4.20 and δC 71.4) are in agreement with a primary aryl ether.  
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respectively. The HMBC correlation detected between H-22 and the 2-ketoximo amide signal (δC 
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164.8), along with the presence of the C-20 (δC 71.7), are compatible with subunit D in structure 

3.4. Terminal subunit E is also found in purpuramine M,18 and is formally the intramolecular 

elimination product (ring opened SIO) of subunit A. Thus, ningalamide A (3.4), is composed of 

five modules A-E, is the most complex SIO reported to date (all known SIOs consist of no more 

than 4 modules). 

The absolute configuration of the homoserine residue in 3.4 was addressed using our 

recently reported variant of the Marfey’s method.19 The L-tryptophanamide analog of Marfey’s 

reagent (L-FDTA, 3.8) gave derivatives of standard DL-homoserine (DL-DTA-HSer, 3.9) that 

showed peaks on RP-HPLC (tR = 15.92 min, tR = 16.28 min) (C18) with comparable separation to 

adducts prepared from L-FDAA (Scheme 3.1).20 Total hydrolysis of 3.4 (6 M HCl, 110 ˚C, 24 h) 

followed by derivatization of the residue with reagent 3.8 (NaHCO3, acetone, 85 ºC, 30 min) and 

reversed phase HPLC revealed 3.9 as a 1:1 mixture (tR = 15.81 min, tR = 16.17 min).21 

Consequently, 3.4 is ~1:1 diastereomeric mixture. 

 
Scheme 3.1: Hydrolysis of 3.4 and derivatization of homoserine residue with L-FDTA (3.8) to 
3.9.  
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Table 3.2: 1H and 13C NMR data for 3.4 (CD3OD) and 3.5 (DMSO-d6).  

Position δH (int., mult, J, Hz) δC Position δH (int., mult, J, Hz) δC 
3.4a 3.4b  3.5a 3.5b 

1 4.08 (1H, s) 74.7 1 7.46 (1H, s) 132.7 
2  113.4 2  117.3 
3  148.4 3  151.8 
4  122.1 4  117.3 
5 6.41 (1H, s) 131.4 5 7.46 (1H, s) 132.7 
6  91.6 6  136.4 
7a 
7b 

3.75 (1H, d, 18.6) 
3.06 (1H, d, 18.6) 

39.5 7 3.75 (2H, s) 29.6 

8  154.5 8  150.8 
9  160.7 9  163.0 
10 3.49 (2H, t, 7.2) 40.8 10-NH 8.12 (1H, t, 5.4)  
11 2.79 (2H, t, 7.2) 34.5 11 3.22 (2H, m) 38.3 
12  139.0 12a 

12b 
2.70 (1H, m) 
2.75 (1H, m) 

23.7 

13/13' 7.45 (2H, s) 133.7 13  120.6 
14/14'  118.2 14  122.9 

15  152.0 15-NH c  
16 4.20 (2H, m) 71.41 16  d 

17a 
17b 

2.56(1H, m) 
2.37 (1H, m) 

31.6 17-NH2 c  

18 4.02 (1H, m) 53.8 1’ 7.42 (1H, s) 134.6 
19  172.51 2’  116.5 
20 3.99 (2H, t, 6.0) 71.7 3’  152.0 
21 2.05 (2H, p, 6.0) 29.8 4’  116.5 
22 3.54 (2H, t, 6.6) 37.2 5’ 7.42 (1H, s) 134.4 
23  164.8 6’  134.6 
24  151.7 7a’ 

7b’ 
3.04 (1H, d, 13.2) 
3.34 (1H, d, 13.8) 

41.8 

25 3.99 (2H, s) 23.6 8’  74.8 
26  128.3 9’  171.1 
27  154.5 10’-NH 8.11 (1H, t, 6.6)  
28  114.4 11a’ 

11b’ 
3.11 (1H, m) 
3.30 (1H, m) 

37.3 

29  152.0 12a’ 
12b’ 

2.36 (1H, m) 
2.46 (1H, m) 

24.5 

30  113.2 13’  124.1 
31 7.39 (1H, s) 133.1 14’ 6.44 (1H, s) 108.8 

3-OMe 3.72 (3H, s) 59.8 15’-NH c  
29-OMe 3.82 (3H, s) 60.31 16’  146.9 

   17’-NH2 c  
   3-OMe 3.73 (3H, s)e 60.1 
   3’-OMe 3.74 (3H, s)e 60.1 

a600 MHz. bObtained from the indirect dimension of HSQC and HMBC (600 MHz). cCould not 
be assigned due to lack of HMBC correlations. dNot detected by HMBC (600 MHz, DMSO-d6). 
C-16 was assigned a δC 147.7 through APT (150 MHz, CD3OD). See SI Table S1 for complete 
assignment of 5 in CD3OD. eAssignment of δH of the two MeO groups may be interchanged. 
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Figure 3.3: Key COSY (blue, bold) and HMBC (black, arrow) correlations of 3.5. 
 

Ningalamide B (3.5) was purified as a colorless solid with a molecular formula of 

C30H33Br4N9O6 (m/z 930.9282; calcd 930.9287 for [M+H]+) corroborating the presence of four Br 

atoms. FTIR absorptions at ~3200 and 1680-1670 cm-1 were indicative of a hydroxy, NH and an 

amide carbonyl group, respectively. Compound 3.5 is a new structural motif in the BrxTyr alkaloid 

family: an oxidized pseudo-dimer of four subunits; an O-methyl-2,6-dibromotyrosine ketoxime 

(subunit A) amide linked to a fully oxidized 2-aminohistamine unit (at C-13, subunit B) that is a-

alkylated (at C-14) to an O-methyl-2’,6’-dibromophenyl lactate (subunit C), in turn, contiguously 

esterified to a 2’-aminohistamine reside (subunit D). 
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the quaternary carbon at δC 120.6 (C-13), as well as the methylene at C-12 and the quaternary 

carbons at δC 120.6 (C-13) and 122.9 (C-14) were consistent with a fully oxidized 2-

aminohistamine unit (subunit B) amide linked to the aforementioned O-methyl-2,6-

dibromotyrosine ketoxime subunit at C-13 and alkylated at C-14. Although, no HMBC 

correlations were observed between H-12 and C-16 in the HMBC (600 MHz, DMSO-d6, 1JCH = 8 

Hz or 500 MHz, CD3OD, 1JCH = 4 Hz), a quaternary carbon at δC 147.7 observed in the APT (150 

MHz, CD3OD) is consistent with the imidazole of the 2-aminohistamine subunit. 

HMBC correlations of 3.5 were also seen between the aromatic CH’s at δH 7.42 (2H, s), 

attached to C-1’ and C-5’, and the aromatic quaternary carbons at δC 116.5 (C-2’ and C-4’), 152.0 

(C-3’) and 134.6 (C-6’) as well as the diastereotopic methylene at δC 41.8 (C-7’). Additional 

HMBC correlations were observed between the methylene at δH 3.04 (1H, d, 13.2) and δH 3.34 

(1H, d, 13.8) at H-7’ and δC 122.9 (C-14), the aromatic CH’s at δC 134.4 (C-1’ and C-5’), the 

quaternary carbons at δC 134.6 (C-6’) and 74.8 (C-8’), and the amide carbonyl at δC 171.1 (C-9’). 

The quaternary carbon at δC 74.8 is compatible with a tertiary alcohol. MS fragmentation of 3.5 

revealed a protonated ion at m/z 444.38 consistent with cleavage of the C–C bond between the 

carbon bearing the tertiary alcohol (C-8’) and C-14 of the 2-aminohistamine subunit followed by 

loss of H2O. Furthermore, HMBC correlations were seen from the OH at δH 6.70 (1H, br s) and 

the amide at δC 171.1 (C-9’), methylene at δC 41.8 (C-7’), and the quaternary carbons at δC 74.8 

(C-8’) and 122.9 (C-14) arriving at subunit C: a 2-(4’-methoxy-2’,6’-dibromophenyl)lactate that 

is a-alkylated at C-14 of the 2-aminohistamine of subunit B.  

COSY correlations were also detected between the diastereotopic methylenes at δH 3.11 

(1H, m), 3.30 (1H, m), 2.36 (1H, m) and 2.46 (1H, m) positioned at C-11’ and C-12’, respectively, 

in addition to HMBC correlations from H-11’ to the amide at C-9’ and the quaternary carbon at 
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C-13’ (δC 124.1), correlations between H-12’ methylene and H-14’ (δH 6.44, 1H, s, 1JCH = 198 Hz, 

600 MHz, CD3OD), and correlations between H-14’ and C-16’ (δC 146.9) are compatible with a 

second 2-aminohistamine unit (subunit D) in compound 3.5. 

 

3.4 Chiroptical Analysis of Configurational Heterogeneity 

The absolute configurations of compounds 3.1–3.5 were addressed using a combination of 

chiroptical methods ([a]D, ECD) and chiral-phase HPLC. The ECD spectra of 3.1–3.3 showed two 

positive Cotton effects at lmax 253 and 286 nm (Figure 3.4a) with similar magnitude and sign as 

aerothionin, isolated from Aplysina fistularis,22 in congruence with the (1R,6S)-3.1–3.3 

configuration as depicted. Unexpectedly, the free carboxylic acids 3.1a–3.3a displayed stronger 

Cotton effects (CEs) compared to corresponding methyl esters 3.1b–3.3b (Figure 3.4a). The origin 

of the higher intensity CEs for the free carboxylic acids compared to their esters may be associated 

with the common head-to-tail dimerization of free carboxylic acids, leading to a higher effective 

concentration. Simple additivity of De has been observed in covalently linked dimeric SIOs, e.g. 

the C2 symmetric aerothionin [l 245 (+23.7), 284 (+21.4)].22  

Molar ECD, De, should be relatively invariant in SIO natural products that contain only 

one SIO unit, yet we observed relatively low De  values (3.1b–3.3b) compared to known SIO 

natural products, suggesting 3.1b–3.3b are partially racemic compounds. This was confirmed by 

chiral-phase HPLC (CP HPLC, Cellulose-1 or Amylose-2 columns), which produced baseline-

separations of enantiomers and revealed that 3.1b–3.3b are each approximately 5-50% ee (Figures 

3, S26–28). The configuration of the dominant enantiomer of natural product (+)-3.3b was 

confirmed by co-injection with authentic standard, prepared by total synthesis from (+)-3.7a 

(Scheme 3.2). 
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Figure 3.4: ECD of Compounds (a) 3.1a–3.1b (c = 1.85 x 10-4 M), 3.2a–3.2b (9.23 x 10-4 M), 
3.3a–3.3b (9.23 x 10-4 M), and (b) 3.4–3.5 (c = 1.25 x 10-4 M) (CH3OH, 23 ˚C). 
 

Previous reports have alluded to the chiroptical data of SIOs with lower CEs than expected, 

for example aerothionin,22 but quantitative standardization of SIOs has been lacking. In order to 

quantitate CEs in neutral SIO natural products, the parent SIO methyl ester (±)-3.7 was synthesized 

in six steps from 2-hydroxy-4-methoxybenzaldehyde according to the procedure of Ley and 

coworkers23 (Scheme 3.2) and resolved by CP HPLC to give optically pure (+)-1R,6S-3.7a and (–

)-1S,6R-3.7b (>95% ee) which were used to standardize chiral-phase HPLC with ECD detection 

(see below).  

Each enantiomer (+)-3.7a and (–)-3.7b exhibited a CE due to the dibromocyclohexadiene 

chromophore with a sign that conformed to the ‘skewed diene’ rule described by Moskowitz and 

(a) (b) 

3.1a 
3.2a 
3.3a 
3.1b 
3.2b 
3.3b 
 

3.4 

3.5 



 93 

others,24 and their magnitude of the CEs were much larger than those measured for 3.1–3.3 (Table 

3.3), suggesting the latter were partially racemic. Compound 3.4 showed two weak positive CEs 

at approximately l 255 and 283 nm, consistent with the dominant (1R,6S) enantiomer, while near-

zero CEs for 3.5 are consistent with the absence of optical activity. We suspected the relatively 

low De values (Table 3.3) measured for the known compounds S3.1-S3.10 are also likely due to 

near-racemic modifications. For example, chiral-phase HPLC (Amylose-1), with dual UV-ECD 

detection, of 3.6 gave two peaks (tR = 63.14 min and tR = 76.47 min) with positive and negative 

CEs (l 280 nm), respectively, corresponding to 84.4% ee. 

 

 
Figure 3.5: Chiral-phase HPLC chromatogram (l 280 nm) (a) UV-vis detection and (b) ECD of 
purealidin-R (3.6) (Amylose-1, 4% iPrOH-hexanes, 1 mL.min-1). Peak 1: (+)-3.6a: tR = 63.14 min, 
area = 92.19. Peak 2: (–)-3.6b: tR = 76.47 min, area = 7.81. 
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Scheme 3.2: Total Synthesis of (+)-3.7a, (–)-3.7b, and Methyl Purpuroceratate C (±)-3.3b. See 
Table 3.3 for ECD. 
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Table 3.3: Specific Rotation [a]D and ECD Data of Spiroisoxazolines (CH3OH).a  

Compound [a]D (c g.100 mL–1) l2 /nm (De) l2 /nm (De) Ref. 

3.1a +128 (c 0.52) 253 (+3.65) 284 (+3.13) 6 

3.2a +139 (c 0.80) 251 (+3.87) 285 (+3.49) 6,8 

3.3a +116 (c 0.52) 253 (+1.67) 287 (+1.49) b 

3.1b +40.0 (c 0.42) 253 (+0.56) 284 (+0.50) b 

3.2b +58.2 (c 0.33) 251 (+0.41) 285 (+0.37) b 

3.3b +41.6 (c 0. 48) 253 (+0.42) 284 (+0.35) b 

3.4 ~0 (c 0.4) 253 (+0.039) 285 (+0.034) b 

3.5 ~0 (c 1.2) 0 0 b 

3.6 +86.4 (c 0.48) 254 (+7.78) 284 (+5.62) 4 

3.7 +97.5 (c. 0.43) 254 (+0.59) 285 (+0.54) 7 

(+)-3.7ab,c +163 (c 0.1) 254 (+27.84) 285 (+9.68) b 

(–)-3.7bb,c –163 (c 0.1) 254 (–31.87) 285 (–11.13) b 

Aerophobin-1 (S3.1) +135.1 (c 0.86) 252 (+4.74) 285 (+4.11) 9 

Purealidin J (S3.2) +88.6 (c 0.44) 253 (+2.17) 283 (+1.86) 4 

N-Methyl-aerophobin-2 

(S3.3) 

+95.2 (c 0.16) 253 (+3.34) 286 (+2.85) 10 

Aerophobin-2 (S3.4) +127.7 (c 0.66) 253 (+2.17) 290 (+1.88) 9b 

Purealidin K (S3.5) +25.9 (c 0.44) 253 (+1.52) 286 (+1.17) 4 

14-Oxo-aerophobin-2 

(S3.6) 

+45.4 (c 0.76) 253 (+1.84) 283 (+1.52) 11 

Aplysinamisine II 

(S3.7) 

+51.7 (c 0.91) 253 (+4.51) 285 (+4.11) 12 

Pseudoceratinamide A 

(S3.8) 

+156.1 (c 0.52)  253 (+2.00) 286 (+1.77) 13 

Purpurealidin J (S3.9) +13.4 (c 0.50) 253 (+0.73) 286 (+0.57) 14 

Hexadellin C (S3.10) +102.6 (c 0.64) 253 (+1.66) 284 (+1.13) 15 
aMeasurements made on compounds in this study. bThis work. c >95% ee. For total synthesis of 
(+)-3.7a and (–)-3.7b, and (±)-3.3b, see Scheme 3.2.  
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Our foregoing results lend rigor to a quantitative analysis of stereochemical heterogeneity 

among the BrxTyr SIO metabolites and contributes data to the ongoing discussion on 

‘enantiodivergence’ in their biosynthesis, most recently expanded by Karuso and coworkers.13 

Finally, a comment on the homologous series purpuroceratic acids A-C (3.1a–3.3a) is in 

order to clarify and inform future investigations of BrxTyr secondary metabolites from Verongid 

sponges. The three homologous carboxylic acids, together with the hypothetical 3.10a (‘nor-

purpuroceratic acid A’, the parent of our recently reported methyl ester, lacunosin A, 3.10b from 

Aplysina lacunosa),25 constitute two core modules also found in many other SIOs. The 

biosynthesis of b-alanine and 4-aminobutyric acid (GABA) in bacteria originate from well-known 

pathways, including reductive-transamination of Asp, but the provenance of 5-aminopentanoic 

acid in 3.3a, is less obvious. One hypothesis is that the latter arises from a radical-mediated a-

deamination of a basic ‘origin’ AA (Table 3.4).26 Support for radical-promoted biosynthesis is 

suggested by the structure of 5: a dimerization that appears to be the result of an a-radical, derived 

from a brominated a-hydroxyphenyllactic acid, and radical aromatic substitution (e.g. SRN1) upon 

the 2-aminohistamine module. If so, the structures 3.1a–3.3a and 3.10a links the common Br2Tyr-

derived a-ketoxime with w-aminoalkanoic acids b-alanine and GABA through radical-

deamination products of 1,4-diaminobutanoic acid (Dab) (in 3.2a) and Orn (in 3.3a), respectively. 

The rather uniform pattern of 3.1a–3.3a, and 3.10a suggests that another, as yet unreported 

secondary metabolite, corresponding to the hypothetical ‘purpuroceratic acid D’ (3.11a), derived 

from Lys, may be found in related sponges.  
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Table 3.4: Homologous SIO Carboxylic Acids and Proposed ‘Origin’ AA of the Second Module. 

Entry Cmpd Formula ‘Origin’ AA Ref. 

1 3.10aa C12H12Br2N2O6 Gly 25 

2 3.1a C13H14Br2N2O6 b-Ala 6 

3 3.2a C14H16Br2N2O6 Dabb 6 

4 3.3a C15H18Br2N2O6 Ornc 3, d 

5 3.11ae C16H20Br2N2O6 Lysf – 

a. Hypothetical parent carboxylic acid of Me ester, lacunosin A (3.10b). b. 2,4-diaminobutanoic 
acid. c. 2,5-diaminopentanoic acid. d. This work. e. Hypothetical ‘purpuroceratic acid D’. f. 2,6-
diaminohexanoic acid. 
 

3.5 Biological Activities 

Alkaloids from P. verrucosa were evaluated by in vitro inhibition of acetylcholinesterase 

(AChE) and butyrylcholinesterase (BuChE) (Table 3.5). Of the 10 compounds tested, two emerged 

with significant selectivity towards AChE (ratio IC50’s (BuChE/AChE) >10): aerophobin-1 (S3.1) 

and aplysinamisine II (S3.7). Compound S3.7 was a more potent inhibitor of AChE (IC50 0.77 µM) 

than the standard, galantamine•HBr (IC50 1.18 µM).  
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Table 3.5: In vitro Inhibition (IC50, µM) of AChE and BuChE by SIO Alkaloids. 

 IC50 µM  
Compound AChE BuChE Ratio IC50s 

(BuChE /AChE 
3.5 >100 14.0 <0.14 

Purealidin-R (3.6) 3.32 15.4 4.6 

Aerophobin-1 (S3.1) 5.74 >100 >17 

Aplysinamisine II (S3.7) 0.77 10.3 13 

Pseudoceratinamide A 

(S3.8) 

5.80 10.7 1.9 

Hexadellin C (S3.10) 4.79 10.0 2.1 

Aplysamine-2 (S3.11) 0.46 1.03 2.2 

Purpuramine I (S3.12) 5.40 2.71 0.50 

Araplysillin III (S3.13) 19.9 >100 >5.0 

Galantamine• HBr 1.18 19.6 17 
aFor assay conditions, see Experimental. 
 

3.6 Conclusions 

In summary, five new brominated spiroisoxazoline alkaloids 3.1b–3.2b, 3.3a, 3.4 and the 

oxidatively dimerized OMe-2,6-dibromo-1,3-cyclohexadiene ketoxime amide, 3.5, were isolated 

from extracts of Pseudoceratina verrucosa and their structures determined by integrated analysis 

of MS, NMR and ECD data. Compound 3.4 is a 1:1 mixture of diastereomers; the homoserine 

residue in 3.4 is essentially racemic. Variability in stereochemical homogeneity is again observed 

in new and known spiroisoxazolines, both in the range of magnitudes of De in ECD as measured 

by chiral-phase HPLC (dual UV-vis and ECD detection). Quantitation of optical purity in SIOs 

was standardized by synthesis of (+)-(1R,6S)-3.7a and (–)-(1S,6R)-3.7b followed by their 

resolution and characterization by ECD-detected chiral phase HPLC.  
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The identification of selective AChE inhibitors from SIOs, including one more potent than 

galantamine, are promising results that reveal the modular SIO alkaloid architecture to be a 

potentially useful platform for development of selective cholinesterase inhibitors. Expanded 

investigation of SIO natural products, and the synthesis of enantiopure natural and non-natural 

products based on their structures, may open new avenues for development of AD therapeutics.  

Chapter 3, in total, is a reprint of the material, “Spiroisoxazoline Inhibitors of 

Acetylcholinesterase from Pseudoceratina verrucosa. Quantitative Chiroptical Analysis of 

Configurational Heterogeneity and Total Synthesis of (±)-Methyl Purpuroceratate C” J. Nat. Prod. 

2022, Submitted. The dissertation author was the primary author of this paper and gratefully 

acknowledges the contributions of coauthors Rudi Hendra, and Tadeusz F. Molinski. 

 

3.7 Acknowledgements  

We thank S. Taylor and D. Manker for assistance with sample collection, A. Mrse and B. 

Duggan for NMR support, and X. Su for HRMS measurements. The purchases of the Agilent TOF 

mass spectrometer and the 500 MHz NMR spectrometer were made possible with funds from the 

NIH Shared Instrument Grant program (S10RR025636) and the NSF Chemical Research 

Instrument Fund (CHE0741968), respectively. MS is grateful for support from a Graduate 

Research Fellowship, Department of Chemistry, UCSD.  RH thanks the Fulbright Foundation for 

the support of a Fellowship while on leave at UCSD. This research was supported by grants (TFM) 

from the NIH (AI100776, AT009783). 

 

3.8 Experimental 
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General Experimental Procedures. UV-vis spectra were measured on a JASCO V-630 

double beam spectrometer. FTIR spectra were collected on thin film samples using a JASCO 

FTIR-4100 fitted with an ATR accessory (ZnSe plate). Optical rotations were measured on a 

JASCO P-2000 polarimeter at the D-double emission line of Na˚. ECD spectrum were measured 

on a JASCO J-810 spectropolarimeter at 23 °C in quartz cells of 1, 2 or 5 mm pathlength. 1D and 

2D NMR spectrum were measured at 23 ˚C on a JEOL ECA spectrometer (500 MHz), equipped 

with a 5 mm 1H{13C} room temperature probe, or a Bruker Avance III (600 MHz) NMR 

spectrometer with a 1.7 mm 1H {13C/15N} microcryoprobe. HR-ESI-TOF mass spectroscopic 

analyses were carried out on an Agilent 1200 HPLC coupled to an Agilent 6350 TOF-MS at the 

Small Molecule Mass Spectrometry Facility, Department of Chemistry and Biochemistry (UCSD).  

Preparative, semi-preparative and analytical HPLC were completed on a JASCO system consisting 

of a UV-vis detector (UV-2075), dual-pumps (PU-2086 Plus), and a dynamic mixer (MX-2080-

32). Chiral phase HPLC was carried out, with specified columns and solvent systems, using the 

above JASCO dual pump system coupled to a JASCO CD-2095 Plus detector with dual-channel 

detectors (UV-vis and ECD), outputted to a PowerChrom 280 ADC (16 bit). Chromatograms were 

processed and integrated with native software. LC-MS measurements were performed with a 

Thermoelectron Surveyor UHPLC coupled to an MSD single-quadrupole detector. Electric eel 

acetylcholinesterase (EC 3.1.1.7, Type VI-S), equine butyrylcholinesterase (EC 3.1.1.8), and 

galantamine hydrobromide were purchased from Sigma-Aldrich. S-Butyrylthiocholine iodide, S-

acetylthiocholine iodide and 5,5’-dithio-bis-nitrobenzoic acid (DTNB) were purchased from 

Fisher Scientific. 

Biological Material. The sponge Pseudoceratina verrucosa (93-07-101) was collected in 

January 1993 from Exmouth Gulf, near Ningaloo Reef, Western Australia by hand, using scuba, 
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at a depth of –9 m and kept frozen (–20 ˚C) until needed. A type sample (MeOH) is archived in 

the Department of Chemistry and Biochemistry, UCSD.   

Extraction and Isolation. A sample of P. verrucosa was lyophilized (dry wt. 235 g) and 

extracted with CH3OH (2 x 500 mL, 12 h) and the combined CH3OH extracts were concentrated 

and the water content adjusted to approximately 1:9 (H2O/CH3OH, 500 mL). The extract was 

partitioned with hexane (2 x 500 mL) to give fraction A (0.506 g). The aqueous-CH3OH layer was 

adjusted with water (2:3 H2O/CH3OH) and extracted with CH2Cl2 (2 x 500 mL) to yield fraction 

B (2.61 g). The CH3OH was evaporated and the resultant aqueous layer was partitioned against n-

BuOH (2 x 500 mL) to provide fraction C (2.54 g) and fraction D (3.51 g). 

Fraction B (1.5 g) was further purified by size-exclusion chromatography (Sephadex LH-

20, CH3OH) to yield 11 fractions, which were pooled according to TLC and p-anisaldehyde 

staining. Fractions 4 and 5 were combined (165 mg) and purified by flash chromatography (silica, 

2:8 CH3OH/CH2Cl2) to yield 6 subfractions, combined according to TLC and p-anisaldehyde 

staining. Subfraction 1 (20.6 mg) was re-purified by reversed phase HPLC (Phenomenex Luna 

C18, 5 µ, 250 x 10 mm, 70:30 to 30:70 of 0.1% TFA-H2O/CH3CN over 30 min, 2.5 mL.min-1, λ = 

254 nm) to yield purpuroceratic acid A methyl ester (3.1b, 1.9 mg, tR =17.37 min), and 

purpuroceratic acid B methyl ester (3.2b, 1.6 mg, tR =18.44 min). The second and fourth 

subfractions (34.4 mg and 8.7 mg) were purified under similar conditions to give purpuroceratic 

acid C (3.3a, 1.7 mg, tR =17.52 min), and ningalamide A (3.4, 1.6 mg, tR = 20.65 min). 

Ningalamide B (3.5, 0.8 mg, tR =18.35 min) was purified by RP-HPLC (Phenomenex Luna C18, 5 

µ, 250 x 10 mm, 70:30 to 20:80 of 0.1% TFA-H2O/CH3CN over 40 min, 2.5 mL.min-1, λ = 254 

nm). In addition, 14 known bromotyrosine alkaloids were isolated; their HRMS and 1H NMR data 

matched reported literature values (see text).  
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Purpuroceratic Acid A Methyl Ester (3.1b). A pale yellow solid; [a]23.8D +128 (c 0.52, 

CH3OH); For the ECD spectrum, see Figure 3.4; UV (CH3OH) λmax 194 nm (ε log10 3.51), 230 

(3.53), and 283 (3.93); For the 1H and 13C NMR data, see Table 3.1; HRMS (ESI-TOF) m/z 

488.9254 [M+Na]+ (calcd for C14H1679Br2N2O4Na+ 488.9267).    

Purpuroceratic Acid B Methyl Ester (3.2b). A pale yellow solid; [a]23.8D +139.2 (c 0.8, 

CH3OH); For the ECD spectrum, see Figure 3.4; UV (CH3OH) λmax 194 nm (ε log10 3.33), 230 

(3.37), and 282 (3.09); FTIR (film) ν 3353, 1744, 1671, 1599, 1541, 1438, 1205, 1133, 1047, 1025, 

988, 916, 837, 801, 766 and 722 cm–1; For the 1H and 13C NMR data, see Table 3.1; HRMS (ESI-

TOF) m/z 502.9416 [M+Na]+ (calcd for C15H1879Br2N2O6Na+ 502.9424).  

Purpuroceratic Acid C (3.3a). A pale yellow solid; [a]23.8D +116.4 (c 0.52, CH3OH); For 

the ECD spectrum, see Figure 3.4; UV (CH3OH) λmax 194 nm (ε log10 3.81), 230 (4.36), and 280 

(4.04); FTIR (film) ν 3405, 2923, 1682, 1446, 1207, 1185, and 1136 cm–1; For the 1H and 13C 

NMR data, see Table 3.1; HRMS (ESI-TOF) m/z 480.9600 [M+H]+ (calcd for C15H1979Br2N2O6+ 

480.9604).   

Purpuroceratic Acid C Methyl Ester (3.3b). A solution of CH2N2 in Et2O (~0.2 M) was 

added dropwise to a solution of 3.3a in CH3OH (1 mL) at 0 ºC until a permanent yellow color 

remained. After 10 min, excess CH2N2 and solvent were evaporated under a stream of N2 gas, and 

the residue of 3.3b analyzed by HPLC. 

Chiral-Phase HPLC Analysis of 3.1b–3.3b. Samples of methyl esters, 3.1b–3.3b, were 

dissolved in iPrOH-hexane (10%) and separated on a chiral-phase HPLC column (Luna Amylose-

1, 5 µm, 250 x 4.6 mm, 10% iPrOH-hexane, isocratic, 1.0 mL.min-1) coupled to a dual-channel, 

in-line UV-vis-ECD detector (Jasco, CD-2095 Plus, l = 280 nm): (+)-3.1b (tR = 29.68 min), (–)-
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3.1b (tR = 34.20 min), (+)-3.2b (tR = 26.99 min), (–)-3.2b (tR = 32.47 min), (+)-3.3b (tR = 26.37 

min), and (–)-3.3b (tR = 29.50 min).   

Ningalamide A (3.4). A colorless solid; [a]23.8D 0 (c 0.4, CH3OH); For the ECD spectrum, 

see Figure 3.4; UV (CH3OH) λmax 194 nm (ε log10 3.38), 230 (3.73), and 282 (3.17); FTIR (film) 

ν 3410, 2927, 1683, 1442, 1200, and 1142 cm–1; For the 1H and 13C NMR data, see Table 3.2; 

HRMS (ESI-TOF) m/z 1177.7655 [M+H]+ (calcd for C35H3879Br6N5O11+ 1177.7663).  

Acid Hydrolysis of Compound 3.4 and DTA-Derivatives.  A sample of 3.4 (0.6 mg, 0.51 

µmol) was dissolved in HCl (6 M, 1 mL) and stirred in a sealed vial at 110 ºC for 24 h. The solution 

was cooled to rt, dried under a stream of N2, and derivatized with 2-((5’-fluoro-2’,4’-

dinitrophenyl)-Nα-L-tryptophanamide (L-FDTA, 3.8) at 85 ˚C (30 min), and quenched according 

to the published protocol,27 to yield the homoserine-L-DTA derivatives of 3.4 for HPLC analysis. 

DTA derivatives of authentic L- and DL-homoserine were prepared in a similar manner.  

Ningalamide B (3.5). A colorless solid; [a]23.8D 0 (c 1.2, CH3OH); For the ECD spectrum, 

see Figure 3.4; UV (CH3OH) λmax 194 nm (ε log10 4.95), 227 (5.58), and 275 (4.37); FTIR (film) 

ν 3252, 1675, 1540, 1476, 1421, 1259, 1202, 1142 and 999 cm–1; For the 1H and 13C NMR data, 

See Table 3.2; HRMS (ESI-TOF) m/z 931.9355 [M+H]+ (calcd for C30H3479Br4N9O6+ 931.9360).  

Total Synthesis of Methyl Purpuroceratate C (3.3b).  Racemic verongidoic acid methyl 

ester, (±)-3.7, was prepared from 2-hydroxy-4-methoxybenzaldehyde in 8 steps according to the 

method of Ley and co-workers.23  A solution of (±)-3.7 (3.2 mg, 8.1 µmol) in H2O-MeOH (1:9, 

300 µL) was treated with LiOH (1M, 1:9 H2O-MeOH, 81 µL, 10 equiv). After stirring for 3 h, the 

mixture was quenched with a few drops of 1 M HCl to pH 3 and concentrated under a stream of 

N2 to give (±)-3.6, which dissolved in DMF-CH2Cl2 and used directly in the next step. To the 

solution of (±)-3.6, was added DCC (1M CH2Cl2, 25 µL, 24 µmol, 3.0 equiv), HOBt, (1M DMF, 
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25 µL, 24 µmol, 3.0 equiv) and iPr2NEt (5 µL, 24 µmol, 3.0 equiv) and the mixture stirred for 30 

min before addition of methyl 5-aminobutyrate•HCl (3.73 mg, 22 µmol). The mixture was stirred 

at rt for 24 h, before dilution with CH2Cl2, and the solution washed sequentially with 0.1M HCl 

and NaHCO3 (satd. aq.), dried (MgSO4) and concentrated to give a pale-yellow residue which was 

purified by HPLC (40:60 H2O/CH3CN) to give ester (±)-3.3b as a colorless glass (1.1 mg) that 

was identical by HRMS, 1H NMR and HPLC retention time with a sample of (+)-3.3b prepared 

from purpuroceratic acid C (3.3a), as described above.  See SI for chiral phase HPLC (UV-vis, 

ECD detection). 

Acetylcholinesterase and Butyrylcholinesterase Inhibition Assays. Assays of 

cholinesterase activity were carried out using procedures, reagents and conditions the same as 

previously described.28 Cholinesterase inhibition was determined spectrophotometrically 

according to a modified protocol of that reported by Ellman.29 In this assay, 150 µL of 0.1 M 

sodium phosphate buffer (pH 8.0), 20 µL enzyme mixture (1.25 Units/mL in dI-H2O), and 10 µL 

test sample consisting of galantamine hydrobromide (1 mg/mL in MeOH, positive control), MeOH 

(negative control) or purified compounds dissolved in MeOH, were preincubated at rt for 30 min. 

10 µL DTNB (5 mM, 10 mL of 0.1 M sodium phosphate buffer, pH 7.0, containing 15 mg 

NaHCO3) was added followed by 10 µL acetylthiocholine or butyrythiocholine (10 mM, 0.1 M 

sodium phosphate buffer, pH 8.0). The absorbances were measured immediately at l 410 nm in a 

microplate reader.  

 

3.9 Appendix 
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Figure 3.32: (a) UV-vis and (b) CD Chiral-Phase HPLC Traces of Compound 3.1b (Amylose-1 
10% IPA-hexanes, 1 mL.min-1, (+)-3.1b: tR = 29.68 min, area = 74.31; (–)-3.1b: tR = 34.20 min, 
area = 25.69; 48.6 %ee). 
  

(a) 

(b) 
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Figure 3.33: (a) UV-vis and (b) CD Chiral-Phase HPLC Traces of Compound 3.2b (Amylose-1 
10% IPA-hexanes, 1 mL.min-1, (+)-3.2b: tR = 26.99 min, area = 73.12; (–)-3.2b: tR = 32.47 min, 
area = 26.88; 46.2 %ee). 
  

(a) 

(b) 
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Figure 3.34: (a) UV-vis and (b) CD Chiral-Phase HPLC Traces of Compound 3.3b (Amylose-1 
10% IPA-hexanes, 1 mL.min-1, (+)-3.3b: tR = 26.37 min, area = 74.66; (–)-3.3b: tR = 29.50 min, 
area = 25.34; 49.3 %ee). 

(a) 

(b) 
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Figure 3.35: CD of Compounds 3.1a (c = 1.85 x 10-4 M), and 3.1b (1.85 x 10-4 M) in CH3OH 
(dotted, 23 ºC) or CH3CN. 
 
 
 
  

3.1a 

3.1b 

3.1a 

3.1b 
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Figure 3.36: CD of Compounds (a) S3.1 (c = 3.12 x 10-4 M), S3.2 (3.12 x 10-4 M), S3.3 (1.39 x 
10-4 M), (b) S3.4 (c = 3.12 x 10-4 M), S3.5 (1.04 x 10-4 M), and S3.6 (1.04 x 10-4 M) (MeOH, 23 
˚C). 
 
 
 
  

(a) (b) 
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Figure 3.37: CD of Compounds (a) 3.6 (c = 6.25 x 10-4 M), 3.7 (1.25 x 10-4 M), S3.7 (3.12 x 10-

4 M), (b) S3.8 (c = 2.08 x 10-4 M), S3.9 (3.75 x 10-4 M), and S3.10 (2.08 x 10-4 M) (MeOH, 23 
˚C). 
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Table 3.6: 1H and 13C NMR data of Compound 3.5 (CD3OD).  

Position δH (int., mult, J, Hz) δC 
 3.5a 3.5b 
1 7.46 (1H, s) 134.5 
2  118.6 
3  153.8 
4  118.6 
5 7.46 (1H, s) 134.5 
6  137.3 
7 3.83 (2H, d, 1.7) 28.9 
8  152.1 
9  165.6 
11 3.37 (2H, m) 39.7 
12a 
12b 

2.76 (1H, m) 
2.83 (1H, m) 

25.7 

13  122.7 
14  124.7 
16  147.7 
1’ 7.42 (1H, s) 136.0 
2’  118.3 
3’  154.5 
4’  118.3 
5’ 7.42 (1H, s) 136.0 
6’  135.5 
7a’ 
7b’ 

3.06 (1H, d, 13.8) 
3.38 (1H, d, 13.8) 

44.3 

8’  76.3 
9’  173.6 

11a’ 
11b’ 

3.19 (1H, m) 
3.40 (1H, m) 

38.8 

12a’ 
12b’ 

2.43 (1H, m) 
2.52 (1H, m) 

25.8 

13’  125.8 
14’ 6.37 (1H, s, 1JCH = 198 

Hz) 
110.4 

16’  148.7 
3-OMe 3.80 (3H, s)c 60.1 
3’-OMe 3.81 (3H, s)c 60.0 

a600 MHz. bAcquired from APT (150 MHz). cAssignment of the two methoxy’s may be 
interchanged. 
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CHAPTER FOUR. DISCOVERY OF BIOACTIVE BROMOTYROSINE ALKALOIDS FROM 

THE BAHAMIAN MARINE SPONGE AIOLOCHROIA CRASSA  

 

Abstract: Nine bromotyrosine alkaloids (BTAs), including debromoianthelline (4.1), 

pseudoceratinic acid (4.2a), methyl pseudoceratinate (4.2b), 13-oxo-ianthelline (4.3), 

aiolochroiamides A-D (4.4a,b and 4.5a,b) and 7-hydroxypurealidin J (4.6), were isolated from a 

specimen of Aiolochroia crassa (Hyatt; previously, Pseudoceratina crassa) collected in the 

Bahamas. The planar structures of 4.1–4.6 were established from analysis of 1H, 13C and 2D NMR 

spectra, IR, and mass spectrometry data. The structures of 4.2–4.4 consist of an O-methyl-2,6-

dibromotyrosyl ketoxime (subunit A) amide linked to various groups (subunit B). Compound 4.1 

is debromoianthelline, and alkaloids 4.2a and 4.2b are amides of 3-aminopropanoic acid and 

methyl 3-aminopropanoate, respectively. BTAs 4.3 and 4.4 are linked to 5-(2-aminoethyl)-2-

iminoimidazolidin-4-one, and a hexahydropyrrolo[2,3-d]imidazol-2(1H)-imine nucleus, 

respectively, whereas 4.5 is a new oxidative motif in the family: it’s a dimer of two units of O-

methyl-2,6-dibromotyrosine 2-oxopropanamide linked to 2-aminohistamine through a five-

membered lactam. Alkaloid 4.6 contains a spirocyclohexadienyl-isoxazoline ring system, amide-

coupled to 2-aminohistamine similar to that found in purealidin J and aerophobin-1, but with an 

unprecedented hydroxylation at C-7. The configuration of the 2,4-diaminobutanoic acid residue in 

4.3 was determined, after acid hydrolysis under microwave conditions and derivatization with L-

FDTA (a tryptophan-derived reagent deployed in Marfey’s method), to be a 2:1 mixture of the L- 

and D- enantiomers. Alkaloids, 4.4a,b and 4.5a,b, were racemic but isolated as diastereomeric 

pairs. The relative configurations of 4.4a, 4.4b, 4.5a and 4.5b were assigned by comparison of 1H 

and 13C chemical shifts, calculated by DFT (APFD/aug-cc-pVDZ level, GIAO, scrf), with 
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experimental values. Compounds 4.5a,b, ningalamide B (4.9), and ianthelline (4.7) moderately 

inhibited butyrylcholinesterase, and Candida and Cryptococcus spp. 

 

4.1 Introduction 

Marine sponges of the order Verongida are prolific producers of brominated tyrosine 

alkaloids (BTAs) biogenetically derived from the amino acid Tyr.1-2 Chemical modifications in 

the aromatic rings and side chains give rise to a broad range of biosynthetically related compounds 

exhibiting diverse biological activities including antifouling (5-bromoverongamine,3 

ceratinamides A–B4), antimicrobial (pseudoceramines A–D,5 araplysillins I–II6), antiviral 

(psammaplysin D,7 moloka’iamine8), antimalarial (psammaplysin H9), and cytotoxic 

(ma’edamines A–B,10 fistularin-3,11 psammaplysin C12 and E7). Recently, Berlinck and coworkers 

reported the isolation of several BTAs from cultures of the marine bacterium Pseudovibrio 

denitrificans Ab134, obtained from tissues of the sponge Arenosclera brasiliensis, showing that 

the origin of BTAs may be marine bacteria associated with Verongid sponges.13  

Antipodal forms of BTAs, possibly arising from “enantiodivergent”14 or “enantiomeric”15-

16 biosyntheses, have been isolated from closely associated sponges. For example, (+)-purealidin 

R was isolated from the Okinawan sponge Psammaplysilla purea,17 while Capon and coworkers 

obtained (–)-purealidin R from a southern Australian specimen of Pseudoceratina sp.18 

Independently, (–)-purpuroceratic acid B was isolated by Karuso and coworkers from a Western 

Australian P. cf. verrucosa,19 and by Kijjoa et al. from P. purpurea from the Gulf of Thailand,20 

and shown to be antipodal to the (+)-enantiomer obtained by Molinski and Rogers from a 

Caribbean Aplysina fulva.21,22  Although most chiral marine natural products are biosynthesized in 
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one enantiomeric form, a rare number are produced in both forms; racemic or optically enriched 

over a wide range of %ee. We have compiled and reviewed chiroptical properties of 

spiroisoxazoline BTAs from a variety of sources.23  

In our search for inhibitors of butyrylcholinesterase (BuChE) and antifungal compounds 

active against azole-resistant strains of Candida and Cryptococcus spp., we examined a MeOH 

extract of Aiolochroia crassa (previously, Pseudoceratina crassa, Hyatt, 1875) collected in the 

Bahamas. Here we report the structures of nine new BTAs: debromoianthelline (4.1), 

pseudoceratinic acid (4.2a), methyl pseudoceratinate (4.2b), 13-oxo-ianthelline (4.3), 

aiolochroiamides A (4.4a), B (4.4b), C (4.5a), D (4.5b), and 7-hydroxy-purealidin J (4.6), in 

addition to the known alkaloids: ianthelline (4.7),24 ningalamide B (4.9, previously isolated from 

a Western Australian Pseudoceratina verrucosa),25 verongamine,26 aerophobin-1,27 N,N,N-

trimethyl dibromotyrosine, and O-methyl-N,N,N-tetramethyl-bromotyrosine.28 The structures of 

diastereomeric alkaloids 4.4a,b and 4.5a,b are of high-complexity; formed through pathways of 

pseudo-dimerization; both oxidative and tandem aldol-addition/aminal formation, not seen before 

among BTAs, leading to two new asymmetric quaternary centers in each. 

 

4.2 Isolation and Structure Determination of Debromoianthelline, Pseudoceratinic Acid, 

Methyl Pseudoceratinate, and 13-Oxo-ianthelline 
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Figure 4.1: The structures of new bromotyrosine alkaloids 4.1–4.5, and key relevant BTAs.  
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against hexane, CH2Cl2, n-BuOH, and H2O to provide ‘layers A–D’, respectively. Layer B was 

purified by size exclusion chromatography (Sephadex LH-20, MeOH) and reversed-phase HPLC 

to deliver 4.1-4.6.  

HRMS analysis of 4.1 showed [M+H]+ of 396.0662 corresponding to a molecular formula 

of C15H18BrN5O3 (calcd 396.0660 for C15H18BrN5O3); the isotopic pattern indicated the presence 

of one Br atom. FTIR absorptions at ~3200 and 1668 cm-1 revealed the presence of OH or NH and 

amide carbonyl groups, respectively. 1H and 13C NMR spectra of 4.1 were similar with those 

reported for ianthelline (4.7),24 except 4.7 possessed a symmetrical tetrasubstituted benzene ring 

while the aromatic region of 1 revealed the presence of a 2,4-disubstituted anisole with 1H NMR 

signals at dH 7.42 (1H, d, J = 2.2), 6.91 (1H, d, J = 8.5), and 7.20 (1H, dd, J = 8.5, 2.2), and dC 

131.7, 134.6, 130.43, 155.8, and 113.0 consistent with debromoianthelline (4.1). The oxime moiety 

in 4.1–4.4 was assigned the E-geometry based on the carbon chemical shifts of the C-7 methylene 

(dC 28.7-30.8).29 
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Table 4.1: 13C NMR data for 4.1–4.4 and 4.6 in CD3OD.  

Position δC 
4.1a 4.2aa 4.2ba 4.3a 4.4aa 4.4ba 4.6b 

1 131.7 137.4 137.4 137.4 137.17c 137.18c 93.2 
2 134.6 134.5 134.5 134.5 134.6d 134.7d 74.4 
3 130.43 118.6 118.6 118.6 118.6e 118.7e 113.5 
4 155.8 153.8 153.8 153.9 153.94f 153.96f 149.5 
5 113.0 118.6 118.6 118.6 118.6e 118.7e 123.5 
6 134.6 134.5 134.5 134.5 134.6d 134.7d 124.2 
7 28.7 28.7 28.7 28.9 30.7 30.8 74.7 
8 152.9 151.9 151.9 152.0 152.7 153.8 156.4 
9 165.9 165.3 164.3 166.0 165.9 164.4 160.8 
10 38.8 36.2 36.2 36.1 48.3 45.5 38.7 
11 25.8 34.5 34.6 32.1 36.5 34.9 25.2 
12 126.01 175.4 173.9 58.4 100.7 103.4 125.5 
13 112.1   176.0 160.2 160.0 110.4 
14 151.4   160.2 74.8 76.6 148.4 
4-OCH3 56.6 61.0 61.0 61.0 61.0 61.0 60.0 
12-OCH3   52.2  51.96 52.00  

a125 MHz. b150 MHz. c-fMay be interchangeable. 

The HRMS of 4.2a and 4.2b confirmed their molecular formulas of C13H14Br2N2O5 (m/z 

436.9342 [M+]+; calcd 436.9342 for C13H15Br2N2O5+) and C14H16Br2N2O5 (m/z 450.9490 [M+]+; 

calcd 450.9499 for C14H16Br2N2O5+), respectively. The isotopic patterns of both ions indicated the 

presence of two Br atoms, and FTIR absorptions at ~3400-3300 and 1670-1650 cm-1 were 

consistent with OH or NH and amide carbonyl or carboxylic acid, respectively. The 1H and 13C 

NMR spectra of 4.2a and 4.2b (Table 4.1) are congruent with those of 4.724 except for the 

replacement of the 2-aminohistamine signals with those of 3-amino propanoic acid (δH 3.50 (H2-

10, t, 6.9) and 2.53 (H2-11, t, 6.9), and δC 36.2, 34.5 and 175.4) and methyl 3-aminopropanoate 

(δH 3.51 (H2-10, t, 6.5), 2.55 (H2-11, t, 6.5) and 3.65 (3H, s), and δC 36.2, 34.6, 173.9 and 52.2), 

respectively. Pseudoceratinic acid (4.2a) reacted with diazomethane (CH2N2), and furnished the 

corresponding methyl ester 4.2b. Methyl pseudoceratinate (4.2b) may be an artefact from 

adventitious Fischer esterification of 4.2a during purification of MeOH extracts.   



 147 

Table 4.2: 1H NMR data for 4.1–4.4 and 4.6 in CD3OD.  

Pos. δH (int., mult, J, Hz) 
4.1a 4.2aa 4.2ba 4.3a 4.4ab 4.4bb 4.6b 

2 7.42 (1H, 
d, J = 2.2) 

7.48 (1H, 
s) 

7.48 (1H, 
s) 

7.49 (2H, 
s) 

7.52 (2H, 
s)  

7.55 (1H, 
s) 

3.77 (1H, 
d, 0.6) 

5 6.91 (1H, 
d, J = 8.5) 

      

6 7.20 (1H, 
dd, J = 
8.5, 2.2) 

7.48 (1H, 
s) 

7.48 (1H, 
s) 

7.49 (2H, 
s) 

7.52 (2H, 
s)  

7.55 (1H, 
s) 

6.57 (1H, 
d, 0.6) 

7 3.81 (2H, 
s) 

3.83 (2H, 
s) 

3.83 (2H, 
s) 

3.88 (1H, 
d, 13.0) 
3.82 (1H, 
m) 

3.81 (2H, 
s) 

3.86 (2H, 
s) 

5.57 (1H, 
s) 

10 3.46 (2H, 
t, J = 6.9) 

3.50 (2H, 
t, J = 
6.9) 

3.51 (2H, 
t, J = 6.5) 

3.49 (1H, 
m) 
3.40 (1H, 
m) 

4.20 (1H, 
dd, 12.5, 
7.5) 
3.60 (1H, 
td, 12.0, 
6.0) 

4.32 (1H, 
dd, 12.5, 
8.0) 
3.32 (1H, 
m) 

3.54 (2H, 
dt, 6.6, 
1.8) 

11 2.73 (2H, 
t, J = 6.9) 

2.53 (2H, 
t, J = 
6.9) 

2.55 (2H, 
t, J = 6.5) 

2.08 (1H, 
m) 
1.96 (1H, 
m) 

2.35 (1H, 
dd, 7.5, 
5.0) 
2.28 (1H, 
td, 13.0, 
8.0) 

2.34 (1H, 
dd, 7.0, 
5.0) 
2.18 (1H, 
td, 12.5, 
8.5) 

2.76 (2H, 
t, 6.6) 

12    4.20 (1H, 
dd, 8.0, 
5.0) 

   

13 6.48 (1H, 
s) 

     6.56 (1H, 
s) 

14     5.69 (1H, 
s) 

5.82 (1H, 
s) 

 

4-
OCH3 

3.83 (3H, 
s) 

3.83 (3H, 
s) 

3.81 (3H, 
s) 

3.81 (3H, 
s) 

3.81 (3H, 
s) 

3.82 (3H, 
s) 

3.74 (3H, 
s) 

12-
OCH3 

  3.65 (3H, 
s) 

 3.34 (3H, 
s) 

3.33 (3H, 
s) 

 

a500 MHz. b600 MHz. 
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Figure 4.2: Key COSY (bold) and HMBC (arrow) correlations of compounds 4.3–4.5. 

HRMS of 13-oxo-ianthelline (4.3) showed an [M+H]+ peak at 489.9712 corresponding to 

a molecular formula of C15H17Br2N5O4 (m/z 489.9712 [M+]+; calcd 489.9720 for 

C15H18Br2N5O4+); the isotopic pattern of the ion revealed the presence of two Br atoms. Although 

the 1H and 13C NMR spectra of 4.3 were similar to those of ianthelline (4.7), differences were 

observed in the 2-aminohistamine ring (C-12–C-14); a methine and an additional amide carbonyl 

were observed and positioned at C-12 and C-13, respectively, based on COSY and HMBC 

correlations. COSY correlations were observed between diastereotopic methylenes at C-10 (δH 

3.49 (1H, m) and 3.40 (1H, m)) and C-11 (δH 2.08 (1H, m) and 1.96 (1H, m)), and C-11 and the 
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0.1% TFA-H2O-MeCN) revealed the presence of L- and D- 2,4-diaminobutanoic acid in a 2:1 ratio 

(tR = 29.48 min, tR = 28.93 min), respectively.31 Similar partial racemization was observed with an 

authentic enantiopure sample of L-2,4-diaminobutanoic acid that was subjected to hydrolysis 

under similar microwave conditions (ratio ~2:1). As we reported earlier,23 use of FDTA lead to 

superior separations of the corresponding DTA derivatives compared to FDAA.32  

 

 
Scheme 4.1: Hydrolysis of 4.3 and derivatization of 2,4-diaminobutanoic acid with L-FDTA (4.8).  

 

4.3 Structure Determination of Aiolochroiamides A–D and Proposed Biogenesis 

Aiolochroiamides A (4.4a) and B (4.4b) were isolated as an inseparable mixture of two 

diastereoisomers (1:1 ratio by 1H NMR integration). HRMS of 4.4a and 4.4b confirmed a single 

protonateed ion: each had the molecular formula C16H19Br2N5O4 (m/z 503.9874 [M+H]+; calcd 

503.9877 for C16H20Br2N5O4+) and the isotopic pattern of the [M+H]+ ion showed the presence of 

two Br atoms. Like most BTAs, the molecular structure of 4.4 is a fusion of molecular modules; 

here designated as subunits A and B. Analysis of the 1H and 13C NMR spectra of 4.4a supported 

the presence of an O-methyl-2,6-dibromotyrosyl ketoxime (subunit A) amide linked to 

hexahydropyrrolo[2,3-d]imidazol-2(1H)-imine (subunit B) HMBC correlations, observed for 

4.3

a. 4.8, NaHCO3
acetone, 85 ˚C, 
30 min

b. HCl

2M HCl, 
135 ºC 

65 W, 17 bar, 
7.5 min

RP-HPLC

OH

O

NH2
2,4-diaminobutanoic acid

N
H

NH2
O

NH
F

NO2

O2N

L-FDTA (4.8)

OH
H
N

O
L-DTA

H2N

HN L-DTA



 150 

4.4a, between the aryl methines at δH 7.52 (2H, s) and the quaternary carbons at δC 118.6 (C-3 and 

C-5) and 153.94 (C-4), and aryl methylene at 30.7 (C-7), in addition to correlations between the 

C-7 methylene (δH 3.81 (2H, s)) and C-1 quaternary carbon (δC 137.17), aryl CH’s (δC 134.6), C-8 

ketoxime (δC 152.7), and C-9 amide (δC 165.9), clearly indicated an O-methyl-3,5-dibromotyrosyl 

ketoxime (subunit A). COSY correlations were also observed between diastereotopic methylene 

signals at δH 4.20 (1H, dd, 12.5, 7.5) and 3.60 (1H, td, 12.0, 6.0) and δH 2.35 (1H, dd, 7.5, 5.0) and 

2.28 (1H, td, 13.0, 8.0) attached at C-10 and C-11, respectively. Furthermore, HMBC correlations 

detected from H-10 and the carbonyl at C-9 (δC 165.9), as well as from H-10 and H-11 to 

quaternary hemiacetal at C-12 (δC 100.7) and aminal at C-12 (δC 74.8), from H-14 to the hemiacetal 

at C-12 and guanidine at C-13 (δC 160.2), and from the methoxy observed at δH 3.34 (3H, s) to C-

12, are consistent with subunit B: a hexahydropyrrolo[2,3-d]imidazol-2(1H)-imine. The structure 

of 4.4b was determined from an analysis of NMR along similar lines (Table 4.1 and 4.2).  
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Figure 4.3: Proposed biogenesis of aiolochroiamides A and B (4.4a and 4.4b). 

The fused heteronucleus in aiolochroiamides A and B (4.4a,b) is likely formed from 
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deliver 4.4a and 4.4b. Interestingly, epimeric 4.4a,b did not undergo exchange with CD3OD during 

the timeframe of NMR measurements, or storage (4 ˚C). Attempted equilibration of 4.4a,b in the 

presence of stoichiometric Brønsted acid (p-TsOH, MeOH, 30–50 ˚C) lead to no observable 

change, suggesting the epimeric mixture exists at the thermodynamic ratio. 

Aiolochroiamides C (4.5a) and D (4.5b) were purified as colorless oils (ratio 2.2:1) with 

isomeric molecular formulas: C30H32Br4N8O6 (m/z 916.9241 [M+]+; calcd 916.9251 for 

C30H33Br4N8O6+) and C30H32Br4N8O6 (m/z 916.9232 [M+]+; calcd 916.9251 for C30H33Br4N8O6+), 

respectively, confirming the presence of four Br atoms. From spectroscopic data (below), it 

became apparent that each isomer 4.5a and 4.5b was a pseudodimeric compound, conjoined at two 

bonds: a C–C and a C-N sigma bond. Each structure comprises two molecules of aryl pyruvamides 

of 2-aminohistamine (4.11) that are cyclized into a 2,4-dihydroxypyrrolidinone as supported by 

the following NMR evidence. HMBC correlations observed in 4.5a, from the aromatic CH’s at δH 

7.33 (2H, s), attached to C-2 and C-6, to δC 118.1 (C-3 and C-5), 153.9 (C-4), and 41.6 (C-7), along 

with correlations between the H-7 methylene at δH 3.11 (1H, d, 14.5) and 2.77 (1H, d, 14.0) and 

the aromatic quaternary carbon at δC  136.1 (C-1), tertiary alcohol at 77.9 (C-8), and amide at 177.4 

(C-9) supported a 3-(O-methyl-3,5-dibromotyrosine)-2-hydroxypropanamide (subunit A, Figure 

4.2). COSY correlations were seen between signals at dH 3.54 (1H, m) and 3.41 (1H, m), and dH 

2.78 (1H, m) and 2.75 (1H, m), attached to C-10 and C-11, respectively, in addition to HMBC 

correlations between the H-10 methylene and the amide at δC 177.4 (C-9), methylene at 24.7 (C-

11), and quaternary carbon at 125.72 (C-12). Additional HMBC correlations between H-11 

methylene and quaternary carbon at δC 125.72 (C-12) and the methine at 111.1 (C-13), as well as 

H-13 methine at dH 6.62 (1H, s) and the quaternary carbons at 125.72 (C-12) and 148.6 (C-14) 
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were consistent with a 2-aminohistamine (subunit B), amide linked through C-9 to the above-

described subunit A.  

HMBC correlations of 4.5a also seen from the aryl CH’s at δH 7.43 (2H, s), attached to C-

1’ and C-6’, and the aryl quaternary carbons at δC 117.8 (C-3’ and C-5’) and 154.1 (C-4’) and 

benzylic methine at 54.9 (C-7’), and from H-7’ (δH 3.52 (1H, s)) to the aryl methine’s at δC  136.9 

(C-2’ and C-6’), quaternary carbon at 133.9 (C-1’), hemiacetal at 92.5 (C-8’), and amide at 171.1 

(C-9’), were indicative of a second 3’-(O-methyl-3’,5’-dibromotyrosine)-2’-hydroxypropanamide 

(subunit A’). Subunit A’ is amide-linked to a second 2’-aminohistamine (subunit B’) through C-

9’. COSY correlations were observed between signals at dH 3.51 (1H, m) and 3.27 (1H, m) and dH 

2.60 (1H, m) and 2.56 (1H, m), attached to C-10’ and C-11’, respectively, in addition to HMBC 

correlations between the H-10’ methylene and amide at δC 171.1 (C-9’) and methylene at 25.8 (C-

11’). Further HMBC correlations were seen between the H-11’ methylene and the H-13’ methine, 

at dH 6.37 (1H, s) and δC 110.4, to one another and to the quaternary carbon at 125.75 (C-12’), and 

from H-13’ to the quaternary carbon at 148.7 (C-14’). 
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Table 4.3: 1H and 13C NMR data for 4.5a and 4.5b (CD3OD).  

Pos. δH (int., mult, J, Hz) δC δH (int., mult, J, Hz) δC 
4.5aa 4.5ab 4.5bc 4.5bd 

1 - 136.1 - 135.6 
2/6 7.33 (2H, s) 135.8 7.30 (2H, s) 135.4 
3/5 - 118.1 - 117.8 
4 - 153.9 - 153.7 
7 3.11 (1H, d, 14.5) 

2.77 (1H, d, 14.0) 
41.6 3.16 (1H, d, 13.8) 

2.76 (1H, d, 13.8) 
40.9 

8 - 77.9 - 78.6 
9 - 177.4 - 175.9 
10 3.54 (1H, m) 

3.41 (1H, m) 
40.5 3.53 (1H, m) 

3.47 (1H, m) 
38.9 

11 2.78 (1H, m) 
2.74 (1H, m) 

24.7 2.72 (1H, m) 
2.65 (1H, m) 

23.9 

12 - 125.72 - 125.2 
13 6.62 (1H, s) 111.1 6.57 (1H, s) 110.4 
14 - 148.6 - 148.5 
4-OMe 3.73 (3H, s) 61.0 3.73 (3H, s) 60.6 
1' - 133.9 - 132.9 
2'/6' 7.43 (2H, s) 136.9 7.44 (2H, s) 135.4 
3'/5' - 117.8 - 117.9 
4' - 154.1 - 154.2 
7' 3.52 (1H, s) 54.9 3.26 (1H, e) 57.1 
8' - 92.5 - 92.4 
9' - 171.1 - 172.3 
10' 3.51 (1H, m) 

3.27 (1H, m) 
39.2 3.35 (1H, m) 

3.15 (1H, m) 
39.0 

11' 2.60 (1H, m) 
2.56 (1H, m) 

25.8 2.40 (1H, m) 
2.30 (1H, m) 

24.9 

12' - 125.75 - 125.2 
13' 6.37 (1H, s) 110.4 6.27 (1H, s) 109.7 
14' - 148.7 - 148.4 
4'-OMe 3.80 (3H, s) 61.1 3.79 (3H, s) 60.6 
a500 MHz. b125 MHz. c600 MHz. dObtained from the indirect dimension of HSQC and HMBC 

(600 MHz). eObscured by solvent signal. 
 

HMBC correlations of 4.5a, from the H-7’ at dH 3.52 (1H, s) to the methylene at dC 41.6 

(C-7) and the tertiary alcohol at 77.9 (C-8), and from H-10 at dH 3.54 (1H, m) and 3.41 (1H, m) to 

the hemiacetal at dC 92.5 (C-8’), revealed that subunit A is C-alkylated, at C-8 and C-7’, and N-
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alkylated, at the amide and C-8’, to subunit B. Analysis of the 1D and 2D NMR data of 4.5b (Table 

4.3) revealed that 4.5a and 4.5b are diastereoisomers.  

Epimeric 4.5a,b are likely formed by dimerization of the aryl pyruvamide 4.12 (Figure 4.4) 

through tandem reactions: aldol addition (arbitrarily depicted here as base-promoted) at the 

electrophilic C-8 keto group, and ring closure through aminal formation. Compounds 4.5a,b 

represents a structural motif not seen before in BTAs, but preceded in the marine natural products 

literature by the N-coumaroyl-Ala-derived pyrrolidinones, anchinopeptolides A,33 B-D34 and E35, 

from the sponge Anchinoe tenacior, and Br-Trp-derived pyrrolidinones from two ascidians of the 

genus Eusynstyela.36,37 

 
Figure 4.4: Proposed biosynthesis of alkaloids 4.5a and 4.5b.  
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4.4 Relative Stereochemistry of Aiolochroiamides A–D by DFT Calculations 

Alkaloids 4.4a,b and 4.5a,b were essentially racemic. It was not obvious, from early 

considerations of the measured spectroscopic data of 4.4a,b and 4.5a,b how the relative 

configurations of the new stereocenters in each compound could be assigned. Preliminary attempts 

to equilibrate and capture the 1,3-diol in 4.5a,b as rigid cyclic acetals (2,2-dimethoxypropane or 

CH2(OMe)2, 1 equiv. p-TsOH) returned starting material. Consequently, we turned to DFT 

calculations of the 1H and 13C NMR chemical shifts of 4.4a,b, and all four diastereomers of 4.5a,b. 

It was understood that the configurations of C-8 and C-7’ would be set by thermodynamic or 

kinetic factors of the aldol reaction – something we had no easy way of ascertaining – but the 

configuration of C-8’ would be set by reversible aminal ring closing and equilibration to the 

thermodynamically more favorable epimer. In any case, calculation of the chemical shifts of each 

diastereomer and comparison with those of the natural products lent itself as an agnostic approach 

for solving the stereochemistry. 

The relative configurations at C12 and C14 in 4.4 and C8, C7’ and C8’ in 4.5 were assigned 

based on comparison of experimental 1H and 13C NMR chemical shifts (d) with DFT-calculated 

theoretical values. A conformational search at the MMFF level in Spartan Student V838 generated 

27 and 123 unique conformers, within 15 kJ.mol-1 of the global minimum, for the diastereoisomers 

of 4.4 and 4.5, respectively. The geometry of the lowest energy conformers was optimized at the 

B3LYP/6-31G(d,p) level using Gaussian 16 (Figure 4.5).39 Subsequent frequency calculations 

performed at the same level provided the Gibbs free energies of all conformers. Those conformers 

with Boltzmann-weighted averages representing more than 1.5% were subjected to additional 

calculations at the APFD/aug-cc-pVDZ level (GIAO,40 scrf, MeOH) to obtain the NMR shielding 

tensors. Theoretical 1H and 13C chemical shifts were referenced to TMS and Boltzmann averaged 
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to furnish the predicated chemical shifts for (12R*,14R*)-4.4, (12R*,14S*)-4.4, (8R*,7’R*,8’R*)-

5, (8S*,7’S*,8’R*)-4.5, (8R*,7’S*,8’R*)-4.5, and (8S*,7’R*,8’R*)-4.5 (See Tables S1–S3).41  

 

 

   
Figure 4.5: Global minimal energy structures of (a) (12R*,14R*)-4.4, (b) (12R*,14S*)-4.4, (c) 
(8S*,7’S*,8’R*)-4.5a, and (d) (8S*,7’R*,8’R*)-4.5b optimized at the B3LYP/6-31G(d,p) level 
using Gaussian 16. 

The results showed that the dH and dC values predicated for (12R*,14R*)-4.4 (RMSD of 

2.55 ppm for dC and 0.192 ppm for dH) and (12R*,14S*)-4.4 (RMSD of 4.45 ppm for dC and 0.317 

ppm for dH) best matched the experimental chemical shifts of 4.4a and 4.4b, respectively. 

Similarly, diastereoisomers (8S*,7’S*,8’R*)-4.5 (RMSD of 4.70 ppm for dC and 0.270 ppm for dH) 
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and (8S*,7’R*,8’R*)-4.5 (RMSD of 4.33 ppm for dC and 0.282 ppm for dH) were the closest match 

with the experimental values of 4.5a and 4.5b, respectively. Importantly, the calculations show 

that intermolecular cyclization favors the diastereomer with trans-hydroxyl substituents at C-8 and 

C-8’, respectively, in both 4.5a,b.42 

 

4.5 Structure Determination and Proposed Biosynthesis of 7-Hydroxy-purealidin J 

 
Figure 4.6: Key COSY (bold –) and HMBC (arrow) correlations of 7-hydroxy-purealidin J (4.6). 

7-Hydroxy-purealidin J (4.6) was purified as a white solid with a molecular formula of 

C15H17Br2N5O5 (m/z 505.9656 [M+H]+; calcd 505.9669 for C15H18Br2N5O5+); the isotopic pattern 

of the pseudomolecular ion indicated the presence of two Br atoms. IR absorptions at 3365 and 

~2950–2800, and 1683 cm-1 were attributed to NH, OH, and amide carbonyl groups, respectively. 

The 1H and 13C NMR data of 4.6 were comparable to those of purealidin J (4.10)17 indicating that 

4.6 possessed the common spiro-cyclohexadienylisoxazole (SIO) subunit amide-linked to 2-

aminohistamine; the major differences were the replacement of the H-7 methylene (dH 3.19 (1H, 

d, 18.6) and 3.61 (1H, d, 18.6), and dC 39.2, DMSO-d6) in purealidin J17 with a methine (dH 5.57 

(1H, s), and dC 74.7, CD3OD) that was shifted to a lower field, and other minor chemical shift 

changes in the SIO unit. HMBC correlations (Figure 4.6) observed from H-7 at dH 5.57 (1H, s) to 
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C-1 (93.2), C-2 (74.4), C-6 (124.2), and C-8 (156.4), in addition to the downfield resonances of 

H-7 suggested an unusual hydroxylation at C-7. 

The biosynthesis of 4.6 – evidently a late-stage hydroxylation event – presents a dilemma. 

It is known that formation of spiroisoxazoline rings in BTAs can be stereochemically promiscuous 

– and both 4.6 and 4.10 from this sponge are racemic. However, enzymatic hydroxylation of the 

C-7 position of the putative precursor (±)-4.10, for example, by a cytochrome P450 (CYP) and O2, 

would be expected to be diastereoselective with respect to abstraction of one of the diastereotopic 

CH2 hydrogen atoms. Attendant enzymatic kinetic resolution would give rise to an optically active 

product. In order to resolve this paradox, we propose an enzyme-independent autoxidation which 

is diastereoselective, but non-enantioselective. Free-radical initiated H-abstraction of (±)-4.10 at 

C-7 (Figure 4.7) gives the C-centered radical i which is captured by triplet O2 to give 

hydroperoxide ii. Diastereoselectivity would arise from exclusive attack of O2 from the least 

hindered face of the spiro-ring, opposite the C-2 hydroxyl group. Although we have no 

experimental proof, as yet, a consequence of this hypothesis predicts the relative configuration of 

C-7 in ii should be S*,43 and completion of the sequence (subsequent reduction or 

disproportionation of ii) would give (±)-(1R*,2R*,7R*)-4.6. 



 160 

 

Figure 4.7: Putative biosynthesis of 7-hydroxypurealidin (4.6) through free-radical autoxidation.  
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(analogous to an ‘NIH shift’) to give imidazolone 4.3. As a consequence of syn-facial migration 

of H, the configuration of the a-stereocenter in the AA is conserved. If a CYP is responsible for 

the new heterocyclic AA, the absolute configuration established for the 2,4-diaminobutyric acid 

embedded within 4.3 (S, albeit eroded to ~30% ee during microwave-promoted acid hydrolysis 

and AA analysis44) reveals re facial enantioselectivity in the preceding epoxidation event. It is 

worth recalling that a consensus of thought supports the involvement of CYP-mediated arene 

epoxidation during construction of the spiroisoxazoline ring system common to many BTAs from 

Verongid sponges (e.g. 4.6 and 4.10).45  

 

Figure 4.8: Putative biogenesis of 4.3. 

The configuration of SIO compounds such as 4.6 and 4.10 with respect to optical purity of 

the cyclohexadienyl-spiroisoxazoline ring system, deserves comment. Since we disclosed, from 

careful measurements of SIO samples by optimized chiral-phase HPLC coupled with an online 
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ring system in Nature is the exception rather than the rule. For example, the specific rotations of 

samples of purpuroceratic acid B (4.13, Table 4.4) differ depending upon the source of the sample. 

Samples of 4.13 from the Molinski and Karuso labs had [a]D +140 and –9, respectively (Kijjoa did 

not report chiroptical data for their 4.13 however the lower homolog, purpuroceratic acid A, had 

[a]D –27.720). Karuso argued that their (–)-4.13 was “enantiopure” from observation of a single 

peak in chiral phase HPLC, and that the optical differences are due to other factors (e.g. salt forms 

with different counterions), but we find this less convincing than the simpler explanation: their 

sample of (–)-4.13 from a Western Australian P. verrucosa was less optically pure than (+)-4.13 

from the Caribbean, and the conditions of their chiral-phase HPLC conditions failed to separate 

the enantiomers.  

These discrepancies in magnitudes of specific rotations compelled us to investigate further 

the optical purities of 4.13 and quantitatively estimate %ee from magnitudes of the Cotton effect 

in published ECD spectra. Units for ECD, (De), or [q]), being molar quantities that follows the 

Beer-Lambert law, are better suited for this purpose than [a]D, for this reason and others, yet it still 

begs a question: what is a reliable enantiopure standard for chiroptical comparison?  We propose 

that a suitable interim standard for SIO chiroptical analysis is (+)-aerothionin (4.14, Table 4.4), 

first described by the Fattorusso and coworkers from Verongia thiona and Aplysina aerophoba,46 

and later by the Rinehart group in 1981.47 Alkaloid (+)-4.14 is mostly likely to be ~100% ee for 

two reasons: the final purification was carried out by recrystallization (m.p. 134–7 ˚C46), and the 

magnitude of the Cotton effects (CEs) are nearly maximal compared to those of all natural SIOs.23 

Conveniently, the absolute configuration of (+)-4.14 was established reliably by X-ray 

crystallography and ECD,47 so the CEs of (+)-4.14 (Table 4.4: De-1 +23.7 (l 245 nm), (De-1 

+21.4 (l 284 nm)) can be compared with those of our reported values of (+)-4.13 to establish the 
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%ee of the latter. From a simple linear scaling of the shorter wavelength CE of (+)-4.13 (l 243 

nm) and (+)-4.14 (l 245 nm), (+)-4.13 is shown to be 59% ee. Subsequently, a scaling of specific 

rotations for natural (–)-4.1319 gives 15% ee.48 

Finally, Fattorusso and coworkers characterized the simplest natural canonical SIO, 

verongidoic acid (4.15),49 by ECD (Table 4.4), but the [a]D was not reported. Later Ley and 

coworkers using stereodefined synthesis, prepared samples of (+)- and (–)-4.15 (~100% ee) along 

with their corresponding methyl esters (+)- and (–)-4.16,50 but their rotations were recorded in 

CHCl3 or benzene – solvents which clearly influenced the magnitudes – and cannot be used for 

comparisons of natural samples recorded in MeOH. Independently, using ECD scaling we could 

‘back-estimate’ Fattorusso’s natural sample to be levorotatory (–)-4.15 ([a]D –33.4). Berlinck later 

obtained (+)-4.15 from a cultured Pseudovibrio denitrificans Ab13413 with an [a]D +140. Using 

similar ECD scalings, we estimated the optical purities of natural (–)-4.15 and (+)-4.15 samples to 

be 76% ee and 79% ee, respectively. 

  



 164 

 

Table 4.4: Physical and chiroptical properties of key spiroisoxazolines 4.13–4.16. 

 

 
 

Cmpd. m.p. (˚C) [a]D ECD %eeb Ref. 
  (c g/100 mL, 

solv.) 
l nm 
(De1) 

l nm  
(De2) 

  

(–)-4.13 – –9  
(0.4, MeOH) 

– – 15 19 

(+)-4.13 – +140 
(0.04, MeOH) 

243 (+7.0) 289 (+5.2) 59 21 

(+)-4.14 134–7 +252  
(acetone) 

– – ~100 46 

(+)-4.14b – +210  
(1.7, MeOH) 

245 (+23.7) 284 (+21.4) ~100 47 

(–)-4.15c – – 
 

245 (–9.1) 284 (–6.4) 76 49 

(+)-4.15 – +140 
(1.1, MeOH) 

249 (+9.4) 292 (+5.3) 79 13 

(+)-4.15 – +44.0 
(0.42, CHCl3) 

– – ~100 50 

(–)-4.15  –31.3 
(0.84, CHCl3) 

– – ~100 50 

(+)-4.16d 134–6 +165.5 
(0.325, PhH) 

 

– – ~100 50 

(–)-4.16 – –150.9  
(0.43, PhH) 

– – ~100 50 

       
a. Solvent not reported. b. Cryst. MeOH-benzene, no m.p. reported. b. From scaling to De1(4.14) 
(normalized by 0.5) then scaling of [a]D. c. Sign of rotation is implied. d. Cryst. Et2O.  
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4.7 Biological Activities 

Bioactivity of the components of Aiolochroia crassa were monitored by antifungal and 

acetylcholinesterase enzyme inhibition assays. The ‘B’ and ‘C’ layers from extraction of A. crassa 

(see Experimental and Appendix, Figures 4.42, 4.43 and Tables 4.6 and 4.7) were assayed for 

cholinesterase (ChE) inhibition and in vitro antifungal susceptibility (MIC90, Table 4.5) against 

Candida spp. and Cryptococcus spp. Ianthelline (4.7) and ningalamide B (4.9), isolated from the 

‘B layer’, were responsible for the antifungal activity. Compound 4.7 exhibited moderate 

antifungal activity against Cryptococcus strains and was essentially inactive against Candida spp. 

(MIC90 >100 µM). This is consistent with the findings of Litaudon and co-workers,24 who showed 

4.7 had weak activity against Candida albicans. Ningalamide B (4.9) moderately inhibited 

Candida glabrata, Candida krusei, but were more potent inhibitors of Cryptococcus neoformans 

var. gattii, and Cryptococcus neoformans var. grubii. Additionally, no observable inhibition 

against acetylcholinesterase at 300 µg/mL was detected in the ‘B layer’; in contrast, both pure 4.7 

and 4.11 inhibited butyrylcholinesterase (BuChE) by more than 50% at 25 µg/mL. 

Aiolochroiamides C (4.5a) and D (4.5b), procured from the ‘C layer’, displayed moderate 

antifungal activity against Candida and Cryptococcus strains (Table 4.5), and inhibited BuChE by 

approximately 70% at 25 µg/mL in a 96-well plate.  
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Table 4.5: Antifungal activities (MIC90 (µM) of Aiolochroiamides C (4.5a), D (4.5b), Ianthelline 

(4.7), and Ningalamide B (4.9) against Candida and Cryptococcus spp. 

Compd. C.a albicans 
ATCC 14503 

C.a albicans 
UCD-FR1c 

C.a 
glabrata 

C.a 
krusei 

Cry.b 
gattii 

Cry.b 
grubii 

4.5a >50 >50 >50 >50 50 50 
4.5b >50 >50 >50 >50 >50 >50 
4.7 >100 >100 >100 >100   
4.9 43 43 12 20 6 5 

a. Candida. b. Cryptococcus. c. Fluconazole-resistant strain, selected by repeated passage of C. 
albicans in Fluconazole-Sabouraud media.51 

 

4.8 Conclusion 

Nine new bromotyrosine alkaloids, including dimeric compounds 4.4a,b and 4.5a,b, were 

purified from a sample of the sponge Aiolochroia crassa and characterized by integrated 

spectroscopic measurements. The relative configurations of near-racemic aiolochroiamides A–D 

were determined as (12R*,14R*)-4.4a, (12R*,14S*)-4.4b, (8S*,7’S*,8’R*)-4.5a, and 

(8S*,7’R*,8’R*)-4.5b based on comparisons of the RMSD values of calculated proton and carbon 

chemical shifts with experimental values. Novel oxidative motifs for bromotyrosine alkaloids are 

evident in most of these compounds. Close examination of the alkaloid structures uncovered 

putative biogenesis suggestive of a manifold of both non-oxidative and oxidative mechanisms for 

dimerization. Circumstantial evidence is presented for an enantioselective heteroaromatic 

epoxidation in the elaboration of the amino acid residue in 4.3 in addition to adventitious 

autoxidation in the formation of 4.6. Extended investigations of chiroptical properties of 

purpuroceratic acid B (4.10), from different sources, reveals an origin in enantiomeric 

biosynthesis15 with heterogeneous optical purities. Modest in vitro antifungal activity was 

observed for 4.9 and 4.5a,b, while the latter dimers also weakly-inhibited butyrylcholinesterase.  
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Chapter 4, in total, is a reprint of the material, “Bioactive Bromotyrosine Alkaloids from 

the Bahamian Marine Sponge Aiolochroia crassa. New Dimerization and Oxidative Motifs.” J. 

Org. Chem. 2022, Submitted. The dissertation author was the primary author of this paper and 

gratefully acknowledges the contributions of coauthors Rudi Hendra, and Tadeusz F. Molinski. 
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4.10 Experimental 
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General Experimental Procedures. Preparative, semi-preparative and analytical HPLC 

were carried out on a JASCO system comprising dual-pumps (PU-2086 Plus), a dynamic mixer 

(MX-2080-32) and UV-vis detector (UV-2075). Retention times and peak integrations were 

measured using native software. LC-MS measurements were performed with a Thermoelectron 

Surveyor UHPLC coupled to an MSD single-quadrupole detector. HR-ESI-TOF mass 

spectroscopic analyses were conducted on an Agilent 1200 HPLC coupled to an Agilent 6350 

TOF-MS at the Small Molecule Mass Spectrometry Facility in the Department of Chemistry and 

Biochemistry at UCSD. UV-vis spectra were measured on a JASCO V-630 double beam 

spectrometer. FTIR spectra were collected from thin film samples using a JASCO FTIR-4100 

fitted with an ATR plate (ZnSe). Optical rotations were measured on a JASCO P-2000 polarimeter 

at the D-double emission line of Na. CD spectrum were measured on a JASCO J-810 

spectropolarimeter at 23 °C in quartz cells of 1, 2 or 5 mm pathlength. 1D and 2D NMR spectra 

were measured on a JEOL ECA (500 MHz) spectrometer, equipped with a 5 mm 1H{13C} room 

temperature probe, or a Bruker Avance III (600 MHz) NMR spectrometer fitted with a 1.7 mm 1H 

{13C/15N} microcryoprobe (23 ̊ C)13C NMR spectra were collected on a Varian NMR spectrometer 

(125 MHz) equipped with a 5 mm XSens 13C{1H} cryoprobe. All NMR spectra were referenced 

to residual solvent signals (CHD2OD, dH 3.31,CD3OD dC 49.00 ppm). 

Biological Material. The sponge Aiolochroia crassa (07-36-220A)) was collected in June 

2007 from Sweetings Cay, the Bahamas (lat. 26º 34.752’ N long. 77º 53.871’ W) by hand at a 

depth of 15 m using scuba, and kept frozen (–20 ˚C) until needed. A type sample (MeOH) is 

archived in the Department of Chemistry and Biochemistry, UCSD. 

Extraction and Isolation. A sample of A. crassa was lyophilized (dry wt. 127 g) and 

extracted with MeOH (2 x 500 mL, 12 h) and the combined MeOH extracts were concentrated, 
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and the water content adjusted to approximately 1:9 (500 mL, H2O/MeOH v/v). The extract was 

partitioned with hexane (2 x 500 mL) to give hexane-soluble ‘fraction A’ (0.506 g). The aqueous 

MeOH layer was adjusted with water (2:3 H2O/MeOH) and extracted with CH2Cl2 (2 x 500 mL) 

to yield CH2Cl2-soluble ‘fraction B’ (2.84 g). The remaining aqueous methanol phase was 

concentrated, and the resultant aqueous layer was partitioned against n-BuOH (2 x 500 mL) to 

provide the n-BuOH-soluble ‘C layer’ (4.12 g) and the H2O-soluble ‘D layer’ (3.72 g). 

Fraction B (1.2 g) was purified by size exclusion chromatography (Sephadex LH-20, 

elution with MeOH) to yield seven fractions, which were combined according to TLC profiles of 

p-anisaldehyde and ninhydrin staining. Fraction 3 (410 mg) was re-purified on RP-HPLC 

(Phenomenex Luna Phenyl-Hexyl 100 A, 5 µ, 250 x 21.20 mm, 85:15 to 40:60 of 0.1% TFA-

H2O/CH3CN over 30 min, 10 mL.min-1, λ = 254 nm) to yield 4.1 (3.2 mg, tR =24.37 min), and 4.2a 

(0.8 mg, tR =28.14 min). The fourth fraction (64.5 mg) was purified on RP-HPLC (Phenomenex 

Luna C18, 5 µ, 250 x 10 mm, 70:30 to 45:55 of 0.1% TFA-H2O/MeCN over 40 min, 2.5 mL.min-

1, λ = 254 nm) to give 4.4a,b (2.7 mg, tR =23.62 min). Fraction 6 (39.7 mg) was purified by reversed 

phase HPLC (Phenomenex Luna C18, 5 µ, 150 x 21.2 mm, step-gradient, 80:20 for 3 min to 40:60 

of 0.1% TFA-H2O/CH3CN until 33 min, 12 mL.min-1, λ = 254 nm) to yield 4.2b (1.0 mg, tR =28.05 

min) and 4.3 (6.1 mg, tR =16.73 min). 

Layer C (3.0 g) was separated by size-exclusion chromatography (Sephadex LH-20, 

MeOH) to yield eight fractions that were pooled according to TLC profiles by p-anisaldehyde and 

ninhydrin staining. Fraction 4 (0.598 g) was separated by passage through SPE C18 cartridge 

(Strata, 10 g, step-gradient, 20:80 CH3CN-H2O to CH3CN) into two fractions. Fraction 1 (0.507 

g)  was further purified by RP-HPLC (Phenomenex Luna C18, 5 µ, 150 x 21.2 mm, step-gradient, 

80:20 for 3 min to 40:60 of 0.1% TFA-H2O/CH3CN until 33 min, 12 mL.min-1, λ = 254 nm) to 
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give 26 subfractions. Subfraction 7 (2.5 mg) was purified by RP-HPLC (Phenomenex Luna 

Phenyl-Hexyl, 5 µ, 250 x 10 mm, 80:20 for 3 min to 55:45 of 0.1% TFA-H2O/CH3CN until 35 

min, 2.5 mL.min-1, λ = 254 nm) to give 4.6 (1.5 mg, tR = 21.48 min).Subfraction 19 (4.1 mg) was 

purified by RP-HPLC (Phenomenex Luna Phenyl-Hexyl, 5 µ, 250 x 10 mm, 80:20 for 3 min to 

30:70 of 0.1% TFA-H2O/CH3CN until 45 min, 2.5 mL.min-1, λ = 254 nm) to give 4.5a (2.2 mg, tR 

= 26.792 min). Subfraction 20 (3.0 mg) were purified by RP-HPLC (Phenomenex Luna Phenyl-

Hexyl, 5 µ, 250 x 10 mm, 75:25 for 3 min to 30:70 of 0.1% TFA-H2O/CH3CN untill 35 min, 2.5 

mL.min-1, λ = 254 nm) to give 4.5b (1.0 mg, tR = 21.13 min). Subfraction 21 contained pure 

ningalamide B (9, 55.1 mg, tR = 20.35 min). Other known bromotyrosine alkaloids were isolated 

and identified by comparison of their HRMS and 1H NMR data with literature values (see text).  

Debromoianthelline (4.1): pale white solid; UV (CH3OH) λmax 204 nm (ε log10 4.29), and 

218 (4.02); FTIR (film) ν 3181, 1668, 1541, 1496, 1472, 1258, 1201, 1139, 1000, 801, 723 and 

611 cm–1; See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 4.1; HRMS (ESI-TOF) m/z 

396.0662 [M+H]+, calcd for C15H19BrN5O3+ 396.0666).  

Pseudoceratinic Acid (4.2a): pale white solid; UV (CH3OH) λmax 206 nm (ε log10 4.51), 

and 219 (4.18); FTIR (film) ν 3363, 1654, 1541, 1471, 1420, 1259, 1202, 991, 738, and 623 cm–1; 

See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 4.2a; HRMS (ESI-TOF) m/z 436.9342 

[M+H]+, calcd for C13H15Br2N2O5+ 436.9342). 

Methyl Pseudoceratinate (4.2b): pale white solid; UV (CH3OH) λmax 206 nm (ε log10 4.49), 

and 218 (4.18); FTIR (film) ν 3311, 1670, 1541, 1472, 1427, 1259, 1204, 1136, 1000, 726, 644, 

625, and 610 cm–1; See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 4.2b; HRMS (ESI-

TOF) m/z 450.9490 [M+H]+, calcd for C14H17Br2N2O5+ 450.9499). 
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13-Oxo-Ianthelline (4.3): pale white solid; [a]21.3D 0 (c 0.45, CH3OH); UV (CH3OH) λmax 

206 nm (ε log10 4.65), and 221 (4.30); FTIR (film) ν 3351, 1714, 1670, 1545, 1202, 1142, 636, 

609, and 603 cm–1; See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 4.3; HRMS (ESI-TOF) 

m/z 489.9712 [M+H]+ (calcd for C15H18Br2N5O4+ 489.9720). 

Aiolochroiamides A (4.4a) and B (4.4b): colourless oil; [a]21.3D 0 (c 0.34, CH3OH); UV 

(CH3OH) λmax 206 nm (ε log10 4.08), and 218 (3.79); FTIR (film) ν 3248,  1683, 1451, 1204, 1138, 

999, 725, and 613 cm–1; See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 4.4a and 4.4b; 

HRMS (ESI-TOF) m/z 503.9874 [M+H]+ (calcd for C16H20Br2N5O4+ 503.9877). 

Aiolochroiamide C (4.5a): colourless oil; [a]21.3D 0 (c 0.12, CH3OH); UV (CH3OH) λmax 

205 nm (ε log10 4.85), and 218 (4.53); FTIR (film) ν 3252, 1683, 1545, 1427, 1202, 1142, 993, 

841 and 723 cm–1; See Table 4.3 for the 1H and 13C NMR data of 4.5a; HRMS (ESI-TOF) m/z 

916.9241 [M+H]+ (calcd for C30H33Br4N8O6+ 916.9251). 

Aiolochroiamide D (4.5b): colourless oil; [a]21.3D 0 (c 0.2, CH3OH); UV (CH3OH) λmax 

205 nm (ε log10 4.50), and 218 (4.19); FTIR (film) ν 3272, 1683, 1545, 1421, 1201, 1137, 993, 

846, and 723 cm–1; See Table 4.3 for the 1H and 13C NMR data of 4.5b; HRMS (ESI-TOF) m/z 

916.9232 [M+H]+ (calcd for C30H33Br4N8O6+ 916.9251). 

7-Hydroxypurealidin J (4.6): pale white solid; [a]21.3D 0 (c 0.14, CH3OH); UV (CH3OH) 

λmax 194 nm (ε log10 3.63), 203 (3.45) and 217 (3.33); FTIR (film) ν 3365, 2923, 2848, 1683, 1204, 

1139, 845, 803, 724, and 621 cm–1; See Tables 4.1 and 4.2 for the 1H and 13C NMR data of 6; 

HRMS (ESI-TOF) m/z 505.9656 [M+H]+ (calcd for C15H18Br2N5O5+ 505.9669). 

Acid Hydrolysis 4.3 and Derivatization. Aqueous HCl (250 µL, 2M, aq.) was added to 4.3 

(100 µg), and the mixture was stirred in a microwave reactor (65 W, 135 ºC, 17 bar, 7.5 min). The 
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reaction mixture was cooled to rt and dried under a stream of N2. The hydrolysate was dissolved 

in H2O (125 µL), and N-L-(5-fluoro-2,4-dinitrophenyl)tryptophanamide23 (L-FDTA, 100 µL, 10 

mg/mL, acetone), acetone (50 µL), and NaHCO3 (20 µL, 1M, aq.) were added. The reaction was 

stirred at 85 ºC for 30 min., cooled to rt and quenched by addition of HCl (20 µL, 1M, aq.). The 

derivative was analyzed by analytical-RP-HPLC (Phenomenex Luna C18, 5 µ, 250 x 4.60 mm, 

step-gradient, 80:20 for 3 min to 30:70 of 0.1% TFA-H2O/CH3CN till 30 min, 1.0 mL.min-1, λ = 

254 nm). L- and D-DTA derivatives of authentic L-2,4-diaminobutanoic acid (L-DAB) were 

similarly prepared, and gave peaks at tR = 29.63 min and 28.90 min (ratio ~3:1), respectively. The 

HPLC analysis of the L-DTA derivative of the acid hydrolysate of 4.3 gave both L-DAB-L-DTA 

and D-DAB-L-DTA at tR = 29.47 min and 28.93 min (ratio ~2:1), respectively. 

Antifungal Activity. Antifungal activity of crude samples was measured at 300 µg/disk (6.5 

mm, 12 µL, 25 mg/mL, MeOH) using the disk diffusion method on Sabouraud dextrose (SB) agar. 

Antifungal activity of semi-pure samples was completed in 96-well plates using 1.25 or 2.5 mg/mL 

samples in MeOH. Candida strains were grown overnight at 37 ºC in SB media while 

Cryptococcus strains were grown for 48 h at 37 ºC in antibiotic medium #3. Fungal strains were 

diluted with the corresponding fresh media to an OD590 of 0.02. Samples were added to final 

concentrations of 50 or 100 µg/mL. Inoculated and sterile media were grown with MeOH, DMSO, 

and Clotrimazole (15 µg/mL or 30 µg/mL, DMSO) as positive and negative controls. The 96-well 

plates were incubated at 37 ºC for 24 h for Candida strains and 48 h for Cryptococcus strains, and 

each well OD590 was recorded at 590 nm. Antifungal activities of aiolochroiamides C and D 

(4.5a,b), ianthelline (4.7), and ningalamide B (4.9) were measured in triplicate in 96-well plates 

after 2-fold dilutions. Compounds 4.5a,b, 4.7, and 4.9 (2.5 mM, MeOH) was added to final 

concentrations of 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25.0, 50.0, 100, and 150 µM. The 
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plates were incubated at 37 ºC (24 or 48 h), and ODs were recorded at 590 nm (SpectraMax, Model 

384 Plus), and MIC50 and MIC90 were obtained from fitted inhibition curves (SpectraMax native 

software). See Appendix for more detailed data. 

Cholinesterase Inhibition Assay. Electric eel acetylcholinesterase (EC 3.1.1.7, Type VI-S), 

equine butyrylcholinesterase (EC 3.1.1.8), and galantamine hydrobromide were purchased from 

Sigma-Aldrich. S-Butyrylthiocholine iodide, S-acetylthiocholine iodide and 5,5’-dithio-bis-

nitrobenzoic acid (DTNB) were purchased from Fisher Sci. All reagents and conditions were the 

same as previously described.52 Cholinesterase inhibition was determined spectrophotometrically 

according to a modified protocol of that reported by Ellman.53 In this assay, sodium phosphate 

buffer (150 µL, 0.1 M, pH 8.0), enzyme mixture (20 µL in dI-H2O, 1.25 Units/mL), and test sample 

(10 µL) consisting of galantamine hydrobromide (1 mg/mL, positive control), or MeOH (negative 

control) or purified compounds dissolved in MeOH, were preincubated at rt for 30 min. A solution 

of DTNB (10 µL, 5 mM, of a stock solution of 10 mL of 0.1 M sodium phosphate buffer, pH 7.0, 

containing 15 mg NaHCO3) was added followed by acetylthiocholine or butyrylthiocholine (10 

µL, 10 mM in 0.1 M sodium phosphate buffer, pH 8.0). The absorbances were immediately 

measured at 410 nm. See Appendix for more detailed bioassay data. 

 

4.11 Appendix
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Table 4.6: Antifungal Activities (Disk-Diffusion Assay) of ‘Layers A-D’ and Chromatography 

Subfractions (SF) against Candida and Cryptococcus spp. 

Sample C. albicans 
ATCC 14503e 

C. albicans 
UCD-FR1e 

C. 
kruseie 

C. 
glabratae 

Cry. var. 
grubiif 

Cry. var. 
gattiig 

 Zones of inhibition (mm)  
‘Layer A’a - - - - - - 
‘Layer B’a 13 12 14 12 21 10 
‘Layer C’a - - 12 10 12 8 
‘Layer D’a - - 10 11 17 10 

SF1a,b 14 12 11 13   
SF2a,b 16 10 8 8 9 11 
SF3a,b 20 15 18 14 28 35 
SF4a,b 8 14 10 12 7 15 
SF5a,c 12 9 9 12 - - 
SF6a,c 10 11 - 11 - - 
SF7a,b - 10 10 9 - - 

Ianthelline 
(4.7)a 

13.5 8.5 14 12 20 18 

Clotrimazoled 28 28 33 25 28 35 
aTested at 300 µg/disk. bSubfractions of the ‘B layer’ obtained from Sephadex LH-20 
fractionation. cTested at 150 µg/disk. dTested at 30 µg/disk. eCandida sp. fCryptococcus 
neoformans var. grubii. gCryptococcus neoformans var. gattii.  
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Table 4.7: BuChE Inhibitory Activity of ‘Layers B and C’ Sephadex LH-20 Subfractions (SF).  

 ‘Layer B’ ‘Layer C’ 

Sample % Inhibitiona % Inhibitionb 

SF1 -5.0 41.7 

SF2 19.0 39.8 

SF3 68.2 63.0 

SF4 75.3 56.4 

SF5 75.3 56.9 

SF6 59.8 50.4 

SF7 58.3 34.7 

SF8 63.6 41.6 
aTested at 100 µg/mL. bTested at 300 µg/mL. 
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General Procedure for DFT Calculations of the Chemical Shifts of 4.4a,b, 4.5a, and 4.5b. 
 
 
The conformational search was carried out in Spartan Student V81 at the MMFF level, and the 
lowest energy conformers within 15 kJ.mol–1 of the global minimum were optimized at the 
B3LYP/6-31G(d,p) level using Gaussian 16.2-3 Frequency calculations were performed at the 
B3LYP/6-31G(d,p) level to obtain the minimum energy conformers and computed Gibbs free 
energies. NMR shielding tensors were calculated at the APFD/aug-cc-pVDZ level (GIAO,4 scrf, 
MeOH) on the low energy conformers within 8 kJ.mol–1 of the global minimum, and the 1H and 
13C chemical shifts (d) were referenced to TMS and reported as Boltzmann-weighted averages. 
 
1. Spartan Student V8, Wavefunction Inc., Irvine, California. 
2. Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 

Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. 
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. 
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. 
Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. 
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, 
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, 
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. 
N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. 
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, 
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. 
Fox, Gaussian, Inc., Wallingford CT, 2016. 

3. J. B. Foresman and Æ Frisch, Exploring Chemistry with Electronic Structure Methods, 3rd ed., 
Gaussian, Inc.: Wallingford, CT, 2015. ISBN: 978-1-935522-03-4 

4. Willoughby, P. H.; Jansma, M. J.; Hoye, T. R. A guide to Small-Molecule Structure 
Assignment through Comutation of (1H and 13C) NMR Chemical Shifts. Nat. Prot. 2014, 9, 
643-660. 
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Figure 4.44: The structures of (12R*,14R*)- and (12R*,14S*)- 4.4. 
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Table 4.8: Calculated (GIAO) 13C and 1H Chemical Shifts of 4.4a,b in MeOH.a 

 Experimental dC Calculated dC Experimental 
dH 

Calculated dH 

Position 4.4a 4.4b (12R*,14R*)-
4.4 

(12R*,14S*)-
4.4 

4.4a 4.4b (12R*,14R*)-
4.4 

(12R*,14S*)-
4.4 

1 137.17 137.18 137.9 137.1 - - - - 
2/6 134.6 134.7 134.4 133.7 7.52 7.55 8.05 7.81 
3/5 118.6 118.7 136.3 136.7 - - - - 
4 153.94 153.96 153.3 153.5 - - - - 
7 30.7 30.8 34.0 32.4 3.81 3.86 4.13 4.27 
8 152.7 153.8 159.4 159.3 - - - - 
9 165.9 164.4 167.9 164.9 - - - - 
10 74.8 76.6 73.6 81.9 5.69 5.82 5.52 5.24 
11 100.7 103.4 102.3 97.5 - - - - 
12 36.5 34.9 39.0 29.7 2.35, 

2.28 
2.34, 
2.18 

2.28, 
2.27 

2.41, 
1.91 

13 48.3 45.5 49.7 54.2 4.20, 
3.60 

4.32, 
3.32 

3.88, 
3.75 

4.22, 
3.75 

14 160.2 160.0 159.2 166.1 - - - - 
4-OMe 61.0 61.0 59.2 59.1 3.81 3.82 3.98 3.97 
11-OMe 51.96 52.00 49.2 47.9 3.34 3.33 3.30 3.25 
RMSD 
(4.4a)b 

- - 2.55 4.34 - - 0.192 0.276 

RMSD 
(4.4b)b 

- - 2.92 4.45 - - 0.270 0.317 

a. Geometry optimizations and single point energies of 4.4a,b were calculated at the B3LYP/6-
31G(d,p) level. The NMR shielding tensors of the conformers whose energies were less than 2 
kJ/mole for (12R*,14R*)-4.4 or 7 kJ/mole for (12R*,14S*)-4.4 higher than the global minimum 
were calculated in MeOH (PCM model) at the APFD/aug-cc-pVDZ level, referenced to TMS and 
Boltzmann averaged. B. Brominated carbons (red) were excluded from RMSD calculations due to 
large deviations in calculated d values because of poor fit due to spin-orbit coupling of the heavy 
Br substituent.  
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Figure 4.45: The structures of the four diastereoisomers of compound 4.5.  
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Table 4.9: Calculated 13C Chemical Shifts of 4.5a and 4.5b in MeOH.a 

 Experimental dC Calculated dC 
Position 4.5a 4.5b (8R*,7’R*,8’R*)-

4.5 
(8S*,7’S*,8’R*)-

4.5 
(8R*,7’S*,8’R*)-

4.5 
(8S*,7’R*,8’R*)-

4.5 
1 136.1 135.6 137.45 138.36 137.04 136.85 

2/6 135.8 135.4 134.70 135.21 136.54 135.65 
3/5 118.1 117.8 135.57 135.38 135.36 136.49 
4 153.9 153.7 153.61 153.50 153.58 153.91 
7 41.6 40.9 39.64 42.85 39.91 42.95 
8 77.9 78.6 83.47 83.92 86.16 82.33 
9 177.4 175.9 182.41 179.04 183.37 178.48 
10 40.5 38.9 47.03 45.61 48.99 38.16 
11 24.7 23.9 28.14 24.67 26.29 26.98 
12 125.72 125.2 126.75 129.52 126.18 127.13 
13 111.1 110.4 123.72 122.81 124.19 124.32 
14 148.6 148.5 149.12 147.77 147.21 149.79 

4-OMe 61.0 60.6 58.94 58.87 59.19 59.08 
1´ 133.9 132.9 135.65 136.32 133.12 133.57 

2´/6´ 136.9 135.4 133.98 135.98 135.39 135.63 
3´/5´ 117.8 117.9 137.71 136.14 136.16 135.78 

4´ 154.1 154.2 155.72 154.68 154.81 154.00 
7´ 54.9 57.1 66.29 63.24 58.03 61.14 
8´ 92.5 92.4 96.35 93.47 96.49 92.41 
9´ 171.1 172.3 171.13 173.36 169.96 170.94 
10´ 39.2 39 41.05 45.65 45.56 41.85 
11´ 25.8 24.9 28.26 30.07 25.45 27.31 
12´ 125.75 125.2 124.22 138.12 122.99 124.44 
13´ 110.4 109.7 123.60 111.06 123.70 125.45 
14´ 148.7 148.4 152.22 149.40 149.19 149.97 

4´-OMe 61.1 60.6 59.86 58.94 58.84 58.93 
RMSD 
(5a)b 

- - 5.17 4.70 5.08 4.56 

RMSD 
(5b)b 

- - 5.31 5.37 4.67 4.33 

a. Geometry optimizations and single point energies of 5a and 5b were calculated at the B3LYP/6-
31G(d,p) level. The NMR shielding tensors of the conformers whose energies were less than 9 
kJ/mole higher than the global minimum were calculated in MeOH (PCM model) at the 
APFD/aug-cc-pVDZ level, referenced to TMS and Boltzmann averaged. b. Brominated carbons 
(red) were excluded from RMSD calculations due to large deviations in calculated d values 
because of poor fit due to spin-orbit coupling of the heavy Br substituent.  
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Table 4.10: Calculated 1H Chemical Shifts of 4.5a and 4.5b in MeOH. 

 Experimental 
dH 

Calculated dH 

Position 4.5a 4.5b (8R*,7’R*,8’R*)-
4.5 

(8S*,7’S*,8’R*)-
4.5 

(8R*,7’S*,8’R*)-
4.5 

(8S*,7’R*,8’R*)-
4.5 

2/6 7.33 7.30 7.28 7.51 7.86 7.93 
7 3.11, 

2.77 
3.16, 
2.76 

3.19, 
2.45 

3.45, 
2.56 

3.25, 
2.69 

3.43, 
2.82 

10 3.54, 
3.41 

3.53, 
3.47 

3.54, 
2.64 

3.41, 
2.94 

3.57, 
2.83 

3.85, 
3.96 

11 2.78, 
2.74 

2.72, 
2.65 

2.84, 
2.83 

3.16, 
3.05 

3.98, 
2.93 

2.83, 
2.85 

13 6.62 6.57 6.68 6.63 6.76 6.69 
4-OMe 3.73 3.73 3.99 4.04 4.06 4.06 
2´/6´ 7.43 7.44 7.15 7.52 7.94 8.10 

7´ 3.52 3.26 2.90 3.43 2.47 3.45 
10´ 3.51, 

3.27 
3.35, 
3.15 

3.80, 
2.77 

3.65, 
3.20 

3.54, 
3.30 

3.77, 
3.08 

11´ 2.60, 
2.56 

2.40, 
2.30 

3.12, 
2.65 

2.80, 
2.79 

3.17, 
2.73 

2.80, 
2.47 

13´ 6.37 6.27 6.66 6.78 7.07 6.64 
4´-OMe 3.80 3.79 4.22 4.06 4.04 4.01 
RMSD 
(4.5a) 

- - 0.372 0.270 0.516 0.246 

RMSD 
(4.5b) 

- - 0.405 0.339 0.543 0.282 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b 
(DE < 2 kJ/mol).
 

 
 
Conf. 3 
DG (298 K) = -6338.895328 Hartree 
O         -4.19086       -0.28285       -1.28897 
C         -3.24593       -0.07763       -0.32588 
C         -1.20343        0.34652        1.59197 
C         -2.61136       -1.14898        0.31811 
C         -2.82218        1.21329        0.02071 
C         -1.81826        1.43253        0.95832 
C         -1.60539       -0.95174        1.25874 
C         -5.54631       -0.34284       -0.80002 
Br        -3.14781       -2.92958       -0.11859 
Br        -3.65144        2.70942       -0.82991 
C         -0.09765        0.57181        2.61113 
C          1.26797        0.62424        1.96044 
C          1.95660       -0.70629        1.74459 
N          1.88971        1.69857        1.63120 
O          1.15738        2.85102        1.89831 
O          1.56641       -1.67930        2.40164 
N          2.98156       -0.82912        0.85844 
C          3.40891        0.12602       -0.16298 
C          4.19807       -0.73742       -1.19716 
C          4.68025       -1.94268       -0.36458 
C          3.57390       -2.17074        0.66638 
N          4.41998        1.07919        0.25489 
C          5.43588        1.18720       -0.69003 
N          5.22689        0.18482       -1.63652 
N          6.42128        2.00745       -0.74760 
O          3.41958       -1.26337       -2.24527 
C          2.82767       -0.32843       -3.14901 
H          2.53463        0.61939       -0.59208 
H         -1.50981        2.44435        1.19372 
H         -1.12834       -1.80358        1.72910 
H         -5.82400        0.60047       -0.32025 

H         -6.17461       -0.50826       -1.67568 
H         -5.66545       -1.17421       -0.09878 
H         -0.26761        1.50609        3.14746 
H         -0.08422       -0.25201        3.32594 
H          1.75957        3.56324        1.63496 
H          5.61660       -1.67833        0.13296 
H          4.85189       -2.81400       -0.99864 
H          3.94579       -2.55893        1.61679 
H          2.80381       -2.85968        0.30352 
H          4.09854        1.90729        0.73860 
H          6.05290       -0.18614       -2.08899 
H          6.37911        2.65157        0.04310 
H          3.57516        0.35312       -3.56509 
H          2.38731       -0.92436       -3.95005 
H          2.03396        0.25992       -2.67212 
 
Conf. 8 
DG (298 K) = -6338.895218 Hartree 
O         -4.35150       -0.32249       -1.03302 
C         -3.30509       -0.09205       -0.18771 
C         -1.22412        0.39338        1.67353 
C         -2.64483       -1.14303        0.46406 
C         -2.88311        1.20990        0.11731 
C         -1.86229        1.45920        1.02885 
C         -1.62185       -0.91559        1.37921 
C         -3.98228       -0.48908       -2.41706 
Br        -3.18100       -2.93713        0.08667 
Br        -3.74984        2.67962       -0.74183 
C         -0.10098        0.65142        2.66561 
C          1.25167        0.69170        1.98756 
C          1.94689       -0.64005        1.80281 
N          1.85940        1.75870        1.61155 
O          1.12400        2.91431        1.85552 
O          1.58273       -1.59173        2.50439 
N          2.95023       -0.78568        0.89560 
C          3.33637        0.13379       -0.17380 
C          4.10138       -0.76121       -1.19908 
C          4.62187       -1.92916       -0.33688 
C          3.55021       -2.12816        0.73590 
N          4.35058        1.11061        0.17572 
C          5.33555        1.19155       -0.80389 
N          5.10629        0.15288       -1.70581 
N          6.31134        2.01664       -0.92269 
O          3.29563       -1.33415       -2.20095 

OMe
BrBr

N
OH

NO NH
HNH

OMe

(12R*,14R*)-4.4

NH
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 8 
DG (298 K) = -6338.895218 Hartree 
C          2.66577       -0.44028       -3.12040 
H          2.44426        0.60297       -0.59324 
H         -1.55982        2.47889        1.23628 
H         -1.12972       -1.75235        1.86107 
H         -3.32028       -1.35190       -2.53705 
H         -4.91316       -0.66268       -2.95765 
H         -3.49876        0.41575       -2.79734 
H         -0.26542        1.59938        3.17920 
H         -0.06992       -0.15231        3.40241 
H          1.71628        3.62172        1.55882 
H          5.57019       -1.63702        0.12083 
H          4.78319       -2.82243       -0.94248 
H          3.95518       -2.47670        1.68816 
H          2.77649       -2.83736        0.42321 
H          4.03724        1.95285        0.63993 
H          5.92152       -0.22816       -2.16938 
H          6.28847        2.68923       -0.15525 
H          3.39257        0.23132       -3.58627 
H          2.20635       -1.07074       -3.88342 
H          1.88161        0.15899       -2.64122 
 
Conf. 10 
DG (298 K) = -6338.894781 Hartree 
O         -5.03564        0.41256       -0.82873 
C         -3.85088        0.16315       -0.19793 
C         -1.34000       -0.37673        1.00110 
C         -2.90346        1.17615        0.01084 
C         -3.49821       -1.12828        0.21501 
C         -2.26623       -1.40408        0.80147 
C         -1.66848        0.92308        0.59617 
C         -6.12129        0.76957        0.05039 
Br        -3.33245        2.95718       -0.53468 
Br        -4.74818       -2.54962       -0.04730 
C          0.00244       -0.65924        1.66232 
C          1.17953       -0.52074        0.71927 
C          1.96549        0.76708        0.78487 
N          1.50676       -1.39006       -0.16883 
O          0.66218       -2.49241       -0.16450 
O          1.40521        1.76859        1.24972 
N          3.24757        0.82766        0.33793 
C          4.12867       -0.28678       -0.00669 

C          5.56863        0.30295        0.11920 
C          5.35740        1.81434       -0.10735 
C          3.97472        2.10817        0.47725 
N          4.10279       -0.69725       -1.39804 
C          5.38893       -0.87491       -1.89851 
N          6.27600       -0.40439       -0.93040 
N          5.77519       -1.35288       -3.02515 
O          6.15449        0.16861        1.39161 
C          6.42676       -1.15834        1.84594 
H          3.94312       -1.12289        0.67077 
H         -2.02819       -2.41878        1.09785 
H         -0.95207        1.72393        0.73926 
H         -6.33322       -0.04478        0.74979 
H         -5.88693        1.68764        0.59757 
H         -6.98647        0.93601       -0.59210 
H          0.15161        0.03521        2.49094 
H          0.00247       -1.67804        2.05754 
H          1.01869       -3.05181       -0.87104 
H          5.36849        2.01708       -1.18105 
H          6.14821        2.39599        0.36903 
H          3.44505        2.90324       -0.05166 
H          4.02153        2.38543        1.53560 
H          3.36307       -1.32711       -1.67955 
H          7.15046       -0.02365       -1.26971 
H          4.96373       -1.63390       -3.57682 
H          7.02348       -1.71531        1.11790 
H          6.98937       -1.04708        2.77427 
H          5.50743       -1.71843        2.05736 
 
Conf. 2 
DG (298 K) = -6338.894683 Hartree 
O         -5.14023        0.49671       -0.47798 
C         -3.89238        0.20852       -0.00518 
C         -1.34628       -0.36826        1.09837 
C         -2.92964        1.21083        0.18415 
C         -3.53423       -1.09256        0.37110 
C         -2.28614       -1.38594        0.91336 
C         -1.67840        0.94012        0.72534 
C         -5.27317        0.41840       -1.91156 
Br        -3.36609        3.00494       -0.31054 
Br        -4.80537       -2.49954        0.13405 
C          0.01323       -0.66956        1.71496 
C          1.16381       -0.52138        0.74115 
C          1.96047        0.75980        0.80696 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 2 
DG (298 K) = -6338.894683 Hartree 
N          1.45990       -1.37613       -0.17167 
O          0.60743       -2.47256       -0.16418 
O          1.41792        1.75906        1.29687 
N          3.23305        0.81645        0.33331 
C          4.09798       -0.30108       -0.04094 
C          5.54507        0.27480        0.06588 
C          5.34286        1.79056       -0.13876 
C          3.97372        2.08896        0.47470 
N          4.04342       -0.69406       -1.43650 
C          5.31873       -0.87670       -1.96225 
N          6.22719       -0.42580       -1.00473 
N          5.68060       -1.34391       -3.10143 
O          6.15240        0.12023        1.32580 
C          6.42151       -1.21431        1.75930 
H          3.91741       -1.14386        0.62960 
H         -2.04675       -2.40644        1.18793 
H         -0.95271        1.73409        0.85970 
H         -4.60747        1.13680       -2.39932 
H         -5.05905       -0.59558       -2.26259 
H         -6.31072        0.67146       -2.13178 
H          0.19043        0.00924        2.55099 
H          0.01858       -1.69510        2.09238 
H          0.94050       -3.02135       -0.89020 
H          5.33605        2.00617       -1.20998 
H          6.14724        2.35973        0.32992 
H          3.44146        2.89499       -0.03467 
H          4.04229        2.35267        1.53533 
H          3.29267       -1.31316       -1.71271 
H          7.09865       -0.04839       -1.35531 
H          4.85710       -1.61145       -3.64179 
H          7.00204       -1.76675        1.01491 
H          6.99981       -1.11888        2.67971 
H          5.50135       -1.76997        1.97865 
 
Conf. 1 
DG (298 K) = -6338.894681 Hartree 
O         -5.14033        0.49669       -0.47777 
C         -3.89242        0.20849       -0.00511 
C         -1.34621       -0.36831        1.09816 
C         -2.92966        1.21080        0.18414 
C         -3.53424       -1.09259        0.37111 

C         -2.28610       -1.38599        0.91323 
C         -1.67837        0.94007        0.72520 
C         -5.27344        0.41842       -1.91134 
Br        -3.36615        3.00492       -0.31048 
Br        -4.80543       -2.49955        0.13415 
C          0.01334       -0.66967        1.71462 
C          1.16392       -0.52131        0.74083 
C          1.96057        0.75986        0.80683 
N          1.45996       -1.37584       -0.17221 
O          0.60745       -2.47224       -0.16496 
O          1.41787        1.75911        1.29660 
N          3.23325        0.81650        0.33348 
C          4.09808       -0.30105       -0.04093 
C          5.54521        0.27467        0.06611 
C          5.34320        1.79050       -0.13828 
C          3.97394        2.08898        0.47492 
N          4.04354       -0.69375       -1.43658 
C          5.31887       -0.87647       -1.96227 
N          6.22734       -0.42585       -1.00459 
N          5.68077       -1.34354       -3.10151 
O          6.15251        0.11982        1.32598 
C          6.42072       -1.21486        1.75961 
H          3.91737       -1.14394        0.62942 
H         -2.04669       -2.40650        1.18775 
H         -0.95265        1.73403        0.85949 
H         -4.60781        1.13684       -2.39916 
H         -5.05934       -0.59554       -2.26243 
H         -6.31103        0.67147       -2.13143 
H          0.19056        0.00895        2.55080 
H          0.01874       -1.69529        2.09183 
H          0.94052       -3.02089       -0.89109 
H          5.33670        2.00635       -1.20946 
H          6.14755        2.35943        0.33072 
H          3.44181        2.89499       -0.03462 
H          4.04231        2.35279        1.53554 
H          3.29282       -1.31289       -1.71283 
H          7.09880       -0.04837       -1.35509 
H          4.85726       -1.61088       -3.64196 
H          6.99949       -1.76825        1.01456 
H          7.00053       -1.11976        2.67910 
H          5.50021       -1.76930        1.98059 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 

 
 
Conf. 14 
DG (298 K) = -6338.860225 Hartree 
O          3.83696       -0.49662        1.34290 
C          2.96670       -0.24853        0.32130 
C          1.07490        0.27362       -1.72220 
C          2.67358        1.05984       -0.08956 
C          2.28010       -1.28641       -0.32390 
C          1.34727       -1.04040       -1.32661 
C          1.74397        1.32726       -1.08901 
C          5.20730       -0.68391        0.93464 
Br         2.64045       -3.08805        0.19786 
Br         3.58022        2.51185        0.75797 
C          0.04684        0.55295       -2.80639 
C         -1.33555        0.75940       -2.22929 
C         -2.17379       -0.47870       -2.00473 
N         -1.89785        1.89053       -2.00582 
O         -1.07363        2.97537       -2.30609 
O         -1.96229       -1.47157       -2.71376 
N         -3.13985       -0.47963       -1.05972 
C         -3.59076        0.52199       -0.10182 
C         -4.19593       -0.36810        0.99264 
C         -5.10396       -1.25974        0.14938 
C         -4.11587       -1.61175       -1.00614 
N         -2.76456        1.39085        0.70757 
C         -3.53416        1.63602        1.87001 
N         -4.57735        0.67622        1.91201 
N         -3.28432        2.60060        2.66882 
O         -3.13531       -1.18187        1.51850 
C         -3.47887       -1.96349        2.65620 
H         -4.40226        1.09619       -0.57265 
H          0.82910       -1.86782       -1.79766 
H          1.53515        2.35210       -1.37303 
H          5.29468       -1.54524        0.26562 

H          5.58889        0.21695        0.44480 
H          5.77058       -0.87093        1.84933 
H          0.32984        1.44055       -3.37362 
H         -0.01288       -0.29869       -3.48623 
H         -1.64664        3.73961       -2.14272 
H         -5.97024       -0.70381       -0.21632 
H         -5.45697       -2.15755        0.65780 
H         -4.61946       -1.71326       -1.97051 
H         -3.57443       -2.53689       -0.80178 
H         -2.42012        2.23108        0.25985 
H         -4.93726        0.43699        2.82793 
H         -3.94340        2.59835        3.44791 
H         -4.31525       -2.64703        2.46234 
H         -2.59432       -2.55484        2.89926 
H         -3.72750       -1.34134        3.52604 
 
Conf. 1 
DG (298 K) = -6338.858457 Hartree 
O         -3.52275       -0.93510       -1.05319 
C         -2.67545       -0.41516       -0.11851 
C         -0.81979        0.68095        1.72228 
C         -2.61924        0.96278        0.13309 
C         -1.77503       -1.22685        0.58610 
C         -0.86544       -0.70041        1.49689 
C         -1.70524        1.51167        1.02795 
C         -4.80823       -1.34219       -0.54171 
Br        -1.78214       -3.10747        0.25594 
Br        -3.82687        2.11379       -0.79613 
C          0.21174        1.26959        2.67129 
C          1.56575        1.37960        2.00464 
C          2.41749        0.13113        1.99160 
N          2.09709        2.44527        1.52852 
O          1.26569        3.56179        1.63918 
O          2.33808       -0.64827        2.95121 
N          3.24573       -0.10195        0.95243 
C          3.45156        0.54657       -0.33582 
C          3.65873       -0.68831       -1.24464 
C          4.76938       -1.38364       -0.45839 
C          4.18689       -1.26547        0.98760 
N          2.50042        1.30296       -1.11357 
C          2.91329        1.12735       -2.45766 
N          3.76616        0.00177       -2.50350 
N          2.54592        1.91396       -3.39475 
O          2.61865       -1.66382       -1.20492 

OMe
BrBr

N
OH

NO NH
HNH

OMe

(12R*,14S*)-4.4

NH
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 1 
DG (298 K) = -6338.858457 Hartree 
C          1.30417       -1.36734       -1.68273 
H          4.40521        1.09269       -0.27018 
H         -0.18308       -1.35959        2.02135 
H         -1.67953        2.58441        1.18085 
H         -4.69161       -2.12881        0.20980 
H         -5.34043       -0.48649       -0.11552 
H         -5.36246       -1.73054       -1.39663 
H         -0.10392        2.25613        3.01058 
H          0.33332        0.61756        3.53934 
H          1.82147        4.28143        1.30460 
H          5.71647       -0.85015       -0.55842 
H          4.90709       -2.42570       -0.74820 
H          4.96345       -1.09038        1.73699 
H          3.62619       -2.15632        1.27160 
H          2.35399        2.26961       -0.84932 
H          3.79504       -0.52726       -3.36692 
H          2.93969        1.61246       -4.28662 
H          1.30741       -1.08940       -2.74281 
H          0.73321       -2.29015       -1.56109 
H          0.82569       -0.57324       -1.10688 
 
Conf. 5 
DG (298 K) = -6338.858448 Hartree 
O          3.54999       -1.23782        0.39014 
C          2.58351       -0.50889       -0.24011 
C          0.66394        1.01018       -1.66839 
C          1.57545       -1.12424       -0.99560 
C          2.59137        0.89258       -0.21433 
C          1.65110        1.64710       -0.90955 
C          0.63247       -0.38918       -1.70561 
C          3.22538       -1.63212        1.73877 
Br         3.93949        1.78294        0.80400 
Br         1.50924       -3.03274       -1.05128 
C         -0.37970        1.82432       -2.41703 
C         -1.66947        1.92360       -1.63346 
C         -2.62284        0.75747       -1.74543 
N         -2.07504        2.92948       -0.94907 
O         -1.15622        3.98309       -0.94012 
O         -2.72354        0.17481       -2.83255 
N         -3.36402        0.41417       -0.66835 
C         -3.17267        0.67705        0.75458 

C         -3.18011       -0.75074        1.32084 
C         -4.47425       -1.27774        0.70696 
C         -4.31693       -0.73557       -0.75257 
N         -1.99164        1.20225        1.39637 
C         -2.00588        0.64896        2.69860 
N         -2.92860       -0.42688        2.70334 
N         -1.30205        1.12276        3.65288 
O         -2.07404       -1.43390        0.71593 
C         -1.81478       -2.74841        1.19408 
H         -4.07422        1.19762        1.10905 
H          1.68589        2.72926       -0.85975 
H         -0.12817       -0.90210       -2.28291 
H          3.05523       -0.75210        2.36616 
H          2.34456       -2.28069        1.74663 
H          4.09088       -2.18398        2.10667 
H         -0.00360        2.82737       -2.61907 
H         -0.61803        1.33840       -3.36613 
H         -1.62407        4.67441       -0.44842 
H         -5.34620       -0.84839        1.20534 
H         -4.56911       -2.36414        0.71805 
H         -5.27066       -0.40297       -1.17041 
H         -3.88745       -1.48152       -1.42189 
H         -1.85248        2.20462        1.37195 
H         -2.75854       -1.16761        3.37280 
H         -1.44187        0.57761        4.50407 
H         -2.65019       -3.43646        1.01162 
H         -0.94020       -3.09420        0.64075 
H         -1.57681       -2.76018        2.26618 
 
Conf. 15 
DG (298 K) = -6338.858318 Hartree 
O          3.38221       -1.00007        0.86190 
C          2.51295       -0.41245       -0.01074 
C          0.62117        0.81071       -1.73024 
C          1.61400       -1.17272       -0.77160 
C          2.43471        0.98129       -0.14126 
C          1.50489        1.59133       -0.97770 
C          0.68342       -0.58341       -1.62047 
C          4.66874       -1.33033        0.30030 
Br         3.63697        2.06584        0.87161 
Br         1.66653       -3.07665       -0.62152 
C         -0.42319        1.46769       -2.61854 
C         -1.74882        1.59140       -1.90084 
C         -2.61132        0.35234       -1.85829 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 15 
DG (298 K) = -6338.858318 Hartree 
N         -2.25137        2.65598       -1.39258 
O         -1.40998        3.76584       -1.51953 
O         -2.63317       -0.39008       -2.84833 
N         -3.35759        0.11252       -0.75754 
C         -3.25098        0.60984        0.61068 
C         -3.17996       -0.70768        1.39713 
C         -4.40145       -1.42710        0.83165 
C         -4.21842       -1.10865       -0.68940 
N         -2.14287        1.32249        1.20090 
C         -2.17913        0.98095        2.57394 
N         -3.01812       -0.15191        2.71754 
N         -1.56025        1.65448        3.46483 
O         -2.00128       -1.38849        0.94648 
C         -1.65598       -2.57310        1.65418 
H         -4.20386        1.10585        0.84676 
H          1.46448        2.67273       -1.04027 
H          0.00013       -1.20513       -2.18739 
H          4.55809       -2.04602       -0.51990 
H          5.17820       -0.42783       -0.05048 
H          5.24196       -1.78458        1.10899 
H         -0.08864        2.45663       -2.93170 
H         -0.59448        0.85414       -3.50627 
H         -1.94488        4.48573       -1.15328 
H         -5.32547       -0.99801        1.22539 
H         -4.41378       -2.50258        1.01262 
H         -5.17405       -0.92284       -1.18647 
H         -3.70520       -1.91330       -1.21676 
H         -2.07894        2.31697        1.02246 
H         -2.82928       -0.76115        3.50416 
H         -1.69970        1.23945        4.38657 
H         -2.43339       -3.34526        1.58866 
H         -0.74490       -2.94374        1.18141 
H         -1.44351       -2.37578        2.71329 
 
Conf. 13 
DG (298 K) = -6338.858159 Hartree 
O          3.50709        1.70638        0.33196 
C          2.71282        0.66501       -0.05347 
C          1.01467       -1.50420       -0.73071 
C          1.40393        0.87109       -0.51045 
C          3.14441       -0.66404        0.05160 

C          2.31674       -1.73366       -0.27414 
C          0.56113       -0.18411       -0.84592 
C          4.33363        2.25183       -0.71605 
Br         4.91676       -1.00751        0.67556 
Br         0.76520        2.66450       -0.66961 
C          0.13805       -2.67689       -1.13366 
C         -1.30271       -2.54819       -0.70167 
C         -1.56958       -2.22492        0.74951 
N         -2.33878       -2.81405       -1.41024 
O         -2.02876       -3.22019       -2.71009 
O         -0.84746       -2.73461        1.61344 
N         -2.60072       -1.40957        1.05452 
C         -3.48477       -0.59683        0.23104 
C         -3.58515        0.67873        1.07839 
C         -3.95681        0.07505        2.43111 
C         -2.94516       -1.11633        2.47728 
N         -3.19465       -0.02566       -1.06562 
C         -3.98606        1.15065       -1.12367 
N         -4.42491        1.44617        0.19034 
N         -4.23737        1.75146       -2.22123 
O         -2.26340        1.22619        1.16689 
C         -2.15738        2.47595        1.83802 
H         -4.46983       -1.08619        0.22184 
H          2.68861       -2.74681       -0.17017 
H         -0.45078        0.02791       -1.17527 
H          5.02083        1.49138       -1.09901 
H          3.71493        2.64647       -1.52763 
H          4.90161        3.06311       -0.25972 
H          0.16114       -2.80615       -2.21862 
H          0.54201       -3.59476       -0.69387 
H         -2.90086       -3.38171       -3.09968 
H         -4.99116       -0.27588        2.43101 
H         -3.81928        0.74658        3.27913 
H         -3.37440       -2.00244        2.95200 
H         -2.02894       -0.85168        3.00750 
H         -3.30872       -0.63252       -1.86846 
H         -4.62161        2.41857        0.39391 
H         -4.80995        2.57908       -2.05186 
H         -2.40519        2.40398        2.90448 
H         -1.11673        2.78371        1.72974 
H         -2.79151        3.24724        1.38082 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 4 
DG (298 K) = -6338.857858 Hartree 
O          3.71593        1.25235       -0.57650 
C          2.77269        0.54224        0.10759 
C          0.89381       -0.92680        1.63987 
C          1.75763        1.18234        0.83334 
C          2.81071       -0.85762        0.16894 
C          1.88841       -1.58818        0.91293 
C          0.83836        0.47201        1.59788 
C          3.38355        1.53198       -1.95172 
Br         4.17291       -1.78147       -0.79961 
Br         1.63485        3.08635        0.75728 
C         -0.13679       -1.71054        2.43656 
C         -1.46132       -1.77630        1.70839 
C         -2.41931       -0.62828        1.92994 
N         -1.88683       -2.75293        0.99394 
O         -0.96270       -3.79470        0.89777 
O         -2.41744       -0.06051        3.03083 
N         -3.25743       -0.25673        0.93984 
C         -3.39854       -0.64639       -0.45657 
C         -3.74318        0.71826       -1.09793 
C         -4.91779        1.11582       -0.20493 
C         -4.31375        0.77281        1.19545 
N         -2.37326       -1.11981       -1.35461 
C         -2.80803       -0.71848       -2.64185 
N         -3.78075        0.29283       -2.47290 
N         -2.35920       -1.25105       -3.71282 
O         -2.81640        1.77286       -0.84437 
C         -1.47262        1.71355       -1.32760 
H         -4.28619       -1.29411       -0.52175 
H          1.94351       -2.67047        0.92507 
H          0.07605        1.00387        2.15594 
H          3.24850        0.60189       -2.51173 
H          2.47995        2.14579       -2.01060 
H          4.23026        2.08573       -2.35837 
H          0.22090       -2.72341        2.62319 
H         -0.32118       -1.21749        3.39372 
H         -1.44472       -4.46902        0.39593 
H         -5.80158        0.51343       -0.42359 
H         -5.17099        2.17360       -0.28103 
H         -5.06090        0.37183        1.88555 
H         -3.84691        1.64294        1.65770 
H         -2.12068       -2.09841       -1.28943 

H         -3.86865        0.98276       -3.20950 
H         -2.78786       -0.81876       -4.53182 
H         -1.43344        1.62683       -2.41938 
H         -1.01222        2.65831       -1.03158 
H         -0.91120        0.88924       -0.88401 
 
Conf. 10 
DG (298 K) = -6338.857694 Hartree 
O         -3.57284        1.46844       -0.75361 
C         -2.77238        0.60208       -0.06791 
C         -1.02937       -1.21752        1.23434 
C         -3.03610       -0.77389       -0.03970 
C         -1.60913        1.03801        0.58250 
C         -0.75297        0.15511        1.23122 
C         -2.18141       -1.67548        0.58906 
C         -4.63429        2.05421        0.02759 
Br        -1.17642        2.89650        0.54894 
Br        -4.60523       -1.42443       -0.91139 
C         -0.09039       -2.18827        1.92984 
C          1.34400       -2.00892        1.49101 
C          1.65203       -2.30830        0.04158 
N          2.34871       -1.73885        2.24154 
O          2.00804       -1.57288        3.58451 
O          1.02281       -3.21432       -0.51667 
N          2.59687       -1.58930       -0.60492 
C          3.50126       -0.53354       -0.17328 
C          3.75789        0.19224       -1.51268 
C          4.18496       -1.00628       -2.35996 
C          3.07119       -2.02564       -1.95715 
N          3.20665        0.58513        0.69269 
C          4.10987        1.59832        0.28154 
N          4.58193        1.25976       -1.00660 
N          4.40426        2.59523        1.02429 
O          2.60343        0.64689       -2.21591 
C          1.73148        1.63451       -1.66413 
H          4.43980       -1.01354        0.14361 
H          0.13783        0.53693        1.71722 
H         -2.41407       -2.73406        0.57184 
H         -5.30736        1.27808        0.40406 
H         -4.22416        2.63595        0.85855 
H         -5.17700        2.71398       -0.64990 
H         -0.14827       -2.06498        3.01296 
H         -0.38661       -3.21245        1.68876 
H          2.86465       -1.41298        4.00792 
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Table 4.11: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.4a,b (DE 
< 2 kJ/mol) Continued.
 
Conf. 10 
DG (298 K) = -6338.857694 Hartree 
H          5.17765       -1.35875       -2.07340 
H          4.16793       -0.79832       -3.43011 
H          3.44194       -3.05247       -1.90312 
H          2.23157       -1.99774       -2.65275 
H          3.22871        0.40343        1.68906 
H          4.84660        2.02114       -1.62037 
H          5.06172        3.21243        0.54649 
H          2.27228        2.52362       -1.32331 
H          1.06919        1.92562       -2.48266 
H          1.13516        1.24309       -0.83781
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol).

 
 
Conf. 21 
DG (298 K) = -12338.188062 Hartree 
O          6.29434       -1.73351        0.68069 
C          5.09331       -1.74931        0.03524 
C          2.52238       -1.73582       -1.17311 
C          4.28301       -2.89491        0.01606 
C          4.58245       -0.60207       -0.58472 
C          3.32902       -0.59243       -1.18803 
C          3.02011       -2.89796       -0.56744 
C          7.42029       -2.09775       -0.13251 
Br         5.62096        1.00104       -0.56178 
Br         4.93899       -4.49019        0.83215 
C          1.13863       -1.69329       -1.78885 
C         -0.01665       -1.85149       -0.78968 
C         -1.39526       -1.60160       -1.45091 
N         -2.24810       -1.08618       -0.48080 
O         -1.71003       -1.84506       -2.59998 
C         -0.07954       -0.90429        0.44742 
C         -1.60906       -1.04235        0.82128 
O          0.00845       -3.21222       -0.36155 
C         -3.70339       -1.15889       -0.68646 
C         -4.29299       -2.57733       -0.49594 
C         -5.75115       -2.65532       -0.81940 
C         -6.42956       -3.26426       -1.84659 
N         -7.79638       -3.07937       -1.72992 
N         -6.74560       -2.06794       -0.03928 
C         -7.93158       -2.35194       -0.64342 
N         -9.14612       -1.81954       -0.15611 
O         -1.79839       -2.27258        1.50704 
C         -2.15314        0.05053        1.78683 
N         -2.38542        1.28341        1.30460 

O         -2.33655       -0.27735        2.96392 
C         -2.84500        2.38889        2.14134 
C         -4.13583        3.04318        1.62404 
C          0.43938        0.50133        0.21047 
C          1.58988        3.06903       -0.22178 
C          1.41860        1.00762        1.07257 
C          0.02596        1.30278       -0.86567 
C          0.58714        2.56230       -1.06182 
C          1.98885        2.25771        0.85083 
O          2.12428        4.30656       -0.40015 
C          3.23125        4.36147       -1.32099 
Br         3.37154        2.86666        2.00087 
Br        -0.02399        3.63043       -2.51911 
C         -5.29024        2.09509        1.53676 
C         -5.53167        0.86190        2.07339 
N         -6.39522        2.33844        0.71168 
N         -6.72490        0.33159        1.59953 
C         -7.22260        1.25100        0.78781 
N         -8.42851        1.17925        0.12556 
H          0.49045       -1.34682        1.26634 
H          2.97303        0.31918       -1.65356 
H          2.41275       -3.79330       -0.53906 
H          7.31360       -3.12176       -0.50548 
H          8.29327       -2.03574        0.51861 
H          7.53653       -1.39958       -0.96849 
H          1.01505       -0.76319       -2.34686 
H          1.00503       -2.50614       -2.50985 
H         -0.59616       -3.30049        0.39664 
H         -3.88495       -0.83304       -1.71348 
H         -4.18059       -0.44299       -0.01251 
H         -4.09422       -2.91096        0.52813 
H         -3.76020       -3.26089       -1.16371 
H         -6.00890       -3.84340       -2.65743 
H         -6.64226       -1.38522        0.72207 
H         -9.33826       -2.11913        0.79740 
H         -9.89681       -2.14784       -0.75689 
H         -1.98621       -2.01308        2.43537 
H         -2.17054        1.46332        0.33412 
H         -2.98904        1.97943        3.14217 
H         -2.05723        3.14816        2.20260 
H         -3.94407        3.48022        0.63288 
H         -4.35452        3.89448        2.28519 
H          1.77030        0.41112        1.90660 
H         -0.71757        0.95224       -1.57240 

Br Br
OMe

N

O

N

NH
NH2

Br

Br
MeO

OH

O N
H N

H

N

NH2

HO

(8R*,7’R*,8’R*)-4.5

H
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 21 
DG (298 K) = -12338.188062 Hartree 
H          3.97580        3.59584       -1.08286 
H          3.66856        5.35351       -1.20364 
H          2.87820        4.23238       -2.34930 
H         -4.90453        0.30051        2.75132 
H         -6.59821        3.20175        0.23160 
H         -8.43160        1.61390       -0.78892 
H         -8.80065        0.22441        0.08206 
 
Conf. 8 
DG (298 K) = -12338.188008 Hartree 
O          6.21885       -1.80483        0.78081 
C          5.03087       -1.81210        0.11149 
C          2.48577       -1.77712       -1.14893 
C          4.19978       -2.94280        0.09996 
C          4.55426       -0.66893       -0.54249 
C          3.31348       -0.64908       -1.17113 
C          2.94895       -2.93500       -0.50897 
C          7.35385       -2.20648       -0.00158 
Br         5.62185        0.91487       -0.53223 
Br         4.80927       -4.53214        0.96254 
C          1.11536       -1.72294       -1.79281 
C         -0.06031       -1.82206       -0.81119 
C         -1.42126       -1.56364       -1.50210 
N         -2.28442       -1.02156       -0.55426 
O         -1.72357       -1.82352       -2.65055 
C         -0.12195       -0.83873        0.39299 
C         -1.66011       -0.92045        0.74694 
O         -0.08088       -3.16890       -0.33715 
C         -3.73723       -1.08789       -0.78401 
C         -4.32743       -2.51747       -0.73437 
C         -5.77450       -2.52978       -1.11218 
C         -6.42896       -2.94457       -2.24683 
N         -7.78732       -2.68943       -2.16710 
N         -6.77351       -1.99376       -0.30461 
C         -7.93878       -2.11223       -0.99515 
N         -9.13952       -1.56075       -0.49422 
O         -1.90971       -2.10584        1.49853 
C         -2.11895        0.25225        1.65087 
N         -2.54943        1.38130        1.06343 
O         -2.03299        0.08757        2.87125 
C         -2.91667        2.59298        1.79672 

C         -4.03596        2.39006        2.85043 
C          0.42634        0.55180        0.13335 
C          1.62904        3.08657       -0.33671 
C          1.39660        1.06163        1.00346 
C          0.04414        1.33497       -0.96625 
C          0.63275        2.57763       -1.18316 
C          1.99247        2.29613        0.76330 
O          2.19070        4.30909       -0.53688 
C          3.31845        4.31606       -1.43310 
Br         3.36362        2.90960        1.92575 
Br         0.07036        3.62036       -2.67824 
C         -5.22199        1.62871        2.36525 
C         -5.55598        0.31340        2.51037 
N         -6.19386        2.14111        1.49220 
N         -6.68379       -0.00769        1.76925 
C         -7.05108        1.11894        1.17952 
N         -8.17252        1.29110        0.39780 
H          0.42303       -1.26852        1.23547 
H          2.98368        0.25890       -1.66227 
H          2.32459       -3.81843       -0.47417 
H          7.23575       -3.23609       -0.35524 
H          8.21466       -2.14647        0.66573 
H          7.49975       -1.52847       -0.84941 
H          1.02267       -0.80719       -2.38005 
H          0.97718       -2.55410       -2.49174 
H         -0.69940       -3.21257        0.41370 
H         -3.91806       -0.67040       -1.77808 
H         -4.22728       -0.44662       -0.04815 
H         -4.16449       -2.93598        0.26515 
H         -3.77965       -3.14246       -1.44495 
H         -5.99799       -3.42453       -3.11499 
H         -6.67401       -1.45945        0.56998 
H         -9.41178       -1.98074        0.39203 
H         -9.87424       -1.73448       -1.17407 
H         -1.89695       -1.81180        2.43214 
H         -2.54994        1.40814        0.05502 
H         -2.03158        2.99822        2.30047 
H         -3.22791        3.32159        1.04342 
H         -4.31333        3.38606        3.22136 
H         -3.61387        1.84112        3.69357 
H          1.72041        0.47974        1.85872 
H         -0.69582        0.98273       -1.67544 
H          4.04459        3.54682       -1.15310 
H          3.76982        5.30425       -1.33818 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 8 
DG (298 K) = -12338.188008 Hartree 
H          2.98669        4.15897       -2.46467 
H         -5.03098       -0.43288        3.08932 
H         -6.35472        3.11648        1.29175 
H         -8.04826        1.90911       -0.39433 
H         -8.60588        0.40459        0.11988 
 
Conf. 19 
DG (298 K) = -12338.187898 Hartree 
O         -6.19775        1.60485        0.34126 
C         -4.95761        1.68119       -0.21858 
C         -2.38143        1.81920       -1.40433 
C         -4.06281        2.71668        0.08806 
C         -4.53418        0.73702       -1.16248 
C         -3.27411        0.79734       -1.74761 
C         -2.80099        2.79817       -0.49292 
C         -6.23577        0.87636        1.58064 
Br        -5.72411       -0.68098       -1.63022 
Br        -4.59751        4.04338        1.35110 
C         -0.98919        1.82854       -2.00266 
C          0.16100        1.97837       -0.99621 
C          1.52341        1.57481       -1.61393 
N          2.32131        1.06233       -0.59728 
O          1.86730        1.70692       -2.77271 
C          0.13696        1.13194        0.31313 
C          1.67071        1.16864        0.69492 
O          0.23123        3.36796       -0.66909 
C          3.77941        0.99778       -0.78732 
C          4.48490        2.37226       -0.69282 
C          5.94700        2.30458       -1.00039 
C          6.68164        2.77492       -2.06122 
N          8.02747        2.48870       -1.91100 
N          6.88323        1.70024       -0.16331 
C          8.09347        1.83894       -0.77020 
N          9.25611        1.24888       -0.22590 
O          1.95759        2.42681        1.29008 
C          2.11206        0.10853        1.74478 
N          2.24703       -1.17055        1.35452 
O          2.30784        0.50440        2.89868 
C          2.60533       -2.24711        2.27444 
C          3.84272       -3.04019        1.82549 
C         -0.50542       -0.23624        0.19442 

C         -1.84917       -2.73808        0.00988 
C         -1.50217       -0.58812        1.11225 
C         -0.17839       -1.15493       -0.81476 
C         -0.83684       -2.37957       -0.89240 
C         -2.16336       -1.80746        1.01054 
O         -2.46982       -3.94607       -0.04583 
C         -3.63079       -3.98485       -0.90023 
Br        -3.54969       -2.22706        2.24670 
Br        -0.35450       -3.60664       -2.26944 
C          5.07251       -2.19860        1.69008 
C          5.40854       -0.95246        2.13869 
N          6.16381       -2.59267        0.90601 
N          6.64749       -0.55851        1.64962 
C          7.07748       -1.57383        0.91731 
N          8.29324       -1.65035        0.27434 
H         -0.39226        1.68870        1.08805 
H         -2.98121        0.03130       -2.45688 
H         -2.13115        3.60652       -0.22714 
H         -5.74180       -0.09573        1.47757 
H         -7.29144        0.73282        1.81496 
H         -5.75603        1.45412        2.37805 
H         -0.84416        0.91947       -2.58998 
H         -0.86605        2.66350       -2.70087 
H          0.84895        3.46860        0.07719 
H          3.94058        0.58268       -1.78511 
H          4.18918        0.29643       -0.05618 
H          4.30675        2.79606        0.30125 
H          4.01694        3.04649       -1.41631 
H          6.31680        3.32212       -2.91988 
H          6.71757        1.08863        0.64599 
H          9.46605        1.60707        0.70334 
H         10.03559        1.46528       -0.84059 
H          2.11332        2.22370        2.23803 
H          2.03171       -1.40040        0.39468 
H          2.77265       -1.77987        3.24594 
H          1.75692       -2.93310        2.37663 
H          3.62551       -3.53027        0.86483 
H          3.98331       -3.85685        2.54865 
H         -1.78714        0.10285        1.89739 
H          0.57500       -0.92396       -1.55937 
H         -4.30381       -3.15164       -0.67875 
H         -4.12568       -4.93331       -0.68905 
H         -3.32946       -3.94941       -1.95215 
H          4.82202       -0.29264        2.76212 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 19 
DG (298 K) = -12338.187898 Hartree 
H          6.30020       -3.50298        0.49402 
H          8.27330       -2.15452       -0.60346 
H          8.74261       -0.73480        0.16497 
 
Conf. 31 
DG (298 K) = -12338.186897 Hartree 
O         -6.29511       -1.85993       -0.80703 
C         -5.10867       -1.85462       -0.13438 
C         -2.56534       -1.80189        1.12791 
C         -4.27887       -2.98574       -0.10381 
C         -4.63348       -0.70154        0.50294 
C         -3.39305       -0.67407        1.13328 
C         -3.02846       -2.96946        0.50535 
C         -7.43482       -2.22329       -0.01346 
Br        -5.69279        0.88360        0.47418 
Br        -4.89096       -4.58931       -0.93890 
C         -1.19481       -1.73965        1.77093 
C         -0.02408       -1.81750        0.78273 
C          1.34566       -1.61405        1.47332 
N          2.21594       -1.06056        0.53709 
O          1.65160       -1.92301        2.60828 
C          0.04888       -0.78653       -0.38044 
C          1.58252       -0.88857       -0.75193 
O         -0.02507       -3.14412        0.25485 
C          3.66820       -1.18582        0.74692 
C          4.20571       -2.63314        0.64212 
C          5.65520       -2.71080        1.00233 
C          6.30611       -3.18653        2.11488 
N          7.67213       -2.97955        2.02675 
N          6.66475       -2.18633        0.20021 
C          7.83232       -2.37057        0.87228 
N          9.04757       -1.84817        0.37475 
O          1.79859       -2.04548       -1.55752 
C          2.06329        0.31052       -1.60812 
N          2.54871        1.39298       -0.97636 
O          1.94703        0.21042       -2.83280 
C          2.95718        2.61938       -1.66033 
C          4.05368        2.41868       -2.73850 
C         -0.46053        0.60704       -0.06101 
C         -1.56281        3.16850        0.50205 
C         -1.43393        1.17220       -0.89328 

C         -0.03138        1.34483        1.05264 
C         -0.56792        2.60259        1.31271 
C         -1.97921        2.42081       -0.60836 
O         -2.14365        4.35705        0.82367 
C         -1.55527        5.51097        0.20452 
Br        -3.35474        3.11151       -1.72291 
Br         0.05759        3.58738        2.82086 
C          5.21610        1.59357       -2.30342 
C          5.49673        0.27347       -2.50662 
N          6.21960        2.03252       -1.42597 
N          6.62191       -0.12034       -1.79757 
C          7.04133        0.96640       -1.16902 
N          8.17986        1.06389       -0.39966 
H         -0.51347       -1.16849       -1.23446 
H         -3.06818        0.24064        1.61518 
H         -2.40565       -3.85422        0.48479 
H         -7.32638       -3.24104        0.37631 
H         -8.29410       -2.17940       -0.68411 
H         -7.57615       -1.51444        0.80939 
H         -1.10881       -0.82818        2.36611 
H         -1.04647       -2.57647        2.46098 
H          0.58370       -3.16644       -0.50467 
H          3.87504       -0.80911        1.75216 
H          4.17311       -0.53819        0.02687 
H          4.01757       -3.01073       -0.36917 
H          3.64295       -3.26205        1.33731 
H          5.86709       -3.67838        2.97227 
H          6.57493       -1.61928       -0.65428 
H          9.29537       -2.25105       -0.52655 
H          9.78203       -2.06991        1.04084 
H          1.77144       -1.71382       -2.47770 
H          2.57709        1.36763        0.03166 
H          2.08360        3.08213       -2.13409 
H          3.30819        3.30051       -0.88038 
H          4.36393        3.41813       -3.07250 
H          3.59868        1.92180       -3.59673 
H         -1.79704        0.62532       -1.75578 
H          0.70840        0.94681        1.73727 
H         -0.51079        5.62487        0.51484 
H         -2.13418        6.36630        0.55463 
H         -1.62468        5.44408       -0.88621 
H          4.93467       -0.42815       -3.10633 
H          6.42277        2.99217       -1.19104 
H          8.09203        1.65501        0.41747 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 31 
DG (298 K) = -12338.186897 Hartree 
H          8.58249        0.15108       -0.16297 
 
Conf. 9 
DG (298 K) = -12338.186634 Hartree 
O          6.02942       -2.08333        0.80502 
C          4.86855       -1.99213        0.09569 
C          2.37709       -1.75282       -1.24738 
C          3.97458       -3.07007        0.00552 
C          4.48295       -0.79612       -0.52284 
C          3.26905       -0.67602       -1.19157 
C          2.74950       -2.96248       -0.64482 
C          7.16737       -2.51969        0.04550 
Br         5.63973        0.71924       -0.40597 
Br         4.45907       -4.72784        0.81718 
C          1.03614       -1.58994       -1.93376 
C         -0.17927       -1.67233       -0.99963 
C         -1.49724       -1.30797       -1.72608 
N         -2.36377       -0.74809       -0.78861 
O         -1.76757       -1.50700       -2.89344 
C         -0.23256       -0.74267        0.24866 
C         -1.78671       -0.75588        0.53807 
O         -0.28473       -3.03670       -0.59370 
C         -3.81035       -0.72107       -1.07660 
C         -4.51518       -2.09285       -0.94487 
C         -5.93016       -2.05710       -1.42583 
C         -6.51105       -2.50570       -2.58413 
N         -7.86688       -2.23351       -2.61391 
N         -6.97984       -1.46800       -0.71359 
C         -8.10058       -1.60666       -1.47880 
N         -9.32462       -1.05358       -1.10211 
O         -2.12400       -1.96487        1.21213 
C         -2.24558        0.38995        1.47119 
N         -2.51668        1.58855        0.93204 
O         -2.31763        0.14215        2.68452 
C         -2.91461        2.74183        1.73444 
C         -4.43248        3.03605        1.70006 
C          0.40599        0.62251        0.07779 
C          1.77034        3.10144       -0.21821 
C          1.37380        1.02773        1.00374 
C          0.11086        1.48133       -0.99190 
C          0.77712        2.69682       -1.12298 

C          2.04878        2.23486        0.84879 
O          2.40747        4.29719       -0.33323 
C          3.56321        4.28659       -1.19353 
Br         3.41177        2.70404        2.08535 
Br         0.32800        3.84639       -2.57649 
C         -5.30237        1.83897        1.91268 
C         -6.40174        1.38681        1.23997 
N         -5.10043        0.90680        2.94015 
N         -6.87611        0.20016        1.78963 
C         -6.05118       -0.06225        2.78549 
N         -6.05290       -1.21753        3.55138 
H          0.25203       -1.24410        1.08843 
H          3.01055        0.26994       -1.65287 
H          2.07459       -3.80816       -0.67114 
H          7.00243       -3.52484       -0.35642 
H          8.00482       -2.53904        0.74419 
H          7.38398       -1.81723       -0.76652 
H          1.01496       -0.64255       -2.47593 
H          0.87834       -2.37630       -2.67883 
H         -0.94064       -3.08745        0.12376 
H         -3.90656       -0.37517       -2.10826 
H         -4.28229        0.01893       -0.42508 
H         -4.44709       -2.43383        0.09413 
H         -3.96741       -2.81654       -1.55621 
H         -6.02560       -3.02533       -3.39962 
H         -6.94028       -0.99990        0.19335 
H         -9.54412       -1.17411       -0.12000 
H        -10.06443       -1.42044       -1.68856 
H         -2.19852       -1.72081        2.15596 
H         -2.43575        1.68408       -0.07030 
H         -2.58654        2.53483        2.75505 
H         -2.36126        3.61797        1.38368 
H         -4.70353        3.47156        0.73242 
H         -4.62127        3.81626        2.45154 
H          1.63456        0.38385        1.83590 
H         -0.62071        1.20957       -1.74417 
H          4.23477        3.46251       -0.93429 
H          4.06591        5.24043       -1.03035 
H          3.25755        4.20448       -2.24163 
H         -6.89998        1.84513        0.39700 
H         -4.20114        0.74099        3.38181 
H         -5.88283       -1.07070        4.53890 
H         -6.89504       -1.75804        3.39863 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 30 
DG (298 K) = -12338.186633 Hartree 
O          6.02923       -2.08334        0.80506 
C          4.86842       -1.99213        0.09563 
C          2.37711       -1.75275       -1.24769 
C          4.48292       -0.79611       -0.52294 
C          3.97442       -3.07005        0.00538 
C          2.74943       -2.96242       -0.64509 
C          3.26909       -0.67597       -1.19180 
C          7.16721       -2.51982        0.04566 
Br         4.45875       -4.72781        0.81716 
Br         5.63973        0.71922       -0.40596 
C          1.03622       -1.58984       -1.93420 
C         -0.17925       -1.67231       -1.00020 
C         -1.49719       -1.30778       -1.72661 
N         -2.36375       -0.74813       -0.78904 
O         -1.76750       -1.50657       -2.89402 
C         -0.23251       -0.74280        0.24820 
C         -1.78669       -0.75599        0.53762 
O         -0.28486       -3.03671       -0.59443 
C         -3.81033       -0.72103       -1.07709 
C         -4.51525       -2.09277       -0.94545 
C         -5.93032       -2.05674       -1.42615 
C         -6.51152       -2.50477       -2.58452 
N         -7.86730       -2.23235       -2.61391 
N         -6.97973       -1.46769       -0.71351 
C         -8.10067       -1.60586       -1.47853 
N         -9.32452       -1.05270       -1.10135 
O         -2.12403       -1.96504        1.21158 
C         -2.24544        0.38978        1.47086 
N         -2.51665        1.58841        0.93182 
O         -2.31730        0.14190        2.68419 
C         -2.91461        2.74161        1.73432 
C         -4.43255        3.03564        1.70032 
C          0.40604        0.62241        0.07757 
C          1.77026        3.10144       -0.21794 
C          0.11095        1.48136       -0.99201 
C          1.37377        1.02751        1.00365 
C          2.04870        2.23470        0.84893 
C          0.77715        2.69690       -1.12286 
O          2.40725        4.29729       -0.33273 
C          3.56328        4.28689       -1.19267 
Br         0.32822        3.84663       -2.57629 

Br         3.41159        2.70379        2.08565 
C         -5.30224        1.83845        1.91307 
C         -6.40158        1.38609        1.24045 
N         -5.10007        0.90635        2.94058 
N         -6.87571        0.19935        1.79019 
C         -6.05064       -0.06289        2.78599 
N         -6.05214       -1.21810        3.55193 
H          0.25205       -1.24439        1.08789 
H          2.07447       -3.80807       -0.67148 
H          3.01067        0.26999       -1.65312 
H          7.00232       -3.52504       -0.35609 
H          8.00466       -2.53901        0.74436 
H          7.38384       -1.81750       -0.76648 
H          1.01508       -0.64241       -2.47629 
H          0.87859       -2.37611       -2.67940 
H         -0.94081       -3.08747        0.12299 
H         -3.90646       -0.37505       -2.10873 
H         -4.28227        0.01894       -0.42555 
H         -4.44703       -2.43387        0.09350 
H         -3.96766       -2.81645       -1.55697 
H         -6.02631       -3.02418       -3.40030 
H         -6.94000       -1.00012        0.19371 
H         -9.54397       -1.17388       -0.11930 
H        -10.06448       -1.41897       -1.68798 
H         -2.19822       -1.72112        2.15547 
H         -2.43606        1.68395       -0.07055 
H         -2.58625        2.53471        2.75485 
H         -2.36148        3.61783        1.38339 
H         -4.70386        3.47120        0.73279 
H         -4.62126        3.81574        2.45193 
H         -0.62055        1.20967       -1.74438 
H          1.63451        0.38350        1.83572 
H          4.06607        5.24058       -1.02892 
H          3.25791        4.20524       -2.24088 
H          4.23465        3.46262       -0.93356 
H         -6.90000        1.84426        0.39751 
H         -4.20060        0.74059        3.38192 
H         -5.88141       -1.07133        4.53934 
H         -6.89431       -1.75867        3.39960 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 11 
DG (298 K) = -12338.186381 Hartree 
O          5.97101       -1.95991        0.39557 
C          4.75843       -1.90282       -0.22357 
C          2.24269       -1.76444       -1.53246 
C          4.46028       -0.87831       -1.13099 
C          3.76897       -2.87499       -0.01711 
C          2.53562       -2.82116       -0.65922 
C          3.23054       -0.80333       -1.77593 
C          6.00707       -1.30151        1.67359 
Br         4.13052       -4.30522        1.19351 
Br         5.78196        0.45860       -1.46278 
C          0.88623       -1.62725       -2.19416 
C         -0.32079       -1.72589       -1.25081 
C         -1.61400       -1.18687       -1.91003 
N         -2.42436       -0.66312       -0.90478 
O         -1.90827       -1.23657       -3.08739 
C         -0.29220       -0.94465        0.09598 
C         -1.84110       -0.86050        0.40390 
O         -0.52186       -3.11789       -0.99201 
C         -3.86630       -0.48927       -1.16490 
C         -4.67817       -1.80711       -1.17567 
C         -6.08896       -1.60597       -1.62728 
C         -6.71156       -1.87519       -2.81902 
N         -8.04147       -1.49585       -2.79715 
N         -7.08343       -1.01966       -0.83768 
C         -8.21682       -0.98340       -1.59606 
N         -9.39025       -0.38133       -1.14150 
O         -2.27333       -2.10331        0.94947 
C         -2.19630        0.21297        1.45957 
N         -2.37287        1.47938        1.05233 
O         -2.27713       -0.15474        2.64148 
C         -2.67147        2.57027        1.97587 
C         -4.16142        2.98438        1.99636 
C          0.46468        0.36888        0.08532 
C          2.01286        2.75482        0.10933 
C          1.44080        0.58374        1.06544 
C          0.25962        1.36707       -0.87842 
C          1.01819        2.53417       -0.85518 
C          2.20238        1.74736        1.06556 
O          2.73269        3.90699        0.15183 
C          3.92966        3.89608       -0.65207 
Br         3.55741        1.97981        2.38369 

Br         0.70177        3.87321       -2.17417 
C         -5.12207        1.84337        2.09712 
C         -6.25768        1.55055        1.39683 
N         -4.98826        0.79642        3.01982 
N         -6.82090        0.35378        1.82774 
C         -6.01351       -0.07425        2.77948 
N         -6.10188       -1.29915        3.42243 
H          0.14573       -1.58066        0.86693 
H          1.79076       -3.58413       -0.47015 
H          3.03613        0.02064       -2.45339 
H          5.59836       -0.28788        1.60271 
H          7.05822       -1.25802        1.96188 
H          5.44429       -1.87787        2.41586 
H          0.84545       -0.68120       -2.73810 
H          0.72998       -2.41360       -2.94053 
H         -1.18718       -3.19783       -0.28565 
H         -3.94173       -0.02314       -2.14992 
H         -4.27210        0.20776       -0.42719 
H         -4.63048       -2.26704       -0.18238 
H         -4.19466       -2.49835       -1.87273 
H         -6.27469       -2.33702       -3.69455 
H         -6.99993       -0.65922        0.11433 
H         -9.61354       -0.59521       -0.17627 
H        -10.16032       -0.61950       -1.75480 
H         -2.32293       -1.95738        1.91486 
H         -2.29552        1.67156        0.06361 
H         -2.35303        2.23289        2.96424 
H         -2.05282        3.43212        1.70875 
H         -4.40426        3.53869        1.08355 
H         -4.28192        3.69402        2.82761 
H          1.63122       -0.17185        1.81900 
H         -0.47531        1.24316       -1.66567 
H          4.52143        2.99761       -0.45474 
H          4.49090        4.78566       -0.36442 
H          3.67357        3.94644       -1.71529 
H         -6.72325        2.13136        0.61273 
H         -4.10267        0.51608        3.42999 
H         -5.91862       -1.26813        4.41804 
H         -6.98406       -1.75445        3.22444 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 12 
DG (298 K) = -12338.185814 Hartree 
O          4.05232        2.34421       -1.01972 
C          2.85169        1.75442       -1.29363 
C          0.37289        0.43086       -1.67632 
C          1.64573        2.33203       -0.87935 
C          2.77434        0.50305       -1.91987 
C          1.56327       -0.14872       -2.13120 
C          0.42774        1.68992       -1.06774 
C          4.55074        3.19952       -2.05981 
Br         4.39721       -0.36855       -2.41613 
Br         1.69123        3.99821        0.04191 
C         -0.98381       -0.25047       -1.76966 
C         -1.05257       -1.79082       -1.64374 
C         -2.52358       -2.23491       -1.74909 
N         -2.94192       -2.81240       -0.59352 
O         -3.19455       -2.09230       -2.77504 
C         -0.59686       -2.51002       -0.34115 
C         -1.90808       -2.86139        0.45791 
O         -0.36272       -2.40663       -2.73391 
C         -4.15751       -3.63623       -0.54767 
C         -5.35394       -3.06300        0.23591 
C         -5.70931       -1.64704       -0.09035 
C         -6.21312       -0.63558        0.67826 
N         -6.31804        0.54737       -0.04242 
N         -5.53490       -1.07487       -1.35556 
C         -5.88983        0.24190       -1.26175 
N         -5.83115        1.10747       -2.32987 
O         -1.80762       -4.15109        0.97658 
C         -2.26329       -1.93914        1.67502 
N         -2.79779       -0.72047        1.43047 
O         -2.00906       -2.37350        2.79817 
C         -3.25477        0.15216        2.51700 
C         -2.68923        1.58263        2.49146 
C          0.59582       -1.98537        0.43051 
C          2.94846       -0.98547        1.67718 
C          1.81416       -2.66399        0.31330 
C          0.56242       -0.81101        1.18918 
C          1.71556       -0.32653        1.79279 
C          2.96470       -2.16234        0.91411 
O          4.06675       -0.53693        2.30541 
C          4.84357        0.42495        1.56154 
Br         4.61758       -3.07065        0.66212 

Br         1.62026        1.31948        2.74934 
C         -3.03799        2.44824        1.31578 
C         -2.30190        3.42534        0.68817 
N         -4.31342        2.55420        0.75264 
N         -3.06043        4.11574       -0.24220 
C         -4.24490        3.55317       -0.17485 
N         -5.33005        3.84710       -1.02005 
H         -0.31681       -3.50126       -0.70768 
H          1.55165       -1.12290       -2.60066 
H         -0.47984        2.15714       -0.70305 
H          4.71797        2.63011       -2.98017 
H          5.50091        3.59358       -1.69665 
H          3.85730        4.02690       -2.24425 
H         -1.63702        0.20559       -1.01733 
H         -1.45237       -0.02161       -2.73709 
H         -0.89461       -2.23273       -3.52740 
H         -3.87429       -4.59980       -0.11913 
H         -4.43707       -3.79703       -1.59174 
H         -6.19319       -3.74623        0.03851 
H         -5.16343       -3.12683        1.31264 
H         -6.51689       -0.68619        1.71514 
H         -5.02343       -1.49737       -2.12737 
H         -5.76190        2.08782       -2.04495 
H         -5.15527        0.85982       -3.04062 
H         -1.76819       -4.02181        1.94780 
H         -3.19602       -0.56568        0.51459 
H         -4.34977        0.17874        2.49583 
H         -2.95520       -0.33580        3.44556 
H         -1.59735        1.55388        2.57847 
H         -3.05242        2.05459        3.41716 
H          1.87902       -3.57260       -0.27444 
H         -0.35004       -0.24087        1.28459 
H          4.31455        1.37902        1.49421 
H          5.06422        0.05619        0.55630 
H          5.77035        0.55187        2.12246 
H         -1.27040        3.69503        0.87150 
H         -5.09264        1.88764        0.78097 
H         -5.10907        4.68004       -1.55671 
H         -6.19798        3.98720       -0.51013 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 

 
 
Conf. 40 
DG (298 K) = -12338.197969 Hartree 
O          4.78796        3.48285       -0.44754 
C          3.62334        2.82280       -0.70720 
C          1.18977        1.40813       -1.09310 
C          2.37708        3.44082       -0.52998 
C          3.61411        1.47885       -1.10264 
C          2.42480        0.78425       -1.30109 
C          1.17955        2.75744       -0.71314 
Br         2.33313        5.27943       -0.01644 
Br         5.26974        0.56958       -1.34448 
C          5.37118        4.14435       -1.57996 
C         -0.09391        0.63094       -1.31010 
C         -0.98809        0.42678       -0.06940 
C         -0.41956       -0.39289        1.13765 
C         -2.26734       -0.34719       -0.45323 
N         -2.56042       -1.25067        0.50580 
C         -1.66562       -1.16405        1.69847 
O         -2.92425       -0.11241       -1.47421 
C         -3.81767       -2.00562        0.61224 
C         -4.29588       -2.72051       -0.68902 
C         -2.48320       -0.46104        2.84594 
N         -2.67695        0.85804        2.75217 
O         -2.97197       -1.19491        3.71246 
C         -3.67479        1.58212        3.53007 
O         -1.38205        1.70958        0.44436 
O         -1.35382       -2.42455        2.17576 
C          0.73793       -1.32846        0.82839 
C          2.97453       -2.97596        0.24131 
C          1.98667       -1.07180        1.40014 
C          0.60782       -2.43197       -0.02529 

C          1.70804       -3.23353       -0.30632 
C          3.08187       -1.88024        1.10673 
O          4.05997       -3.72445       -0.10065 
C          4.32215       -4.83919        0.76664 
Br         4.77606       -1.46706        1.86628 
Br         1.50042       -4.73023       -1.47007 
C         -4.16235        2.82630        2.76050 
C         -4.78452        2.56567        1.41541 
C         -6.11213        2.40296        1.10515 
N         -6.17215        2.23004       -0.26377 
C         -4.90000        2.29222       -0.73280 
N         -4.03094        2.49666        0.24626 
N         -4.62731        2.09904       -2.09734 
C         -5.60987       -2.19739       -1.17538 
C         -6.88966       -2.68976       -1.14281 
N         -7.80082       -1.75122       -1.60230 
C         -7.06907       -0.70022       -1.89594 
N         -5.74345       -0.90297       -1.66528 
N         -7.57508        0.55459       -2.29656 
H         -0.06970        0.32547        1.88195 
H          2.46809       -0.25569       -1.60302 
H          0.24056        3.26626       -0.54276 
H          5.62051        3.42256       -2.36495 
H          6.28478        4.61551       -1.21475 
H          4.69440        4.91207       -1.97034 
H         -0.72727        1.14489       -2.04152 
H          0.14392       -0.34344       -1.74472 
H         -4.60470       -1.33246        0.96953 
H         -3.63992       -2.74410        1.39430 
H         -3.52567       -2.63680       -1.46178 
H         -4.41279       -3.78733       -0.47886 
H         -2.17872        1.35587        2.01053 
H         -4.50284        0.89902        3.74091 
H         -3.25883        1.89531        4.49634 
H         -2.27756        2.01040        0.12090 
H         -1.89363       -2.50800        2.99385 
H          2.12144       -0.22639        2.06527 
H         -0.35146       -2.68668       -0.45812 
H          3.48078       -5.54017        0.76027 
H          4.52418       -4.49660        1.78679 
H          5.20922       -5.32950        0.36366 
H         -3.32003        3.51669        2.63063 
H         -4.88703        3.34178        3.39967 
H         -6.99742        2.41263        1.72182 

Br Br
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 40 
DG (298 K) = -12338.197969 Hartree 
H         -6.94744        1.86787       -0.82975 
H         -4.71818        2.95643       -2.63587 
H         -3.69365        1.71105       -2.21058 
H         -7.21329       -3.66799       -0.81427 
H         -4.97035       -0.26721       -1.82582 
H         -8.54500        0.43819       -2.57418 
H         -7.03725        0.95335       -3.06186 
 
Conf. 24 
DG (298 K) = -12338.197558 Hartree 
O          4.87009        3.08995       -0.93270 
C          3.64579        2.50365       -1.05368 
C          1.10393        1.27157       -1.34502 
C          2.45638        3.20125       -0.79753 
C          3.52220        1.17589       -1.48416 
C          2.27897        0.57388       -1.64296 
C          1.20504        2.60796       -0.93488 
Br         2.56496        5.02311       -0.23424 
Br         5.09264        0.15038       -1.80191 
C          5.43456        3.02159        0.38776 
C         -0.23050        0.56431       -1.46852 
C         -1.08291        0.48564       -0.18426 
C         -0.45945       -0.16972        1.09537 
C         -2.34591       -0.36190       -0.44230 
N         -2.57828       -1.17232        0.61187 
C         -1.66084       -0.92528        1.76356 
O         -3.03670       -0.25693       -1.46230 
C         -3.80217       -1.95697        0.83373 
C         -4.29093       -2.81508       -0.37355 
C         -2.47821       -0.12971        2.84835 
N         -2.72574        1.16254        2.61152 
O         -2.91613       -0.77795        3.80532 
C         -3.72864        1.93688        3.33263 
O         -1.49727        1.80987        0.19175 
O         -1.28846       -2.11418        2.36483 
C          0.74312       -1.07235        0.87611 
C          3.07152       -2.62952        0.40993 
C          1.97944       -0.68872        1.40310 
C          0.67103       -2.26097        0.13884 
C          1.81629       -3.01679       -0.08486 
C          3.11788       -1.45375        1.16862 

O          4.19883       -3.33542        0.12016 
C          4.53556       -4.35597        1.07332 
Br         4.79610       -0.87114        1.85625 
Br         1.69042       -4.62272       -1.10520 
C         -4.26625        3.08026        2.44863 
C         -4.90778        2.66171        1.15346 
C         -6.23513        2.42227        0.89614 
N         -6.31839        2.10214       -0.44449 
C         -5.05979        2.15634       -0.94976 
N         -4.17751        2.49363       -0.02039 
N         -4.81097        1.82671       -2.29271 
C         -5.63092       -2.38278       -0.87804 
C         -6.89332       -2.90672       -0.76226 
N         -7.84332       -2.05105       -1.29827 
C         -7.15183       -1.01673       -1.72075 
N         -5.81604       -1.15368       -1.50095 
N         -7.70560        0.17108       -2.24352 
H         -0.13749        0.64467        1.74743 
H          2.23380       -0.46071       -1.96317 
H          0.31286        3.17261       -0.69904 
H          4.89134        3.68334        1.07102 
H          6.46686        3.36103        0.29174 
H          5.41627        1.99535        0.76860 
H         -0.86606        1.06362       -2.20810 
H         -0.06260       -0.44726       -1.84800 
H         -4.60384       -1.28013        1.14924 
H         -3.57218       -2.60700        1.67826 
H         -3.54119       -2.79348       -1.17038 
H         -4.37216       -3.85657       -0.04995 
H         -2.26494        1.59192        1.80574 
H         -4.53301        1.25834        3.63178 
H         -3.30279        2.35978        4.25165 
H         -2.40539        2.05215       -0.14417 
H         -1.80459       -2.12803        3.20202 
H          2.06872        0.22547        1.97895 
H         -0.27570       -2.61276       -0.25195 
H          3.74077       -5.10688        1.13357 
H          4.72032       -3.91844        2.06003 
H          5.45008       -4.82086        0.70301 
H         -3.44637        3.77443        2.22746 
H         -4.99195        3.64145        3.04681 
H         -7.10655        2.46741        1.53076 
H         -7.09228        1.65544       -0.94878 
H         -4.93657        2.62000       -2.91590 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 24 
DG (298 K) = -12338.197558 Hartree 
H         -3.86926        1.45339       -2.38675 
H         -7.17844       -3.85310       -0.32329 
H         -5.06618       -0.51680       -1.74535 
H         -8.67608       -0.00385       -2.48622 
H         -7.19444        0.50098       -3.05834 
 
Conf. 5 
DG (298 K) = -12338.197371 Hartree 
O          4.50300        3.75345       -0.27556 
C          3.40352        3.01394       -0.59979 
C          1.10349        1.43204       -1.12586 
C          2.10749        3.53418       -0.47112 
C          3.51320        1.68158       -1.01775 
C          2.38985        0.90531       -1.28554 
C          0.97413        2.76829       -0.72205 
Br         1.90370        5.35395        0.07135 
Br         5.24250        0.90123       -1.19371 
C          5.08314        4.47893       -1.36930 
C         -0.10848        0.56806       -1.41084 
C         -1.01866        0.27182       -0.19486 
C         -0.41257       -0.52846        1.00317 
C         -2.19212       -0.63251       -0.64457 
N         -2.45983       -1.55180        0.31653 
C         -1.63140       -1.38376        1.52928 
O         -2.80611       -0.51146       -1.71402 
C         -3.36683       -2.69890        0.15097 
C         -4.80416       -2.53639        0.70218 
C         -2.38708       -0.65893        2.69521 
N         -3.35356        0.20879        2.36362 
O         -2.04419       -0.94391        3.84566 
C         -4.00972        1.12324        3.29131 
O         -1.50529        1.48830        0.34963 
O         -1.26182       -2.62772        2.03385 
C          0.80017       -1.39396        0.71252 
C          3.14668       -2.90171        0.16831 
C          2.01146       -1.08968        1.34040 
C          0.76616       -2.47661       -0.17695 
C          1.91808       -3.21027       -0.43547 
C          3.16031       -1.82747        1.06681 
O          4.28357       -3.58015       -0.15279 
C          4.57875       -4.69978        0.69689 

Br         4.80022       -1.34358        1.90025 
Br         1.83614       -4.68102       -1.64790 
C         -4.09625        2.53936        2.67944 
C         -4.79283        2.57960        1.34918 
C         -6.05437        2.99430        1.03768 
N         -6.20450        2.76475       -0.33003 
C         -5.04517        2.22078       -0.79135 
N         -4.16935        2.08806        0.19748 
N         -4.81934        1.93156       -2.11530 
C         -5.83647       -2.03482       -0.26818 
C         -7.20417       -2.15703       -0.28747 
N         -7.74940       -1.51042       -1.38250 
C         -6.71531       -1.00100       -2.01248 
N         -5.53373       -1.27459       -1.39066 
N         -6.78004       -0.17851       -3.16103 
H         -0.12924        0.20388        1.76098 
H          2.52468       -0.12174       -1.60413 
H         -0.00862        3.19827       -0.58504 
H          5.42067        3.79352       -2.15406 
H          5.94159        5.01032       -0.95591 
H          4.36788        5.20113       -1.77761 
H         -0.75707        1.05788       -2.14511 
H          0.21710       -0.37133       -1.86569 
H         -2.87757       -3.52177        0.67318 
H         -3.38489       -2.93588       -0.91594 
H         -5.13210       -3.51903        1.05884 
H         -4.76380       -1.89814        1.59295 
H         -3.52410        0.39479        1.38343 
H         -5.01846        0.75806        3.52125 
H         -3.43487        1.12992        4.22033 
H         -2.43581        1.70694        0.07879 
H         -1.30113       -2.50743        3.00589 
H          2.07337       -0.25836        2.03338 
H         -0.15520       -2.76648       -0.66637 
H          3.77952       -5.44675        0.64372 
H          4.72551       -4.37272        1.73149 
H          5.50580       -5.12918        0.31486 
H         -3.08052        2.93458        2.56713 
H         -4.62445        3.18458        3.38876 
H         -6.84783        3.41204        1.63636 
H         -7.00312        3.00714       -0.89494 
H         -5.59404        1.45620       -2.58803 
H         -3.95426        1.41239       -2.23279 
H         -7.83066       -2.68139        0.42121 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 5 
DG (298 K) = -12338.197371 Hartree 
H         -4.59387       -0.97904       -1.66609 
H         -7.75932       -0.08882       -3.41833 
H         -6.28479       -0.58754       -3.95151 
 
Conf. 8 
DG (298 K) = -12338.196232 Hartree 
O         -6.62011       -1.04768        0.66206 
C         -5.27007       -0.98888        0.47977 
C         -2.44276       -0.89590        0.19186 
C         -4.51160        0.06594        0.99880 
C         -4.56269       -2.01096       -0.17132 
C         -3.18018       -1.97553       -0.31444 
C         -3.12553        0.11330        0.88049 
Br        -5.43365        1.48725        1.89693 
Br        -5.53705       -3.49303       -0.87235 
C         -7.39632       -0.49434       -0.41268 
C         -0.93725       -0.82241        0.04556 
C         -0.40900       -0.72797       -1.40896 
C          1.13013       -0.53966       -1.49937 
C         -0.89305        0.52071       -2.16540 
N          0.09889        1.44257       -2.22620 
C          1.31619        1.01422       -1.51680 
O         -2.00542        0.59770       -2.68567 
C         -0.04308        2.69155       -2.98439 
C         -1.23798        3.57105       -2.55725 
C          2.59149        1.37167       -2.33174 
N          3.70001        1.50439       -1.55856 
O          2.57363        1.48642       -3.55183 
C          4.85299        2.25982       -2.02642 
O         -0.80914       -1.86833       -2.15524 
O          1.38091        1.54256       -0.21330 
C          2.00471       -1.38148       -0.59281 
C          3.61625       -3.10873        0.99059 
C          2.28766       -1.06940        0.74541 
C          2.52745       -2.56944       -1.12342 
C          3.31194       -3.41161       -0.34332 
C          3.07986       -1.92212        1.50808 
O          4.44412       -3.89942        1.73057 
C          3.78310       -4.93602        2.47259 
Br         3.45418       -1.46555        3.32390 
Br         4.00520       -5.01726       -1.10323 

C          4.60802        3.78162       -1.91130 
C          4.23817        4.24963       -0.53388 
C          5.00174        4.98760        0.32239 
N          4.21668        5.18349        1.45699 
C          3.02001        4.55989        1.24438 
N          2.99525        3.97440        0.05223 
N          2.02597        4.52014        2.19248 
C         -1.21953        3.92792       -1.10714 
C         -0.43115        4.75847       -0.36339 
N         -0.71695        4.64396        0.99263 
C         -1.68085        3.74449        1.06440 
N         -2.02939        3.28283       -0.16979 
N         -2.23317        3.24157        2.23405 
H          1.35486       -0.84034       -2.52742 
H         -2.67173       -2.78476       -0.82256 
H         -2.57155        0.92042        1.34816 
H         -7.17598        0.57123       -0.53950 
H         -8.44061       -0.61951       -0.12355 
H         -7.20705       -1.03354       -1.34639 
H         -0.55538        0.02911        0.61565 
H         -0.48608       -1.72552        0.47067 
H         -0.13187        2.44480       -4.04731 
H          0.88223        3.25270       -2.86156 
H         -1.19590        4.47901       -3.17029 
H         -2.16809        3.05727       -2.81110 
H          3.53458        1.50734       -0.56128 
H          5.72148        1.96308       -1.43133 
H          5.03615        1.98821       -3.06811 
H         -1.60359       -1.58980       -2.64303 
H          1.73278        2.46794       -0.22078 
H          1.90881       -0.15751        1.18439 
H          2.31812       -2.84324       -2.15109 
H          3.26049       -5.62227        1.79793 
H          3.08215       -4.50686        3.19640 
H          4.57034       -5.47425        3.00219 
H          3.81298        4.04786       -2.61783 
H          5.51244        4.30756       -2.23751 
H          5.99536        5.39747        0.23596 
H          4.48566        5.68708        2.28717 
H          1.07057        4.45947        1.81942 
H          2.09246        5.24426        2.89541 
H          0.34506        5.42342       -0.71311 
H         -2.69629        2.55215       -0.37419 
H         -3.23388        3.07518        2.20407 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 8 
DG (298 K) = -12338.196232 Hartree 
H         -1.96728        3.79886        3.03580 
 
Conf. 10 
DG (298 K) = -12338.196162 Hartree 
O         -6.64068       -1.10399        0.71467 
C         -5.29120       -1.04035        0.52949 
C         -2.46512       -0.93438        0.23571 
C         -4.53907        0.02940        1.02666 
C         -4.57802       -2.07053       -0.10224 
C         -3.19593       -2.02879       -0.24789 
C         -3.15353        0.08366        0.90539 
Br        -5.46975        1.46188        1.89790 
Br        -5.54353       -3.57231       -0.77249 
C         -7.42151       -0.57804       -0.37033 
C         -0.96071       -0.85330        0.08334 
C         -0.43952       -0.77711       -1.37478 
C          1.09786       -0.57862       -1.47349 
C         -0.93584        0.45481       -2.15019 
N          0.05003        1.38205       -2.23235 
C          1.27229        0.97556       -1.51929 
O         -2.05085        0.51610       -2.66654 
C         -0.10213        2.61487       -3.01453 
C         -1.30334        3.49372       -2.60374 
C          2.54204        1.32810       -2.34541 
N          3.64950        1.50139       -1.57789 
O          2.52162        1.40530       -3.56828 
C          4.78877        2.26218       -2.07003 
O         -0.83210       -1.93250       -2.10167 
O          1.33652        1.52931       -0.22568 
C          1.97751       -1.40309       -0.55565 
C          3.57534       -3.11535        1.05716 
C          2.28923       -1.05482        0.76690 
C          2.47059       -2.61584       -1.05824 
C          3.25103       -3.44899       -0.26469 
C          3.07925       -1.89811        1.54238 
O          4.28898       -3.96265        1.85162 
C          5.71095       -3.77051        1.81517 
Br         3.50126       -1.38777        3.33329 
Br         3.90519       -5.08825       -0.98655 
C          4.52378        3.78277       -1.98829 
C          4.15594        4.27707       -0.61958 

C          4.91316        5.04724        0.21376 
N          4.13260        5.25661        1.34911 
C          2.94479        4.60884        1.15945 
N          2.92195        3.99497       -0.01845 
N          1.95757        4.57516        2.11462 
C         -1.28677        3.87895       -1.16091 
C         -0.50681        4.73342       -0.43566 
N         -0.78831        4.64255        0.92305 
C         -1.74164        3.73346        1.01491 
N         -2.08716        3.24322       -0.20910 
N         -2.28548        3.24804        2.19545 
H          1.32171       -0.89475       -2.49712 
H         -2.68269       -2.84498       -0.73988 
H         -2.60406        0.90328        1.35628 
H         -7.22992       -1.13531       -1.29289 
H         -7.20804        0.48605       -0.51957 
H         -8.46469       -0.70371       -0.07739 
H         -0.58191        0.00901        0.63920 
H         -0.50199       -1.74715        0.51967 
H         -0.18942        2.34702       -4.07249 
H          0.81871        3.18586       -2.90292 
H         -1.26794        4.39006       -3.23403 
H         -2.22971        2.96836       -2.84718 
H          3.48257        1.53653       -0.58141 
H          5.66538        1.99199       -1.47391 
H          4.96922        1.96887       -3.10630 
H         -1.63359       -1.67091       -2.58715 
H          1.66764        2.46136       -0.25405 
H          1.93206       -0.12406        1.18396 
H          2.23843       -2.91694       -2.07328 
H          5.97519       -2.76708        2.16581 
H          6.09842       -3.93435        0.80400 
H          6.13175       -4.51553        2.49181 
H          3.72092        4.02196       -2.69568 
H          5.41890        4.31333       -2.33230 
H          5.89882        5.47212        0.11030 
H          4.39739        5.78667        2.16402 
H          1.00047        4.49546        1.74902 
H          2.01969        5.31294        2.80359 
H          0.26042        5.40065       -0.80052 
H         -2.74596        2.50090       -0.39736 
H         -2.02630        3.82487        2.98543 
H         -3.28350        3.06549        2.17065 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 13 
DG (298 K) = -12338.195828 Hartree 
O         -6.70202       -0.80060        0.37385 
C         -5.33960       -0.83540        0.32726 
C         -2.50481       -0.81763        0.10275 
C         -4.64463       -1.87862       -0.30337 
C         -4.56512        0.19891        0.86384 
C         -3.17625        0.21228        0.77174 
C         -3.25887       -1.87969       -0.41611 
Br        -5.64202       -3.33286       -1.02994 
Br        -5.46842        1.64614        1.74014 
C         -7.28426       -1.46152        1.50842 
C         -0.99466       -0.78599       -0.00773 
C         -0.42644       -0.71675       -1.44835 
C          1.11972       -0.57449       -1.49668 
C         -0.85164        0.53981       -2.22622 
N          0.16948        1.43133       -2.26552 
C          1.35254        0.97266       -1.51962 
O         -1.94541        0.64630       -2.77840 
C          0.08640        2.67742       -3.03715 
C         -1.09564        3.59345       -2.65285 
C          2.66000        1.28594       -2.30155 
N          3.74815        1.41089       -1.49766 
O          2.68152        1.37521       -3.52351 
C          4.92963        2.13354       -1.94572 
O         -0.83889       -1.85006       -2.19841 
O          1.39681        1.51050       -0.21821 
C          1.93806       -1.44059       -0.56067 
C          3.41476       -3.22949        1.08423 
C          2.39836       -2.66764       -1.05967 
C          2.22139       -1.11664        0.77442 
C          2.95209       -1.99775        1.56580 
C          3.11967       -3.53819       -0.25046 
O          4.06849       -4.11162        1.89232 
C          5.49746       -3.97655        1.90200 
Br         3.73074       -5.19598       -0.96788 
Br         3.33593       -1.52112        3.37468 
C          4.71812        3.66206       -1.85705 
C          4.32636        4.15781       -0.49550 
C          5.08442        4.89447        0.36689 
N          4.27771        5.12217        1.48020 
C          3.07424        4.51817        1.24920 
N          3.06557        3.91481        0.06577 

N          2.05820        4.51199        2.17442 
C         -1.10974        3.96042       -1.20524 
C         -0.32053        4.77536       -0.44527 
N         -0.64669        4.67801        0.90293 
C         -1.63585        3.80476        0.95351 
N         -1.96173        3.34323       -0.28679 
N         -2.23258        3.32581        2.11164 
H          1.36425       -0.88851       -2.51621 
H         -2.61208        1.00815        1.24650 
H         -2.76078       -2.70315       -0.91149 
H         -7.02884       -2.52607        1.51051 
H         -8.36358       -1.34537        1.40161 
H         -6.95551       -0.99127        2.44164 
H         -0.60297        0.05809        0.56686 
H         -0.58007       -1.69851        0.43431 
H          0.02314        2.42465       -4.10050 
H          1.02292        3.21378       -2.88949 
H         -1.00938        4.49535       -3.27013 
H         -2.03182        3.10412       -2.93120 
H          3.55082        1.44334       -0.50667 
H          5.77625        1.82581       -1.32493 
H          5.13228        1.84313       -2.97869 
H         -1.61179       -1.55274       -2.70937 
H          1.76123        2.43033       -0.22627 
H          2.18644       -2.95036       -2.08438 
H          1.88823       -0.17595        1.18910 
H          5.79041       -2.98758        2.27050 
H          5.90971       -4.14716        0.90182 
H          5.86671       -4.74365        2.58404 
H          3.94707        3.93697       -2.58653 
H          5.64236        4.16221       -2.16803 
H          6.08711        5.28496        0.29688 
H          4.53610        5.63603        2.30744 
H          2.12291        5.24531        2.86795 
H          1.11047        4.46513        1.77976 
H          0.48228        5.41719       -0.77765 
H         -2.64496        2.63218       -0.50670 
H         -3.23667        3.18826        2.05735 
H         -1.97229        3.88295        2.91541 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 14 
DG (298 K) = -12338.195812 Hartree 
O         -6.68084       -0.72410        0.31902 
C         -5.31863       -0.77097        0.27756 
C         -2.48282       -0.77595        0.06380 
C         -4.63088       -1.80977       -0.36804 
C         -4.53660        0.24666        0.83477 
C         -3.14729        0.24840        0.74820 
C         -3.24482       -1.82180       -0.47600 
Br        -5.63900       -3.24234       -1.12262 
Br        -5.42962        1.68740        1.73187 
C         -7.27437       -1.39697        1.44053 
C         -0.97188       -0.75613       -0.03994 
C         -0.39580       -0.67372       -1.47677 
C          1.15160       -0.54332       -1.51747 
C         -0.80721        0.59726       -2.23881 
N          0.21964        1.48239       -2.25760 
C          1.39648        1.00260       -1.51467 
O         -1.89681        0.71867       -2.79634 
C          0.14746        2.74219       -3.00784 
C         -1.02722        3.66088       -2.60803 
C          2.70980        1.31776       -2.28551 
N          3.79731        1.40223       -1.47637 
O          2.73548        1.44231       -3.50444 
C          4.99284        2.11570       -1.90126 
O         -0.81611       -1.79327       -2.24292 
O          1.44029        1.51713       -0.20440 
C          1.96490       -1.42507       -0.59210 
C          3.45977       -3.22508        1.02445 
C          2.21798       -1.13448        0.75692 
C          2.45793       -2.62824       -1.11690 
C          3.18543       -3.50580       -0.32076 
C          2.95289       -2.02300        1.53587 
O          4.23444       -4.05214        1.78220 
C          3.51320       -5.06968        2.49359 
Br         3.28742       -1.59571        3.36668 
Br         3.84060       -5.13073       -1.07351 
C          4.80364        3.64499       -1.78076 
C          4.40968        4.11703       -0.41142 
C          5.17379        4.82033        0.47310 
N          4.36240        5.03801        1.58499 
C          3.15043        4.46089        1.33159 
N          3.14014        3.88468        0.13479 

N          2.12735        4.45209        2.24932 
C         -1.03848        4.00332       -1.15434 
C         -0.23928        4.79366       -0.37891 
N         -0.56967        4.67766        0.96677 
C         -1.57096        3.81778        1.00046 
N         -1.90085        3.38245       -0.24820 
N         -2.17681        3.32663        2.14910 
H          1.39702       -0.84398       -2.54077 
H         -2.57775        1.03087        1.23862 
H         -2.75255       -2.64062       -0.98463 
H         -7.02911       -2.46385        1.42704 
H         -8.35205       -1.26888        1.33089 
H         -6.94543       -0.94447        2.38243 
H         -0.57606        0.07743        0.54692 
H         -0.56708       -1.67756        0.39275 
H          0.08209        2.50797       -4.07527 
H          1.08858        3.26761       -2.85142 
H         -0.93423        4.57217       -3.21037 
H         -1.96727        3.18357       -2.89429 
H          3.60024        1.40486       -0.48487 
H          5.82996        1.78094       -1.28184 
H          5.19820        1.84488       -2.93901 
H         -1.57945       -1.47915       -2.75836 
H          1.82551        2.42884       -0.19250 
H          1.86103       -0.21184        1.19182 
H          2.27003       -2.88584       -2.15287 
H          2.98661       -5.73035        1.79684 
H          2.80663       -4.62107        3.19998 
H          4.26338       -5.64134        3.04167 
H          4.04202        3.94732       -2.50924 
H          5.73754        4.13759       -2.07440 
H          6.18399        5.19368        0.41964 
H          4.62489        5.52469        2.42725 
H          2.19773        5.17155        2.95670 
H          1.18220        4.42699        1.84687 
H          0.57369        5.42921       -0.69841 
H         -2.59410        2.68562       -0.48152 
H         -3.18291        3.20660        2.09051 
H         -1.90976        3.86597        2.96279 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 41 
DG (298 K) = -12338.195752 Hartree 
O         -4.98642       -2.78927       -0.46974 
C         -3.73318       -2.35338       -0.77589 
C         -1.13047       -1.43485       -1.45338 
C         -2.58781       -3.10119       -0.47149 
C         -3.53571       -1.14256       -1.45278 
C         -2.26564       -0.68627       -1.78789 
C         -1.30931       -2.66422       -0.80437 
Br        -2.79596       -4.76967        0.43112 
Br        -5.06467       -0.09670       -1.90791 
C         -5.43788       -2.40473        0.84171 
C          0.24153       -0.89935       -1.81931 
C          1.32977       -0.95922       -0.73297 
C          1.05621       -0.30022        0.65140 
C          2.62661       -0.28303       -1.21737 
N          3.17549        0.42599       -0.20323 
C          2.44307        0.32770        1.07206 
O          3.11041       -0.44684       -2.33817 
C          4.55577        0.93865       -0.29274 
C          4.72419        2.10368       -1.29007 
C          3.27356       -0.51575        2.11234 
N          3.41154       -1.82594        1.88635 
O          3.76811        0.10343        3.06311 
C          4.34660       -2.66440        2.63151 
O          1.68376       -2.33169       -0.45565 
O          2.30613        1.58152        1.66513 
C         -0.07957        0.70762        0.69525 
C         -2.25420        2.53175        0.82323 
C         -1.19919        0.43359        1.48566 
C         -0.05131        1.90535       -0.03106 
C         -1.11683        2.79384        0.04494 
C         -2.26700        1.32509        1.53430 
O         -3.27295        3.42586        0.93446 
C         -4.29560        3.30307       -0.07132 
Br        -3.79680        0.90370        2.59025 
Br        -1.02587        4.43519       -0.92673 
C          5.67931       -2.89449        1.87799 
C          5.48119       -3.49234        0.51845 
C          5.77242       -4.74584        0.05570 
N          5.28334       -4.78344       -1.25280 
C          4.71957       -3.56554       -1.50288 
N          4.83427       -2.75848       -0.46937 

N          3.98016       -3.26583       -2.64030 
C          4.32971        3.47155       -0.82260 
C          4.87744        4.69887       -1.08584 
N          4.10932        5.72528       -0.55913 
C          3.10899        5.11489        0.03819 
N          3.16406        3.75302       -0.10262 
N          2.11414        5.72395        0.80188 
H          0.80740       -1.10312        1.34789 
H         -2.16254        0.26662       -2.29483 
H         -0.45158       -3.26736       -0.53838 
H         -5.27883       -1.33481        1.00940 
H         -4.91255       -2.98170        1.61014 
H         -6.50398       -2.63309        0.87311 
H          0.65209       -1.44306       -2.67976 
H          0.13796        0.13608       -2.15515 
H          5.18149        0.09628       -0.60407 
H          4.85686        1.24038        0.71305 
H          5.78580        2.14695       -1.55793 
H          4.19711        1.82386       -2.21046 
H          3.04263       -2.19455        1.01086 
H          4.53451       -2.17466        3.58872 
H          3.86109       -3.62697        2.82314 
H          2.13977       -2.69288       -1.23773 
H          2.87602        1.52639        2.47078 
H         -1.25318       -0.48551        2.05798 
H          0.80611        2.17110       -0.63786 
H         -5.11213        3.94976        0.25194 
H         -4.64405        2.26924       -0.14875 
H         -3.91935        3.64062       -1.04285 
H          6.30894       -3.54901        2.49072 
H          6.19836       -1.93296        1.79020 
H          6.27472       -5.59092        0.49907 
H          5.29475       -5.58201       -1.86782 
H          4.28362       -3.72423       -3.49083 
H          3.88149       -2.25699       -2.76324 
H          5.77347        4.90886       -1.65525 
H          2.67983        3.09044        0.49745 
H          1.17617        5.44278        0.53093 
H          2.21122        6.73079        0.74069 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 3 
DG (298 K) = -12338.195743 Hartree 
O         -4.98673       -2.78851       -0.47004 
C         -3.73337       -2.35283       -0.77603 
C         -1.13052       -1.43458       -1.45333 
C         -2.58809       -3.10055       -0.47116 
C         -3.53575       -1.14223       -1.45329 
C         -2.26561       -0.68608       -1.78831 
C         -1.30951       -2.66372       -0.80394 
Br        -2.79638       -4.76879        0.43187 
Br        -5.06459       -0.09651       -1.90906 
C         -5.43824       -2.40405        0.84142 
C          0.24155       -0.89923       -1.81926 
C          1.32989       -0.95919       -0.73302 
C          1.05646       -0.30021        0.65142 
C          2.62669       -0.28300       -1.21749 
N          3.17570        0.42594       -0.20335 
C          2.44333        0.32765        1.07193 
O          3.11043       -0.44677       -2.33831 
C          4.55605        0.93834       -0.29283 
C          4.72470        2.10333       -1.29014 
C          3.27379       -0.51582        2.11219 
N          3.41182       -1.82601        1.88618 
O          3.76830        0.10334        3.06299 
C          4.34717       -2.66426        2.63126 
O          1.68388       -2.33164       -0.45578 
O          2.30648        1.58150        1.66500 
C         -0.07935        0.70761        0.69542 
C         -2.25408        2.53160        0.82367 
C         -1.19889        0.43346        1.48589 
C         -0.05121        1.90538       -0.03081 
C         -1.11678        2.79381        0.04534 
C         -2.26675        1.32488        1.53467 
O         -3.27293        3.42557        0.93513 
C         -4.29526        3.30337       -0.07106 
Br        -3.79644        0.90335        2.59072 
Br        -1.02585        4.43530       -0.92610 
C          5.67955       -2.89468        1.87727 
C          5.48078       -3.49295        0.51803 
C          5.77035       -4.74706        0.05588 
N          5.28092       -4.78477       -1.25245 
C          4.71865       -3.56631       -1.50310 
N          4.83453       -2.75881       -0.47006 

N          3.97916       -3.26652       -2.64052 
C          4.33013        3.47121       -0.82282 
C          4.87779        4.69853       -1.08635 
N          4.10971        5.72496       -0.55963 
C          3.10950        5.11462        0.03792 
N          3.16460        3.75273       -0.10273 
N          2.11471        5.72375        0.80172 
H          0.80772       -1.10314        1.34791 
H         -2.16237        0.26662       -2.29557 
H         -0.45184       -3.26679       -0.53760 
H         -4.91294       -2.98104        1.60985 
H         -6.50434       -2.63243        0.87276 
H         -5.27920       -1.33413        1.00914 
H          0.65199       -1.44296       -2.67976 
H          0.13807        0.13621       -2.15509 
H          5.18166        0.09589       -0.60414 
H          4.85718        1.24001        0.71298 
H          5.78637        2.14656       -1.55776 
H          4.19783        1.82346       -2.21064 
H          3.04293       -2.19464        1.01069 
H          4.53550       -2.17414        3.58819 
H          3.86169       -3.62673        2.82349 
H          2.13918       -2.69305       -1.23817 
H          2.87642        1.52635        2.47062 
H         -1.25277       -0.48567        2.05818 
H          0.80618        2.17125       -0.63760 
H         -5.11187        3.94990        0.25232 
H         -4.64372        2.26958       -0.14914 
H         -3.91872        3.64145       -1.04228 
H          6.30939       -3.54901        2.48997 
H          6.19859       -1.93320        1.78889 
H          6.27191       -5.59243        0.49954 
H          5.29140       -5.58362       -1.86713 
H          4.28278       -3.72483       -3.49107 
H          3.88092       -2.25763       -2.76350 
H          5.77376        4.90845       -1.65589 
H          2.68033        3.09016        0.49733 
H          1.17670        5.44287        0.53053 
H          2.21198        6.73058        0.74059 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 36 
DG (298 K) = -12338.195680 Hartree 
O         -6.51445       -1.42829        0.28983 
C         -5.15375       -1.34030        0.26736 
C         -2.32880       -1.10211        0.10045 
C         -4.49970       -0.12882        0.51862 
C         -4.34227       -2.43632       -0.06394 
C         -2.95777       -2.32769       -0.15105 
C         -3.11881       -0.00165        0.44602 
Br        -5.56142        1.41048        0.95176 
Br        -5.17418       -4.11727       -0.40851 
C         -7.07165       -1.83034        1.55087 
C         -0.82949       -0.94568        0.00136 
C         -0.28853       -0.86974       -1.45053 
C          1.21248       -0.48447       -1.52720 
C         -0.90172        0.28780       -2.25008 
N         -0.07783        1.36613       -2.20490 
C          1.18471        1.08495       -1.49935 
O         -1.95816        0.18668       -2.86826 
C         -0.41573        2.60655       -2.91535 
C         -1.73743        3.25512       -2.45734 
C          2.40580        1.63773       -2.28834 
N          3.50437        1.81236       -1.50818 
O          2.36569        1.85367       -3.49381 
C          4.59071        2.68937       -1.91924 
O         -0.55176       -2.08094       -2.13136 
O          1.18541        1.56830       -0.17600 
C          2.18109       -1.22841       -0.63111 
C          3.98558       -2.77982        0.92774 
C          2.38904       -0.93723        0.72566 
C          2.87728       -2.30851       -1.19232 
C          3.75588       -3.06486       -0.42492 
C          3.27626       -1.70306        1.47594 
O          4.90052       -3.47729        1.65896 
C          4.37769       -4.62981        2.33735 
Br         3.54267       -1.27659        3.31829 
Br         4.68549       -4.52303       -1.22843 
C          4.23214        4.17611       -1.69586 
C          3.81572        4.51493       -0.29411 
C          4.51691        5.22624        0.63484 
N          3.69386        5.29770        1.75772 
C          2.53644        4.63385        1.46580 
N          2.57644        4.13284        0.23578 

N          1.51582        4.48285        2.37431 
C         -1.71289        3.73203       -1.03911 
C         -0.76360        4.37410       -0.29831 
N         -1.16205        4.51418        1.02703 
C         -2.36786        3.98105        1.08085 
N         -2.75554        3.49695       -0.13657 
N         -3.20329        3.95923        2.18680 
H          1.48313       -0.72898       -2.55948 
H         -2.36583       -3.19250       -0.42537 
H         -2.64979        0.95506        0.64238 
H         -6.82070       -1.10601        2.33385 
H         -6.71815       -2.82783        1.83124 
H         -8.15274       -1.85296        1.40780 
H         -0.51799       -0.04885        0.54275 
H         -0.33423       -1.80332        0.46758 
H         -0.47956        2.38242       -3.98446 
H          0.41419        3.30039       -2.78821 
H         -1.93710        4.08508       -3.14934 
H         -2.54551        2.53277       -2.60099 
H          3.35165        1.71862       -0.51345 
H          5.48256        2.41835       -1.34671 
H          4.78985        2.50889       -2.97769 
H         -1.34317       -1.90168       -2.67015 
H          1.45231        2.51891       -0.13976 
H          1.87876       -0.10555        1.18955 
H          2.73057       -2.56589       -2.23493 
H          3.97396       -5.35180        1.61978 
H          3.60625       -4.33772        3.05782 
H          5.22143       -5.07462        2.86666 
H          3.42378        4.43487       -2.38967 
H          5.09750        4.78905       -1.97225 
H          5.48820        5.69374        0.60693 
H          3.91165        5.75985        2.62616 
H          1.52896        5.15988        3.12563 
H          0.57443        4.40798        1.96621 
H          0.21255        4.71146       -0.61358 
H         -3.64646        3.06411       -0.33844 
H         -2.69792        4.14036        3.04368 
H         -3.79916        3.14156        2.25066 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 23 
DG (298 K) = -12338.195018 Hartree 
O         -5.17041       -2.67628       -0.13107 
C         -3.93565       -2.29457       -0.56448 
C         -1.31885       -1.47608       -1.31096 
C         -3.65415       -0.96424       -0.90243 
C         -2.87145       -3.20526       -0.63153 
C         -1.58559       -2.81389       -0.99022 
C         -2.37723       -0.56160       -1.28037 
Br        -5.04153        0.33572       -0.80338 
Br        -3.20636       -5.03638       -0.20917 
C         -6.07906       -3.07142       -1.16997 
C          0.07055       -1.01123       -1.69963 
C          1.14428       -1.07090       -0.59531 
C          0.95886       -0.23091        0.70370 
C          2.51618       -0.62372       -1.13531 
N          3.15395        0.11706       -0.19906 
C          2.41586        0.25583        1.06933 
O          2.97434       -0.97739       -2.22261 
C          4.59135        0.42641       -0.31999 
C          4.92064        1.42942       -1.44404 
C          3.13140       -0.56687        2.20563 
N          3.07763       -1.90066        2.13961 
O          3.72247        0.08414        3.07711 
C          3.89599       -2.76650        2.98366 
O          1.32503       -2.43517       -0.15943 
O          2.44477        1.57612        1.51711 
C         -0.03618        0.91459        0.63275 
C         -1.97835        2.98528        0.53606 
C         -1.16839        0.87633        1.45097 
C          0.12904        2.00792       -0.22826 
C         -0.82200        3.02096       -0.25738 
C         -2.12239        1.88931        1.39580 
O         -2.93990        3.94325        0.43396 
C         -2.77621        5.06076        1.32273 
Br        -3.67590        1.77317        2.48399 
Br        -0.55405        4.51817       -1.41171 
C          5.20806       -3.21246        2.29490 
C          4.97727       -3.92179        0.99530 
C          5.17173       -5.23453        0.66580 
N          4.72076       -5.35984       -0.65080 
C          4.27299       -4.12964       -1.03800 
N          4.42473       -3.23699       -0.08173 

N          3.60748       -3.88380       -2.23132 
C          4.69147        2.88226       -1.15749 
C          5.38501        3.99315       -1.55820 
N          4.73941        5.16129       -1.18398 
C          3.66740        4.75343       -0.54086 
N          3.56115        3.38774       -0.50728 
N          2.73801        5.56741        0.10771 
H          0.61011       -0.91546        1.47929 
H         -0.79230       -3.54911       -1.00418 
H         -2.20742        0.47901       -1.53041 
H         -6.26123       -2.24255       -1.86205 
H         -7.01011       -3.33886       -0.66847 
H         -5.69206       -3.94117       -1.71178 
H          0.46489       -1.62087       -2.52134 
H          0.01663        0.00954       -2.08675 
H          5.09973       -0.52315       -0.51488 
H          4.92487        0.80458        0.64903 
H          5.98363        1.30900       -1.68127 
H          4.37718        1.10575       -2.34010 
H          2.64633       -2.31387        1.31363 
H          4.12176       -2.21546        3.89858 
H          3.29809       -3.64529        3.24570 
H          1.77616       -2.92189       -0.87183 
H          3.01523        1.53968        2.32318 
H         -1.32683        0.04340        2.12664 
H          1.00324        2.09429       -0.86264 
H         -3.62082        5.72294        1.12894 
H         -1.84035        5.58751        1.10927 
H         -2.79962        4.73145        2.36658 
H          5.75218       -3.86445        2.98718 
H          5.82952       -2.32447        2.13000 
H          5.58679       -6.07027        1.20648 
H          4.67463       -6.21412       -1.18380 
H          3.91336       -4.43677       -3.02257 
H          3.58710       -2.88618       -2.44610 
H          6.30528        4.02240       -2.12685 
H          2.99783        2.86901        0.16154 
H          1.78118        5.36924       -0.17209 
H          2.96137        6.53906       -0.07514 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 

 
 
Conf. 11 
DG (298 K) = -12338.198431 Hartree 
O          4.39791       -2.39544       -1.03940 
C          3.35314       -1.66921       -1.53415 
C          1.17932       -0.06071       -2.39935 
C          2.03584       -2.14801       -1.50677 
C          3.54303       -0.37382       -2.02986 
C          2.49427        0.41891       -2.46996 
C          0.96392       -1.35759       -1.91923 
C          5.02840       -3.27357       -1.98900 
Br         5.31864        0.34816       -2.08122 
Br         1.71542       -3.91555       -0.88606 
C          0.03754        0.81390       -2.86583 
C         -0.48671        1.86278       -1.87281 
C         -1.11255        1.33619       -0.55708 
C         -1.09656        2.65434        0.29334 
C          0.59584        2.82489       -1.30626 
N          0.23887        3.15910       -0.01294 
O         -1.38684        2.66058       -2.64114 
C         -2.41687        0.57287       -0.56108 
C         -4.83553       -0.90228       -0.37229 
C         -2.53118       -0.51329        0.32000 
C         -3.52022        0.91114       -1.35619 
C         -4.69875        0.17742       -1.25633 
C         -3.72189       -1.22427        0.41566 
O         -5.97692       -1.64409       -0.32524 
C         -6.95349       -1.18893        0.62525 
Br        -3.84557       -2.67444        1.64725 
Br        -6.18348        0.65286       -2.35496 
C         -1.41430        2.41710        1.79176 
O         -2.07013        3.57479       -0.15897 

N         -0.53724        1.74794        2.55025 
O         -2.51215        2.81019        2.20093 
O          1.56244        3.26876       -1.90944 
C          0.77377        4.35350        0.65227 
C          2.31091        4.37482        0.79043 
C          2.92576        3.19841        1.48763 
C          2.98533        2.81648        2.80192 
N          3.73014        1.65703        2.96241 
C          4.13982        1.34695        1.74702 
N          3.68029        2.23039        0.81477 
N          4.88071        0.21028        1.43954 
C         -0.90597        1.30294        3.89748 
C          0.21926        0.48443        4.54003 
C          0.65557       -0.69130        3.71626 
C          0.00579       -1.77697        3.18161 
N          0.87494       -2.58167        2.46638 
C          2.05319       -1.99385        2.57758 
N          1.98510       -0.85034        3.32432 
N          3.25230       -2.47266        2.07178 
H         -0.35958        0.68120       -0.10544 
H          2.68166        1.41857       -2.84121 
H         -0.04050       -1.76331       -1.86556 
H          5.82486       -3.78179       -1.44416 
H          5.45693       -2.69912       -2.81703 
H          4.31204       -4.01041       -2.36438 
H          0.34570        1.37842       -3.75061 
H         -0.81900        0.20004       -3.15993 
H         -1.82911        3.27427       -2.02671 
H         -1.69182       -0.80572        0.94295 
H         -3.45702        1.72129       -2.06753 
H         -7.28743       -0.17507        0.38100 
H         -7.79367       -1.87976        0.54495 
H         -6.54773       -1.22122        1.64180 
H         -2.73943        3.59123        0.56239 
H          0.34345        1.43980        2.15876 
H          0.31787        4.39447        1.64459 
H          0.45646        5.25092        0.10746 
H          2.74680        4.48027       -0.20434 
H          2.55522        5.28989        1.34322 
H          2.55053        3.32017        3.65433 
H          3.85753        2.19649       -0.17997 
H          5.54414       -0.01476        2.17128 
H          5.30580        0.20438        0.51900 
H         -1.14610        2.17880        4.50960 

Br Br
OMe

N

O

N

NH
NH2

Br
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 11 
DG (298 K) = -12338.198431 Hartree 
H         -1.82162        0.70616        3.82439 
H         -0.13533        0.16983        5.52982 
H          1.08247        1.13514        4.72131 
H         -1.04468       -2.02901        3.25399 
H          2.72935       -0.17316        3.48286 
H          3.08270       -3.18435        1.37127 
H          3.85381       -1.73788        1.70475 
 

 
 
Conf. 26 
DG (298 K) = -12338.200246 Hartree 
O          4.27717       -4.23832       -0.24164 
C          3.32538       -3.37209       -0.68487 
C          1.37300       -1.59037       -1.71656 
C          1.98676       -3.76062       -0.82849 
C          3.65084       -2.06507       -1.07237 
C          2.70852       -1.18345       -1.59060 
C          1.02431       -2.88839       -1.32807 
C          4.47437       -4.23966        1.18380 
Br         1.48021       -5.52388       -0.31873 
Br         5.45883       -1.48665       -0.86335 
C          0.30363       -0.65547       -2.24677 
C         -0.03292        0.55533       -1.33041 
C          0.70989        1.85523       -1.73800 
N         -0.13063        2.90895       -1.60030 
C         -1.50381        2.53981       -1.16860 
C         -1.50629        1.00561       -1.46162 
O          0.24314        0.29503        0.04294 
C         -2.63584        0.21347       -0.82211 
C         -4.86727       -1.19069        0.23776 

C         -3.93302        0.45343       -1.30322 
C         -2.46449       -0.73429        0.19446 
C         -3.56653       -1.41673        0.70417 
C         -5.01976       -0.23184       -0.77447 
O         -5.92601       -1.91274        0.69887 
C         -6.60787       -1.33636        1.82435 
Br        -6.76755        0.12265       -1.44817 
Br        -3.29772       -2.70220        2.08740 
C         -1.75976        3.02794        0.30850 
O         -2.45882        3.17865       -1.94837 
O          1.88979        1.92058       -2.10187 
C          0.18175        4.25354       -2.08181 
C          0.54813        5.29578       -1.01306 
C          1.81759        5.04382       -0.25467 
C          2.28884        5.55852        0.92355 
N          3.58871        5.13523        1.17522 
C          3.88963        4.37436        0.14375 
N          2.87556        4.28550       -0.76365 
N          5.07911        3.64599        0.01413 
N         -1.05669        2.44789        1.28101 
O         -2.56910        3.95578        0.44921 
C         -1.12106        2.81224        2.69205 
C          0.28371        3.09506        3.26715 
C          1.27664        2.01699        2.93428 
C          1.18926        0.65219        2.85685 
N          2.32972        0.09830        2.28978 
C          3.13066        1.13078        2.06540 
N          2.54658        2.31160        2.42996 
N          4.42526        1.05839        1.59413 
H         -1.69663        0.99850       -2.54252 
H          2.99765       -0.17949       -1.88109 
H         -0.00248       -3.22702       -1.41123 
H          5.25980       -4.97191        1.37450 
H          3.55722       -4.53932        1.70034 
H          4.79768       -3.25296        1.52940 
H          0.59286       -0.27078       -3.23071 
H         -0.61524       -1.23219       -2.38683 
H          1.16918        0.04090        0.21338 
H         -4.09255        1.18625       -2.08481 
H         -1.48103       -0.94151        0.59015 
H         -5.93261       -1.24915        2.68198 
H         -7.41893       -2.02406        2.06685 
H         -7.02290       -0.35668        1.56538 
H         -2.89398        3.80036       -1.31689 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 26 
DG (298 K) = -12338.200246 Hartree 
H         -0.70080        4.60056       -2.62400 
H          0.99410        4.14365       -2.80551 
H          0.61994        6.25433       -1.54774 
H         -0.28202        5.40851       -0.30845 
H          1.78557        6.23909        1.59658 
H          2.76543        3.54097       -1.45552 
H          5.43792        3.62222       -0.93469 
H          5.77909        4.02513        0.64377 
H         -0.43530        1.67630        1.03264 
H         -1.76573        3.68802        2.78573 
H         -1.59220        1.99130        3.24654 
H          0.18163        3.24492        4.35054 
H          0.64713        4.04126        2.85168 
H          0.35413        0.02439        3.13779 
H          2.95696        3.23567        2.34010 
H          4.70629        1.82813        0.98678 
H          4.62929        0.15794        1.17856 
 
Conf. 23 
DG (298 K) = -12338.198555 Hartree 
O          4.41179        2.01801       -1.35002 
C          3.23983        1.45080       -1.74230 
C          0.80065        0.31899       -2.65760 
C          2.04186        2.18291       -1.73957 
C          3.17664        0.13393       -2.21989 
C          1.98747       -0.42010       -2.68442 
C          0.84498        1.63923       -2.19503 
C          4.76348        1.82395        0.03435 
Br         2.05029        3.95092       -1.03434 
Br         4.74262       -0.94945       -2.16622 
C         -0.51542       -0.34426       -3.00367 
C         -1.31957       -0.78182       -1.76028 
C         -2.61496       -1.52911       -2.13292 
N         -2.83225       -2.52095       -1.23596 
C         -1.76286       -2.66628       -0.21973 
C         -0.61523       -1.79985       -0.83760 
O         -1.74403        0.36782       -1.00480 
C          0.48411       -1.36776        0.11678 
C          2.66222       -0.64570        1.78903 
C          1.56184       -2.24198        0.31103 
C          0.49520       -0.13614        0.78231 

C          1.56382        0.20211        1.60237 
C          2.63236       -1.87704        1.12056 
O          3.74780       -0.25405        2.51542 
C          3.68703       -0.58298        3.91276 
Br         4.12775       -3.04246        1.27786 
Br         1.55224        1.90922        2.45554 
C         -2.27915       -2.25189        1.20454 
O         -1.35561       -3.98875       -0.11202 
O         -3.36436       -1.18617       -3.05170 
C         -3.94697       -3.46231       -1.35292 
C         -5.12237       -3.25593       -0.36812 
C         -5.61456       -1.84708       -0.26671 
C         -6.02523       -1.09147        0.79478 
N         -6.28611        0.22152        0.41666 
C         -6.04561        0.24814       -0.88750 
N         -5.67687       -0.97918       -1.36076 
N         -6.18242        1.34343       -1.71402 
N         -2.57994       -0.96836        1.42279 
O         -2.38024       -3.15584        2.04432 
C         -3.10002       -0.48851        2.69804 
C         -2.66380        0.95524        2.99233 
C         -3.02651        1.97690        1.95658 
C         -2.25731        2.94894        1.36687 
N         -3.01816        3.77755        0.55927 
C         -4.23679        3.29635        0.66080 
N         -4.32566        2.21743        1.49290 
N         -5.35395        3.77333       -0.04927 
H         -0.15853       -2.51534       -1.53024 
H          1.98803       -1.44614       -3.03599 
H         -0.05602        2.23844       -2.14723 
H          5.64563        2.44290        0.20276 
H          5.00455        0.77554        0.22957 
H          3.95463        2.14752        0.69470 
H         -1.16051        0.32128       -3.58868 
H         -0.34079       -1.22571       -3.62974 
H         -2.34637        0.89047       -1.55531 
H          1.58204       -3.20211       -0.19134 
H         -0.29944        0.57837        0.63670 
H          2.83163       -0.08989        4.38635 
H          4.61330       -0.20858        4.35027 
H          3.62750       -1.66751        4.05134 
H         -1.62599       -4.24486        0.80019 
H         -3.53730       -4.46737       -1.22323 
H         -4.29856       -3.37484       -2.38422 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 23 
DG (298 K) = -12338.198555 Hartree 
H         -5.91393       -3.94484       -0.69872 
H         -4.82738       -3.58524        0.63280 
H         -6.15863       -1.41459        1.81798 
H         -5.21466       -1.13773       -2.25228 
H         -5.66151        1.28253       -2.57910 
H         -6.03901        2.23440       -1.23305 
H         -2.50001       -0.30756        0.65224 
H         -4.19419       -0.55792        2.69134 
H         -2.73910       -1.16223        3.47822 
H         -1.57646        0.99596        3.12018 
H         -3.10248        1.22521        3.96349 
H         -1.19574        3.10674        1.50108 
H         -5.11196        1.55814        1.45578 
H         -6.15255        3.94738        0.55515 
H         -5.09359        4.63433       -0.52050 
 
Conf. 21 
DG (298 K) = -12338.198266 Hartree 
O          4.37136        1.87816       -0.85392 
C          3.24178        1.40198       -1.45265 
C          0.83930        0.34432       -2.52184 
C          2.06581        2.16357       -1.49878 
C          3.18625        0.10374       -1.97539 
C          2.01335       -0.41638       -2.51343 
C          0.88393        1.65308       -2.02627 
C          5.27915        2.55681       -1.73633 
Br         2.08124        3.91053       -0.74732 
Br         4.73502       -1.00047       -1.86269 
C         -0.47283       -0.28827       -2.93565 
C         -1.32996       -0.74376       -1.73374 
C         -2.63701       -1.43295       -2.17239 
N         -2.91693       -2.44373       -1.31612 
C         -1.88470       -2.65986       -0.27222 
C         -0.68975       -1.81703       -0.82697 
O         -1.74142        0.39495       -0.95475 
C          0.40407       -1.45598        0.16287 
C          2.60208       -0.84421        1.86022 
C          0.46577       -0.23326        0.84047 
C          1.43549       -2.38255        0.36446 
C          2.51410       -2.07129        1.18536 
C          1.54558        0.05580        1.66585 

O          3.64861       -0.56663        2.68265 
C          4.72295        0.16859        2.06150 
Br         1.59115        1.76285        2.51770 
Br         3.94460       -3.31575        1.35333 
C         -2.43191       -2.27458        1.14842 
O         -1.52905       -3.99923       -0.19771 
O         -3.34370       -1.03225       -3.10219 
C         -4.06027       -3.33957       -1.49605 
C         -5.25627       -3.12108       -0.53896 
C         -5.69771       -1.69834       -0.40388 
C         -6.10793       -0.96182        0.67106 
N         -6.30851        0.37171        0.32996 
C         -6.03141        0.43102       -0.96562 
N         -5.69705       -0.79385       -1.46981 
N         -6.10323        1.55750       -1.75849 
N         -2.67537       -0.98694        1.40802 
O         -2.61020       -3.20451        1.94576 
C         -3.21531       -0.53074        2.68370 
C         -2.73589        0.88568        3.03642 
C         -3.03164        1.95276        2.02538 
C         -2.21155        2.91561        1.49211 
N         -2.91805        3.79661        0.68995 
C         -4.15495        3.35544        0.73860 
N         -4.30650        2.25379        1.53058 
N         -5.23301        3.89515        0.01215 
H         -0.24261       -2.52631       -1.53265 
H          2.01158       -1.43411       -2.88773 
H         -0.00864        2.26610       -2.00520 
H          6.11948        2.87410       -1.11757 
H          4.79988        3.43507       -2.18128 
H          5.63536        1.87851       -2.51883 
H         -1.08460        0.40444       -3.52470 
H         -0.28834       -1.15534       -3.57863 
H         -2.33291        0.93846       -1.49692 
H         -0.29652        0.51655        0.69876 
H          1.41440       -3.34066       -0.14200 
H          5.05669       -0.32946        1.14694 
H          5.53050        0.18683        2.79451 
H          4.40567        1.18779        1.82482 
H         -1.84276       -4.27658        0.69435 
H         -3.69019       -4.36221       -1.38647 
H         -4.37734       -3.20766       -2.53382 
H         -6.06293       -3.76776       -0.91514 
H         -5.00307       -3.49373        0.45810 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 21 
DG (298 K) = -12338.198266 Hartree 
H         -6.28019       -1.31208        1.67937 
H         -5.21756       -0.94172       -2.35388 
H         -5.56079        1.50390       -2.61074 
H         -5.93761        2.42549       -1.24353 
H         -2.53513       -0.30183        0.66808 
H         -4.31069       -0.56074        2.64474 
H         -2.90049       -1.24100        3.45140 
H         -1.65185        0.88028        3.19411 
H         -3.19068        1.14123        4.00392 
H         -1.14991        3.03043        1.66408 
H         -5.11476        1.62593        1.45026 
H         -6.04298        4.07685        0.59902 
H         -4.92863        4.76254       -0.41930 
 
Conf. 7 
DG (298 K) = -12338.197991 Hartree 
O          2.07653        4.55916       -0.08531 
C          1.44704        3.61605       -0.83610 
C          0.09807        1.58860       -2.28958 
C          2.11499        2.46633       -1.28450 
C          0.10466        3.75196       -1.21001 
C         -0.56032        2.76898       -1.93192 
C          1.46075        1.46794       -1.99972 
C          1.92625        4.33970        1.33538 
Br         3.95634        2.25000       -0.84413 
Br        -0.85916        5.30383       -0.65547 
C         -0.70698        0.44139       -2.85657 
C         -1.23753       -0.53223       -1.76264 
C         -2.60971       -1.12786       -2.14616 
N         -2.70277       -2.38109       -1.64098 
C         -1.44141       -2.90662       -1.07749 
C         -0.40641       -1.81212       -1.52577 
O         -1.46451        0.11292       -0.51213 
C          0.88825       -1.78696       -0.72921 
C          3.36446       -1.89164        0.65989 
C          1.17954       -0.85732        0.27970 
C          1.83859       -2.77539       -1.02491 
C          3.04797       -2.82183       -0.33950 
C          2.39941       -0.91627        0.94633 
O          4.53243       -1.95389        1.35705 
C          5.62507       -1.23535        0.75919 

Br         2.77835        0.37458        2.29934 
Br         4.31613       -4.17890       -0.77089 
C         -1.53078       -3.18899        0.47008 
O         -1.12189       -4.12839       -1.66174 
O         -3.51129       -0.50620       -2.71778 
C         -3.88107       -3.21787       -1.84760 
C         -4.82650       -3.34916       -0.63571 
C         -5.24926       -2.06078        0.00229 
C         -5.54672       -1.75405        1.30147 
N         -5.88916       -0.41410        1.43857 
C         -5.80476        0.07304        0.21650 
N         -5.44941       -0.86876       -0.70178 
N         -5.95598        1.43136       -0.09531 
N         -1.72915       -2.16361        1.30751 
O         -1.39438       -4.36822        0.82162 
C         -1.53090       -2.30799        2.75329 
C         -2.30639       -1.25332        3.57425 
C         -2.10930        0.13672        3.05266 
C         -1.06108        1.02171        3.07412 
N         -1.26896        2.07006        2.19070 
C         -2.43639        1.81355        1.63811 
N         -3.00222        0.67167        2.12275 
N         -2.94598        2.45524        0.50458 
H         -0.14961       -2.16491       -2.53071 
H         -1.60857        2.90321       -2.17297 
H          2.00806        0.57823       -2.28766 
H          2.46422        5.15543        1.81975 
H          2.36142        3.37735        1.62154 
H          0.86941        4.35760        1.61787 
H         -1.58447        0.83529       -3.37981 
H         -0.12581       -0.12904       -3.58816 
H         -2.00604        0.92738       -0.59230 
H          0.47545       -0.07774        0.53212 
H          1.63076       -3.51647       -1.78800 
H          5.95568       -1.73479       -0.15761 
H          6.43022       -1.24634        1.49489 
H          5.33694       -0.20257        0.53961 
H         -1.12494       -4.75742       -0.90180 
H         -3.52950       -4.20950       -2.14307 
H         -4.41406       -2.78449       -2.69825 
H         -5.69872       -3.91749       -0.99058 
H         -4.35573       -3.96784        0.13494 
H         -5.54403       -2.41872        2.15406 
H         -5.06391       -0.67779       -1.62946 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 7 
DG (298 K) = -12338.197991 Hartree 
H         -6.30420        1.59374       -1.03402 
H         -6.56790        1.87049        0.58495 
H         -1.75030       -1.22386        0.91303 
H         -1.83133       -3.32026        3.03200 
H         -0.45936       -2.21013        2.97028 
H         -1.96292       -1.33156        4.61125 
H         -3.37411       -1.49855        3.57465 
H         -0.14092        0.94631        3.63664 
H         -3.94601        0.33071        1.94726 
H         -3.95968        2.41930        0.40292 
H         -2.56495        3.39125        0.40606 
 
Conf. 2 
DG (298 K) = -12338.197785 Hartree 
O          4.70436        2.59368       -0.71016 
C          3.45358        2.24757       -1.11816 
C          0.82943        1.59226       -1.98107 
C          3.23337        1.39068       -2.20511 
C          2.31809        2.79106       -0.49598 
C          1.02938        2.48835       -0.92293 
C          1.94896        1.06005       -2.62836 
C          5.32879        1.66268        0.19550 
Br         4.73258        0.66361       -3.13175 
Br         2.55670        3.95998        0.98592 
C         -0.56220        1.17380       -2.40240 
C         -1.28202        0.22033       -1.42465 
C         -2.65801       -0.19601       -1.99984 
N         -2.90071       -1.49197       -1.69322 
C         -1.80022       -2.15319       -0.94803 
C         -0.61548       -1.15795       -1.18857 
O         -1.50744        0.84686       -0.15994 
C          0.56923       -1.34003       -0.25015 
C          2.86950       -1.79703        1.35522 
C          0.91450       -0.44951        0.77258 
C          1.36908       -2.47691       -0.44391 
C          2.48626       -2.69977        0.35338 
C          2.05089       -0.67688        1.54141 
O          4.02246       -1.96365        2.06304 
C          3.87434       -2.67899        3.29970 
Br         2.52815        0.60855        2.86735 
Br         3.54778       -4.25698        0.06627 

C         -2.24334       -2.43119        0.53757 
O         -1.50318       -3.39394       -1.49561 
O         -3.41859        0.56636       -2.60414 
C         -4.03074       -2.24804       -2.23026 
C         -5.21674       -2.48293       -1.27905 
C         -5.96150       -1.25846       -0.83368 
C         -6.82833       -1.05023        0.20626 
N         -7.37630        0.22658        0.15826 
C         -6.83825        0.77195       -0.91279 
N         -5.98992       -0.07000       -1.56766 
N         -7.02479        2.10453       -1.30710 
N         -2.44589       -1.37403        1.32563 
O         -2.41621       -3.61642        0.85250 
C         -2.89386       -1.43823        2.71240 
C         -4.09962       -0.50664        2.95834 
C         -3.87813        0.88165        2.42685 
C         -2.78372        1.70499        2.38573 
N         -3.01486        2.81823        1.58810 
C         -4.27250        2.69286        1.18951 
N         -4.84021        1.54247        1.65893 
N         -4.97763        3.62886        0.45757 
H         -0.27221       -1.47004       -2.18199 
H          0.18599        2.92753       -0.40371 
H          1.82844        0.38165       -3.46602 
H          6.22834        2.16091        0.55907 
H          5.60333        0.74242       -0.32963 
H          4.66932        1.42834        1.03602 
H         -1.21597        2.04541       -2.52331 
H         -0.52160        0.69062       -3.38436 
H         -2.06462        1.64455       -0.21296 
H          0.32413        0.43482        0.95356 
H          1.11654       -3.19148       -1.21803 
H          3.20310       -2.14252        3.97848 
H          4.87190       -2.73008        3.73791 
H          3.50184       -3.69248        3.11741 
H         -1.77663       -4.03006       -0.79302 
H         -3.63373       -3.21622       -2.54411 
H         -4.36014       -1.71799       -3.12842 
H         -5.89858       -3.15573       -1.81963 
H         -4.87921       -3.04305       -0.40119 
H         -7.12168       -1.75252        0.97449 
H         -5.24900        0.22264       -2.21061 
H         -7.10545        2.21680       -2.31261 
H         -7.85031        2.47804       -0.84915 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 2 
DG (298 K) = -12338.197785 Hartree 
H         -2.23688       -0.44723        0.95248 
H         -3.14865       -2.47557        2.93674 
H         -2.06118       -1.15176        3.36672 
H         -4.31487       -0.50692        4.03531 
H         -4.97779       -0.93213        2.46095 
H         -1.81815        1.55049        2.84830 
H         -5.78385        1.21886        1.46805 
H         -5.58224        3.24638       -0.26990 
H         -4.36602        4.36216        0.12414 
 
Conf. 1 
DG (298 K) = -12338.197766 Hartree 
O          4.55994        2.44959       -0.68226 
C          3.33738        2.10738       -1.17298 
C          0.77634        1.44554       -2.20436 
C          3.18821        1.21960       -2.24664 
C          2.16565        2.67906       -0.65208 
C          0.90832        2.37060       -1.16008 
C          1.93479        0.88674       -2.75346 
C          5.08206        1.55063        0.31518 
Br         4.74479        0.44711       -3.03261 
Br         2.30557        3.89097        0.80708 
C         -0.58617        1.02041       -2.70938 
C         -1.39327        0.14195       -1.73112 
C         -2.75080       -0.26818       -2.33714 
N         -3.07501       -1.50997       -1.90268 
C         -2.00539       -2.18484       -1.13740 
C         -0.78010       -1.23244       -1.37780 
O         -1.70885        0.85173       -0.53490 
C          0.34033       -1.37607       -0.35791 
C          2.50113       -1.78255        1.44122 
C          1.14653       -2.52059       -0.44812 
C          0.60724       -0.44853        0.65711 
C          1.67500       -0.65478        1.52407 
C          2.19676       -2.71745        0.44219 
O          3.59191       -1.92991        2.24613 
C          3.33625       -2.59401        3.49320 
Br         3.27070       -4.28583        0.29473 
Br         2.04545        0.66924        2.84703 
C         -2.40340       -2.43226        0.36663 
O         -1.74655       -3.44404       -1.66919 

O         -3.46360        0.47067       -3.02421 
C         -4.28092       -2.20467       -2.34488 
C         -5.43670       -2.25193       -1.32578 
C         -5.85272       -0.92942       -0.75707 
C         -6.37651       -0.59331        0.46124 
N         -6.61581        0.77339        0.54775 
C         -6.24185        1.24596       -0.62435 
N         -5.79491        0.27371       -1.46714 
N         -6.19343        2.61217       -0.94037 
N         -2.59859       -1.37399        1.16319 
O         -2.50327       -3.61337        0.72383 
C         -2.68972       -1.50990        2.61937 
C         -3.50032       -0.36981        3.27764 
C         -3.09020        0.98127        2.77779 
C         -1.98102        1.76944        2.95939 
N         -1.93850        2.79847        2.03246 
C         -3.01516        2.62898        1.29725 
N         -3.76047        1.56104        1.69912 
N         -3.24699        3.26407        0.06806 
H         -0.38948       -1.61531       -2.32753 
H          0.03533        2.82068       -0.70415 
H          1.86875        0.18298       -3.57615 
H          5.96725        2.04067        0.72271 
H          5.36555        0.59628       -0.14013 
H          4.35335        1.37973        1.11306 
H         -1.21272        1.89181       -2.93301 
H         -0.47788        0.47626       -3.65370 
H         -2.21216        1.67474       -0.72471 
H          0.95177       -3.26227       -1.21385 
H          0.00859        0.44355        0.76277 
H          2.61932       -2.02464        4.09405 
H          4.29450       -2.63667        4.01265 
H          2.96736       -3.61071        3.32109 
H         -1.97615       -4.05974       -0.93390 
H         -3.98956       -3.22405       -2.60956 
H         -4.60265       -1.70043       -3.26025 
H         -6.27748       -2.73825       -1.84174 
H         -5.16971       -2.91170       -0.49408 
H         -6.60888       -1.25294        1.28564 
H         -5.20345        0.42883       -2.28792 
H         -6.37198        2.80409       -1.92063 
H         -6.85719        3.11640       -0.36098 
H         -2.40769       -0.44803        0.78055 
H         -3.13283       -2.48402        2.83629 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 1 
DG (298 K) = -12338.197766 Hartree 
H         -1.67320       -1.50790        3.03385 
H         -3.35462       -0.44667        4.36041 
H         -4.56871       -0.52230        3.08948 
H         -1.17808        1.63444        3.67124 
H         -4.69101        1.30315        1.37644 
H         -4.22507        3.28589       -0.22687 
H         -2.82021        4.18369        0.05235 
 
Conf. 4 
DG (298 K) = -12338.197523 Hartree 
O          4.55274        1.98049       -0.70579 
C          3.34490        1.64476       -1.24455 
C          0.79912        0.85230       -2.20481 
C          2.20292        2.42577       -1.01734 
C          3.17924        0.46608       -1.98237 
C          1.93438        0.07840       -2.46710 
C          0.94951        2.04568       -1.48728 
C          5.38430        2.78963       -1.55208 
Br         2.37684        4.01135        0.01893 
Br         4.68507       -0.66915       -2.25845 
C         -0.57152        0.34076       -2.59404 
C         -1.34033       -0.30410       -1.42011 
C         -2.70144       -0.87914       -1.87779 
N         -2.96028       -2.01377       -1.18396 
C         -1.87126       -2.42519       -0.25944 
C         -0.68312       -1.55309       -0.78203 
O         -1.59759        0.65450       -0.39387 
C          0.52318       -1.42413        0.13163 
C          2.93533       -1.21152        1.62457 
C          0.72168       -0.36377        1.02341 
C          1.52582       -2.39753        0.02220 
C          2.70629       -2.28234        0.74745 
C          1.90982       -0.26303        1.73891 
O          4.08478       -1.12791        2.34615 
C          5.11536       -0.31252        1.75202 
Br         2.16030        1.25957        2.85878 
Br         4.08213       -3.57429        0.49612 
C         -2.32439       -2.24777        1.23904 
O         -1.57147       -3.77107       -0.41100 
O         -3.44440       -0.34335       -2.70646 
C         -4.09262       -2.89079       -1.47345 

C         -5.28536       -2.81017       -0.50501 
C         -6.00378       -1.49403       -0.44960 
C         -6.85348       -0.96082        0.48278 
N         -7.37359        0.25532        0.05445 
C         -6.83591        0.43928       -1.13346 
N         -6.01447       -0.58157       -1.50774 
N         -6.99747        1.59598       -1.90979 
N         -2.58445       -1.00789        1.65895 
O         -2.44894       -3.28136        1.90843 
C         -2.99202       -0.65080        3.01332 
C         -4.15135        0.36799        2.99612 
C         -3.89847        1.52425        2.06888 
C         -2.78987        2.28100        1.79129 
N         -2.99887        3.10197        0.69025 
C         -4.25549        2.87723        0.33438 
N         -4.84446        1.93243        1.12512 
N         -4.94125        3.55517       -0.65621 
H         -0.35258       -2.15072       -1.63923 
H          1.84984       -0.85183       -3.01787 
H          0.09060        2.66354       -1.25324 
H          6.30002        2.97239       -0.98829 
H          4.89510        3.74360       -1.77491 
H          5.62436        2.25785       -2.47890 
H         -1.20329        1.14707       -2.98373 
H         -0.48401       -0.39524       -3.40016 
H         -2.10995        1.42605       -0.69488 
H         -0.01552        0.41730        1.12202 
H          1.40025       -3.23528       -0.65399 
H          5.31895       -0.62953        0.72555 
H          6.00095       -0.45933        2.37177 
H          4.82349        0.74103        1.75617 
H         -1.81854       -4.16542        0.45841 
H         -3.70331       -3.91162       -1.46988 
H         -4.41208       -2.66049       -2.49379 
H         -5.97980       -3.60103       -0.82451 
H         -4.96080       -3.08757        0.50300 
H         -7.15200       -1.39092        1.42897 
H         -5.27807       -0.51694       -2.21595 
H         -7.08119        1.40273       -2.90265 
H         -7.81344        2.10611       -1.58618 
H         -2.39675       -0.23595        1.01884 
H         -3.28123       -1.56612        3.53311 
H         -2.13048       -0.22754        3.54517 
H         -4.32612        0.70008        4.02789 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 4 
DG (298 K) = -12338.197523 Hartree 
H         -5.06313       -0.14368        2.67036 
H         -1.83028        2.26348        2.29080 
H         -5.79046        1.57508        1.02771 
H         -5.54187        2.97588       -1.24338 
H         -4.31610        4.14704       -1.18709 
 
Conf. 17 
DG (298 K) = -12338.197480 Hartree 
O          4.45460        1.91534       -0.74060 
C          3.27468        1.53036       -1.30788 
C          0.78212        0.64417       -2.32448 
C          2.11305        2.30296       -1.16983 
C          3.15650        0.31004       -1.98427 
C          1.93789       -0.12494       -2.49513 
C          0.88577        1.87895       -1.67031 
C          5.30563        2.69485       -1.59515 
Br         2.21870        3.94058       -0.20824 
Br         4.68870       -0.81324       -2.13378 
C         -0.56398        0.08597       -2.73823 
C         -1.37837       -0.48423       -1.55802 
C         -2.73485       -1.07057       -2.01255 
N         -3.01552       -2.16158       -1.25969 
C         -1.96396       -2.51030       -0.26875 
C         -0.75172       -1.68664       -0.80888 
O         -1.67447        0.53790       -0.60748 
C          0.41810       -1.48608        0.13863 
C          2.76189       -1.13251        1.71221 
C          0.55604       -0.37562        0.97896 
C          1.44595       -2.43843        0.12187 
C          2.59269       -2.25486        0.88700 
C          1.71099       -0.20560        1.73262 
O          3.87796       -0.98051        2.47413 
C          4.91638       -0.18036        1.87291 
Br         1.87541        1.38585        2.77337 
Br         4.00529       -3.52594        0.76494 
C         -2.50523       -2.22327        1.18292 
O         -1.66899       -3.86484       -0.30823 
O         -3.46733       -0.56576       -2.86898 
C         -4.17896       -3.01182       -1.49374 
C         -5.34217       -2.85984       -0.49474 
C         -5.90349       -1.47809       -0.34814 

C         -6.55240       -0.86722        0.69186 
N         -6.98671        0.40523        0.34080 
C         -6.60157        0.54646       -0.90899 
N         -5.95600       -0.55284       -1.39485 
N         -6.76301        1.71884       -1.66207 
N         -2.74116       -0.95625        1.53140 
O         -2.74283       -3.21260        1.88906 
C         -3.45195       -0.57479        2.74753 
C         -3.09187        0.86286        3.18072 
C         -3.08868        1.86475        2.06798 
C         -2.05378        2.57574        1.52223 
N         -2.45554        3.28182        0.39948 
C         -3.75071        3.02993        0.28624 
N         -4.19221        2.17303        1.25956 
N         -4.59512        3.61999       -0.63527 
H         -0.39180       -2.34673       -1.60625 
H          1.88897       -1.08657       -2.99384 
H          0.01258        2.49920       -1.50299 
H          6.19512        2.92355       -1.00664 
H          4.81004        3.62676       -1.88666 
H          5.59107        2.12020       -2.48270 
H         -1.18682        0.85355       -3.21263 
H         -0.43173       -0.70343       -3.48549 
H         -2.06288        1.33274       -1.00782 
H         -0.20558        0.38618        1.01154 
H          1.36792       -3.31457       -0.51164 
H          5.17101       -0.55614        0.87814 
H          5.77717       -0.26706        2.53735 
H          4.60292        0.86425        1.79735 
H         -1.99611       -4.20245        0.55784 
H         -3.82797       -4.04682       -1.47519 
H         -4.51665       -2.79110       -2.51004 
H         -6.12297       -3.55479       -0.83759 
H         -5.03071       -3.21696        0.49132 
H         -6.76958       -1.28031        1.66720 
H         -5.32568       -0.56189       -2.19905 
H         -6.96663        1.54064       -2.64020 
H         -7.50260        2.28087       -1.25188 
H         -2.52850       -0.22149        0.85685 
H         -4.53127       -0.65198        2.56416 
H         -3.20337       -1.28938        3.53559 
H         -2.08676        0.87008        3.61482 
H         -3.78476        1.14551        3.98482 
H         -1.02532        2.58865        1.85863 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 17 
DG (298 K) = -12338.197480 Hartree 
H         -5.13997        1.82277        1.34624 
H         -5.25615        2.99523       -1.09962 
H         -4.06491        4.18251       -1.28818 
 
Conf. 3 
DG (298 K) = -12338.197388 Hartree 
O          4.40388        1.87472       -0.74179 
C          3.22574        1.50618       -1.32428 
C          0.73439        0.65314       -2.37234 
C          2.07367        2.29587       -1.20292 
C          3.09881        0.28651       -2.00035 
C          1.88185       -0.13145       -2.52922 
C          0.84684        1.88442       -1.71430 
C          5.27690        2.64046       -1.58576 
Br         2.19011        3.93811       -0.25147 
Br         4.61688       -0.86009       -2.12553 
C         -0.61513        0.11691       -2.80155 
C         -1.44939       -0.44175       -1.62776 
C         -2.79351       -1.03215       -2.09642 
N         -3.11559       -2.08248       -1.30182 
C         -2.04783       -2.48278       -0.35616 
C         -0.83093       -1.64452       -0.87846 
O         -1.78166        0.59098       -0.70311 
C          0.32542       -1.45120        0.08776 
C          2.64514       -1.14731        1.70441 
C          0.48478       -0.32420        0.90416 
C          1.31954       -2.43877        0.11265 
C          2.45704       -2.27779        0.89558 
C          1.62613       -0.18474        1.68690 
O          3.75176       -1.01934        2.48471 
C          4.82044       -0.25199        1.89397 
Br         1.82380        1.40614        2.72039 
Br         3.83143       -3.59395        0.82185 
C         -2.45825       -2.26208        1.14825 
O         -1.77630       -3.84059       -0.47744 
O         -3.50008       -0.55104       -2.98879 
C         -4.30376       -2.90051       -1.52868 
C         -5.47827       -2.65555       -0.56134 
C         -5.93099       -1.23203       -0.44134 
C         -6.50133       -0.54772        0.59729 
N         -6.76119        0.77279        0.24882 

C         -6.35211        0.86810       -1.00022 
N         -5.86293       -0.30634       -1.48664 
N         -6.30792        2.07041       -1.72305 
N         -2.69614       -1.01503        1.57466 
O         -2.53031       -3.27575        1.85435 
C         -2.80455       -0.69245        3.00039 
C         -3.66165        0.56687        3.26386 
C         -3.27467        1.71283        2.38036 
C         -2.20160        2.56805        2.34293 
N         -2.15286        3.26178        1.14400 
C         -3.18963        2.82512        0.46471 
N         -3.91551        1.89942        1.15398 
N         -3.39021        3.03955       -0.90778 
H         -0.45746       -2.29663       -1.67600 
H          1.82649       -1.09212       -3.02920 
H         -0.02520        2.50519       -1.54974 
H          6.16196        2.85732       -0.98608 
H          4.79874        3.57911       -1.88481 
H          5.56587        2.06077       -2.46900 
H         -1.22014        0.89529       -3.27986 
H         -0.48565       -0.67402       -3.54797 
H         -2.28955        1.31236       -1.13691 
H         -0.24211        0.47403        0.89555 
H          1.22298       -3.32440       -0.50488 
H          5.07639       -0.63937        0.90384 
H          5.67003       -0.36088        2.56953 
H          4.53825        0.80091        1.81046 
H         -1.98884       -4.20259        0.41467 
H         -3.99348       -3.94619       -1.46324 
H         -4.61427       -2.70709       -2.55920 
H         -6.29931       -3.29878       -0.91031 
H         -5.21554       -3.01627        0.43831 
H         -6.75378       -0.92500        1.57845 
H         -5.24820       -0.39988       -2.29994 
H         -6.47160        1.94675       -2.71691 
H         -6.98697        2.71928       -1.33773 
H         -2.52720       -0.25021        0.92195 
H         -3.22079       -1.56488        3.50822 
H         -1.79539       -0.52603        3.39885 
H         -3.53970        0.83154        4.31947 
H         -4.72079        0.32855        3.11579 
H         -1.42970        2.69794        3.08899 
H         -4.82898        1.52622        0.90525 
H         -4.35869        2.94146       -1.21979 
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Table 4.12: Cartesian Coordinates and Relative Energies of Optimized Conformers of 4.5a and 
4.5b (DE < 8 kJ/mol) Continued.
 
Conf. 3 
DG (298 K) = -12338.197388 Hartree 
H         -2.98568        3.92468       -1.19261 
 
Conf. 18 
DG (298 K) = -12338.196930 Hartree 
O          4.20614        2.50008       -0.86674 
C          3.06119        1.97462       -1.38058 
C          0.66353        0.90549       -2.45993 
C          1.83604        2.64804       -1.25852 
C          3.05262        0.76270       -2.08512 
C          1.88220        0.24108       -2.62802 
C          0.65728        2.13521       -1.78990 
C          4.51788        2.06202        0.47094 
Br         1.77787        4.28497       -0.28758 
Br         4.66901       -0.23344       -2.23957 
C         -0.63136        0.24412       -2.88380 
C         -1.36788       -0.43819       -1.71261 
C         -2.72778       -1.04165       -2.13598 
N         -2.93882       -2.18094       -1.43107 
C         -1.82934       -2.55688       -0.52324 
C         -0.66711       -1.66315       -1.07194 
O         -1.65747        0.50142       -0.67893 
C          0.52351       -1.48503       -0.14804 
C          2.83850       -1.21522        1.47745 
C          1.63003       -2.32627       -0.32517 
C          0.57523       -0.52449        0.86960 
C          1.70775       -0.41139        1.66503 
C          2.76686       -2.17940        0.46293 
O          3.98111       -1.01219        2.19337 
C          4.08478       -1.78637        3.39944 
Br         4.28296       -3.28039        0.13363 
Br         1.72764        0.91248        3.04220 
C         -2.27410       -2.36932        0.97958 
O         -1.50199       -3.89781       -0.66044 
O         -3.52186       -0.51218       -2.91829 
C         -4.10006       -3.04036       -1.63886 
C         -5.19050       -2.97475       -0.55185 
C         -5.74865       -1.61380       -0.26547 
C         -6.31412       -1.08413        0.86370 
N         -6.77943        0.20574        0.64053 
C         -6.49626        0.43939       -0.62252 
N         -5.88769       -0.61688       -1.23573 

N         -6.72496        1.66031       -1.27399 
N         -2.57524       -1.13592        1.39253 
O         -2.36013       -3.39589        1.66634 
C         -3.10477       -0.81301        2.71252 
C         -2.62240        0.57645        3.18766 
C         -2.74071        1.65850        2.15715 
C         -1.78108        2.43855        1.56762 
N         -2.30922        3.21191        0.54659 
C         -3.60279        2.93135        0.54063 
N         -3.92619        1.99383        1.48574 
N         -4.54778        3.55847       -0.24968 
H         -0.32060       -2.26215       -1.92109 
H          1.92277       -0.70868       -3.14969 
H         -0.26189        2.68853       -1.63368 
H          5.34230        2.69286        0.80586 
H          4.82912        1.01337        0.47062 
H          3.65858        2.19285        1.13547 
H         -1.32940        0.97160       -3.31514 
H         -0.44499       -0.50128       -3.66403 
H         -2.02035        1.33762       -1.01144 
H          1.62006       -3.08675       -1.09755 
H         -0.24457        0.15726        1.02388 
H          3.26874       -1.53882        4.08643 
H          5.03901       -1.51221        3.85100 
H          4.08056       -2.85734        3.17206 
H         -1.72582       -4.28593        0.21720 
H         -3.73229       -4.06707       -1.71221 
H         -4.51290       -2.76139       -2.61201 
H         -5.98837       -3.65391       -0.88689 
H         -4.80750       -3.39702        0.38218 
H         -6.44896       -1.56701        1.82174 
H         -5.33076       -0.56625       -2.09045 
H         -6.98842        1.55118       -2.24789 
H         -7.44482        2.17566       -0.77665 
H         -2.46931       -0.36942        0.72859 
H         -4.20123       -0.83469        2.66929 
H         -2.79014       -1.59234        3.41017 
H         -1.56506        0.52094        3.46860 
H         -3.18109        0.81921        4.10227 
H         -0.72353        2.45969        1.79471 
H         -4.85373        1.61417        1.63813 
H         -5.22322        2.94370       -0.70683 
H         -4.09636        4.18923       -0.89978 
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CHAPTER FIVE. ABSOLUTE STEREOSTRUCTURE OF AXINOSIDE-1, A COMPLEX 

GLYCOLIPID FROM A WESTERN AUSTRALIAN AXINELLID SPONGE 

 

Abstract: The absolute stereostructure of axinoside-1 (5.1), a complex glycolipid comprising a 

tetrasaccharide linked to a C28 aglycone from a Western Australian  Axinellid  sponge, was 

elucidated via integrated spectroscopic MS, NMR and ECD analysis of the corresponding 

peracetate (5.2). Hydrolysis and persilylation of the sugar-containing fraction, followed by GC-

EI-MS identified the tetrasaccharide components as three equivalents of D-xylose and one 

equivalent of D-glucose. Anomeric configurations and glycosidic linkages were secured by 

analysis of 1JCH, and HMBC respectively. The absolute configuration of the butyrolactone 

terminus of the aglycone was assigned as 4R by electronic circular dichroism (ECD) of the 

liberated aglycone against that of standard (S)-(−)-4-methylbutyrolactone. Acylation of the 

aglycone with (R)- and (S)-2-methoxy-2-(naphtha-1-yl)acetic acid (NMA) and subsequent 1H 

NMR analysis of the anisotropy induced by the tris-NMA ester signals supported the 13R,23R-5.2 

configuration. The remaining stereocenter at C-17 was assigned as 17R-5.2 by synthesis of two 

stereodefined analogs of the tris-NMA-aglycone and 1H NMR comparison against the tris-NMA 

derivative of the natural aglycone.
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5.1 Introduction 

Glycolipids are important membrane constituents of animal and plant cells that play a vital 

role in cellular recognition and the immune response. They include the glycoglycerolipids and 

glycosphingolipids that possess a glycerol or sphingosyl backbone, respectively, and 

polyisoprenoid glycolipids. Glycosphingolipids consist of a sphingoid base, such as sphingosine 

in animals and phytosphingosine in plants, linked through an amide bond formed between the 

amino group of the sphingoid base and a fatty acid chain. Examples include ceramides such as 

oceanapins A-F isolated from the Coral Sea Haplosclerid sponge Oceanapia c.f. tenuis,1 the anti-

H5N1 metabolites isolated from the Egyptian Red Sea coral Sinularia Candidula,2 and the weak 

but selective antineoplastic neritinaceramides A-E isolated from the South China Sea Bryozoan 

Bugula neritina.3 Further glycosidation of the primary alcohol of ceramides with a carbohydrate 

chain containing a sugar head leads predominately to neutral cerebrosides and some charged 

gangliosides. Cerebrosides include the digalactosyl longiside isolated from the Bahamas Agelas 

longissimi,4 and the mixture of fatty acetylated glycolipids termed terpioside B isolated from 

Terpios sp. from Key Largo, Florida.5 Additional cerebrosides include the biological response 

modifiers agelasphins, a-galactosylceramides from the sponge Agelas mauritiana, whose 

antitumor activity is a direct response of the activation of the immune system,6 and the N-

acetylglucosamino glycolipids, halicylindrosides A1-4 and B1-6, from the Japanese sponge 

Halichondria cylindrata, which display antifungal and cytotoxic activity against Mortierella 

remanniana and P388 murine leukemia cells, respectively.7 

Erylusamines,8 erylusamides,9 and simplexides10 are examples of unusual glycolipids 

described in the literature. The IL-6 antagonists erylusamines A-E, isolated from the Japanese 

sponge Erylus placenta, consist of a polar tetrasaccharide head glycosidically linked to a 
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ketodihydroxy fatty acid chain that in itself is connected through an amide to a diamine.8 Likewise, 

erylusamides A-D, indoleamine 2,3-dioxygenase inhibitors from the Atlantic Erylus cf. deficiens, 

comprise of a pentasaccharide moiety linked to dihydroxyketo amide aglycans of various length.9 

Furthermore, the lymphocyte immunosuppressants simplexides were isolated as a mixture of 

homologs from the Caribbean sponge Plakortis simplex.10 They consist of an unusually long 

aglycan (34-37) chain glycosidically linked to a polar disaccharide at a mid-chain O atom.10 

Here, we describe the isolation and structural elucidation of axinoside-1 (5.1), a complex 

glycolipid comprised of a tetrasaccharide glycosidically linked to a polyhydroxylated aglycone, in 

addition to the known ceramides oceanapins A–F (5.3a–f), previously isolated from the coral sea 

sponge Oceanapia c.f. tenuis by Mancini and coworkers,1 and a seventh ceramide (5.3g), isolated 

from the gorgonian Subergorgia suberosa by Subrahmanyam and colleagues.11 

  
Figure 5.1: Structures of axinoside-1 (5.1), axinoside-1 peracetate (5.2), and ceramides 5.3a–g. 
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Specimens of 93-07-67 – a spectacularly brilliant red Axinellid sponge – were collected in 

Exmouth Gulf, Western Australia by hand using scuba in 1993  and immediately frozen. The 

identity of our sponge species was narrowed to the Axinellid genus based on SEM images (See 

Appendix, Figure 5.8) of spicules and our discussions with Dr. Mary Key Harper. A lyophilized 

sample of the sponge was repeatedly extracted with MeOH/CH2Cl2 (1:1), and the combined extract 

was concentrated in vacuo. The resultant crude extract was dissolved in MeOH/H2O (9:1) and 

separated by progressive solvent partitioning into four fractions, ‘layers A–D’. The hexane-soluble 

‘A fraction’ was purified on silica chromatography to provide an inseparable mixture of the known 

ceramide homologs, 5.3a–g, as identified by analysis of NMR and mass spectrometry data. The n-

BuOH-soluble ‘C fraction’ was chromatographed on Sephadex LH-20 (eluent: MeOH) to furnish 

a series of contiguous fractions containing glycolipids that were subsequently combined and 

concentrated. A sample of the glycolipid mixture was acetylated (Ac2O, pyr, rt), and then purified 

by silica column chromatography (eluent: MeOH/CH2Cl2) followed by RP-HPLC (gradient 

elution, CH3CN/H2O) to provide axinoside-1 peracetate (5.2, Scheme 5.1) as a colorless, optically 

active oil ([a]D –40.37 (c 0.82, MeOH)).  

HRMS analysis of 5.2 showed a prominent Na+ adduct molecular ion, m/z 1555.6927, 

corresponding to a formula C73H112O34 (calc’d 1532.7035) for 5.2, indicating 18 degrees of 

unsaturation.    

Exhaustive 1D and 2D NMR analysis of 5.2 revealed the presence of multiple deshielded 

methine signals between dH 3.2 and 5.2, including four acetal and four diastereotopic methylene 

signals, characteristic of one hexopyranose and three pentopyranoses. The 1H NMR also displayed 

two upfield-shifted diastereotopic methylenes at dH 1.8–2.6 and a methine at dH 4.88 assigned to 

H-4 of a g-butyrolactone, a series of methyl resonances between dH 1.9 and 2.2 attributed to 12 
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acetate methyl signals, and resonances between dH 0.8-1.8 consistent with a long-chain unbranched 

hydrocarbon, terminated at the w-end by a methyl group (dH 0.87, 3H, t, J = 6.6 Hz) . In short, the 

1H NMR features of 5.2 were consistent with an unusually complex glycolipid.   

 

 
Scheme 5.1: Methanolysis of 5.2, persilylation of OMe-glycosides with Pierce’s reagent 
(BSTFA), and MS fragmentation analysis of the aglycone (5.4) and persilylated O-Me glycosides.  
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1H and 13C NMR assignments of the four-spin systems belonging to Glu, Xyl-1, Xyl-2, and Xyl-3 

were obtained from analysis of COSY, HSQC, HMBC, TOCSY, and HSQC-TOCSY spectra 

(Figure 5.2).  

 
Figure 5.2: 1H and 13C assignments, 1JCH coupling constants of anomeric carbons, and key 
TOCSY (blue arrows) and NOESY (red arrows) correlations of the monosaccharides of axinoside-
1 peracetate (5.2). See reference 12. 

 

Sugar anomeric configurations were obtained by analysis of anomeric coupling constants 

(Figure 5.2).12 The measured 1JCH values, obtained from coupled HSQC, were 158.4 Hz, 162.0 Hz 

and 169.2 Hz and supported b-D-Glu, b-D-Xyl-3, and a-D-Xyl-1, respectively. In contrast, Xyl-2, 

H-1–C-1 exhibited a heteronuclear coupling of equivocal magnitude (1JCH = 165.6 Hz,) that could 

not be used reliably to assign an a- or b-linkage. Fortunately, an nOe correlation between H-1 (dH 

4.77, 1H, m) and H-3 (dH 5.16, 1H, m) on Xyl-2 confirmed b-Xyl-2. 

Linkage analysis of 5.2 was carried out by long-range 1H-13C NMR correlation 

experiments. For example, HMBC correlations between H-1 of Glu (dH 4.34, 1H, d, J = 7.2 Hz) 

and the C-17 of the aglycone (dC 78.06) established both the identity of the sugar and chain-

location of the glycosidic bond. Additional HMBC correlations between H-2 of Glu at dH 3.68 

(1H, dd, J = 8.4, 7.8 Hz) and Xyl-1–C-1 at dC 97.53, H-3 of Glu at dH 3.94 (1H, t, J = 9.0 Hz) and 

Xyl-2–C-1 at dC 98.73, and H-6 of Glu at dH 3.51 (1H, dd, J = 14.4, 6.0 Hz) and 3.76 (1H, dd, J = 

1JCH 169−171 Hz
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14.4, 6.0 Hz) and Xyl-3–C-1 at dC 100.27 established a-D-Xyl-1-(1à2)-b-D-Glu, b-D-Xyl-2-

(1à3)-b-D-Glu, and b-D-Xyl-3-(1à6)-b-D-Glu linkages. 

 

Table 5.1: 1D and 2D NMR data for 5.2.  

Position dCa dH, mult (J, Hz)b COSY 
(1H®1H)b 

HMBC 
(1H®13C)b,c 

HSQC-TOCSY 
(1H®13C)b,c 

aglycone      
1 177.2 - - - - 
2 28.6 2.52, dd (1.2, 9.0)  3 1, 3, 4 3, 4, 5 
  2.53, d (9.0)    

3 27.7 2.32, dq (6.6, 13.5) 2, 4 1, 2, 4, 5 2, 4 
  1.85, m    

4 81.2 4.49, quint. (6.6) 3, 5 1, 2, 7 2, 3 
5 35.3 1.73, m 4, 6 3, 4, 6, 7 4, 6 
  1.59, m    

6 29.3 1.45, m 5 4, 5, 7 4 
  1.36, m    

7 25.1 1.26-1.24    
8 d 1.26-1.24    
9 d 1.26-1.24    

10 d 1.26-1.24    
11 25.2 1.26-1.24    
12 30.7 1.50, m  13  
13 73.9 4.98, m  11, 12, 14  
14 30.7 1.50, m  13  
15 25.1 1.28, m  13, 17e  
16 34.3 1.53, 1.39, m  15, 17  
17 78.2 3.63, m  16, 18, 19 4-2, 4-5 
18 34.3 1.53, 1.39, m  15, 16  
19 d 1.28, m    
20 d 1.26-1.24    
21 d 1.26, m    
22 30.7 1.50, m  20, 21, 23  
23 73.9 4.98, m  22, 24, 25  
24 30.6 1.50, m  23, 25, 26  
25 24.7 1.26, m    
26 31.4 1.25, m    
27 22.4 1.26, m    
28 14.0 0.87, t (6.6)  26, 27  

a125 MHz. b600 MHz. cBolded correlations refer to inter-residue connections. dOverlap. eWeak 
correlation.  
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Table 5.1: 1D and 2D NMR data for 5.2 Continued.  

Position dCa dH, mult (J, Hz)b COSY 
(1H®1H)b 

HMBC 
(1H®13C)b,c 

HSQC-TOCSY 
(1H®13C)b,c 

Xyl-1      
-1 97.6 5.04, d (3.6) 1-2 1-2, 1-4, 1-5, 4-2  1-5 
-2 69.2 4.85, m 1-1, 1-3 1-1, 1-3, 1-4 1-1, 1-3, 1-4, 1-5 
-3 68.9 5.02, m 1-2, 1-4 1-1, 1-2, 1-4, 1-5 1-2, 1-4 
-4 67.7 4.79, m 1-3, 1-5 1-2, 1-3 1-3, 1-5 

-5a 59.4 3.44, dd (4.8, 12.6) 1-4, 1-5b 1-1, 1-3, 1-4 1-3, 1-4 
-5b - 4.40, dd (3.6, 12.6) 1-4, 1-5a 1-1, 1-3, 1-4e 1-3, 1-4 

      
Xyl-2      

-1 98.7 4.77, m 2-2 4-3, 2-2, 2-4, 2-5a 2-3, 2-4, 2-5 
-2 71.8 4.76, m 2-1, 2-3 2-1, 2-3 2-1, 2-3, 2-4 
-3 70.8 5.17, m 2-2, 2-4 2-1e, 2-2, 2-4, 2-

5e 
2-1, 2-2, 2-4, 2-5 

-4 68.8 4.83, dd (4.2, 8.4) 2-3, 2-5 2-3, 2-5 2-1, 2-3, 2-5 
-5a 61.0 3.40, dd (8.4, 12.0) 2-4, 2-5b 2-1, 2-3, 2-4 2-3, 2-4 
-5b - 4.04, dd (4.2, 12.0) 2-4, 2-5a 2-1, 2-3, 2-4 2-3, 2-4 

      
Xyl-3      

-1 100.2 4.52, d (6.6) 3-2 4-6, 4-6’, 3-3, 3-5 3-2, 3-3, 3-4, 3-5 
-2 70.4 4.86, dd (6.6, 9.8) 3-1, 3-3 3-1, 3-3, 3-4 3-1, 3-4, 3-5 
-3 71.1 5.11, dd (8.4, 9.8) 3-2, 3-4 3-1e, 3-2, 3-4, 3-

5ae 
3-1, 3-2, 3-4, 3-5 

-4 68.7 4.90, td (4.8, 8.4) 3-3, 3-5 3-3, 3-5 3-2 
-5a 61.4 3.32, dd (4.8, 12.0) 3-4, 3-5b 3-1, 3-3, 3-4 3-3, 3-4, 3-5 
-5b - 4.10, dd (4.8, 12.0) 3-4, 3-5a 3-1, 3-3, 3-4 3-3, 3-4, 3-5 

      
Glu-4      

-1 98.9 4.34, d (7.2) 4-2 17, 4-3, 4-5 4-2, 4-3, 4-4 
-2 76.9 3.68, dd (7.2, 9.0) 4-1, 4-3 1-1, 4-1, 4-3 4-1, 4-3, 4-4, 4-5 
-3 80.4 3.94, t (9.0) 4-2, 4-4 2-1, 4-2, 4-4, 4-5e 4-1, 4-2, 4-4, 4-5 
-4 69.5 4.74, m 4-3, 4-5 4-3, 4-5, 4-6 4-2, 4-3, 4-4, 4-5 
-5 72.8 3.51, m 4-4, 4-6 4-1, 4-3, 4-4, 4-6 4-1, 4-2, 4-3, 4-4, 

4-6 
-6a 67.8 3.51, dd (6.0, 14.4) 4-5, 4-6b 3-1, 4-1e, 4-4, 4-5 4-4, 4-5 
-6b - 3.76, dd (6.0, 14.4) 4-5, 4-6a 3-1, 4-1e, 4-4 4-4, 4-5 

a125 MHz. b600 MHz. cBolded correlations refer to inter-residue connections. dOverlap. eWeak 
correlation.  
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HRMS analysis of the aglycone (5.4) presented a prominent [M+Na]+ adduct at m/z 

493.3865 corresponding to C28H54O5Na+ (calc’d 493.3863). A contiguous spin system, obtained 

from COSY cross-peaks in 5.2, comprised of diastereotopic CH2 at C-2 (dH 2.52, 1H, dd, J = 9.0, 

1.2 Hz and 2.53, 1H, d, J = 9.0 Hz), CH2 at C-3 (dH 2.32, 1H, dq, J=13.5, 6.6 Hz and 1.85, 1H, m), 

CH at C-4 (dH 4.49, 1H, q, J = 6.6), and CH2 at C-5 (dH 1.73, 1H, m and 1.59, 1H, m), in addition 

to HMBC correlations between the CH2 at C-2 and the carbonyl at C-1 (dC 177.2), CH2 at C-3 (dC 

27.3), and CH at C-4 (dC 81.2), as well as the CH at C-4 and the C-1 carbonyl and CH2 at C-2 (dC 

28.6), revealed the presence of a terminal g-butyrolactone on the agylcone. Additionally, analysis 

of the 1H NMR and HSQC data of 5.2 indicated the presence of two AcO groups and a glycosidic 

bond at dH 4.98 (2H, m) and 3.63 (1H, m), and dC 73.9 and 78.2, respectively.  

The position of the three hydroxyls in aglycone 5.4 was determined through MSn analysis 

(Scheme 5.1). MS fragmentation showed the successive eliminations of three H2O molecules at 

m/z 453.21, 435.30 and 417.26. Fragment ions allowed placement of the three 2º HO groups at C-

13, C-17, and C-23. Primary a-cleavage (blue) followed by losses of H2O and ethylene (CH2=CH2, 

red, m/z 399.12 and 355.11) allowed placement of  HO at C-23. A similar a-cleavage (m/z 298.92) 

and elimination of H2O and CH2=CH2 (m/z 255.06) led to an allylic alcohol and located the second 

HO at C-17. Double H rearrangement13 of the allylic alcohol gave an ethyl ketone that underwent 

a-cleavage at the C=O and gave an acylium ion consistent with m/z 227. Subsequent loss of C=O 

as indicated by m/z 197.11 placed the third HO at C-13. 



 269 

 
Scheme 5.2: (a) Enantioselective reduction of ethyl levulinate (5.5) and lactonization to 5.6, and 
(b) ECD spectra of 5.4 (1.49 mM, MeOH) and 5.6 (8.99 mM, MeOH). 
 

The absolute configuration of the g-butyrolactone was determined by comparison of the 

ECD spectrum of 5.4 with that of standard (S)-(-)-4-methylbutyrolactone (5.6, Scheme 5.2). 

Enantioselective reduction of ethyl levulinate (5.5) with Baker’s yeast (3 days) and subsequent 

lactonization under acidic conditions (cat. p-TsOH) furnished (S)-(–)- 5.6 (93% ee, [a]D –15.4, (c 

1.85, CH2Cl2)),14 the ECD spectrum of which is antipodal to that of 5.4. Thus, the lactone terminus 

has the 4R configuration as depicted in Scheme 5.1.  

The position of the glycosidic bond in 5.2 was determined through fragmentation analysis 

from MSn measurements of 5.1. Zemplén deacetylation15 of 5.2 (NaOMe, anhydrous MeOH, rt) 

provided the natural product 5.1. HRMS analysis of 5.1 under negative ion mode gave a prominent 

deprotonated molecular ion adduct at m/z 1027.5696 ([M–H]–) consistent with C49H88O22 (calc’d 

(b) 

(a) 
O

OEt

O

a. Baker’s yeast
H2O, sucrose (S) O O
b. cat. p-TsOH,

benzene, rt,
93% ee5.5 5.6
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1028.5767). Fragmentation of 5.1 under positive ion mode gave a protonated molecular ion adduct 

at m/z 743.44, corresponding to C33H59O18+ (calc’d 743.3696), consistent with water elimination 

and a-cleavage at C-17 (Figure 5.3, teal). A second sodiated fragment ion of strong intensity was 

observed at m/z 599.30, corresponding to C28H48O12Na+ (calc’d 599.3038), due to the loss of Xyl-

2, Xyl-3 and a-cleavage at C-17 (depicted in red). A successive loss of Xyl-1 (depicted in blue) 

was detected at m/z 476.23 (C23H40O8Na+, calc’d 467.2615). Thus, the position of the glycosidic 

bond is at C-17. 

 

 
Figure 5.3: ESIMS fragmentation of 5.1 after primary loss of –2H2O to i.   
 

5.3 Determination of the Absolute Configuration at C-13 and C-23 
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Scheme 5.3: (a) Yamaguchi esterification of 5.4 to 5.8a and 5.8b, and (b) DdRS (dR – dS) values. 
See Ref. 20-21. 
 

In order to assign configurations of C-13, C-17, and C-23 of 5.4, we adopted a variation of 

the a-methoxyphenylacetic acid (MPA) ester method. MPA is employed as a chiral derivatizing 

agent (CDA) that introduces anisotropy in the 1H NMR spectrum of the corresponding R- and S-

MPA esters of chiral 2˚ alcohols, and is highly reliable for assignment of single secondary HO 

groups.16-17 The method relies upon measuring differential chemical shifts, DdRS, as defined in 

Equation 1, where dR and dS refer to the chemical shifts, at specific locants, in the R- and S-MPA 

esters, respectively (for simplicity, we will refer to the quantity DdRS as ‘anisotropy’).  Hoye and 

coworkers evaluated several arylmethoxyacetic acid CDAs, after their esterification of (–)-

menthol, and ascertained that (naphth-1-yl)methoxyacetic acid (1-NMA) provided the largest 

magnitude of Dd values.18 Consequently, we selected 1-NMA as the chiral derivatizing agent 

(CDA) of choice over the more conventional MPA in recognition of the need to achieve maximal 

1H NMR anisotropy across the length of the long-chain in the corresponding derivatives, and link 

remote stereocenters with each other and the chain termini.  

DdRS = dR – dS Eqn. 1 
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i-Pr2NEt, trichlorobenzoyl
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The CDA, 1-NMA, was synthesized according to Kusumi and coworkers.19 Attempted tri-

esterification of aglycone 5.4 under standard conditions (5.7, DCC, DMAP, CH2Cl2) failed, 

however, success was found with Yamaguchi conditions (5.4, 5.7a or 5.7b, 2,4,6-trichlorobenzoyl 

chloride, iPr2NEt, DMAP, toluene, rt, 18 h). Separation of the crude product by silica-HPLC 

provided pure 5.8a and 5.8b.20  Scheme 5.3 depicts the colossal anisotropic shifts DdRS induced by 

the 1-NMA group in 5.8a and 5.8b, in particular for the terminal methyl group which clearly 

showed diamagnetic shifts across six bonds (DdRS = +0.13 ppm) allowing a straightforward 

configurational assignment of C-23 in accord with the Riguera model.21 The 1H NMR signals of 

5.8a and 5.8b and, consequently reliable assignments of each DdRS value, were made possible by 

analysis of the DQF-COSY, HSQC, HMBC and TOCSY spectra. In particular, TOCSY provided 

a critical relay across the largest distance – 11 bonds – from the remote C-4 in the terminal 

butyrolactone to the next stereocenter, C-13. Thus, in the first pass, the configurational assignment, 

13R,23R-5.4, was made possible, but the C-17 configuration remained elusive due to opposing – 

and complicating – anisotropic effects (DdRS) of the CH2 groups neighboring C-17.  

In order to resolve these NMR ambiguities, two models, compounds 5.9a and 5.9b, – 

stereodefined analogs of aglycone 5.4 –  were synthesized and converted to their corresponding  

(R)- and (S)- 1-NMA triesters to interrogate the C-17 configuration and verify the C-13 and C-23 

assignments. Of the eight stereoisomers possible for 5.4 – four pairs of enantiomers – we 

ascertained only two diastereomers were necessary and sufficient for the following reasons. 

Having assigned C-13 and C-23 by direct inspection of unambiguous DdRS values at the termini, 

interpretation of anisotropic effects at mid-chain would be informed by an understanding of the 

relative configuration of the remaining stereocenter with respect to C-13 and C-23. In other words, 

a solution to the problem would be found by answering the question, “what are the syn, anti-diol 
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relationships of each pair, C-13–C-17 and C-17–C-23?” The answer would be found by the best-

fit comparison of anisotropies of (S)- and (R)-1-NMA triesters of the natural aglycone 5.4 with 

triesters of only two model synthetic diastereomers.  

 

5.4 Synthesis of Models 5.9a,b and Determination of the Absolute Configuration at C-17 

 
Scheme 5.4: Proposed retrosynthesis of models 5.9a and 5.9b.   

 

The proposed retrosynthesis of 5.9a and 5.9b  (Scheme 5.4) exploits the chemoselective 

cross metathesis of enantio-enriched 5.11 with the olefin terminus of (R)-5.12 to effect carbon-

carbon bond formation, followed by reductive cleavage of the C-iodine bond and a second cross 

metathesis of the resultant allylic alcohol with (R)-5.10. This synthetic strategy, inspired by Murata 

and coworkers,22 exploits 5.11 as a ‘vinyl-blocked’ linchpin; a Type III metathesis partner23 that 

can be un-blocked by removal of I (Pd(PPh3)4, n-Bu3SnH, benzene) for a subsequent second round 

of cross metathesis.  

OH
(R)-5.12(R)-5.10

++
OH

OH OH
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(R)-5.11: R1 = H, R2 = OTBS
(S)-5.11: R1 = OTBS, R2 = H

R1 R2

R1 R2
5.9a: R1 = H, R2 = OH
5.9b: R1 = OH, R2 = H
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Scheme 5.5: Preparation of enantioenriched (R)- and (S)-5.11. 

Enzymatic kinetic resolution of racemic 5.13 (Scheme 5.5) proceeded smoothly in the 

presence of Novozyme 435® (5% w/w, vinyl acetate-pentane, rt, 20 h) to furnish (after silica 

chromatographic separation) alcohol (R)-5.13 (46%) and acetate 5.14 (38%). Reduction of the 

propargyl alcohol (R)-5.13 (LiAlH4) and capture of the intermediate vinyl-hydridoaluminate (I2) 

delivered (R)-5.15 (95%). The enantiomeric (S)-5.15 was prepared in a similar fashion (67%, 2 

steps) from (S)-5.13, the product of deacetylation of 5.14 (K2CO3, MeOH). TBS-protection of (R)- 

and (S)-5.15 (TBSCl, imidazole, DMF) gave (R)- and (S)-5.11 (~90%, each). Chiral-phase HPLC 
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analysis (Phenomenex Cellulose-3, 0.5% iPrOH/hexanes, dual UV-ECD detection, l 280 nm), 

revealed the optical purities of (R)- and (S)-5.11 were 86% and 91% ee, respectively: the absolute 

configuration of each enantiomer of 5.11 was secured by comparison of specific rotations with 

those of similar compounds in the literature.22,24 Analogously, (R)-5.12 was synthesized (98% ee) 

through acetylation-kinetic resolution of (±)-5.12 with lipase Novozyme 435® (vinyl acetate, 

Et2O, rt, 24 h).  

Synthesis of model compound 5.9a was completed as follows (Scheme 5.6): cross 

metathesis of (R)-5.11 and (R)-5.12 mediated by the Hoveyda-Grubbs II catalyst (HG-II, CH2Cl2, 

42 ̊ C) followed by reductive removal of iodide (Pd(PPh3)4, n-Bu3SnH, benzene) to give vinyl silyl 

ether 5.16a in 43% (2 steps). Silylation of the latter (TBSOTf, 2,6-lutidine, CH2Cl2, 0 ºC, 90%) 

gave 5.17a and subsequent cross metathesis (HG-II, CH2Cl2, 42 ˚C) with (R)-5.10 (derived from 

(R)-epichlorohydrin), delivered diene 5.18a (45%, 2 steps). Completion of the synthesis by 

hydrogenation (Pd/C, hexanes/EtOAc (6:1), 1 atm H2, rt, 12 h) followed by desilylation (TBAF, 

THF, 50 ºC, 3 h) furnished 5.9a (40%, 2 steps). Model compound 5.9b was synthesized in an 

analogous manner from (S)-5.11. 
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Scheme 5.6: Synthesis of Model Compounds 5.9a and 5.9b, and the corresponding triesters 19a,b 
and 20a,b. 

 

Model compounds 5.9a and 5.9b were converted to their 1-NMA triesters under 

Yamaguchi conditions (R- or S-1-NMA, 2,4,6-trichlorobenzoyl chloride, iPr2NEt, DMAP, toluene, 

rt, 18 h) to furnish the diastereomeric pairs 5.19a,b, and 5.20a,b (Scheme 5.6).20 Analysis of the 

individual 1H NMR signal assignments of 5.19a,b, and 5.20a,b and comparison of the anisotropies 
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R1 R2OR3

OH

b. TBAF, THF, 
50 ºC, 3 h

OH
(R)-5.12

+

OH

I
(R)-5.11: R1 = H, R2 = OTBS
(S)-5.11: R1 = OTBS, R2 = H

5.16a: R1 = H, R2 = OTBS, 43% (2 steps)
5.16b: R1 = OTBS, R2 = H, 60% (2 steps)

R1 R2

R1 R2

TBSOTf, 2,6-lutidine
CH2Cl2, 0 ºC → rt, 45 min.

OTBS
5.17a: R1 = H, R2 = OTBS, 90%
5.17b: R1 = OTBS, R2 = H, 82%

R1 R2

a. Hoveyda-Grubbs II,
CH2Cl2, reflux, 3 d

b. n-Bu3SnH, Pd(PPh3)4,
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5.18a: R1 = H, R2 = OTBS, 52%
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OH
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5.9b: R1 = OH, R2 = H, 37% (2 steps)

R1 R2OH
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with those of the aglycone-derived 1-NMA triesters (DDdRS values) with those of 5.8 supported a 

best-fit for the 17R-5.4 configuration (Figure 5.4, blue bars).  

 

 
Figure 5.4: Differential 1H NMR anisotropy (DDdRS = DdR (5.8) – DdS (5.19 or 5.20)) of the tris-
(1-NMA)-esters 5.8, 5.19 (blue bars) and 5.20 (orange bars) of aglycone 5.4 and model compounds 
5.9a and 5.9b, respectively. Horizontal scale is C locant number.  
 

Several interesting features of 5.4 and its 1-NMA triesters 5.8a,b were revealed in this 

analysis.  The 1H NMR of each of the latter triesters showed only one set of signals and no evidence 

of diastereomers, revealing that 5.8a,b and therefore, 5.4 were diastereomerically and  

enantiomerically pure. This evidence dispels the remote possibility that the hydroxyl groups in 5.4 

were somehow introduced in a stereorandom fashion (autoxidation?) upon a linear C28 fatty acid 

precursor; rather they appear to result from directed enzyme-mediated reductions orchestrated by 

putative partially reducing polyketide synthase (PR-PKS). The pattern of oxidation is seen to be 

consistent with modular type I PKS biosynthesis for two compelling reasons: the carboxyl C-1 as 

an end group and alignments of oxidation sites, C-13, C-17 and C-23 with a canonical polyketide 

chain. Thus 5.4  is elaborated engaging 13 iterative ketide extensions (ketosynthase domains, KS) 

of an acetate starter unit (C-27, C-28) followed by successive rounds of partial reduction (keto-
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reductase, KR with skipped rounds of dehydratase, DH, and enoyl reductase, ER). The placement 

the three HO groups at C-13, C-17, and C-23 can be seen as arising from partial reduction, with 

many intervening CH2 group (e.g. C-5, C-7, C-9, C-11) developed by full reductions that engage 

all three modules: KR, DH and ER. Stereocenter C-4 appears to be the only oxidation site mis-

aligned with this proposed PR PKS pattern. We postulate the oxygen at C-4 may be introduced in 

two possible ways through the addition of the (2R)-hydroxymalonyl-ACP25-26 extension unit or by 

a tailoring hydroxylation (CypP450?); either post-assembly or on-assembly line followed by 

spontaneous or enzyme-mediated (transesterification, TE domain) cyclization to the lactone.   

In the broad view, 5.1 is one of the most complex glycolipids yet described from marine 

invertebrates. The structure of its C28 aglycone 5.4 likely reveals cryptic evidence of involvement 

of PR-PKS rather than traditional fatty acyl-type assembly and post-assembly oxidation as found 

in majority of glycolipids that comprise glycosylated long-chain 2˚ alcohols, or fatty acylated 

oligosaccharides.   

In summary, the full stereostructure of the glycolipid, axinisoside-1 (5.1), was elucidated 

by a multi-pronged approach (MS, NMR, degradation) that exploited conventional analysis of the 

oligosaccharide segment and aglycone sub-structures. The absolute configuration of the complex 

C28 aglycone 5.4 was solved by ECD (C-4) and exploitation of colossal NMR anisotropies of the 

derived 1-naphthylmethoxyacetic acid esters, 5.19a,b and 5.20a,b to assign the remotely-located 

secondary carbinols, C-13, C-17 and C-23. The oxidation pattern in 5.4 suggests a biosynthetic 

origin in a partially reducing polyketide synthase modular assembly line. Successful synthesis of 

the model compounds 9a,b sets the stage for an informed synthesis of the aglycone, 5.4, and, 

ultimately, the total synthesis of the glycolipid 5.1. 
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5.5 Isolation, Structure Determination and Biological Activity of Oceanapins A–G  

Additionally, an expediated protocol was developed for the identification of ceramide 

homologs. An inseparable mixture of ceramides (5.3a–g) was obtained from the ‘A layer’ of 

Axinella spp. sponge. Analysis of 1D and 2D NMR data revealed the presence of a sphingosine 

base connected through a peptide bond to a fatty acid chain at the amino group as depicted in 

Figure 5.5. Examination of the HRMS of the ceramide fraction indicated the presence of a complex 

mixture of homologs, differing by one methylene unit, that are consistent with the molecular 

formulas of oceanapins A–F, isolated previously from the sponge Oceanapia c.f. tenuis by 

Mancini and coworkers,1 and a seventh homolog isolated from the gorgonian Subergorgia 

suberosa by Subrahmanyam and colleagues,11 termed oceanapin G in this work (Table 5.2). 

 
Figure 5.5: COSY (bold) and HMBC (arrows, blue) correlations of 5.3a–g. 

Table 5.2: HR-ESI-MS of Oceanapins A–G (5.3a–g). 

 [M+H]+ [M+Na]+  
Compound Measured Calc’d Measured Calc’d Formula 
Oceanapin A 608.5965 608.5976 630.5787 630.5796 C39H77NO3 
Oceanapin B/C   644.5944 644.5952 C40H79NO3 
Oceanapin D/E 636.6279 636.6289 658.6097 658.6109 C41H81NO3 
Oceanapin F 650.6435 650.6446 672.6258 672.6265 C42H83NO3 
Oceanapin G 594.5818 594.5820 616.5632 616.5639 C38H75NO3 
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Scheme 5.7: Methanolysis of 5.3a–g under acidic conditions.  

 

Methanolysis (6 N HCl, MeOH, 75 ºC) of 5.3a–g yielded an aqueous layer comprising 

sphingosine bases (5.21) and a hexane-soluble layer containing the methyl esters 5.22a–c (Scheme 

5.7). GC-EI-MS of 5.22a–c revealed the presence of three major compounds with adducts of 354 

and 382 corresponding to molecular formulas of C23H46O2 and C25H50O2, respectively. The 

fragmentation patterns of the adducts supported docosanoic acid methyl ester (5.22a), methyl 20-

methyl-heneicosanoate (5.22b), and tetracosanoic acid methyl ester (5.22c). The linear and 

branched fatty acid methyl esters are consistent with the oceanapins. HR-ESI-MS analysis of 5.21 

revealed the presence of two sets of four homologs with Dm/z of 14.0156 corresponding to a 

methylene group (Table 5.3). Interestingly, the resultant molecular formula of the major set of 

analogs (5.21e–h) corresponded to oxidized sphingosine bases that are inconsistent with those 

observed in the oceanapins. The molecular formula of the minor set of homologs (5.21a–d) 

matched previously observed data of the oceanapins. Consequently, two separate methanolysis 

reactions were completed under acidic (6 N HCl, methanol-d4, 75 ºC) and aqueous basic (KOH, 

100 ºC) conditions followed by MS analysis to probe the results of the hydrolysis reaction.  
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Table 5.3: HR-ESI-MS of sphingosine base 5.21, 5.24, triacetate 5.25, and N,O-derivative 5.26. 

Homolog Measured [M] Calc’d [M] Norm. % Formula Sphingosine Parent 
5.21a - 271.2511  C16H33NO2 C16H33NO2 
5.21b - 285.2668 21 C17H35NO2 C17H35NO2 
5.21c 299.2825 299.2824 100 C18H37NO2 C18H37NO2 
5.21d 313.2981 313.2981 57 C19H39NO2 C19H39NO2 
5.21e 325.2982 325.2981 22 C20H39NO2 - 
5.21f 339.3137 339.3137 100 C21H41NO2 - 
5.21g 353.3293 353.3294 60 C22H43NO2 - 
5.21h 367.3445 367.3450 5 C23H45NO2 - 
5.21i - 271.2511  C16H33NO2 C16H33NO2 
5.21j 285.18a 285.2668  C17H35NO2 C17H35NO2 
5.21k 299.15 a 299.2824  C18H37NO2 C18H37NO2 
5.21l 313.15 a 313.2981  C19H39NO2 C19H39NO2 
5.24a 271.2517 271.2511  C16H33NO2 C16H33NO2 
5.24b 285.2674 285.2668  C17H35NO2 C17H35NO2 
5.24c 299.2829 299.2824  C18H37NO2 C18H37NO2 
5.24d 313.2987 313.2981  C19H39NO2 C19H39NO2 
5.24e 288.2858 288.2856  C17H32D3NO2 - 
5.24f 302.3013 302.3013  C18H34D3NO2 - 
5.24g 316.3151 316.3169  C19H36D3NO2 - 
5.24h 329.97 a 330.3326  C20H38D3NO2 - 
5.25a 397.3025 397.2828 7 C22H39NO5 C16H33NO2 
5.25b 411.2984 411.2985 23 C23H41NO5 C17H35NO2 
5.25c 425.3134 425.3141 100 C24H43NO5 C18H37NO2 
5.25d 439.3291 439.3298 52 C25H45NO5 C19H39NO2 
5.25e 337.2617 337.2617 5 C20H35NO3 C16H33NO2 
5.25f 351.2768 351.2773 21 C21H37NO3 C17H35NO2 
5.25g 365.2924 365.2930 100 C22H39NO3 C18H37NO2 
5.25h 379.3080 379.3086 53 C23H41NO3 C19H39NO2 
5.26a 759.3575 759.3560  C50H49NO6 C16H33NO2 
5.26b 773.3711 773.3716  C51H51NO6 C17H35NO2 
5.26c 787.3868 787.3873  C52H53NO6 C18H37NO2 
5.26d 801.4024 801.4029  C53H55NO6 C19H39NO2 

aLR-MS. 

Methanolysis of 5.3a–g under acidic conditions in deuterated methanol resulted in two sets 

of four homologs. Homologs 5.24a–d and 5.24e–h belong to the sphingolipid base (5.21a–d) and 

deuterated O-methyl ethers at the 2º OH in 20-30%, respectively, signifying a significant side 

reaction of O-methyl ether formation (Scheme 5.8). O-methyl ether formation has previously been 

observed with sphingosine and dihydrosphingosine under acidic conditions; however, it can be 
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minimized in less concentrated acidic solutions.27 In contrast, hydrolysis under aqueous basic 

conditions resulted only in the sphingoid base and eliminated the side reaction of O-methyl ether 

formation.28 Base-promoted hydrolysis provided unambiguous results and confirmed that 5.21i–l 

are the natural sphingosine bases. 

 

 
Scheme 5.8: Degradation of 5.3a–g under acidic and basic conditions.  
 

The sphingolipid base was further derivatized for GCMS analysis. Ruthenium oxidation 

(RuCl3·nH2O, NaIO4, 2:2:3 CCl4/CH3CN/H2O) followed by esterification (CH2N2, Et2O) 

furnished the methyl esters 5.23a–g. GCMS analysis indicated the presence of seven homologs 

differing by both a methylene unit and branching of the terminal chain. Moreover, acetylation 

(Ac2O, Py, rt, Scheme 5.9) of 5.21i–l gave triacetates 5.25. HRMS analysis of 5.25 revealed the 

presence of four sodiated molecular adducts differing by a methylene, consistent with 5.25a–d, in 

addition to the elimination product (5.25e–h, [M+H-Na-HOAc]+). The results of both GC and HR 

-MS are summarized in Tables 5.3 and 5.4, and are consistent with those previously observed with 

oceanapins A–G. 
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Table 5.4: GCMS analysis of 5.23. 

Homolog Measured [M]+ Matching Compound Formula Sphingosine Parent 
5.23a 214 Dodecanoic acid C12H24O2 C16H33NO2 
5.23b 228 11-methyldodecanoic acid C13H26O2 C17H35NO2 
5.23c 228 Tridecanoic acid C13H26O2 C17H35NO2 
5.23d 242 12-methyltridecanoic acid C14H28O2 C18H37NO2 
5.23e 242 Tetradecanoic acid C14H28O2 C18H37NO2 
5.23f 256 13-methyltetradecanoic acid C15H30O2 C19H39NO2 
5.23g 256 Pentadecanoic acid C15H30O2 C19H39NO2 

 

 
Scheme 5.9: Naphthyl and acetyl derivatization of 5.21i–l. 

The absolute configuration of 5.21 was determined through measurement of the ECD of 

the N-naphthimide-O-naphthoate derivative (5.26) and comparison with published spectra of the 

four sphingosine isomers.29 Kawamura and coworkers developed an N,O-derivatization method of 

sphingosine and dihydrosphingosine coupled with ECD analysis that enabled the identification of 

the stereochemistry of all the isomers. Reaction of 5.21i–l with 2,3-naphthalenedicarboxylic acid 

anhydride in anhydrous pyridine provided the N-naphthimide derivative in 56% (Scheme 5.9). 

Subsequent esterification with 2-naphthoylimidazole and DBU in anhydrous pyridine gave 5.26 

in 54%. The ECD spectrum of 5.26 in CH3CN showed a negative cotton effect at 260 nm and a 
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positive cotton effect at 239 nm and revealed the absolute configuration of 5.21 to be D-erythro-

sphingosine, which is consistent with the observed configuration of the oceanapins (Figure 5.6).  

  
Figure 5.6: ECD spectrum of 5.26 (CH3CN). 

 
Figure 5.7: Differential cytokine release—IL-10 and IL-12p40—from dendritic cells stimulated 
by oceanapins A–G (5.3a–g). 
  

5.3 
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Interestingly, oceanapins A–G (5.3a–g) significantly decreased the IL-12p40 secretion 

without impacting the production of IL-10 in dendritic cells, which suggests that 5.3a–g possess 

anti-inflammatory properties. 

 

5.6 Conclusions 

 In conclusion, the absolute stereostructure of axinoside-1 (5.1), isolated from the polar 

extracts of a Western Australian Axinella spp. sponge, was elucidated after extensive spectroscopic 

analysis of 1D and 2D NMR, mass spectrometry, degradation, derivatization, and synthesis. 

Axinoside-1 is characterized by a non-glycerol polyhydroxylated aglycone that is glycosylated at 

the C-17 hydroxyl by a tetrasaccharide consisting of a-D-glucose linked through a 1,2-glycosidic 

bond to b-D-xylose-1, 1,3-glycosidic bond to a-D-xylose-2, and 1,6-glycosidic bond to a-D-

xylose-3. The configuration of the aglycone presented a challenge as the three secondary hydroxyl 

groups were separated from one another and the chain termini. Consequently, esterification of the 

aglycone with (R)- and (S)-2-methoxy-2-(naphthalen-1-yl)acetic acid (1-NMA) induced 

anisotropy in the 1H NMR chemical shifts of the tri-NMA derivatives over large distances and 

denoted the 13R,23R-5.2 configuration. Still, the configuration at C-17 remained equivocal due to 

the additive anisotropic effect observed in the NMR. Herein, we synthesized two stereodefined 

standards, and comparison against the corresponding four NMA-derivatives supported the 17R-

5.2 configuration. Lastly, an expediated protocol was developed to aid in the isolation and 

structural elucidation of the known ceramides, oceanapins A–G, which displayed anti-

inflammatory properties in dendritic cells. 

Chapter 5, in part, is a reprint of the material, “Colossal NMR Anisotropy Relays Remote 

Stereoconfiguration. The Absolute Stereostructure of the Complex Glycolipid, Axinoside-1, from 
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a Western Australian Axinellid Sponge.” In Preparation for submission to J. Am. Chem. Soc. The 

dissertation author was the primary author of this paper and gratefully acknowledges the 

contributions of coauthor Tadeusz F. Molinski. 
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5.8 Experimental 

General Experimental Procedures. Preparative, semi-preparative and analytical HPLC 

were completed on a JASCO system consisting of a UV-VIS detector (UV-2075), dual-pumps 

(PU-2086 Plus), and a dynamic mixer (MX-2080-32). LC-MS measurements were performed with 

a Thermoelectron Surveyor UHPLC coupled to an MSD single-quadrupole detector. GC-MS 

analyses were carried out on an Agilent 7820A GC equipped with an Agilent 5977B GC-MSD 

unit and HR-ESI-TOF mass spectroscopy analyses were conducted on an Agilent 1200 HPLC 
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connected to an Agilent 6350 TOF-MS at the Small Molecule Mass Spectrometry Facility at the 

Department of Chemistry and Biochemistry at UCSD. UV-Vis spectra were measured on a JASCO 

V-630 spectrometer. FTIR spectrum were collected from thin film samples using a JASCO FTIR-

4100 fitted with an ATR ZnSe plate. Optical rotations were measured on a JASCO P-2000 

polarimeter at the D-double emission line of Na. CD spectrum were measured on a JASCO J-810 

spectropolarimeter at 23 °C in quartz cells of 1, 2 or 5 mm pathlength. 1D and 2D NMR spectra 

were measured on a JEOL ECA (500 MHz) or JEOL ECZ (400 MHz) spectrometer, equipped with 

a 5 mm 1H{13C} room temperature probe, or a Bruker Avance III (600 MHz) NMR spectrometer 

with a 1.7 mm 1H {13C/15N} microcryoprobe (23 ̊ C).  13C NMR spectra were collected on a Varian 

NMR spectrometer (500 MHz) fitted with a 5 mm XSens 13C{1H} cryoprobe. NMR spectra were 

referenced to residual solvent signals (chloroform-d3, dH 7.26, dC 77.16 ppm; methanol-d4, dH 3.31, 

dC 49.00 ppm). 

Biological Material. Axinella spp. (93-07-67) was collected in 1993 from Western 

Australia by hand and kept frozen (–20 ˚C) until needed. A type sample (MeOH) is archived in the 

Department of Chemistry and Biochemistry, UCSD. 

Extraction and Isolation. Axinella spp. (wet wt. 131.30 g) was lyophilized (dry wt. 70.55 

g) and extracted twice with MeOH/CH2Cl2 (2 x 1000 mL, 1:1) over a period of 2 days to give the 

crude extract (10.3 g). The crude was dissolved in a 9:1 solution of MeOH/H2O (400 mL) before 

repeated extraction with hexanes (2 x 400 mL). The hexanes layer was dried to yield hexane-

soluble ‘A layer’ (1.5465 g). H2O was added to the aqueous MeOH layer to a final ratio of 6:4 of 

MeOH/H2O (600 mL), and then repeatedly partitioned against CH2Cl2 (2 x 500 mL) to provide 

CH2Cl2-solube ‘B layer’ (0.5226 g). The MeOH was removed, and the resultant aqueous layer was 
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extracted with n-BuOH (2 x 200mL) to furnish the n-BuOH-soluble ‘C layer’ (2.05 g) and H2O-

soluble ‘D layer’ (3.3042 g).  

The A layer (0.9874 g) was purified by flash chromatography (SiO2, step gradient of 

EtOAc in hexanes) to give six fractions. Fractions five (29.1 mg) and six (57.2 mg) were pooled 

and further purified on a short flash chromatography column (SiO2, step gradient of 2 à 10% 

MeOH/CH2Cl2, stained blue with vanillin-H2SO4) to give ceramides 5.3a–g (52.1 mg). The 

ceramides were identified by mass spectrometry, 1H and 13C NMR, degradation, and 

derivatization.  

The C layer (1.54 g) was separated by size-exclusion chromatography (Sephadex LH-20, 

MeOH) into ten fractions, which were pooled according to TLC (UV-activity, stains blue with 

cerium (IV) ammonium molybdate). The third (0.2750 g), fourth (0.3970 g) and fifth (0.4892 g) 

fractions contained glycolipids. A sample of fraction five (112 mg) was acetylated (Ac2O, Py, 

DMAP) under N2 at rt for 18 h. Excess reagents were removed by bulb-to-bulb distillation at 0.6 

torr, and the crude product was purified by SiO2 chromatography (0 à 2% MeOH/CH2Cl2) to give 

a clear colorless oil (89.1 mg). The oil was separated on an SPE cartridge (silica, 60 à 70% 

EtOAc/hexanes) to give a peracetate glycolipid mixture (48.0 mg). The mixture of peracetate esters 

(25 mg) was further purified by semipreparative reversed-phase HPLC (Luna C18, 250 x 10.0 mm, 

step gradient, 25:75 H2O-CH3CN for 30 min to 100% CH3CN over 5 min, 2.5 mL.min-1) to give 

the peracetylated glycolipid 5.2 (16.0 mg, tR = 41.19 min) as a clear colorless oil.  

Axinoside-1 (5.1): colorless oil; [a]D –26 (c 0.095, MeOH); FTIR (film) ν 3370, 2927, 

2859, 1072, and 1043 cm–1; HRMS (ESI-TOF) m/z 1027.5696 [M-H]–, calc’d for C49H87O22– 

1027.5694). 



 289 

Axinoside-1 Peracetate (5.2): colorless oil; [a]D –40 (c 0.82, CHCl3); FTIR (film) ν 2927, 

2853, 1741, 1367, 1220, 1175, 1038, and 984 cm–1; See Table 5.1 for the 1H and 13C NMR data of 

5.2; HRMS (ESI-TOF) m/z 1555.6927 [M+Na]+ (calc’d 1555.6927 for C73H112O34Na+). 

Oceanapins A–G (5.3a–g): 1H NMR (500 MHz, CDCl3) δ (ppm, integ., mult, J Hz) 0.86 

(3H, t, 6.5), 0.88 (3H, t, 6.5), 1.14 (2H, m), 1.25 (56H, br s), 1.36 (3H, m), 1.51 (1H, septet, 6.5), 

1.63 (2H, m), 2.05 (2H, q, 7.0, 14.0), 2.22 (2H, t, 7.5), 3.69 (1H, dd, 3.0, 11.0), 3.90 (1H, m), 3.94 

(1H, dd, 3.5, 11.0), 4.31 (1H, t, 4.5), 5.51 (1H, dd, 6.5, 15.5), 5.78 (1H, dt, 7.0, 15.5), and 6.29 

(1H, d, 7.0). 13C NMR (125 MHz, CDCl3) δ (ppm) 11.58, 14.30, 19.37, 22.82, 22.85, 25.91, 27.27, 

27.36, 27.58, 28.11, 29.27, 29.39, 29.44, 29.52, 29.54, 29.64, 29.65, 29.68, 29.79, 29.81, 29.86, 

30.10, 30.19, 32.08, 32.45, 34.53, 36.78, 36.98, 39.19, 54.57, 62.61, 74.76, 128.85, 134.44, and 

174.15. See Table 5.2 for HR-ESI-MS data of 5.3a–g.  

Methanolysis of Compound 5.2. Concentrated HCl (2 drops) was added to a solution of 5.2 

(4.0 mg) in MeOH (10 mL). The mixture was purged with N2, stirred at 75 ºC for 18 h, cooled to 

rt, and evaporated under vacuum to give a white solid. The crude was partitioned between Et2O (3 

mL) and H2O (3 mL), and the aqueous layer was extracted with Et2O (2 x 3 mL). The aqueous 

layer was concentrated under reduced pressure to give a mixture of O-Me-glycosides (0.5 mg). 

The organic layer was concentrated and purified by SiO2 chromatography (10% MeOH/CH2Cl2, 

staining with cerium (IV) ammonium molybdate) to give aglycone 5.4 (1.0 mg). 5.4: [a]22.2D +22.1 

(c 0.467, CH2Cl2); ECD (MeOH, c 1.49 x 10-3 M, 23 ºC) l 209 nm (De –0.22). 1H NMR (500 

MHz, CDCl3) δ (ppm, integ., mult, J Hz) 0.89 (3H, d, 6.5 Hz), 1.20 – 1.60 (40H, m), 1.73 (1H, m), 

1.85 (1H, m), 2.31 (1H, m), 2.53 (2H, t, 8.2 Hz), 3.40 (2H, m), 3.58 (1H, m), 4.48 (1H, m); HRMS 

(ESITOF) m/z 493.3865 [M+Na]+ (calc’d 493.3863 for C28H54O5Na+). 
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Silylation of the O-Me-Glycoside Mixture from Methanolysis of 5.2. The interior surface of 

a 3.7 mL glass vial was silylated by addition of BSTFA (1 mL) and anhydrous pyridine (1 mL) at 

75 ºC for 30 min, then emptied and dried in an oven. BSTFA (0.9 mL), TMSCl (0.1 mL), and 

anhydrous pyridine (0.9 mL) were added to the O-Me-glycosides (0.5 mg, see above) under N2. 

The solution was stirred at 75 ºC for 30 min, cooled to rt, and analyzed by GC-MS (Agilent BD-

5MS UI, 30 m x 0.25 mm x 0.25 µm, He, 1.2 mL.min-1, 250 ºC (injector temperature), 230 ºC (MS 

source), 150 ºC (MS squad), 1 µL injection). O-Tri-TMS-O-methyl D-xylopyranoside anomers 

eluted at 9.95 min (Peak A) and 10.16 min (Peak B), respectively. O-Tetra-TMS-O-methyl D-

glucopyranoside anomers eluted at 12.48 min (Peak C) and 12.65 min (Peak D), respectively. The 

retention times matched those of authentic standards prepared from D-Xyl and D-Glu after 

methanolysis (SOCl2, MeOH, 0 ºC à 75 ºC, 16 h) and silylation (Pierce’s reagent (BSTFA, 

TMSCl, pyridine, 75 ºC, 30 min). Peak A EI-MS: 217 (66), 218 (14), 206 (9), 205 (20), 204 (100), 

147 (41), 133 (33), 129 (13), 75 (10), 73 (80). Peak B: 217 (61), 218 (13), 206 (8), 205 (19), 204 

(100), 147 (30), 133 (27), 129 (10), 75 (9), 73 (72). Peak C: 217 (28), 218 (8), 206 (9), 205 (22), 

204 (100), 147 (26), 133 (28), 129 (10), 73 (60). Peak D: 217 (24), 218 (7), 206 (9), 205 (22), 204 

(100), 147 (22), 133 (24), 129 (7), 73 (55). 

(–)-(S)-5-methyldihydrofuran-2(3H)-one, 5.6. Lactone (–)-5.6 was synthesized according 

to a reported literature procedure.30 Ethyl-levulinate (5.5, 1.63 g, 11.3 mmol) was added to a 

suspension of sucrose (12.73 g, 37.2 mmol) and yeast (50.22 g) in H2O at rt. The mixture was 

placed in a shaker and agitated at 120 rpm and 25 ºC for 1 d. Then the mixture was stirred at rt for 

2 d. The reaction mixture was extracted with EtOAc (3 x 200 mL). The organic layer was 

centrifuged to separate the aqueous from the organic layer. The organic layer was washed with 

brine (1x), dried over MgSO4, filtered and evaporated. The crude was purified by SiO2 
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chromatography (5 à 25% EtOAc/ hexanes) to give unreacted 5.5 (0.45 g), ethyl (S)-4-

hydroxypentanoate and 5.6 (0.93 g). The latter mixture (0.35 g) was dissolved in benzene (12 mL) 

and stirred at rt for 4 h with cat. p-TsOH. Anhydrous Na2SO4 and Na2CO3 were added to the 

reaction. After 30 min, the reaction mixture was filtered, and the filtrate carefully concentrated 

under reduced pressure to give the volatile (–)-5.6. [a]21.7D –15.4 (c 1.85, CH2Cl2); ECD (MeOH, 

c = 8.99 x 10-3 M, 23 ºC) l 210 nm (De +0.19). The 1H NMR data matched the reported literatures 

values.31  

 

 
Scheme 5.10: Synthesis of (R)- and (S)-1-NMA. 

2-Methoxy-2-(naphth-1-yl)acetic acid, (±)-5.S1. Compound (±)-5.S1 was synthesized 

according to a known literature procedure.32 A solution of KOH (88%, 11.5 g, 180.4 mmol) in 

MeOH (32.0 mL) was added to a solution of 1-naphthaldehyde (5.0 g, 32.0 mmol) and 

tribromomethane (4.2 mL, 46.7 mmol) in MeOH (18.0 mL), slowly over 1 h, at 0 ºC in a large 

reaction flask (highly exothermic reaction). The solution was allowed to warm to rt over 17 h with  

stirring. The mixture was diluted with H2O and extracted with CH2Cl2 (3 x 40 mL). The aqueous 

layer was acidified with concentrated HCl to pH ~ 1, extracted with EtOAc (2 x 40 mL), and the 
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combined organic layers were dried over Na2SO4, filtered and evaporated. The product was 

crystallized from EtOAc/hexanes to give 5.S1 (4.84 g, 75%) as a pale-yellow solid.  

N-((S)-1-hydroxy-3-phenylprop-2-yl)-2-methoxy-2-(naphthyl-1-yl)acetamide, 5.S2. 

HBTU (0.88 g, 2.3 mmol) and DIPEA (2.0 mL, 0.12 mmol) were added to a solution of (±)-5.S1 

(0.5 g, 2.3 mmol) and L-phenylalaninol (0.35 g, 2.3 mmol) in dry DMF (6.5 mL) at rt under N2. 

After 12 h, the reaction mixture was diluted with H2O (200 mL) before repeated extraction with 

CH2Cl2 (4 x 20 mL). The combined organic layers were washed with HCl (2 x 20 mL, 1 M), H2O 

(1 x 20 mL), NaHCO3 (2 x 20 mL, 0.5 M), brine (1x), dried over Na2SO4, filtered and evaporated. 

The crude product was purified on SiO2 chromatography (80% EtOAc/ hexanes) to give 5.S2a and 

5.S2b in 20% and 32%, respectively, as pale-yellow oils. 5.S2a: 1H NMR (400 MHz, CDCl3) δ 

(ppm, integ., mult, J Hz) 2.85 (1H, m), 2.98 (1H, dd, 6.8, 9.2), 3.32 (3H, s), 3.66 (1H, dd, 6.0, 

11.2), 3.77 (1H, dd, 3.6, 10.8), 4.21 (1H , m), 5.23 (1H, s), 7.14 (1H, d, 7.2 Hz), 7.19 (2H, m), 7.23 

– 7.31 (2H, m), 7.37 (1H, t, 7.2), 7.39 – 7.48 (2H, m), 7.82 (2H, m), 8.01 (1H, bs), 8.03 (1H, d, 

8.4); HRMS (ESITOF) m/z 350.1750 [M+H]+ (calc’d 350.1751 for C22H23NO3). 5.S2b: 1H NMR 

(400 MHz, CDCl3) δ (ppm, integ., mult, J Hz) 2.05 (1H, bs), 2.94 (2H, m), 3.27 (3H, s), 3.62 (1H, 

m), 3.70 (1H, m), 4.17 (1H , m), 5.20 (1H, s), 7.14 (1H, d, 7.2 Hz), 7.22 (2H, m), 7.31 (2H, m), 

7.42 – 7.54 (4H, m), 7.85 (2H, m), 8.19 (1H, d, 8.0); HRMS (ESITOF) m/z 350.1750 [M+H]+ 

(calc’d 350.1751 for C22H23NO3). 

(R)-2-methoxy-2-(naphthalen-1-yl)acetic acid, (R)-1-NMA (5.7a). A solution of 5.S2a 

(0.16 g, 0.5 mmol) in HCl (30 mL, 30 mmol, 3 M) was refluxed at 130 ºC for 1.5 h. The reaction 

mixture was cooled to rt and extracted with Et2O (3x). The Et2O layer was washed with sat’d 

NaHCO3 (2x), and the base layer was acidified with HCl (1 M) and extracted with Et2O (2x) and 

EtOAc (2x). The Et2O and EtOAc were combined, washed with brine (1x), dried over Na2SO4, 
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filtered, and evaporated to give 5.7a (53.3 mg, 54%) as an off-white solid. [a]21.7 ºCD -134.2 (c 

0.11, EtOH). The 1H NMR and HRMS were consistent with reported literature values.32  

(S)-2-methoxy-2-(naphth-1-yl)acetic acid, (S)-1-NMA (5.7b). A solution of 5.S2b (0.2596 

g, 0.74 mmol) in HCl (3 M, 50 mL, 50 mmol) was refluxed at 140 ºC for 1 h. The reaction mixture 

was cooled to rt, and extracted with Et2O (3x). The Et2O layer was washed with sat’d NaHCO3 

(2x), and the alkaline layer was acidified with concentrated HCl and extracted with EtOAc (3x). 

The EtOAc layer was washed with brine (1x), dried over Na2SO4, filtered and evaporated to give 

5.S2b (110.4 mg, 69%) as an off-white solid. [a]21.7 ºCD +123.3 (c 0.115, EtOH). The 1H NMR and 

HRMS were consistent with reported literature values.32  

 

 
Scheme 5.11: Synthesis of tris-NMA derivatives 8a,b. 

Compound 5.8a. Compound 5.8a was obtained by esterification of 5.4 according to a 

reported literature procedure.20 i-Pr2NEt (0.7 µL, 3.82 µmol) and 2,4,6-trichlorobenzoyl chloride 

(0.6 µL, 3.82 µmol) were added to a solution of 5.4 (0.2 mg, 0.42 µmol) and (R)-1-NMA (5.7a, 

0.55 µL, 3.82 µmol) in dry toluene (100 µL) under Ar. After 45 min, a solution of DMAP (5 µL, 

5.0 µmol, 100 mg/mL) in toluene was added. After stirring for 18 h, the reaction mixture was 

diluted with HCl (0.5 mL, 0.5 mmol, 1 M), and extracted with CH2Cl2 (3 x 0.5 mL). The organic 

layer was washed with H2O (1x) and dried under N2. The crude material was purified by semi-
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preparative HPLC (SiO2, 40% EtOAc/ hexanes, 3.0 mL·min-1) to give 5.8a (tR = 10.45 min). 

HRMS (ESITOF) m/z 1087.5902 [M+Na]+ (calc’d 1087.5906 for C67H84O11).  

Compound 5.8b. Aglycone 5.4 (0.2 mg, 0.42 µmol) was derivatized with (S)-1-NMA 

(5.7b), according to the procedure described above for 5.8a, to give 5.8b (tR = 11.63 min). HRMS 

(ESITOF) m/z 1087.5903 [M+Na]+ (calc’d 1087.5906 for C67H84O11).  

 

 
Scheme 5.12: Synthesis of alcohol (–)-5.10. 

(R)-2-(3-phenylpropyl)oxirane ((R)-5.10). A solution of 2-bromoethyl benzene (2.97 mL, 

21.7 mmol) in dry THF (10 mL) was added dropwise to Mg turnings (0.63 g, 26.1 mmol) coated 

with I2 under N2 in a two-necked round bottom flask equipped with a reflux condenser. The 

solution was refluxed for 2 h, cooled to rt, and added dropwise to a solution of (R)-epichlorohydrin 

(0.85 mL, 10.9 mmol) and CuCN (97.0 mg, 1.1 mmol) in dry THF (20 mL) at -10 ºC. After stirring 

at -10 ºC for 2h, the reaction mixture was warmed to rt and stirred for 16 h. The reaction mixture 

was quenched with sat’d NH4Cl, the layers were separated, and the aqueous layer was extracted 

with Et2O (3x). The combined organic layer was washed with brine (1x), dried over MgSO4, 

filtered and evaporated. The crude was purified on SiO2 (5% à 10% EtOAc/ hexanes) to give (R)-

1-chloro-5-phenylpentan-2-ol. Crushed NaOH (2.315 g, 57.9 mmol) was added to a stirred 

solution of (R)-1-chloro-5-phenylpentan-2-ol in Et2O (25 mL). After 18 h, the reaction mixture 

was filtered on Celite, and the filtrate was concentrated. The crude was purified on SiO2 (5% à 

10% EtOAc/ hexanes) to give 5.S3 (1.251 g, 71% over 2 steps) as a colorless oil. [a]D +14.0 (c 

2.56, CHCl3). The 1H NMR and HRMS matched reported literature values.33  

(R)-5.10
OHc. CuCl, THF, -10 → 0 ºC, 85%

O
MgClO

Cl

MgBr

a. CuCN, THF, 0 ºC
b. NaOH, Et2O, rt, 71%(R)-epichlorohydrin 5.S3
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(R)-5.10 was synthesized according to the protocol developed by Walkinshaw and 

colleagues.34 Cu(I)Cl (30.5 mg, 0.31 mmol) was added to a flame-dried flask under N2 and dried 

under vacuum at 4.2 Torr and 80 ºC for 30 min before immediate use. The flask was cooled to rt 

and vinyl magnesium chloride (2.89 mL, 4.62 mmol, 1.6 M in THF) was added. The mixture was 

cooled to –10 ºC, and a solution of 5.S3 (0.50 g, 3.08 mmol) in THF (2 mL) was added dropwise 

over 1 h. The reaction mixture was warmed to 0 ºC, diluted with MeOH (0.25 mL) and 

subsequently quenched by addition of HCl (3.9 mL, 2 M) while maintaining the temperature 

between 0 – 10 ºC. After 1 h, the mixture was diluted with MTBE (5 mL), the layers were 

separated, and the aqueous layer was extracted with MTBE (2 x 5 mL). The combined organic 

layer was washed with HCl (1x, 1 M), H2O (1x), sodium thiosulfate (2x, 1 M), H2O (1x), dried 

over MgSO4, filtered and evaporated. The crude was purified on SiO2 (10% EtOAc/hexanes) to 

give (R)-5.10 (0.497 g, 85%) as a colorless oil. The 1H NMR and HRMS matched reported 

literature values.35 

 

 
Scheme 5.13: Synthesis of (R)- and (S)-5.11. 

1-(trimethylsilyl)oct-7-en-1-yn-3-ol (5.S5). Compounds 5.S4 were synthesized according 

to the reported literature procedure.36 n-BuLi (38 mL, 94.5 mmol, 2.5 M in THF) was added 
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dropwise to a solution of propargyl alcohol (2.5 mL, 43 mmol) in dry THF (120 mL) at -78 ºC. 

After stirring for 30 min at rt, the reaction mixture was cooled to -78 ºC, and TMSCl (12 mL, 94.5 

mmol) was added dropwise. After 5 min, the reaction mixture was warmed to rt, and stirred for 16 

h. The reaction mixture was slowly quenched with HCl (100 mL, 2 M, aq.) followed by addition 

of sat’d aq. NaHCO3 (50 mL). The layers were separated, and the aqueous layer was extracted 

with Et2O (3 x 100 mL). The combined organic layer was dried over MgSO4, filtered, and carefully 

evaporated. The crude was purified on SiO2 (10% à 20% EtOAc/ hexanes) to give 5.S4 (5.32 g, 

97%) as an orange oil.  

A mixture of MnO2 (48.4 g, 560 mmol, pre-heated at 170 ºC under reduced pressure for 2-

3 h) and 5.S4 (7.14 g, 55.7 mmol) in CH2Cl2 (280 mL) was stirred at rt for 4 d. The reaction 

mixture was filtered on celite, and the filtrate was carefully concentrated from an ice-bath to 

furnish the aldehyde. A solution of 5-bromo-1-pentene (9.2 mL, 77.9 mmol) in THF (90 mL) was 

added dropwise to activated Mg turnings (2.165 g, 89.1 mmol) at rt, and the suspension was 

refluxed for 3 h. The resultant Grignard reagent was added dropwise to the aldehyde (55.7 mmol) 

in THF (45 mL) at -78 ºC. After stirring at rt for 18 h, the reaction mixture was quenched by slow 

addition of sat’d aq. NH4Cl (30 mL), the layers were separated, and the aqueous layer was 

extracted with Et2O (3 x 50 mL). The combined organic layer was washed with brine (1x), dried 

over MgSO4, filtered and evaporated. The crude was purified on SiO2 (5% à 15% EtOAc/ 

hexanes) to give 5.S5 (3.50 g, 32%) as a pale-yellow oil. The 1H NMR and HRMS data are 

consistent with published literature values.37 

Oct-7-en-1-yn-3-ol ((±)-5.13). TBAF (4.3 mL, 4.3 mmol, 1 M in THF) was added to a 

solution of 5.12 (0.71 g, 3.6 mmol) in THF (35 mL) at 0 ºC. After 1 h, the reaction mixture was 

quenched by addition of sat’d aq. NH4Cl, the layers were separated, and the aqueous layer was 
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extracted with Et2O (3x). The combined organic extract was washed with brine (1x), dried over 

MgSO4, filtered and evaporated. The crude was purified on SiO2 (5% à 10% EtOAc/ hexanes) to 

give (±)-5.13 (0.304g, 68%). The 1H NMR and HRMS data are consistent with the reported 

literature values.38 

(R)-Oct-7-en-1-yn-3-ol ((R)-5.13). A solution of (±)-5.13 (1.89 g, 15.2 mmol), vinyl acetate 

(7.0 mL, 76 mmol) and lipase (Novozym® 435, 100 mg) in pentane (30 mL, 0.5 M) was agitated 

in an orbital shaker at rt for 20 h. The suspension was filtered through a bed of Celite, and the 

filtrate was carefully concentrated. The crude product was purified on SiO2 (5% à 30% 

Et2O/pentane) to give (R)-5.13 (0.867 g, 46%) and 5.14 (0.97 g, 39%) as colorless oils. (R)-5.13: 

[a]D +15.1 (c 1.00, CHCl3). The 1H NMR and HRMS data are consistent with the reported 

literature values.38 5.14: [a]D –73.7 (c 1.00, CHCl3). The 1H NMR and HRMS data are consistent 

with the reported literature values.39 

(S)-Oct-7-en-1-yn-3-ol ((S)-5.13). A slurry of 5.14 (0.95 g, 5.7 mmol) and K2CO3 (1.575 

g, 11.4 mmol) in MeOH (28.5 mL, 0.2 M) was stirred at rt for 1.5 h. H2O (50 mL) was added to 

dissolve the salts, and the reaction mixture was extracted with Et2O (3 x 50 mL). The combined 

organic layer was washed with sat’d aq. NH4Cl, dried over Na2SO4, filtered and evaporated. The 

crude was purified on SiO2 (10% à 30% Et2O/pentane) to give (S)-5.13 (0.63 g, 89%) as a 

colorless oil. [a]D –8.08 (c 1.00, CHCl3). The 1H NMR and HRMS data are consistent with the 

reported literature values.38  

(R,Z)-1-Iodoocta-1,7-dien-3-ol ((R)-5.15). A solution of (R)-5.13 (0.4169 g, 3.36 mmol) in 

THF (5.0 mL) was added dropwise to a suspension of LiAlH4 (0.322 g, 8.06 mmol) in THF (35 

mL) at 0 ºC. The flask containing (R)-5.13 was rinsed with THF (5.0 mL) and the solution was 

added to the reaction mixture. The reaction mixture was refluxed for 3.25 h, cooled to rt and then 
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0 ºC, and EtOAc (3.3 mL) was added. After 30 min at 0 ºC, a solution of I2 (2.56 g, 10.1 mmol) in 

THF (10 mL) was added dropwise at 0 ºC. After 2 h at 0 ºC, the reaction mixture was quenched 

by addition of sat’d aq. NaHCO3 and sat’d aq. Na2SO3 (50 mL, 1:1 ratio), the layers were separated, 

and the aqueous layer was extracted with EtOAc (3x). The combined organic layer was washed 

with brine (1x), dried over MgSO4, filtered and evaporated. The crude was purified on SiO2 (10% 

à 25% Et2O/hexanes) to give (R)-5.15 (0.808 g, 95%) as a colorless oil. Compounds (±)-5.15 and 

(R)-5.15 were dissolved in hexanes (10 mg/mL) and separated by chiral NP-HPLC (Lux Cellulose-

3, 5 µm, 250 x 4.6 mm, 0.5% IPA-hexane, isocratic, 1 mL.min-1, l = 280 nm) with an in-line CD 

detector (Jasco, CD-2095 plus) to provide (R)-5.15 (Rt = 16.67 min.), and (S)-5.15 (Rt = 17.64 

min.). Peak 1: (R)-5.15: tR = 16.43 min., area = 93.09. Peak 2: (S)-5.15: tR = 18.04 min., area = 

6.91; 86%ee. [a]D +45.7 (c 1.60, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 

6.34 (1H, dd, J = 7.6, 1.0 Hz), 6.24 (1H, t, J = 7.6 Hz), 5.81 (1H, ddt, J = 17.0, 10.2, 6.7 Hz), 5.03 

(1H, dq, J = 17.0, 2.0 Hz), 4.97 (1H, ddt, J = 10.2, 2.0, 1.2 Hz), 4.41 (1H, tdd, J = 7.6, 5.4, 1.0 

Hz), 2.16 – 2.03 (2H, m), 1.70 – 1.40 (4H, m). 13C NMR (125 MHz, CDCl3) d (ppm) 24.4, 33.7, 

35.4, 74.4, 82.7, 115.0, 138.6, 143.4. HRMS (ESITOF) m/z 234.9973 [M–H2O+H]+ (calc’d 

234.9978 for C8H12I+). 

(S,Z)-1-Iodoocta-1,7-dien-3-ol ((S)-5.15). A solution of (S)-5.13 (0.319 g, 2.57 mmol) in 

THF (4.0 mL) was added dropwise to a suspension of LiAlH4 (0.246 g, 6.17 mmol) in THF (26 

mL) at 0 ºC. The flask containing (S)-5.13 was rinsed with THF (4.0 mL) and the solution was 

added to the reaction mixture. The reaction mixture was refluxed for 3.25 h, cooled to rt and then 

0 ºC, and EtOAc (2.5 mL) was added. After 30 min at 0 ºC, a solution of I2 (1.96 g, 7.71 mmol) in 

THF (8 mL) was added dropwise at 0 ºC. After 2 h at 0 ºC, the reaction mixture was quenched by 

addition of sat’d aq. NaHCO3 and sat’d aq. Na2SO3 (40 mL, 1:1 ratio), the layers were separated, 
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and the aqueous layer was extracted with EtOAc (3x). The combined organic layer was washed 

with brine (1x), dried over MgSO4, filtered and evaporated. The crude was purified on SiO2 (10% 

à 25% Et2O/hexanes) to give (S)-5.15 (0.593 g, 92%) as a colorless oil. Compounds (±)-5.15 and 

(S)-5.15 were dissolved in hexanes (10 mg/mL) and separated by chiral NP-HPLC (Lux Cellulose-

3, 5 µm, 250 x 4.6 mm, 0.5% IPA-hexane, isocratic, 1 mL.min-1, l = 280 nm) with an in-line CD 

detector (Jasco, CD-2095 plus) to provide (R)-5.15 (Rt = 16.67 min.), and (S)-5.15 (Rt = 17.64 

min.). Peak 1: (R)-5.15: tR = 16.80 min., area = 2.05. Peak 2: (S)-5.15: tR = 17.21 min., area = 

97.95; 91%ee. [a]D –30.7 (c 1.03, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J 

Hz) 6.33 (1H, dd, J = 7.6, 1.0 Hz), 6.23 (1H, t, J = 7.6 Hz), 5.80 (1H, ddt, J = 17.0, 10.2, 6.7 Hz), 

5.02 (1H, dq, J = 17.0, 2.0 Hz), 4.96 (1H, ddt, J = 10.2, 2.0, 1.2 Hz), 4.40 (1H, tdd, J = 7.6, 5.4, 

1.0 Hz), 2.09 (2H, tdd, J = 7.0, 5.4, 1.5 Hz), 1.66 – 1.38 (4H, m). 13C NMR (125 MHz, CDCl3) d 

(ppm) 24.4, 33.7, 35.4, 74.4, 82.6, 115.0, 138.6, and 143.4. HRMS (ESITOF) m/z 234.9973 [M–

H2O+H]+ (calc’d 234.9978 for C8H12I+).  

(R,Z)-tert-Butyl((1-iodoocta-1,7-dien-3-yl)oxy)dimethylsilane ((R)-5.11). A solution of 

TBSCl (0.574 g, 3.81 mmol) and imidazole (0.303 g, 4.44 mmol) in DMF (8.0 mL) was added 

dropwise to a solution of (R)- 5.15 (0.80 g, 3.17 mmol) in DMF (4.5 mL) at 0 ºC. After stirring for 

3 h at rt, the reaction mixture was quenched with sat’d aq. NaHCO3 (25 mL) and H2O (25 mL), 

extracted with hexanes (3 x 30 mL), and the combined organic layer was washed with brine (1x), 

dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 (5% Et2O/hexanes) to 

give (R)-5.11 (1.04 g, 90%) as a colorless oil. [a]D –8.10 (c 1.46, CHCl3). 1H NMR (500 MHz, 

CDCl3) d (ppm, integ., mult, J Hz) 6.23 – 6.14 (2H, m), 5.81 (1H, ddt, J = 17.0, 10.2, 6.6 Hz), 5.02 

(1H, ddt, J = 17.0, 2.3, 1.6 Hz), 4.96 (1H, ddt, J = 10.2, 2.3, 1.2 Hz), 4.40 – 4.28 (1H, m), 2.08 

(2H, dddd, J = 7.7, 6.4, 4.8, 1.4 Hz), 1.59 – 1.37 (4H, m), 0.88 (9H, s), 0.09 (3H, s), 0.05 (3H, s). 
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13C NMR (125 MHz, CDCl3) d (ppm) -4.6, -4.1, 18.2, 24.4, 26.0, 33.8, 36.4, 75.4, 79.9, 114.7, 

138.9, 144.8. HRMS (ESITOF) m/z 367.0947 [M+H]+ (calc’d 367.0949 for C14H28IOSi+).  

(S,Z)-tert-Butyl((1-iodoocta-1,7-dien-3-yl)oxy)dimethylsilane ((S)-5.11). A solution of 

TBSCl (0.423 g, 2.81 mmol) and imidazole (0.223 g, 3.28 mmol) in DMF (6.0 mL) was added 

dropwise to a solution of (S)-5.15 (0.59 g, 2.34 mmol) in DMF (3.0 mL) at 0 ºC. After stirring for 

3 h at rt, the reaction mixture was quenched with sat’d aq. NaHCO3 (25 mL) and H2O (25 mL), 

extracted with hexanes (3 x 30 mL), and the combined organic layer was washed with brine (1x), 

dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 (5% EtOAc/hexanes) 

to give (S)-5.11 (0.772 g, 90%) as a colorless oil. [a]D –12.4 (c 1.66, CHCl3). 1H NMR (500 MHz, 

CDCl3) d (ppm, integ., mult, J Hz) 6.24 – 6.13 (2H, m), 5.81 (1H, ddt, J = 17.0, 10.2, 6.6 Hz), 5.02 

(1H, dq, J = 17.0, 2.0 Hz), 4.96 (1H, ddt, J = 10.2, 2.0, 1.3 Hz), 4.40 – 4.28 (1H, m), 2.08 (2H, 

tdd, J = 8.1, 4.2, 2.8 Hz), 1.54 – 1.41 (4H, m), 0.88 (9H, s), 0.09 (3H, s), 0.05 (3H, s). 13C NMR 

(125 MHz, CDCl3) d (ppm) -4.6, -4.1, 24.4, 26.0, 33.8, 36.4, 75.4, 79.9, 114.7, 138.9, 144.8. 

HRMS (ESITOF) m/z 367.0947 [M+H]+ (calc’d 367.0949 for C14H28IOSi+).  

 

 
Scheme 5.14: Synthesis of (R)-5.12. 

(R)-Oct-1-en-3-ol ((R)-5.12). Vinylmagnesium chloride (17.2 mL, 27.5 mmol, 1.6 M in 

THF) was added dropwise to a solution of hexanal (3.0 mL, 25.0 mmol) in Et2O (75 mL) at -20 

ºC. After 3 h at -20 ºC, the reaction mixture was warmed to rt and stirred for 16 h. The reaction 

mixture was quenched by slow addition of sat’d aq. NH4Cl, the layers were separated, and the 

aqueous layer was extracted with Et2O (3 x 50 mL). The combined organic layer was washed with 

O
MgCl

m. Et2O, -20 ºC, 74%
n. Lipase N435, vinyl acetate, Et2O

OH OAc
+

(R)-5.12, 47%, >98% eeHexanal 5.S6, 37%
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brine (1x), dried over MgSO4, filtered and evaporated. The crude was purified on SiO2 (10% 

Et2O/pentanes) to give (±)-5.12 (2.37 g, 74%) as a colorless oil. A solution of (±)-5.12 (2.20 g, 

17.2 mmol), vinyl acetate (1.75 mL, 18.9 mmol) and lipase N435 (195 mg) in Et2O (50 mL, 0.39 

M) was shaken at rt for 24 h. The suspension was filtered, and the filtrate was carefully 

concentrated. The crude was purified on SiO2 (10% à 25% Et2O/hexanes) to give (R)-5.12 

(1.0242 g, 47%) and 5.S6 (1.0945 g, 37%) as colorless oils. (R)-5.12: [a]D –5.55 (c 1.21, CHCl3). 

The 1H NMR and HRMS matched reported literature values.40 5.S6: [a]D –8.97 (c 1.79, CHCl3). 

The 1H NMR and HRMS matched reported literature values.41 

 

 
Scheme 5.15: Synthesis of models 5.9a,b. 

(6R,7E,12R,13Z)-12-((tert-Butyldimethylsilyl)oxy)-14-iodotetradeca-7,13-dien-6-ol 

(5.S7a). A solution of Hoveyda Grubbs II catalyst (14.9 mg, 23.7 µmol) in CH2Cl2 (0.5 mL) was 

OH
(R)-5.12

+

OH

I
(R)-5.11: R1 = H, R2 = OTBS
(S)-5.11: R1 = OTBS, R2 = H
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5.16b: R1 = OTBS, R2 = H, Quant.
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R1 R2OH

OH
5.9a: R1 = H, R2 = OH, 49%
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added dropwise to a solution of (R)-5.11 (290 mg, 0.792 mmol) and (R)-5.12 (304.5 mg, 2.37 

mmol) in CH2Cl2 (2.15 mL) under N2 at 40 ºC. After 44 h, additional Hoveyda Grubbs II catalyst 

(14.9 mg, 23.7 µmol) in CH2Cl2 (0.5 mL) and (R)-5.12 (101.5 mg, 0.792 mmol) were added 

dropwise to the reaction. After an additional 20 h, the reaction mixture was cooled to rt and purified 

on SiO2 (100% hexanes à 10% Et2O/hexanes) to give 5.S7a (170 mg, 46%) after the recovery of 

unreacted (R)-5.11. [a]D +7.17 (c 1.67, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, 

J Hz) 6.22 – 6.13 (2H, m), 5.68 – 5.56 (1H, m), 5.47 (1H, ddt, J = 15.4, 7.1, 1.3 Hz), 4.39 – 4.27 

(1H, m), 4.04 (1H, q, J = 6.7 Hz), 2.11 – 2.02 (2H, m), 1.64 – 1.20 (5H, m), 1.36 – 1.20 (7H, m), 

0.88 (9H, s), 0.88 (3H, m), 0.09 (3H, s), 0.05 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.6, 

-4.1, 14.2, 18.2, 22.8, 24.7, 25.3, 26.0, 31.9, 32.1, 36.3, 37.4, 73.4, 75.4, 80.0, 131.9, 133.5 and 

144.7. HRMS (ESITOF) m/z 489.1656 [M+Na]+ (calc’d 489.1656 for C20H39IO2SiNa+). 

(6R,7E,12S,13Z)-12-((tert-Butyldimethylsilyl)oxy)-14-iodotetradeca-7,13-dien-6-ol (S7b). 

A solution of Hoveyda Grubbs II catalyst (14.9 mg, 23.7 µmol) in CH2Cl2 (0.5 mL) was added 

dropwise to a solution of (S)-5.11 (292.2 mg, 0.798 mmol) and (R)-5.12 (306.8 mg, 2.39 mmol) in 

CH2Cl2 (2.0 mL) under N2 at 40 ºC. After 44 h, additional Hoveyda Grubbs II catalyst (14.9 mg, 

23.7 µmol) in CH2Cl2 (0.5 mL) and (R)-5.12 (102 mg, 0.796 mmol) were added dropwise to the 

reaction. After an additional 20 h, the reaction mixture was cooled to rt and purified on SiO2 (100% 

hexanes à 10% Et2O/hexanes) to give 5.S7b (223 mg, 60%) after the recovery of unreacted (S)-

5.11. [a]D +7.72 (c 1.35, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 6.23 – 

6.13 (2H, m), 5.63 (1H, dtd, J = 15.4, 6.7, 0.9 Hz), 5.47 (1H, ddt, J = 15.4, 7.1, 1.3 Hz), 4.39 – 

4.27 (1H, m), 4.04 (1H, q, J = 6.7 Hz), 2.13 – 1.99 (2H, m), 1.63 – 1.37 (5H, m), 1.37 – 1.22 (7H, 

m), 0.88 (9H, s), 0.88 (3H, m), 0.09 (3H, s), 0.05 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -
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4.6, -4.1, 14.2, 18.2, 22.8, 24.7, 25.3, 26.0, 31.9, 32.1, 36.3, 37.4, 73.4, 75.4, 80.0, 131.9, 133.6 

and 144.8. HRMS (ESITOF) m/z 489.1659 [M+Na]+ (calc’d 489.1656 for C20H39IO2SiNa+). 

 (6R,12R,E)-12-((tert-Butyldimethylsilyl)oxy)tetradeca-7,13-dien-6-ol (5.16a). n-Bu3SnH 

(140 µL, 0.519 mmol) was added dropwise to a solution of 5.S7a (186 mg, 0.399 mmol) and 

Pd(PPh3)4 (46.1 mg, 39.9 µmol) in benzene (5 mL) under N2 at 0 ºC. After stirring at rt for 18 h, 

the reaction mixture was quenched by addition of sat’d aq. NaHCO3, extracted with EtOAc (3x), 

and the combined organic layer was washed with brine (1x), dried over Na2SO4, filtered and 

evaporated. The crude was purified on SiO2 (5% à 10% MTBE/hexanes) to give 5.16a (127.4 

mg, 94%) as a colorless oil. [a]D ~0 (c 0.90, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., 

mult, J Hz) 5.78 (1H, ddd, J = 16.4, 10.4, 6.0), 5.61 (1H, dt, J = 15.4, 6.7 Hz), 5.51 – 5.40 (1H, 

m), 5.12 (1H, ddt, J = 16.4, 2.0, 1.0 Hz), 5.01 (1H, ddt, J = 10.4, 2.0, 1.0 Hz), 4.08 (1H, m), 4.03 

(1H, q, J = 6.7 Hz), 2.14 – 1.98 (2H, m), 1.68 – 1.20 (12H, m), 0.89 (9H, m), 0.88 (3H, t, 7.2), 

0.04 (3H, s), 0.02 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.7, -4.2, 14.2, 18.4, 22.8, 24.9, 

25.3, 26.0, 31.9, 32.3, 37.4, 37.6, 73.4, 73.8, 113.7, 132.0, 133.4 and 141.9. HRMS (ESITOF) m/z 

363.2692 [M+Na]+ (calc’d 363.2690 for C20H40O2SiNa+). 

(6R,12S,E)-12-((tert-Butyldimethylsilyl)oxy)tetradeca-7,13-dien-6-ol (5.16b). n-Bu3SnH 

(172 µL, 0.638 mmol) was added dropwise to a solution of 5.S7b (228.8 mg, 0.490 mmol) and 

Pd(PPh3)4 (57 mg, 49 µmol) in benzene (5 mL) under N2 at 0 ºC. After stirring at rt for 18 h, the 

reaction mixture was quenched by addition of sat’d aq. NaHCO3, extracted with EtOAc (3x), and 

the combined organic layer was washed with brine (1x), dried over Na2SO4, filtered and 

evaporated. The crude was purified on SiO2 (5% à 10% MTBE/hexanes) to give 5.16b (161.5 

mg, 97%) as a colorless oil. [a]D +13 (c 0.70, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., 

mult, J Hz) 5.78 (1H, ddd, J = 17.2, 10.4, 6.1 Hz), 5.61 (1H, dtd, J = 14.7, 6.8, 0.8 Hz), 5.44 (1H, 
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ddt, J = 14.7, 7.1, 1.4 Hz), 5.13 (1H, dq, J = 17.2, 1.8 Hz), 5.07 – 4.97 (1H, m), 4.12 – 4.06 (1H, 

m), 4.03 (1H, q, J = 6.8 Hz), 2.11 – 1.98 (2H, m), 1.72 – 1.22 (12H, m), 0.89 (9H, s), 0.88 (3H, t, 

6.8), 0.04 (3H, s), 0.03 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.7, -4.2, 14.2, 18.4, 22.8, 

24.9, 25.3, 26.0, 31.9, 32.3, 37.4, 37.6, 73.4, 73.8, 113.7, 132.0, 133.4 and 141.9. HRMS (ESITOF) 

m/z 363.2692 [M+Na]+ (calc’d 363.2690 for C20H40O2SiNa+).  

(5R,11R,E)-2,2,3,3,13,13,14,14-Octamethyl-5-pentyl-11-vinyl-4,12-dioxa-3,13-

disilapentadec-6-ene (5.17a). Freshly distilled 2,6-lutidine (89 µL, 0.762 mmol) and TBSOTf (143 

µL, 0.624 mmol) were added to a solution of 5.16a (118 mg, 0.346 mmol) in CH2Cl2 (3.5 mL) at 

0 ºC. After 45 min, the reaction mixture was quenched by addition of sat’d aq. NaHCO3 and H2O. 

The mixture was extracted with Et2O (3x), and the combined organic layer was washed with brine 

(1x), dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 (100% hexanes) 

to give 5.17a (141.1 mg, 90%) as a colorless oil. [a]D +2.88 (c 2.30, CHCl3). 1H NMR (500 MHz, 

CDCl3) d (ppm, integ., mult, J Hz) 5.78 (1H, ddd, J = 17.0, 10.4, 6.0), 5.49 (1H, dt, J = 15.6, 6.4), 

5.37 (1H, ddt, J = 15.6, 6.7, 1.2 Hz), 5.12 (1H, ddd, J = 17.0, 1.6, 1.6), 5.01 (1H, ddd, J = 10.4, 

1.6, 1.6), 4.10 – 4.04 (1H, m), 4.00 (1H, q, J = 6.4 Hz), 2.00 (2H, q, J = 6.7 Hz), 1.55 – 1.18 (12H, 

m), 0.89 (9H, s), 0.88 (9H, s), 0.88 (3H, m), 0.04 (3H, s), 0.03 (3H, s), 0.02 (3H, s), 0.01 (3H, s). 

13C NMR (125 MHz, CDCl3) d (ppm) -4.70, -4.58, -4.21, -4.00, 14.22, 18.41, 18.44, 22.81, 25.17, 

25.26, 26.03, 26.09, 31.96, 32.21, 37.72, 38.61, 73.88, 73.97, 113.61, 130.12, 134.13, 142.01. 

HRMS (ESITOF) m/z 477.3553 [M+Na]+ (calc’d 477.3555 for C26H54O2Si2Na+). 

(5R,11S,E)-2,2,3,3,13,13,14,14-Octamethyl-5-pentyl-11-vinyl-4,12-dioxa-3,13-

disilapentadec-6-ene (5.17b). Freshly distilled 2,6-lutidine (116 µL, 0.99 mmol) and TBSOTf (187 

µL, 0.813 mmol) were added to a solution of 5.16b (153.4 mg, 0.452 mmol) in CH2Cl2 (4.5 mL) 

at 0 ºC. After 45 min, the reaction mixture was quenched by addition of sat’d aq. NaHCO3 and 
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H2O. The mixture was extracted with Et2O (3x), and the combined organic layer was washed with 

brine (1x), dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 (100% 

hexanes) to give 5.17b (169.0 mg, 82%) as a colorless oil. [a]D +10.5 (c 2.84, CHCl3). 1H NMR 

(500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 5.78 (1H, ddd, J = 16.6, 10.4, 6.0 Hz), 5.50 (1H, dt, 

J = 15.6, 6.4 Hz), 5.37 (1H, ddt, J = 15.6, 6.8, 1.2 Hz), 5.12 (1H, ddd, J = 16.6, 1.6, 1.6 Hz), 5.01 

(1H, ddd, J = 10.4, 1.6, 1.2 Hz), 4.11 – 4.04 (1H, m), 4.00 (1H, q, J = 6.4 Hz), 2.07 – 1.93 (2H, 

m), 1.61 – 1.16 (12H, m), 0.89 (9H, s), 0.89 (9H, s), 0.88 (3H, m), 0.04 (3H, s), 0.03 (3H, s), 0.03 

(3H, s), 0.01 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.70, -4.58, -4.22, -4.01, 14.22, 18.40, 

22.80, 25.13, 25.25, 26.03, 26.09, 31.95, 32.21, 37.73, 38.61, 73.87, 73.97, 113.59, 130.12, 134.14, 

142.02. HRMS (ESITOF) m/z 477.3556 [M+Na]+ (calc’d 477.3555 for C26H54O2Si2Na+). 

(4R,6E,8R,12E,14R)-8,14-bis((tert-Butyldimethylsilyl)oxy)-1-phenylnonadeca-6,12-dien-

4-ol (5.18a). A solution of Hoveyda Grubbs II catalyst (14 mg, 22 µmol) in CH2Cl2 (0.5 mL) was 

added dropwise to a solution of 5.17a (100 mg, 0.22 mmol) and (R)-5.10 (125.5 mg, 0.66 mmol) 

in CH2Cl2 (1.0 mL) under N2 at 40 ºC. After 18 h, additional Hoveyda Grubbs II catalyst (14 mg, 

22 µmol) in CH2Cl2 (0.5 mL) was added dropwise to the reaction. After an additional 18 h, the 

reaction mixture was cooled to rt and purified on SiO2 (100% hexanes à 10% Et2O/hexanes) to 

give 5.18a (70.5 mg, 52%) as a colorless oil. [a]D +11 (c 0.90, CHCl3). 1H NMR (500 MHz, 

CDCl3) d (ppm, integ., mult, J Hz) 7.32 – 7.27 (2H, m), 7.18 (3H, m), 5.57 – 5.43 (3H, m), 5.42 – 

5.31 (1H, m), 4.14 – 4.03 (1H, m), 4.00 (1H, q, J = 6.4 Hz), 3.63 (1H, m), 2.63 (2H, t, J = 7.7 Hz), 

2.34 – 1.60 (7H, m), 1.59 – 1.19 (13H, m), 0.884 (9H, s), 0.880 (9H, s), 0.88 (3H, m), 0.04 (6H, 

s), 0.01 (6H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.61, -4.58, -4.06, -3.99, 14.22, 18.38, 

18.43, 22.80, 25.25, 25.34, 26.04, 26.09, 27.64, 31.95, 32.19, 36.03, 36.46, 38.04, 38.60, 40.44, 
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70.94, 73.28, 73.94, 125.63, 125.88, 128.44, 128.54, 130.05, 134.17, 137.81, 142.50. HRMS 

(ESITOF) m/z 639.4592 [M+Na]+ (calc’d 639.4599 for C37H68O3Si2Na+). 

(4R,6E,8S,12E,14R)-8,14-bis((tert-Butyldimethylsilyl)oxy)-1-phenylnonadeca-6,12-dien-

4-ol (5.18b). A solution of Hoveyda Grubbs II catalyst (14 mg, 22 µmol) in CH2Cl2 (0.5 mL) was 

added dropwise to a solution of 5.17b (100 mg, 0.22 mmol) and (R)-5.10 (125.5 mg, 0.66 mmol) 

in CH2Cl2 (1.0 mL) under N2 at 40 ºC. After 18 h, additional Hoveyda Grubbs II catalyst (14 mg, 

22 µmol) in CH2Cl2 (0.5 mL) was added dropwise to the reaction. After an additional 18 h, the 

reaction mixture was cooled to rt and purified on SiO2 (100% hexanes à 10% Et2O/hexanes) to 

give 5.18b (80.1 mg, 59%) as a colorless oil. [a]D +4.9 (c 0.86, CHCl3). 1H NMR (500 MHz, 

CDCl3) d (ppm, integ., mult, J Hz) 7.33 – 7.27 (2H, m), 7.24 – 7.13 (3H, m), 5.52 (2H, m), 5.47 

(1H, t, J = 6.5 Hz), 5.37 (1H, dd, J = 15.5, 6.7 Hz), 4.06 (1H, m), 4.01 (1H, q, J = 6.4 Hz), 3.63 

(1H, m), 2.64 (2H, t, J = 7.7 Hz), 2.49 – 2.35 (1H, m), 2.30 – 1.55 (8H, m), 1.55 – 1.17 (11H, m), 

0.89 (18H, m), 0.88 (3H, m), 0.04 (6H, s), 0.02 (6H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -

4.61, -4.58, -4.10, -4.01, 14.22, 18.36, 18.43, 22.79, 25.24, 25.28, 26.02, 26.08, 27.64, 31.94, 

32.19, 36.02, 36.42, 38.05, 38.60, 40.44, 70.97, 73.31, 73.93, 125.51, 125.86, 128.43, 128.53, 

130.04, 134.16, 137.94, 142.49. HRMS (ESITOF) m/z 639.4593 [M+Na]+ (calc’d 639.4599 for 

C37H68O3Si2Na+). 

(4R,8R,14R)-8,14-bis((tert-Butyldimethylsilyl)oxy)-1-phenylnonadecan-4-ol (5.S8a). A 

suspension of 5.18a (54.9 mg, 88.9 µmol) and Pd/C (7.5 mg) in hexanes/EtOAc (3 mL, 5/1 ratio) 

was stirred for 18 h under 1 atm of H2. The suspension was purged with N2 and filtered on a short 

SiO2 plug (50% EtOAc/hexanes) to give 5.S8a (55 mg, quant.) as a colorless oil. [a]D +5.1 (c 0.42, 

CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.30 – 7.26 (2H, m), 7.21 – 7.14 

(3H, m), 3.60 (3H, m), 2.68 – 2.56 (2H, m), 2.45 – 2.33 (1H, m), 1.97 – 1.63 (2H, m), 1.40 (11H, 
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m), 1.35 – 1.17 (16H, m), 0.88 (18H, s), 0.88 (3H, m), 0.027 (3H, s), 0.029 (9H, s). 13C NMR (125 

MHz, CDCl3) d (ppm) -4.39, -4.39, -4.37, -4.36, 14.12, 18.18, 18.20, 21.42, 22.71, 25.03, 25.41, 

25.94, 25.96, 25.97, 27.52, 30.11, 32.10, 35.92, 36.97, 37.08, 37.11, 37.12, 37.72, 71.82, 72.26, 

72.38, 125. 73, 128.30, 128.41, 142.41. HRMS (ESITOF) m/z 621.5090 [M+H]+ (calc’d 621.5093 

for C37H73O3Si2+). 

(4R,8S,14R)-8,14-bis((tert-Butyldimethylsilyl)oxy)-1-phenylnonadecan-4-ol (5.S8b). A 

suspension of 5.18b (68.4 mg, 111 µmol) and Pd/C (7.5 mg) in hexanes/EtOAc (3 mL, 5/1 ratio) 

was stirred for 18 h under 1 atm of H2. The suspension was purged with N2 and filtered on a short 

SiO2 plug (50% EtOAc/hexanes) to give 5.S8b (61.8 mg, 89%) as a colorless oil. [a]D –5.1 (c 0.44, 

CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.32 – 7.23 (2H, m), 7.18 (3H, 

m), 3.61 (3H, m), 2.69 – 2.55 (3H, m), 2.38 (1H, dt, J = 15.8, 7.3 Hz), 1.97 – 1.12 (26H, m), 0.88 

(18H, s), 0.88 (3H, m), 0.031 (9H, s), 0.028 (3H, s). 13C NMR (125 MHz, CDCl3) d (ppm) -4.27, 

-4.25, 14.24, 18.30, 18.32, 21.43, 22.83, 25.17, 25.53, 26.05, 26.08, 26.09, 27.65, 30.21, 32.22, 

36.04, 37.09, 37.16, 37.17, 37.23, 37.25, 37.79, 71.92, 72.35, 72.51, 125.86, 128.43, 128.54, 

142.53. HRMS (ESITOF) m/z 621.5095 [M+H]+ (calc’d 621.5093 for C37H73O3Si2+). 

(4R,8R,14R)-1-Phenylnonadecane-4,8,14-triol (5.9a). A solution of 5.S8a (45 mg, 72.5 

µmol) and TBAF (0.36 mL, 362 µmol) in THF (1.0 mL) was stirred at 50 ºC for 3 h. The reaction 

mixture was cooled to rt, quenched by addition of potassium phosphate buffer (pH 7.0), and 

extracted with EtOAc (3x). The combined organic layer was dried over Na2SO4, filtered and 

evaporated. The crude was purified on SiO2 (5% à 10% MeOH/CH2Cl2) to give 5.9a (13.9 mg, 

49%) as a colorless oil. [a]D –4.7 (c 0.44, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., 

mult, J Hz) 7.33 – 7.23 (2H, m), 7.22 – 7.13 (3H, m), 3.68 – 3.53 (3H, m), 2.63 (2H, ddd, J = 8.7, 

6.9, 2.1 Hz), 1.85 – 1.72 (1H, m), 1.72 – 1.60 (1H, m), 1.58 – 1.20 (26H, m), 0.89 (3H, t, J = 6.8 
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Hz). 13C NMR (125 MHz, CDCl3) d (ppm) 14.21, 21.85, 22.80, 25.47, 25.73, 25.74, 27.63, 29.80, 

32.05, 36.01, 37.23, 37.33, 37.36, 37.48, 37.57, 37.62, 71.82, 71.92, 72.13, 125.89, 128.45, 128.55, 

142.51. HRMS (ESITOF) m/z 437.3276 [M+HCOOH–H]– (calc’d 437.3272 for 

C25H43O3·HCOOH–). 

(4R,8S,14R)-1-Phenylnonadecane-4,8,14-triol (5.9b). A solution of 5.S8b (55 mg, 88.5 

µmol) and TBAF (0.45 mL, 443 µmol) in THF (1.0 mL) was stirred at 50 ºC for 3 h. The reaction 

mixture was cooled to rt, quenched by addition of potassium phosphate buffer (pH 7.0), and 

extracted with EtOAc (3x). The combined organic layer was dried over Na2SO4, filtered and 

evaporated. The crude was purified on SiO2 (5% à 10% MeOH/CH2Cl2) to give 5.9b (16.2 mg, 

47%) as a colorless oil. [a]D ~0 (c 0.74, CHCl3). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, 

J Hz) 7.32 – 7.23 (2H, m), 7.18 (3H, m), 3.68 – 3.53 (3H, m), 2.63 (2H, ddd, J = 8.8, 7.0, 2.2 Hz), 

1.78 (1H, tddd, J = 15.0, 9.0, 7.3, 3.8 Hz), 1.72 – 1.61 (1H, m), 1.60 – 1.23 (26H, m), 0.89 (3H, t, 

J = 7.2 Hz). 13C NMR (125 MHz, CDCl3) d (ppm) 14.21, 21.74, 22.80, 25.47, 25.71, 25.72, 27.63, 

29.81, 32.05, 36.01, 37.17, 37.43, 37.46, 37.48, 37.50, 37.61, 71.89, 71.97, 72.13, 125.89, 128.45, 

128.55, 142.50. HRMS (ESITOF) m/z 437.3279 [M+HCOOH–H]– (calc’d 437.3272 for 

C25H43O3·HCOOH–). 
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Scheme 5.16: Synthesis of tris-NMA derivatives 5.19a,b and 5.20a,b. 

Compound 5.19a. Compound 5.19a was synthesized according to a reported literature 

procedure.20 i-Pr2NEt (8 µL, 45.8 µmol) and 2,4,6-trichlorobenzoyl chloride (7.2 µL, 45.8 µmol) 

were added to a solution of 5.9a (2.0 mg, 5.1 µmol) and (R)-1-NMA (5.7a, 6.6 mg, 30.6 µmol) in 

dry toluene (400 µL) under Ar. After 45 min, a solution of DMAP (56 µL, 45.8 µmol, 100 mg/mL) 

in toluene was added. After stirring for 18 h, the reaction mixture was diluted with a few drops of 

HCl (1 M), and dried under a stream of N2. The crude was purified on SiO2 (20% EtOAc/hexanes) 

to give a semi-pure crude (10.4 mg) that was further purified by semi-preparative, normal-phase 

HPLC (SiO2, 60% EtOAc/hexanes, 3.0 mL·min-1) to give 5.19a (4.4 mg). HRMS (ESITOF) m/z 

1009.5221 [M+Na]+ (calc’d 1009.5525 for C64H74O9Na+).  

Compound 5.19b. Aglycone 5.9a (2.0 mg, 5.1 µmol) was esterified with (S)-1-NMA 

(5.7b), according to the procedure described above for 5.19a, to give 5.19b (2.0 mg). HRMS 

(ESITOF) m/z 1009.5230 [M+Na]+ (calc’d 1009.5525 for C64H74O9Na+).  

Compound 5.20a. Aglycone 5.9b (2.0 mg, 5.1 µmol) was esterified with (R)-1-NMA 

(5.7a), according to the procedure described above for 5.19a, to give 5.20a (2.9 mg). HRMS 

(ESITOF) m/z 1009.5220 [M+Na]+ (calc’d 1009.5525 for C64H74O9Na+). 

OH
5.9a: R1 = H, R2 = OH
5.9b: R1 = OH, R2 = H

R1 R2OH

a. (R)-1-NMA (5.7a) OR (S)-1-NMA
(5.7b), i-Pr2NEt, trichlorobenzoyl

chloride, toluene, rt, 45 min

b. DMAP, toluene, rt, O/N

(R) (R) (R)

OROR OR

+0.208

+0.365

+0.434

+0.653

+0.340

+0.070

+0.110

+0.110

+0.310

+0.310

+0.370

+0.480

−0.030
−0.370

−0.730

−1.103

−0.616 −0.123 −0.006
−0.400

−0.180+0.160

+0.090
+0.100

(R) (S) (R)

OROR OR

+0.230

+0.386

+0.423

+0.578

+0.180

+0.110

+0.090

+0.090

+0.360

+0.360

+0.490

+0.711

+0.527
+0.430

+0.140

+0.036

−0.181 −0.693 −0.862
−0.430

−0.902−1.039

−0.463
−0.080

5.19a: (R)-1-NMA derivative
5.19b: (S)-1-NMA derivative

5.20a: (R)-1-NMA derivative
5.20b: (S)-1-NMA derivative
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Compound 5.20b. Aglycone 5.9b (2.0 mg, 5.1 µmol) was esterified with (S)-1-NMA 

(5.7b), according to the procedure described above for 5.19a, to give 5.20b (4.1 mg). HRMS 

(ESITOF) m/z 1009.5228 [M+Na]+ (calc’d 1009.5525 for C64H74O9Na+). 

Methanolysis of 5.3a–g under Acidic Conditions in MeOH. HCl (0.45 mL, 6 N) was added 

to a suspension of 5.3a–g (2.0 mg) in MeOH (2.55 mL) at rt. The suspension was purged with Ar, 

and stirred at 75 ºC for 18 h. The reaction mixture was cooled to rt, extracted with hexanes (3 x 2 

mL), and the organic layer was concentrated under a stream of N2 to give 5.22a–c (1.0 mg, 74%). 

The aqueous layer was concentrated under reduced pressure to give the sphingosine base-HCl salt 

(5.21a–h, 0.7 mg, 83%). 5.21a–h: See Table 5.3 for HR-ESI-MS data. 5.22a–c: 1H NMR (500 

MHz, CDCl3) δ (ppm, integ., mult, J Hz) 0.88 (3H, t, J = 6.5), 1.25 (23 H, br s), 1.62 (2H, m), 2.30 

(2H, t, J = 7.5), and 3.66 (3H, s). EIMS: 354 (40, M+•), 311 (19), 143 (30), 87 (81), 83 (15), 75 

(29), 74 (100), 69 (21), 57 (27), 55 (30); 382 (39, M+•), 339 (15), 143 (29), 87 (81), 83 (16), 75 

(33), 74 (100), 69 (22), 57 (31), 55 (30). 

Methanolysis of 5.3a–g Under Acidic Conditions in CD3OD. HCl (0.15 mL, 6 N) was 

added to a suspension of 5.3a–g (1.2 mg) in CD3OD (0.85 mL). The suspension was purged with 

Ar, and stirred at 75 ºC for 16 hr. The reaction mixture was cooled to rt and extracted with hexanes 

(4 x 1 mL) to remove the fatty acid methyl ester. The remaining aqueous layer was concentrated 

under reduced pressure to give the sphingosine base-HCl salt 5.21a–d and 5.24a–d (1.2 mg). See 

Table 5.3 for HR-ESI-MS data of 5.24a–h. 

Methanolysis of 5.3a–g Under basic Conditions. The hydrolysis was performed according 

to the procedure by Sala and coworkers.28 A suspension of 5.3a–g (2.0 mg) in KOH (3.0 mL, 1 M 

aq.) was stirred at 100 ºC for 3 days. The reaction mixture was cooled to rt, diluted with aqueous 

MeOH (0.75 mL, 8:2 H2O/MeOH) and extracted with CHCl3 (4 x 1 mL). The organic layer was 
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concentrated under a stream of N2 to give the free sphingosine base 5.21i–l. See Table 5.3 for HR-

ESI-MS data of 5.21i–l. 

Ruthenium Oxidation of 5.21i–l and Methylation to 5.23a–g. RuCl3×nH2O (0.1 mL, 0.77 

µmol, 2.0 mg/mL in CH3CN) and NaIO4 (23.0 mg, 0.11 mmol) were added to a solution of 5.21i–

l (2.3 mg, 7.7 µmol) in CCl4/CH3CN/H2O (0.5/0.4/0.75 mL’s). The reaction mixture was stirred 

vigorously for 3 h and evaporated under reduced pressure. The crude was suspended in Et2O, 

centrifuged and the supernatant removed. Excess diazomethane (0.25 M, Et2O) was added to the 

supernatant (2 mL) at 0 ºC. The reaction mixture was stirred for 1 h and evaporated under a stream 

of N2 to give 5.23a–g (1.2 mg, 65%). See Table 5.4 for GC-EI-MS data of 5.23a–g. EIMS for 

5.23a: 214 (5, M+•), 183 (10), 171 (13), 143 (16), 87 (65), 75 (12), 74 (100), 69 (9), 59 (7), 55 

(21); 5.23b: 228 (6, M+•), 197 (7), 185 (28), 143 (25), 129 (9), 87 (75), 75 (13), 74 (100), 69 (11), 

55 (20); 5.23c: 228 (7, M+•), 185 (16), 143 (20), 129 (10), 87 (71), 75 (13), 74 (100), 69 (12), 59 

(10), 57 (10), 55 (22); 5.23d: 242 (6, M+•), 199 (34), 143 (22), 87 (74), 83 (10), 75 (14), 74 (100), 

69 (17), 59 (10), 57 (12), 55 (25); 5.23e: 242 (9, M+•), 199 (18), 143 (23), 87 (73), 75 (15), 74 

(100), 69 (13), 59 (10), 57 (11), 55 (24); 5.23f: 256 (11, M+•), 213 (19), 143 (20), 87 (74), 83 (10), 

75 (16), 74 (100), 69 (18), 57 (11), 55 (27); and 5.23g: 256 (7, M+•); 213 (15); 199 (26); 143 (26); 

97 (18); 87 (77); 83 (18); 75 (17); 74 (100); 69 (25); 57 (29), 55 (38). 

Acetylation of 5.21i–l to 5.25. Ac2O (50 µL), anhydrous pyridine (50 µL) and 4-DMAP 

were added to 5.21i–l (0.5 mg) under N2. After 18 h, excess Ac2O and pyridine were evaporated 

under reduced pressure, and the crude product was purified by analytical reversed-phase HPLC 

(Luna C18, 250 x 4.60 mm, 210 nm, isocratic, MeOH, 0.7 mL×min-1) to give 5.25 (0.2 mg, 28%). 

1H NMR (500 MHz, CDCl3) δ (ppm, integ., mult, J Hz) 0.86 (3H, d, J = 6.5), 0.88 (3H, t, J = 6.5), 

1.14 (2H, m), 1.25 (22H, br s), 1.34 (2H, m), 1.98 (3H, s), 2.02 (2H, m), 2.06 (3H, s), 2.07 (3H, 
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s), 4.04 (1H, dd, J = 3.5, 11.5), 4.30 (1H, dd, J = 6.0, 11.5), 4.42 (1H, m), 5.27 (1H, t, J = 6.5), 

5.38 (1H, dd, J = 7.5, 15.5), 5.66 (1H, d, J = 8.5), and 5.79 (1H, dt, J = 6.5, 15.0). See Table 5.3 

for HR-ESI-MS data of 5.25a–h. 

N,O-Chromophoric Derivatization of 5.21i–l to 5.26. Sphingolipid 5.21i–l (1.0 mg) and 

2,3-naphthalenedicarboxylic acid anhydride (1.5 mg) were dissolved in anhydrous pyridine (1 mL) 

under Ar. The mixture was purged with Ar for 5 min, stirred at 110 ºC for 18 h, cooled to rt and 

evaporated under reduced pressure. The crude was purified by preparative TLC (Silica 60 PF256, 

1 mm, pre-washed 2x with EtOAc, developed 2x with 50% EtOAC/hexanes, Rf 0.63) to give the 

N-naphthimide (0.9 mg, 54%). 2-Naphthoylimidazole (4.0 mg) and cat. DBU were added to a 

solution of the N-naphthimide in anhydrous CH3CN (1 mL) under Ar. After 16 h, the reaction 

mixture was concentrated and purified by preparative TLC (Silica 60 PF256, 1 mm, pre-washed 2x 

with EtOAc, developed 2x with 25% EtOAC/hexanes) to give 5.26 (0.8 mg, 54%). The sample 

was further purified by semipreparative HPLC (SiO2, isocratic, 40% EtOAc/hexanes, 3.0 mL×min-

1) to give 5.26 (0.2 mg). See Table 5.3 for HR-ESI-MS data of 5.26a–d. UV (CH3CN) lmax 237 

nm (log e 4.90), 260 (4.69), 280 (4.15). ECD (CH3CN) l 239 (De +79), 260 (-41.2). 
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CHAPTER SIX. PROGRESS TOWARDS THE TOTAL SYNTHESIS OF LEPADIN I 

 

Abstract: The following chapter details the progress made towards the total synthesis of lepadin I, 

a cis-decahydroquinoline (DHQ) alkaloid previously isolated from the ascidian Didemnum sp. 

collected in the Bahamas. Lepadin I is a selective butyrylcholinesterase (BuChE) inhibitor with an 

IC50 of 3.1 µM and insignificant activity against acetylcholinesterase (AChE, IC50 > 100 µM). The 

total synthesis of lepadin I proceeds through a tandem intermolecular Robinson annulation–

intramolecular aza-Michael cycloaddition in the presence of the Jørgensen-Hayashi catalyst to 

form the cis-DHQ core. Extensive experiments were conducted to improve the yield of the 

Robinson–aza-Michael sequence, and attempts were made to install the C-5 alkyl chain by Wittig 

or Horner-Wadsworth-Emmons olefination. In the event, the tandem reaction stalled and the major 

product – that of a retro-aza-Michael reaction – was consistently isolated. 

 

6.1 Introduction to Lepadins A–L 
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Figure 6.1: Structures of lepadins A–L. 
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villatus from the North Sea,1 C. lepadiformis from the Mediterranean,2 Didemnum sp. and 

Aplidium tabascum from the Great Barrier Reef,3 and Didemnum sp. from the Bahamas.4  The 

common core in the structures of alkaloids 6.1–6.13 comprise a cis-DHQ ring junction, a C-2 

methyl, a C-3 hydroxyl – mostly esterified – and a functionalized 8- or 10-carbon chain pendant 

at C-5. Lepadins I–K are esterified as rare (E)-3-(methylthio)acrylates at C-3. The planar structures 

and relative configurations of the lepadins were determined through extensive analysis of 1D and 

2D NMR spectra,2-4 however, all but one of the isolation reports failed to address absolute 

configuration (AC). This is not insignificant as the lepadins exhibit heterogeneity in both the 

relative configuration (RC) and AC. The ACs of lepadins A–H were assigned individually upon 

completion of the total syntheses by comparisons of the optical rotations of synthetic and natural 

products. In contrast, the absolute stereostructure of lepadin I was acquired through NOE analysis 

combined with exciton-coupled circular dichroism (ECCD) of the corresponding N-p-

bromobenzamide derivative, and the advanced Mosher’s analysis of the remote secondary 

hydroxyl in the side chain.4 The AC of lepadins J–L remain to be assigned, although it is likely 

they will be concordant with the congeneric lepadin I. 

The lepadins possess a wide array of biological activities (Table 6.1). Lepadins A and B 

showed moderate cytotoxicity against murine leukemia P388, human breast cancer MCF7, human 

glioblastoma/astrocytoma U373, human ovarian carcinoma HEY, human colon LOVO, and 

human lung A549.1b Furthermore, lepadin A exhibited potent cytotoxicity against human 

melanoma [A375], human colorectal carcinoma [HCT116], and mouse myoblast [C2C12], and 

moderate cytotoxic activity against human colon adenocarcinoma [HT29].2 Investigation of 

lepadin A’s mechanism of action on A375 cells revealed that lepadin A strongly inhibits cell 

migration in a wound-healing assay, induces G2/M phase cell cycle arrest by interfering with the 
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S phase, and impairs cell survival and reproductive integrity in a clonogenic assay.2 Additionally, 

lepadin B is a potent blocker of a4b2 and a7 neuronal nicotinic receptors expressed in Xenopus 

oocytes.5 Lepadins D–F exhibited antiplasmodial and antitrypanosomal activity against 

Plasmodium falciparum, and Trypanosoma brucei rhodesiense and Trypanosoma cruzi, 

respectively, with lepadins E and F displaying 20- and 50- fold increase in the antiplasmodial 

activity compared to lepadin D which correlates with the presence of the 2E-octenoate ester at C-

3.3a Lepadins E and F also showed moderate inhibitory activity of tyrosine kinase p56.3 

Lepadin I (6.10), the focus of this work, was isolated from the ascidian Didemnum sp. by 

Molinski and coworkers.4 Alkaloid 6.10 is a selective BuChE inhibitor with an IC50 of 3.1 µM and 

negligible activity against AChE (IC50 > 100 µM).  

Table 6.1: The sources and biological activities of lepadins A–L. 

Compound Species Collection Location Biological Activity 
Lepadin A (6.1) C. lepadiformisa North Sea Cytotoxic 
Lepadin B (6.2) P. villatus,b C. 

lepadiformisa 
Bergen, Norway Cytotoxic 

Blocker of a4b2 and a7 
neuronal nicotinic receptors 

Lepadin C (6.3) P. villatus,b C. 
lepadiformisa 

Bergen, Norway  

Lepadin D (6.4) Didemnum sp. Queensland, Australia Antiplasmodial 
Antitrypanosomal 

Lepadin E (6.5) Didemnum sp. Queensland, Australia Tyrosine kinase p56 inhibitor 
Antiplasmodial 
Antitrypanosomal 

(–)-Lepadin F 
(6.6) 

Didemnum sp. Queensland, Australia Tyrosine kinase p56 inhibitor 
Antiplasmodial 
Antitrypanosomal 

ent-(+)-Lepadin 
F (6.7) 

A. tabascumc Queensland, Australia  

Lepadin G (6.8) A. tabascum Queensland, Australia  
Lepadin H (6.9) A. tabascum Queensland, Australia  
Lepadin I (6.10) Didemnum sp. Bahamas BuChE inhibitor 
Lepadin J (6.11) Didemnum sp. Bahamas  
Lepadin K (6.12) Didemnum sp. Bahamas  
Lepadin L (6.13) C. lepadiformisa Napoli, Italy  

aClavelina lepadiformis. bProstheceraeus villatus. cAplidium tabascum. 
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6.2 Select Total Synthesis  

Several asymmetric syntheses of lepadins have been published showcasing a variety of 

strategies for the asymmetric construction of the cis-DHQ ring system (Table 6.2). Total synthesis 

of the lepadins enabled assignment of the AC of lepadins A–H and procured sufficient material 

for the evaluation of the relevant biological activities of these alkaloids. Five of these synthetic 

efforts have been selected for further discussion; the remaining synthetic routes will be briefly 

highlighted to showcase the diverse strategies to assemble the cis-DHQ ring system. 

Table 6.2: Literature syntheses of lepadins A–I. 

Author Year Compound Synthetic Route Ref. 
Toyooka 1999 (–)-Lepadin B Intramolecular Aldol Cyclization 6 
Kibayashi 2000 (–)-Lepadin B Intramolecular Diels-Alder Cyclization 7a 
Kibayashi 2001 (–)-Lepadin A–C Intramolecular Diels-Alder Cyclization 7b 
Pu and Ma 2004 

2006 
Lepadins A–E, H Enamine Cyclization 8 

Charette 2008 ent-Lepadin B Ring-Opening/ Ring-Closing Metathesis 12 
Blechert 2008 ent-Lepadins F and G Ring-Closing Metathesis 9 
Hsung 2008 

2009 
ent-Lepadins F and G Aza-Cycloaddition 13 

Bosch 2013 
2015 

(–)-Lepadins A–C,  
(+)-Lepadin D 

Cyclocondensation 14 

Chen 2017 
2021 

Lepadins B and F Intermolecular Diels-Alder Cyclization 15 

Tong 2021 Lepadin A–E, H, ent-I Intramolecular [3+2] cycloaddition 11 
 

6.2.1 Toyooka’s Approach to (–)-Lepadin B  
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Scheme 6.1: Toyooka and co-workers’ total synthesis of lepadin B. See reference 6.  
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of the alcohol furnished the Barton’s ester, which was then converted to the deoxygenated product 

6.19 after radical reduction with n-Bu3SnH. Protecting group swap generated the Boc-protected 

amine 6.20 in 59%. Lastly, Julia olefination of 2-heptenal with 6.20 under standard conditions, 

and subsequent MOM-deprotection of the resultant diene afforded (–)-lepadin B.  

Shortly afterwards, Kibayashi’s group published a second total synthesis of (–)-lepadin B 

that utilized an intramolecular Diels-Alder cyclization of an acylnitroso derivative to a trans 

cycloadduct followed by an intramolecular aldol reaction.7 Both Toyooka and Kibayashi’s routes 

required lengthy linear reaction sequences that are greater than 30 steps. 

 

6.2.2 Kibayashi’s Approach to (–)-Lepadin A–C  
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Scheme 6.2: Kibayashi’s synthesis of the keto aldehyde intermediate 6.27. See reference 7. 
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resultant alcohol afforded the silyl ether with high diastereoselectivity in 78% (3 steps).  A tandem 

Grignard addition of methylmagnesium bromide and subsequent NaBH3CN reduction of the 

intermediate aminal in acidic media delivered 6.25 as a single diastereoisomer in 82% (2 steps). 

Zn-catalyzed reductive cleavage of the N–O bond provided the amino alcohol. N-benzoylation of 

the resultant amine and successive transformation of the alcohol gave the methyl xanthate ester 

6.26 in 70% (3 steps). Xanthate 6.26 was subjected to a 4-step sequence (Barton-McCombie 

reduction, de-benzylation, MOM-deprotection, Swern oxidation) to obtain the keto aldehyde 6.27.  

 

Scheme 6.3: Kibayashi’s synthesis of lepadin B (6.2). See reference 7. 
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furnished b-hydroxyaldehyde 6.28 as a single diastereoisomer in 87%. The octahydroquinoline 

6.29 was obtained after the oxidation of aldehyde 6.28 and capture of the product carboxylic acid 

(diazomethane) as a methyl ester, followed by dehydration with thionyl chloride. Desilyation of 

the TBDPS ether in 6.29 upon treatment with TBAF also effected epimerization at C-5 and gave 

a 2:1 mixture of the a- and b- esters 6.30a and 6.30b, respectively. Silylation of the desired b-

isomer (6.30a) followed by LiAlH4 reduction delivered the benzyl alcohol 6.31 in 87%. The 

desired cis-DHQ was obtained in 85% upon catalytic hydrogenation of the octahydroquinoline 

6.31 and subsequent N-Boc protection. Swern oxidation and Takai olefination of the resultant 

aldehyde gave the (E)-alkenyl iodide 6.33 in 79%. Palladium catalyzed Suzuki cross-coupling with 

(E)-hexen-1-ylboronic acid and subsequent global deprotection delivered the natural product (–)-

lepadin B (6.2). 

 (–)-Lepadins A and C were synthesized in a procedure that paralleled the elaboration of (–

)-lepadin B.7b Desilylation (Bu4NF, THF, rt, 96%) of 6.34 followed by condensation with TIPS-

protected glycolic acid (DCC, cat. DMAP, CH2Cl2, 84%) and simultaneous Boc- and TIPS- 

deprotection (BF3·Et2O, MeCN, 0 ºC, 97%) furnished (–)-lepadin A (6.1). (–)-Lepadins C (6.3) 

was prepared from intermediate 6.33 in a five-step sequence. Suzuki cross coupling of 6.33 with 

(E)-hexen-1-ylboronic acid followed by Swern oxidation furnished intermediate 6.35, which was 

converted to lepadin C in a sequence analogous to preparation of lepadin A. The synthesis of (–)-

lepadins A–C by Kibayashi and coworkers required >38 steps, most of which (like Toyooka’s 

synthesis) were employed to build the piperidine ring; in contrast, Pu and Ma’s compact 

preparation of the cis-DHQ core of lepadins A–E and H was accomplished in only eight steps 

through an enamine cyclization.8  
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6.2.3 Pu and Ma’s Approach to (–)-Lepadin A–E and H  

  

Scheme 6.4: Pu and Ma’s synthesis of lepadin B. See reference 8. 

 Pu and Ma’s total synthesis of lepadin B (Scheme 6.4) commenced with the condensation 

of the primary amine, obtained by Boc removal of L-alanine-derived 6.36, with cyclohexan-1,3-

dione in refluxing benzene to deliver enamine 6.37 in 65%.8 Subsequent alkylative cyclization of 

enamine 6.37 delivered enone 6.38 in excellent yield. The following challenging diastereoselective 

hydrogenation of the C=C bond, accompanied by ketone reduction, (Pt-C, anhydrous AcOH, 80 

atm H2, 50˚) delivered H2 from the re face giving 2˚ alcohol 6.39. Reinstallation of the Boc-group 

and restoration of the ketone (Dess-Martin periodinane) furnished 6.40, which was homologated 

in two steps: Wittig olefination at C-5 to methyl enol ether 6.41, and acid hydrolysis-equilibration, 
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and concomitant loss of Boc, delivered aldehyde 6.42 as a single isomer with the desired b-

orientation.  

 The assembly of lepadin B proceeded as follows. Horner-Wadsworth-Emmons (HWE) 

olefination gave the desired E,E-diene 6.43 in 90% yield and > 95% selectivity. The configuration 

at C-3 was re-set using an oxidation-reduction strategy. Boc-protection of 6.43 followed by TBAF-

promoted cleavage of the silyl ether and subsequent DMP oxidation provided ketone 6.44 in 60% 

which was reduced (NaBH4) to the corresponding a-alcohol as a single diastereoisomer. Removal 

of the Boc group (TFA) delivered (–)-lepadin B. Lepadins A and C were prepared, from the NaBH4 

reduction product of 6.44, in an analogous sequence as described above.7 

 

6.2.4 Blechert’s Approach to ent-Lepadins F and G 
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Scheme 6.5: Blechert’s synthesis of common intermediate 6.51. See reference 9. 

Blechert and coworkers reported the first enantioselective syntheses of ent-lepadins F and 

G in which they employed a tandem ene-yne-ene ring closing metathesis and stereoselective 

hydrogenation of the resultant diene.9 Compound 6.45, derived from L-alanine, was condensed 

with cis-4-hexenal, and the resultant intermediate iminium species was subjected to an in situ 

Cu(I)-catalyzed addition of benzyl propargyl ether to deliver an inseparable mixture of 

propargylamines (1:2 ratio), including the preferred 6.46. Subsequent LiAlH4 reduction and 

separation of the resultant alcohols by column chromatography followed by Swern oxidation gave 

aldehyde 6.47 as a single isomer. Grignard addition of vinylmagnesium chloride furnished the 
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ring-closing metathesis of the acyclic precursor 6.48 in dichloroethane at 60 ºC provided diene 

6.49 in 90%. TBDMS-protection of the 2º OH gave the silyl ether 6.50, which was transformed by 

a four step sequence to the key intermediate 6.51. Concurrent catalytic diastereoselective reduction 

of the diene and cleavage of the p-methoxybenzyl group, followed by Boc-protection of the amine, 

subsequent removal of the benzyl group, and Swern oxidation of the resulting alcohol delivered 

aldehyde 6.51.  

Aldehyde 6.51 is similar to intermediate 6.42 that was prepared by Pu and Ma in their total 

synthesis of lepadins A–C.8 Blechert et. al. elaborated the alkyl chain at C-5 in a Julia-Kocienski 

olefination with the respective sulfone and intermediate 6.51.9 Inversion of C-3 stereochemistry 

was accomplished by a DMP oxidation of the 2º OH at C-3 and NaBH4 reduction of the resultant 

ketone. Yamaguchi esterification at the C-3 OH with 2E-octenoic acid and 2E,4E-octadienoic acid 

provided (+)-lepadins F (+8.8 (c = 0.25, CHCl3); +1.5 (c = 0.27, CH2Cl2)) and (–)-G (–14.5 (c = 

0.27, CH2Cl2)), respectively. Comparison of the optical rotations of the synthetic lepadins F and 

G with those of the natural products indicated that Blechert and coworkers synthesized the 

corresponding enantiomers of natural (–)-lepadin F (–1.5 (c = 0.1, CHCl3)3a; +5.5 (c = 0.12, 

CH2Cl2)3b) and (+)-G (+12.5 (c = 0.31, CH2Cl2)3a). While the two reported optical rotations (the 

magnitudes are small) of natural lepadin F are in opposition, Blechert critically concluded that they 

had synthesized the enantiomer of lepadin F: Kaminsky et. al. isolated lepadin F as a red oil with 

a positive [a]D,3a whereas Quinn and coworkers reported lepadin F as a colorless oil with a negative 

[a]D.3b Blechert chose to compare [a]D based on the latter report and concluded that they had 

synthesized the enantiomer, but this is somewhat arbitrary as both antipodes exist in nature. The 

subject of rotations of small magnitudes has been addressed recently.10 
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6.2.5 Tong’s Approach to Lepadins A-E, H, and ent-I  

 

Scheme 6.6: Tong’s synthesis of common intermediates 6.62a,b.  

 Recently, Tong and coworkers published the total synthesis of lepadins A–E, H, and ent-I 

(Scheme 6.6).11 The authors developed a five-step sequence to synthesize the DHQ core from the 
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keto group, and oxidation to the nitrile oxide (Oxone) was followed by spontaneous intramolecular 

[3+2] cycloaddition to afford the tricyclic isooxazoline 6.57 in good yield. The isooxazoline was 

then further elaborated into the DHQ core. Reductive cleavage of the N–O bond (Fe˚, NH4Cl, hot 

EtOH) and subsequent acetylation-dehydration gave enone 6.59 in 76% (2 steps). Heterogeneous 

catalytic hydrogenation with Pearlman’s catalyst (Pd(OH)2, H2) followed by deacetylation-

silylation delivered the 3-O-TBS cis-DHQ 6.60 in 91% (3 steps). Ketone 6.60 is functionalized 

similarly to intermediate 6.40 in Pu and Ma’s total synthesis.8 Ketone homologation (Wittig 

reaction, acid hydrolysis) afforded a consequential mixture of diastereoisomers in a 1:1.9 ratio of 

6.61a/6.61b, respectively: 5S-6.61a was utilized in the total synthesis of lepadins D, E and H; 

whereas the 5R-6.61b isomer was employed in the total synthesis of lepadins A–C and ent-I. 

Notably, Pu and Ma developed a three step sequence to procure 6.61 as a single diastereoisomer 

(see Scheme 6.4, compound 6.42) through a one-carbon Wittig homologation followed by 

simultaneous Boc-deprotection and cleavage of the methyl enol ether (TFA, CH2Cl2), and 

subsequent equilibration of the C-5 epimers (K2CO3, MeOH). 

 

6.2.6 Other Synthetic Routes Towards Lepadins A–H  
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Scheme 6.7: Retrosynthetic approaches to the lepadins. 

Several other routes were developed to access the cis-fused DHQ core. In 2008, Barbe and 

Charette published their synthetic route towards (+)-lepadin B, in which they built a cis-fused 

polyhydroquinoline (6.62) through a tandem ring-opening–ring-closing metathesis of bicyclic 

diene 6.63, obtained through a regio- and diastereoselective Diels-Alder cycloaddition (Scheme 

6.7).12 Simultaneously, Hsung and colleagues utilized their own intramolecular [3+3] aza-

cycloaddition of a chiral enamine (6.64) with a crotonaldehyde-derived iminium species (6.65) to 

build the bicyclic core of (+)-lepadin F.13 In 2013, Bosch and colleagues reported the total 

synthesis of (–)-lepadins A–C and (+)-lepadin D through a common oxazoloquinolone (6.66).14 

Recently, Chen and coworkers published their approach towards (–)-lepadins A–C from 5-deoxy-
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dienophile 6.68 and the acylamino diene 6.69 to construct the trisubstituted cyclohexene 6.67 that 

was further elaborated to the cis-DHQ intermediate in a one-pot five step sequence of 

hydrogenation-cyclization. Though several elegant routes have been published to access the 

lepadin alkaloids, it’s important nonetheless to investigate new feasible and efficient synthetic 

routes towards these natural products. Herein, we describe our approach to build the bicyclic core 

of lepadin I in a one-pot Robinson annulation–aza-Michael cycloaddition sequence. 

 

6.3 Retrosynthesis of Lepadin I 

 
Scheme 6.8: Proposed retrosynthesis of lepadin I.  

The proposed total synthesis of lepadin I proceeds through a tandem intermolecular 
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(E)-3-(methylthio)acrylic acid. The proposed synthesis exploits easily accessible building blocks 

including D-alanine and (S)-epichlorohydrin and affords a flexible route to the synthesis of other 

analogues of lepadin I. 

 

6.4 Synthesis of Lepadin I 

6.4.1 Synthesis of b-Ketoester 6.74 

 

Scheme 6.9: Synthesis of the amino alcohol 6.80a.  

Table 6.3: Reductive conditions of 6.79 to 6.80a,b. 

Entry Condition 6.80a:6.80b 
1 NaBH4, MeOH, 0 ºC, 30 min 1:1.4 
2 Zn(BH4)2, THF, -15 ºC, 5 h 1:0.5 
3 Zn(BH4)2, THF, -78 ºC, 20 h 1:0.7 
4 L-Selectride, THF, -100 ® -60 ºC, 4 h 1:0.05 

 

N-Tosylation of D-alanine (Scheme 6.9) and conversion to the acyl chloride 6.78 followed 

by addition of 4-butenylmagnesium-cuprate gave the a-methyl-b-keto product 6.79 in 93% (2 

steps from 6.77). Reduction of the ketone was surveyed under different conditions (Table 6.3). 
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either NaBH4 or Zn(BH4)2 in THF gave close to equimolar ratios of diastereomers. 

Diastereoselectivity of reduction with either the NaBH4 or Zn(BH4)2 are substrate dependent. Non-

chelating NaBH4 reduction of N,N-dibenzyl amino ketones favors the formation of the threo-

diastereoisomer (anti-2-alkyl-3-hydroxy) with high stereoselectivity (>90%).17 In contrast, 

chelating Zn(BH4)2 favors predominately the erythro-diastereoisomer (syn-2-alkyl-3-hydroxy) in 

the reduction of phenyl- or vinyl-conjugated a-hydroxyl b-ketones.18  

 

Scheme 6.10: (a) Selective benzyl-protection of 6.80a, and (b) oxidative cleavage of 6.81b to 6.76.  

Table 6.4: Attempted conditions for O-selective benzylation and oxidative cleavage.  

Entry Substrate Condition Product (%) 
1 6.80a CCl3(C=NH)OBna, TfOH, c-C6H12–CH2Cl2 6.81a 
2 6.80a NaH, BnBr, Bu4NI, THF, 0 ºC ® rt 6.81c (55%), 6.81d (5%) 
3 6.80a NaH, BnBr, THF, 0 ºC ® rt N.R. 
4 6.80a Ag2O, BnBr, Et2O, rt  6.81b (79%), 6.81d (7%) 
5 6.81b RuCl3·nH2O, NaIO4, 2:2:3 CCl4/MeCN/H2O, rt Complex mixture 
6 6.81b OsO4, NaIO4, 2,6-lutidine, 3:1 dioxane/H2O, rt 6.82 

a. Benzyl 2,2,2-trichloroacetimidate. 

 Silver-promoted O-selective benzylation of 6.80a (79%) was achieved under near neutral 

conditions (Ag2O, BnBr, Et2O, Table 6.4, Scheme 6.10).19 Benzyl protection of 6.80a under acidic 

conditions (entry 1) resulted in the tetrahydrofuran product 6.81a.20 In contrast, attempted selective 

benzylation of the secondary alcohol in the presence of the NH under basic conditions (entry 2) 

gave a mixture of undesired N- and N,O-benzylated products, 6.81c and 6.81d, in 55% and 5%, 
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respectively.21 In the absence of tetrabutylammonium iodide, the reaction returned only starting 

material (entry 3). Similarly, oxidative cleavage of the terminal olefin in 6.81b to the carboxylic 

acid 6.76 was accomplished with OsO4 and Oxone in DMF in 85%.22 Ruthenium (Table 6.4, entry 

5) or Johnson-Lemieux23 (Table 6.4, entry 6) oxidation of 6.81b failed to afford the desired 

product. A complex mixture was observed in the per-ruthenate oxidation, whereas in the Johnson-

Lemieux oxidation, the 6-membered cyclic aminal 6.82 was the sole product.  

 

Scheme 6.11: Preparation of 6.74 and tandem Robinson annulation–aza-Michael cyclization with 
acrolein or crotonaldehyde. 
 

Homologation of the carboxylic acid 6.76 to the b-ketoester 6.74 was achieved in 49% 

under Masamune conditions (Scheme 6.11).24 Robinson annulation of the b-ketoester with acrolein 

was unsuccessful likely due to the polymerization of acrolein under reaction conditions. 
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identified the major diastereoisomer as 4aS,7S,8aS-6.84 as depicted in Figure 6.2. Thus, the 
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from 2-propyn-1-ol and propiolic acid, respectively. Protodesilylation of the Z-dimethyl-silyl or 

reductive removal of the Br-substituted analog of 6.84 would deliver an intermediate with the 

desired ring-junction stereochemistry for the synthesis of lepadin I. 

 

Figure 6.2: NOE-correlations (600 MHz, CD3OD) of 4aS,7S,8aS-6.84. 

 

6.4.2 Synthesis of Aldehydes 6.75a–e 

 

Scheme 6.12: Preparation of aldehydes 6.75a–d from 2-propyn-1-ol. 

Aldehydes 6.75a–d were synthesized from propargyl alcohol (Scheme 6.12) after 

protection as the THP ether 6.85 in 92%.26 Deprotonation of 6.85 with n-BuLi followed by reaction 

with various chlorotrialkylsilanes gave the respective propargyl silanes 6.86a–d in ~70-80%.27 

Acid-promoted removal27 of the THP-group and subsequent reduction28 of the propargyl alcohols 

6.87a–d with Red-Al provided the allylic alcohols 6.88a–d, which upon PCC oxidation delivered 

aldehydes 6.75a–d in moderate to good yields over 2 steps.29  
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Scheme 6.13: Preparation of aldehyde 6.75e from propiolic acid. 

(E)-3-Bromoacrolein was prepared from propiolic acid in a three step sequence: aq HBr to 

give (E)-3-bromoacrylic acid (6.89) in 65%,  reduction (LiAlH4) to deliver the corresponding 

allylic alcohol, followed by MnO2-oxidation to aldehyde 6.75e which was used as a stock solution 

in CH2Cl2 owing to its volatility (Scheme 6.13). 
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Scheme 6.14: Synthesis of the C-5 sidechain.  
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under standard conditions, and alkylation of 6.93 with triphenylphosphine gave the phosphonium 

salt 6.94 (Wittig reagent). 

 

6.4.4 Assembly of cis-DHQ Core and Installation of C5 Alkyl Chain 

 

Scheme 6.15: Robinson–aza-Michael sequence with b-ketoester 6.74 and aldehydes 6.75a–e. 

Table 6.5: Conditions for the Robinson–aza-Michael reaction with 6.74 and 6.75a–e. 

   Condition a Condition b 
Entry R Product Yield Yield 

1 TBS 6.96a N.R. N.R. 
2 SiMe2Ph 6.96b 18% 21%a 
3 TES 6.96c N.R. 11%b 

4 TIPS 6.96d N.R. N.R. 
5 Br 6.96e - N.R. 

a. Yield improved to 38% upon addition of 5 equiv of 6.75b and catalyst 6.95. b. Epimerized upon 
standing in CDCl3. 
 

The key intermediate 6.96 was accessed through Robinson annulation30 followed by an 

intramolecular aza-Michael addition of 6.74.31 The reaction conditions for the tandem Robinson-

aza-Michael sequence were based upon those developed by Bonjoch and coworkers who 
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The Robinson annulation–aza-Michael cyclization of b-ketoester 6.74 was attempted with 

five ‘traceless’ surrogates of acrolein in the absence or presence of a prolinol catalyst (6.95, 

Scheme 6.15, Table 6.5). In the absence of prolinol catalyst 6.95, only aldehyde 6.75b, (E)-3-

(dimethyl(phenyl)silyl)acrylaldehyde, successfully proceeded to react with 6.74 and provide 6.96b 

in 18% yield.25 Similarly, in the presence of catalyst 6.95, both aldehydes 6.75b,c reacted with 

6.74 to give 6.96b,c in 21% and 11%, respectively. Interestingly, while the catalyst appeared to 

enhance the rate of the reaction, its presence was unnecessary to control the ring-junction 

stereochemistry as the 4aS,8aS-6.96b product was obtained as the sole diastereoisomer. 

Diastereoselection in construction of the cis-ring junction occurred from conjugate addition of the 

N-Ts anion from the top face. The relative configuration of the 4aS,8aS-6.96b isomer was 

identified by 1D selective NOE correlations (Figure 6.3). In contrast, while product 6.96c was 

initially obtained as one diastereoisomer, it rapidly epimerized on standing (purified, stored in 

CDCl3) to give ~1:1 mixture of diastereoisomers according to 1H NMR.  

 

Figure 6.3: NOE-correlations (600 MHz, CDCl3) of 4aS,8aS- 6.96b and 6.98. 

To improve the yield of 6.96b, the reaction was repeated in the presence of excess 

equivalencies of 6.75b and purging with Ar. Although unreacted b-ketoester was observed, no 
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yield of 6.96b from 21% to 38% but only in the presence of catalyst 6.95. Addition of excess 

equivalents of aldehyde appeared ineffectual in improving the yield of 6.96b in the absence of 

catalyst. Furthermore, the yield of the Robinson–aza-Michael reaction decreased to 26% at higher 

temperatures (30 ºC, 6.74, LiOAc, 5.0 equiv 6.75b, 0.25 equiv 6.95, toluene, purge with Ar, rt, 22 

h, then LiOH·H2O, H2O, i-PrOH, 30 ºC, 20 h). 

 

Scheme 6.16: Robinson–aza-Michael sequence with b-ketoester 6.97 and aldehyde 6.75b. 

To test the impact of conditions on the Robinson–aza-Michael reaction that might improve 

the yield of the cis-DHQ (6.96b), a base and solvent survey was completed with a model 

compound, b-ketoester 6.97, derived in two steps from 5-aminopentanoic acid (Scheme 6.16, 

Table 6.6). In the cycloaddition reaction of 6.97 with 6.75b, a notable alkali metal counterion effect 

was observed: K+ > Cs+ > Na+ ~ Li+. Bases containing K+ or Cs+ gave the best yields; in particular, 

the strong, non-nucleophilic base, KOtBu, and the weak alkali metal carbonate, Cs2CO3, provided 

the highest yields at ~50%. Tertiary amines including DABCO and DBU (Table 6.6, entries 26–

30) either completely failed to deliver 6.98 or delivered traces of product. In the presence of 

KHCO3, addition of an additive such as 18-crown-6 improved the solubility of the base and the 

yield, slightly,32 whereas phase-transfer catalysts, such as those in entries 13–15, marginally 

reduced the yield of the reaction. A survey with solvents more polar than toluene, in the presence 

of either KHCO3 or Cs2CO3, decreased the yield of the product 6.98.   
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Table 6.6: Step i reaction conditions and % yields of 6.98 or 6.96b (see Scheme 6.16). 

Entry Conditiona Additiveb Prod. Yieldc 

1 LiOAc, toluene, rt, 22 h  6.98 27% 
2 Li2CO3, toluene, rt, 40 h  6.98 19% 
3 Li2CO3, toluene, rt, 40 h d 6.98 24% 
4 LiOH·H2O, toluene, rt, 40 h  6.98 13% 
5 Na2CO3, toluene, rt, 40 h  6.98 29% 
6 Na2CO3, toluene, rt, 40 h 15-crown-5 6.98 18% 
7 NaOAc, toluene, rt, 40 h  6.98 30% 
8 NaHCO3, toluene, rt, 40 h  6.98 29% 
9 K2CO3, toluene, rt, 40 h  6.98 27% 
10 KOAc, toluene, rt, 40 h  6.98 24% 
11 KHCO3, toluene, rt, 40 h  6.98 29% 
12 KHCO3, toluene, rt, 40 h 18-crown-6 6.98 37% 
13 KHCO3, CH2Cl2, rt, 40 h e 6.98 26% 
14 KHCO3, CH2Cl2, rt, 40 h f 6.98 28% 
15 KHCO3, CH2Cl2, rt, 40 h g 6.98 29% 
16 KF, THF, rt, 40 h 18-crown-6 6.98 26% 
17 KOtBu, t-BuOH, rt, 40 h  6.98 49% 
18 KOtBu, THF, rt, 40 h  6.98 55% 
19 KOtBu, t-BuOH/toluene (1:1), rt, 40 h  6.98 46% 
20 CsOAc, toluene, rt, 40 h  6.98 4.4% 
21 CsOAc, toluene, rt, 40 h 18-crown-6 6.98 19% 
22 Cs2CO3, toluene, rt, 40 h  6.98 38% 
23 Cs2CO3, toluene, rt, 40 h 18-crown-6 6.98 46% 
24 CsOH·H2O, toluene, rt, 40 h 18-crown-6 6.98 39% 
25 CsF, MeCN, rt, 40 h 18-crown-6 6.98 20% 
26 pyridine, toluene, rt, 40 h  6.98 8% 
27 Et3N, toluene, rt, 40 h  6.98 N.R. 
28 4-DMAP, toluene, rt, 40 h  6.98 N.R. 
29 DABCO, toluene, rt, 40 h  6.98 4% 
30 DBU, toluene, rt, 40 h  6.98 16% 
31 KHCO3, benzene, rt, 40 h 18-crown-6 6.98 17% 
32 KHCO3, CH2Cl2, rt, 40 h 18-crown-6 6.98 18% 
33 KHCO3, MeCN, rt, 40 h 18-crown-6 6.98 14% 
34 Cs2CO3, benzene, rt, 40 h 18-crown-6 6.98 40% 
35 Cs2CO3, CH2Cl2, rt, 40 h 18-crown-6 6.98 40% 
35 Cs2CO3, MeCN, rt, 40 h 18-crown-6 6.98 34% 
37 Cs2CO3, THF, rt, 40 h 18-crown-6 6.98 26% 
38 Cs2CO3, MeOH, rt, 40 h 18-crown-6 6.98 32% 
39 LiOAc, toluene, rt, 40 h  6.96b 38% 
40 KOtBu, t-BuOH, rt, 40 h 18-crown-6 6.96b 16% 
41 Cs2CO3, toluene, rt, 40 h 18-crown-6 6.96b 12% 
42 KHCO3, toluene, rt 18-crown-6 6.96b 21% 

a. In step (i), reactions were conducted with 1.0 equiv of 6.74 (entries 1 – 38) or 6.97 (entries 39 – 42), 1.0 equiv of 
base, 0.2 equiv of cat. 6.95, and 2.0 equiv of aldehyde in solvent at 0.11 M concentration. After 20 – 40 h, the solvent 
was evaporated, and 1.0 equiv of LiOH·H2O and 10.0 equiv of H2O were added followed by i-PrOH at a final 
concentration of 0.11 M. b. Additive was added at 0.1 equiv. c. Yields (%) reported are isolated yields. d. Benzo-15-
crown-5. e. Tetrabutylammonium hydrogensulfate (n-Bu4N+·HSO4-). f. Benzyltrimethylammonium hydroxide 
(BnMe3N+·OH-). g. Cetyltrimethylammonium hydroxide (Cetyl Me3N+·HSO4-). 
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Scheme 6.17: Robinson–aza-Michael sequence with b-ketoester 6.74 and aldehyde 6.75b. 

Regrettably, replication of the best yielding reactions with b-ketoester 6.74 (Scheme 6.17), 

in the presence of KOtBu, KHCO3 or Cs2CO3 and 18-crown-6 in t-BuOH or toluene (Table 6.6, 

entries 40–42), significantly lowered the yield of 6.96b when compared with LiOAc and 5 equiv 

of 6.75b (entry 39). A significant side product in the Robinson–aza-Michael reaction is 6.99. 

Enone 6.99, which is either the byproduct of the Robinson annulation or retro aza-Michael 

cycloaddition, was consistently observed and isolated in 30-40% yield, predominantly in the 

presence of KOtBu or Cs2CO3. Attempts to induce aza-Michael cyclization after purification with 

either NaOH, KOH or LiOH·H2O in i-PrOH and H2O were nonproductive for the following 

reasons. In the presence of NaOH or KOH, the product was observed as the enol ether tautomer in 

the 1H NMR spectrum, while in the presence of LiOH·H2O, the cyclization of 6.99 to 6.96b 

reached equilibrium (1.5:1 of 6.99/6.96b based on ratio of purified products) but failed to progress 

to completion. Attempts to cyclize 6.99 with LiOH·H2O (1.0 equiv) and LiCl (2.0 equiv) in i-

PrOH and H2O led to a complex mixture of products by 1H NMR and TLC. Additionally, an 

analogous substrate of 6.97 with an N-Troc protecting group, in place of the N-Ts group, failed to 

provide the desired cis-DHQ when reacted with crotonaldehyde or 6.75b, in return, products of in-

complete cyclization were obtained.  
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In consideration of all the above data, we conclude the tandem reaction is under 

thermodynamic control, attributable in part to a balance established from the property of the TsN-

anion as both a modest nucleophile, for the forward reaction, but also a good leaving group for the 

retro-aza-Michael reaction. As the forward reaction was relatively slow, we were unable to find 

kinetic conditions to trap the cyclized product 6.96b. Regardless, compound 6.96b was obtained 

in a best yield of 38%, based on recovered starting material, and used in the next reaction. The 

complete NMR assignment of compounds 4aS,8aS- 6.96b and 6.98 is reported in Figure 6.4 and 

Table 6.7. 

 

Figure 6.4: Numbering assignment of 4aS,8aS- 6.96b and 6.98. 
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Table 6.7: 1H and 13C NMR data for 4aS,8aS- 6.96b and 6.98 (CDCl3). 

Position δH (int., mult, J, Hz) δC Position δH (int., mult, J, Hz) δC 
4aa 4ab  4ea 4eb 

1   1   
2 4.18 (1H, quintet, 6.5)  50.1 2 3.81 (1H, dt, 14.0, 2.0) 

2.92 (1H, td, 13.5, 2.0) 
41.0 

3 2.79 (1H, dd, 4.2, 5.4, 
12.0) 

73.5 3 1.44 (1H, m) 
1.10 (1H, qt, 13.0, 4.0) 

23.8 

4 2.06 (1H, m) 
1.50 (1H, td, 13.2, 25.8) 

26.2 4 1.36 (1H, m) 
2.02 (1H, dt, 13.5, 3.0) 

26.6 

4a 1.80 (1H, dd, 4.8, 6.0, 
13.2) 

38.2 4a 1.95 (1H, dt, 12.5, 5.0) 26.6 

5  169.1 5  99.2 
6  100.2 6  170.7 
7 2.34 (1H, m) 22.5 7 2.38 (1H, dd, 6.0, 1.0) 21.2 
8 2.08 (1H, m) 

2.16 (1H, td, 6.0, 13.2) 
30.6 8 1.80 (1H, m) 

2.20 (1H, td, 13.0, 6.5) 
25.0 

8a 4.03 (1H, ddd, 3.6, 6.6, 
13.4) 

49.7 8a 4.22 (1H, ddd, 13.2, 
6.0, 3.5) 

49.9 

9  138.5 9  143.0 
10/10' 7.17 (2H, d, 8.0) 126.0 10/10' 7.48 (2H, d, 8.0) 126.7 
11/11' 7.00 (2H, d, 8.0) 129.8 11/11' 7.19 (2H, d, 8.0) 129.8 
12  142.9 12  138.9 
13-Me 2.35 22.5 13-Me 2.40 (3H, s) 21.6 
14-Me 1.25 (3H, d, 7.0) 16.0 14  172.2 
15 4.37 (2H, s) 69.9 15  82.2 
16  138.1 16 1.45 (9H, s) 28.2 
17/17' 7.17 (2H, d, 8.0) 127.5 17-Me 0.43 (3H, s) 0.1 
18/18' 7.30 (2H, t, 8.0) 128.0 18-Me 0.43 (3H, s) -2.2 
19 7.39 (1H, m) 128.9 19  138.8 
20  172.2 20/20' 7.56 (2H, m) 134.4 
21  82.5 21/21' 7.40 (2H, m) 128.0 
22 1.47 (9H, s) 28.3 22 7.38 (1H, m) 127.9 
23-Me 0.38 (3H, s) -0.6 23-OH 12.52 (1H, s)  
24-Me 0.49 (3H, s) -2.9    
25  139.9    
26/26' 7.38 (2H, d, 7.0)  128.6    
27/27' 7.56 (2H, dd, 7.5, 1.5) 134.6    
28 7.39 (1H, m) 127.8    
29-OH 12.61 (1H, s)     

a500 MHz. b125 MHz. 

 

6.4.5 Attempts to Install the C-5 Sidechain 
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Scheme 6.18: t-BuO-deprotection and decarboxylation of 6.96b and Wittig olefination with 6.71. 

Deprotection and decarboxylation of ester 6.96b under acidic conditions gave 6.71 in 92%. 

Isomerization at the C-4a center due to enolization was observed during the t-BuO-deprotection 

with TFA (5 min, rt), and it increased significantly to ~50% upon prolonged exposure to TFA (1 

– 2 h, 0 ºC). The Wittig reagent, derived by base treatment (KOt-Bu) of 6.94, was expected to give 

E-6.101 upon condensation with ketone 6.71 (Scheme 6.18). However, only enone 6.100, the retro 

aza-Michael product, was observed and isolated. It appears that the ylide reagent is sufficiently 

basic to deprotonate 6.71 at C-4a, which readily undergoes retro aza-Michael ring opening – once 

again – due to the stability of the N-Ts anion. Subsequently, the HWE reaction with the less basic 

phosphonate reagent 6.104 was examined with ketone 6.103. 
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Scheme 6.19: t-BuO-deprotection and decarboxylation of 6.102 and HWE olefination with 6.103. 

 Treatment of intermediate 6.102 (Scheme 6.19), obtained from a Robinson–aza-Michael 

reaction of 6.97 and crotonaldehyde, with neat TFA followed by decarboxylation at 56 ºC provided 

ketone 6.103; gratifyingly in 90% yield and little isomerization (5% by 1H NMR integration). 

Subsequent HWE condensation of 6.103 with the phosphonate carbanion, preprepared from 

treatment of 6.104 with n-BuLi at –78 ºC, resulted in 69% conversion in a 1:1.4:2.4 ratio of the 

olefin product/ketone starting material/enone (6.106:6.103:6.105). HWE under milder base 

conditions substantially decreased the ratio of desired product 6.106 compared to enone 6.105. 

Condensation of 6.103 with the phosphonate carbanion, generated in situ from 6.10 under 

Masamune-Rousch conditions (DBU and LiCl in MeCN), resulted in a mixture of 

6.106:6.103:6.105 (1:5:11).33  Neither set of conditions augured well for successful progression to 

the desired product 6.101 with reasonable rates of conversion from the acylic precursors and 

overall yield.  
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Scheme 6.20: Proposed route to complete the total synthesis of lepadin I. 

The proposed route to accomplish the total synthesis of lepadin I (Scheme 6.20) requires 

retooling of several components of the linear schemes towards the goal. Clearly, the sulfonamide 

N-protecting group, while serving well up to the tandem-Robinson–aza-Michael reaction, became 

a liability in the transition towards the endgame; a protecting group swap was prescribed. Cleavage 

of the Ts-amide (SmI2) followed by installation of the intact side chain, containing the S-C-7’ 

stereocenter by Wittig olefination and subsequent Boc-protection would afford 6.107. Facial-

selective hydrogenation of 6.107 would provide 6.108. Steglich esterification of the secondary 
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alcohol with E-3-(methylthio)acrylic acid followed by deprotection of the remote alcohol at C-7’ 

(buffered TBAF) and the N-Boc group (anhydrous TFA) would deliver lepadin I (6.10).  

 

6.5 Conclusions 

In conclusion, a new synthetic route was developed for the total synthesis of lepadin I 

through an intermolecular Robinson annulation–intramolecular aza-Michael cyclization to form 

the cis-DHQ. Intense experimentation delivered 6.96b in a best yield of 38% (based on recovered 

starting material), but severe problems with C-4a epimerization or retro-aza-Michael reaction, 

militated against progression to the end game in satisfactory yields.  Moving forward, an N-

protecting group swap would afford an advanced ketone, which could be subjected to Wittig or 

HWE olefination followed by stereoselective hydrogenation. Lastly, esterification of the C-3 

hydroxyl with E-3-(methylthio)acrylic acid may be achieved under conventional coupling 

conditions (DCC) or the Yamaguchi protocol.34 The proposed synthesis would provide access to 

useful quantities of lepadin I and a key intermediate for the exploration of SAR and the mapping  

of the structural elements that are responsible for selective BuChE inhibition. 

 

6.6 Experimental 

General experimental procedure. Reactions were completed in oven or flame-dried 

glassware with dry solvents under an inert atmosphere. Dry acetonitrile (MeCN), diethyl ether 

(Et2O), tetrahydrofuran (THF), dichloromethane (CH2Cl2), toluene, and dimethylformamide 

(DMF) were degassed, dried by passage through alumina columns and stored under Argon. MeOH 

was dried overnight over 3Å molecular sieves. Et3N, pyridine, DBU and 2,6-lutidine were freshly 

distilled from CaH2. Reagents and solvents were purchased from MilliporeSigma, Fisher Scientific 
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or Alfa AesarTM, and were used as purchased without further purification unless otherwise stated. 

Reactions were monitored by thin layer chromatography (TLC) on MilliporeSigma precoated 

silica gel 60 plates (F254). The TLC plates were visualized with UV light and stained with cerium 

ammonium molybdate, KMNO4, or bromocresol green. Reaction workup was completed under 

standard aqueous conditions. Flash silica chromatography was performed using SiliCycle silica 

gel (40 – 63 µm, 60Å). 1D and 2D NMR spectra were measured on a JEOL ECA (500 MHz) or 

JEOL ECZ (400 MHz) spectrometer, equipped with a 5 mm 1H{13C} room temperature probe, or 

a Bruker Avance III (600 MHz) NMR spectrometer with a 1.7 mm 1H {13C/15N} microcryoprobe 

(23 ˚C), or a Varian NMR spectrometer (500 MHz) fitted with a 5 mm XSens 13C{1H} cryoprobe. 

NMR spectra were referenced to residual solvent signals (chloroform-d3, dH 7.26, dC 77.16 ppm). 

The following abbreviations were used in reference to NMR multiplicities: s = singlet, d = doublet, 

t = triplet, q = quartet, quint. = quintet, dd = doublet of doublet, dt = doublet of triplet, dq = doublet 

of quartet, td = triplet of doublet, ddd = doublet of doublet of doublet, ddt = doublet of doublet of 

triplet, tdd = triplet of doublet of doublet, m = multiplet, and br = broad. HR-ESI-TOF mass 

spectroscopy analyses were conducted on an Agilent 1200 HPLC connected to an Agilent 6350 

TOF-MS at the Small Molecule Mass Spectrometry Facility at the Department of Chemistry and 

Biochemistry at UCSD. Optical rotations were measured on a JASCO P-2000 polarimeter at the 

D-double emission line of Na. 

The concentration of t-BuLi was determined by titration of 2,5-dimethoxybenzyl alcohol. 

t-BuLi was added dropwise to a solution of 2,5-dimethoxybenzyl alcohol (0.17 mL, 1.19 mmol) 

in Et2O (5 mL) at rt under N2 until a permanent red-brown color persisted indicating the onset of 

anion formation. The concentration of t-BuLi was then determined based on the volume of t-BuLi 
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used in the titration, and the 1:1 molar ratio of alkyllithium reagent to 2,5-dimethoxybenzyl 

alcohol. 

Tosyl-D-alanine (6.77). Compound 6.77 was synthesized according to a reported literature 

procedure.35a-b Tosyl chloride (23.54 g, 0.123 mol) was added portion wise over 1 h to a solution 

of D-alanine (10.0 g, 0.112 mol) and Et3N (47 mL, 0.337 mol) in THF (90 mL) and H2O (180 mL) 

at 0 ºC. The reaction was warmed to rt and stirred for 20 h. The THF was concentrated, and the aq 

layer was acidified with HCl (2 M) to pH ~ 2 and extracted with EtOAc (4x). The combined 

organic layer was washed with brine (2x), dried over Na2SO4, filtered, and concentrated to give 

6.77 (24.34g, 89%) as a crystalline solid. 1H NMR (400 MHz, DMSO-d6) δ (ppm, integ., mult, J 

Hz) 1.12 (3H, d, 7.2), 2.37 (3H, s), 3.72 (1H, m), 7.36 (2H, d, 8.4), 7.66 (2H, d, 8.0), 8.04 (1H, d, 

8.4). HRMS (ESITOF) m/z 266.0458 [M+Na]+ (calc’d 266.0457 for C10H13NO4S). The 1H NMR 

and HRMS match those reported in the literature.35c  

 Tosyl-D-alaninoyl Chloride (6.78). Thionyl chloride (9.0 mL, 123 mmol) was added 

dropwise to a solution of 6.77 (6.0 g, 24.7 mmol) in dry THF (250 mL) at rt. After 1 h, the reaction 

mixture was refluxed for 4 h. The reaction was cooled to rt and concentrated to furnish the acyl 

chloride 6.78 as a yellow oil that was used in the next reaction without further purification. 

 (R)-4-Methyl-N-(3-oxohept-6-en-2-yl)benzenesulfonamide (6.79). The Grignard reagent 

but-3-en-1-ylmagnesium bromide36 and compound 6.7916 were synthesized according to reported 

literature procedures. A solution of 4-bromo-1-butene (5.0 mL, 49 mmol) in THF (50 mL) was 

added to Mgº turnings (2.5 g, 103 mmol, coated with I2 vapors) in THF (25 mL) at a rate of gentle 

reflux under N2 at rt. The reaction was refluxed for 1 h, cooled to rt, and added dropwise to a 

suspension of LiCl (6.95 g, 164 mmol) and CuCN (7.25 g, 81 mmol) in THF (100 mL) at -40 ºC 

that were previously dried at 0.4 Torr and 250 ºC for 4 – 5 h. The suspension was cooled to -78 
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ºC, and a solution of 6.78 (24.7 mmol) in THF (75 mL) was added dropwise to the Gilman reagent. 

The reaction was slowly warmed to rt and stirred for 16 h. The reaction was cooled to 0 ºC and 

quenched by addition of sat’d aq NH4Cl (125 mL) and H2O to dissolve the salts. The mixture was 

stirred at 0 ºC for 30 min and rt for another 30 min. The layers were separated, and the aq layer 

was extracted with MTBE (3 x 75 mL). The combined organic layer was washed with brine (1x), 

dried over MgSO4, filtered and concentrated. The crude was crystallized from MTBE to give 6.79 

(6.38 g, 93%) as pale-green needles. 1H NMR (400 MHz, CDCl3) δ (ppm, integ., mult, J Hz) 1.33 

(3H, d, 7.2 Hz), 2.18 (2H, m), 2.33 (1H, m), 2.41 (3H, s), 2.54 (1H, m), 3.92 (1H, m), 4.89 (1H, 

m), 4.93 (1H, m), 5.52 (1H, d, 6.8), 5.62 (1H, m), 7.28 (2H, d, 8.4 Hz), 7.70 (2H, d, 8.4 Hz). HRMS 

(ESITOF) m/z 282.1157 [M+H]+ (calc’d 282.1157 for C12H19NO3S). The 1H NMR and HRMS 

matched the reported literature data.16  

 NaBH4 Reduction of 6.79 to 6.80a,b. NaBH4 (6.7 mg, 0.18 mmol) was added to a solution 

of 6.79 (25.0 mg, 0.09 mmol) in dry MeOH (2.5 mL) at 0 ºC. The solution was stirred for 30 min 

at 0 ºC, quenched with H2O (1 mL) and a few drops of HCl (2 M). After 5 min at 0 ºC, the reaction 

mixture was extracted with Et2O (3x), and the combined organic layer was washed with brine (1x), 

dried over MgSO4, filtered and concentrated. Based on the 1H NMR (CDCl3), a 1:1.4 ratio of 

6.80a/6.80b was observed.  

 Zn(BH4)2 Reduction of 6.79 to 6.80a,b. Zn(BH4)2 was freshly synthesized. A solution of 

dry ZnCl2 (0.5 M, 16.0 mL, 16.0 mmol, THF) was added to a vigorously stirring suspension of 

NaBH4 (1.09 g, 8.0 mmol) in dry THF under N2 at room temperature. The reaction was stirred for 

72 h to give a solution of Zn(BH4)2 (0.16 M) in THF. Zn(BH4)2 (1.11 mL, 0.18 mmol) was added 

to a solution of 6.79 (25.0 mg, 0.09 mmol) in THF (1.39 mL) at -15 ºC or -78 ºC. The solution was 

stirred at -15 ºC for 5 h (Table 6.3, entry 2) and at -78 ºC 16 h (Table 6.3, entry 2), quenched with 
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H2O (1 mL) and a few drops of HCl (2 M). After 5 min at 0 ºC, the reaction was extracted with 

Et2O (3x), and the combined organic layer was washed with brine (1x), dried over MgSO4, filtered 

and concentrated. Based on the 1H NMR (CDCl3), a mixture of 6.80a/6.80b formed in 2:1 ratio at 

-15 ºC and 1.4:1 at -78 ºC, respectively. 

N-((2R,3R)-3-hydroxyhept-6-en-2-yl)-4-methylbenzenesulfonamide (6.80a). Compound 

6.80a was prepared according to a reported literature procedure.16 L-Selectride (39 mL, 38.7 mmol, 

1.0 M) was added dropwise over 1 h to a solution of 6.79 (5.45 g, 19.4 mmol) in dry THF (90 mL) 

at -100 ºC. Subsequently, the reaction was stirred at -100 ºC for 1h, at -78 ºC for 2 h and -60 ºC 

for 1 h before quenching with a mixture of AcOH/H2O (180 mL, 1:1). After 3 h, the solution was 

concentrated, and remaining H2O was azeotroped with toluene (3x). The crude was suspended in 

sat’d NaHCO3 (100 mL) and extracted with CHCl3/i-PrOH (4 x 100 mL, 4:1). The combined 

organic layer was washed with brine (1x), dried over MgSO4, filtered, and concentrated to give 

6.80 (5.20 g, 95%) as a mixture of 1:0.05 of 6.80a/6.80b based on 1H NMR integration. The crude 

was crystallized from hexanes/MTBE (24 mL, 1:2) to give 6.80a (4.38 g, 80%) as colorless 

needles. The 1H NMR and HRMS are consistent with reported literature values.16  

Benzyl Protection under Acidic Conditions (Table 6.4, entry 1). The reaction was 

performed according to a reported literature procedure.20 Trifluoromethanesulfonic acid (18 µL, 

0.21 mmol) was added to a solution of 6.80a (0.391 g, 1.38 mmol) and benzyl 2,2,2-

trichloroacetimide (0.31 mL, 1.65 mmol) in dry CH2Cl2 (1 mL) and cyclohexane (2 mL, dried over 

4 Å MS). After 6.5 h at rt, the mixture was diluted with CH2Cl2/cyclohexane (1:2) and filtered on 

a cake of Celite. The filtrate was washed with sat’d aq NaHCO3 (1x), H2O (1x), brine (1x), dried 

over Na2SO4, filtered and concentrated. The crude was purified on SiO2 (20% EtOAc/hexanes) to 

give 6.81a as a colorless oil.  
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Benzyl Protection under Basic Conditions (Table 6.4, entry 2). Compounds 6.81c,d were 

prepared according to a reported literature procedure.21 NaH (8.5 mg, 212 µmol, 60%) was added 

to a solution of 6.80a (25.0 mg, 88 µmol) in dry THF (0.25 mL) at 0 ºC. After 30 min at rt, 

tetrabutylammonium iodide (3.3 mg, 9 µmol) and benzyl bromide (12 µL, 97 µmol) were added 

to the reaction mixture. After 16 h, the reaction was quenched with sat’d aq NH4Cl and extracted 

with Et2O (3x). The combined organic layer was washed with H2O (1x), dried over MgSO4, filtered 

and concentrated. The crude was purified with SiO2 (10% à 50% EtOAc/hexanes) to give 6.81c 

(18.1 mg, 55%) and 6.81d (2.0 mg, 5%). 6.81c: 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, 

J Hz) 7.71 (2H, d, 8.5), 7.40 (2H, d, 7.5), 7.27-7.36 (5H, m), 5.68 (1H, m), 4.87-4.95 (2H, m), 4.66 

(1H, d, 15.5), 4.09 (1H, d, 15.5), 4.74 (1H, dt, 7.0, 15.5), 3.14 (1H, td, 2.0, 9.0), 2.44 (3H, s), 2.15 

(1H, m), 1.99 (1H, m), 1.42 (1H, m ), 1.31 (1H, m), 0.90 (3H, d, 7.0) . 13C NMR (125 MHz, CDCl3) 

d (ppm) 143.7, 138.3, 137.8, 130.0, 128.9, 128.3, 128.0, 127.3, 115.0, 71.6, 59.7, 48.0, 32.9, 31.7, 

29.5, 21.7, and 14.6. HRMS (ESITOF) m/z 374.1787 [M+H]+ (calc’d 374.1784 for C21H28NO3S+).  

6.81d: HRMS (ESITOF) m/z 464.2254 [M+H]+ (calc’d 464.2254 for C28H34NO3S+). 

N-((2R,3R)-3-(benzyloxy)hept-6-en-2-yl)-4-methylbenzenesulfonamide (6.81b). 

Compound 6.81b was synthesized according to a reported literature procedure.19 Benzyl bromide 

(3.15 mL, 26.5 mmol) was added to a solution of 6.80a (2.343 g, 8.28 mmol) and Ag2O (4.411 g, 

19.0 mmol) in dry Et2O (70 mL) at rt. After stirring for 18 h, an additional 1.0 equiv of benzyl 

bromide was added to the reaction. After another 40 h, the reaction was filtered, and the filtrate 

concentrated. The crude was purified on SiO2 (5 à 10% EtOAc/hexanes) to give 6.81b (2.44 g, 

79%) as a colorless oil. 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.73 (2H, d, 6.5), 

7.25-7.37 (7H, m), 5.66 (1H, m), 4.88-4.94 (2H, m), 4.69 (1H, br. d, 8.5), 4.54 (1H, d, 11.5), 4.42 

(1H, d, 11.5), 3.44 (1H, m), 3.26 (1H, td, 2.5, 6.5), 2.41 (3H, s), 1.95 (2H, m), 1.57 (1H, m), 1.45 
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(1H, m), 1.07 (3H, d, 7.0). 13C NMR (125 MHz, CDCl3) d (ppm) 143.3, 138.4, 138.1, 138.0, 129.8, 

128.6, 128.0, 127.9, 127.1, 115.1, 81.1, 72.5, 51.2, 29.7, 29.3, 21.7 and 18.8. HRMS (ESITOF) 

m/z 374.1787 [M+H]+ (calc’d 374.1784 for C21H28NO3S+). 

(4R,5R)-4-(benzyloxy)-5-((4-methylphenyl)sulfonamido)hexanoic acid (6.76). Compound 

6.76 was synthesized according to a reported literature procedure.22 OsO4 (0.36 mL, 35.6 µmol, 

2.5% w/v in 2-methyl-2-propanol) was added to a solution of 6.81b (1.33 g, 3.56 mmol) in DMF 

(17.8 mL). After 5 min, Oxone (8.76 g, 14.2 mmol) was added in one-portion. After stirring for 3 

h, remaining OsVIII was quenched with Na2SO3 (2.693 g, 21.4 mmol). After stirring for 1 h, the 

reaction mixture was diluted with EtOAc (50 mL) and HCl (1 M) to dissolve the salts. The layers 

were separated, and the aq layer was extracted with EtOAc (2 x 50 mL). The combined organic 

layer was washed with HCl (3x, 1 M), brine (1x), dried over Na2SO4, filtered, and concentrated to 

give 6.76 (1.19 g, 85%). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.74 (2H, d, 8.0), 

7.25-7.39 (7H, m), 4.90 (1H, br. d, 7.5), 3.48 (1H, m), 3.36 (1H, m), 2.44 (3H, s), 2.34 (2H, m), 

1.73-1.89 (2H, m), 1.05 (3H, d, 7.0). 13C NMR (125 MHz, CDCl3) d (ppm) 177.4, 143.4, 137.7, 

130.1, 129.7, 128.5, 128.0, 127.8, 127.0, 80.3, 72.6, 50.8, 29.6, 24.8, 21.5, 17.8. HRMS (ESITOF) 

m/z 414.1343 [M+Na]+ (calc’d 414.1346 for C20H25NO5SNa+). 

tert-Butyl (6R,7R)-6-(benzyloxy)-7-((4-methylphenyl)sulfonamido)-3-oxooctanoate (6.74). 

Compound 6.74 was synthesized according to a reported literature procedure.25 Dibutyl 

magnesium (3.0 mL, 3.0 mmol, 1 M in heptane) was added to a solution of mono-tert-butyl 

malonate (1.40 mL, 8.97 mmol) in dry THF (25 mL) at -78 ºC under N2. After stirring at -78 ºC 

for 15 min, the solution was warmed to rt and stirred for 1 h. Simultaneously, in a separate flask, 

a solution of CDI (0.727 g, 4.48 mmol) in dry THF (12.5 mL) was added to a solution of 6.76 

(1.17 g, 3.0 mmol) in dry THF (12.5 mL) at 0 ºC. After stirring at 0 ºC for 15 min, the solution 
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was warmed to rt, stirred for 1 h, and added to the above magnesium malonate solution. After 2 d, 

the reaction was quenched with citric acid (10% aq), the layers were separated, and the aqueous 

layer was extracted with Et2O (3x). The combined organic layer was washed with sat’d NaHCO3, 

brine, dried over Na2SO4, filtered and concentrated. The crude was purified on SiO2 (10% à 25% 

EtOAc/hexanes) to provide 6.74 (0.72 g, 49%) as pale-yellow oil. A small sample was further 

purified by SiO2-HPLC (40% EtOAc/hexanes, 3.0 mL/min) to give 6.74 (>95% purity). 1H NMR 

(500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.72 (2H, d, J = 8.3 Hz), 7.36 – 7.30 (3H, m), 7.27 

(4H, m), 4.75 (1H, d, J = 8.7 Hz), 4.49 (1H, d, J = 11.6 Hz), 4.43 (1H, d, J = 11.6 Hz), 3.47 – 3.37 

(1H, m), 3.29 (1H, td, J = 6.2, 2.9 Hz), 3.25 (2H, d, J = 8.3 Hz), 2.46 (2H, dt, J = 11.2, 7.3 Hz), 

2.41 (3H, s), 1.80 (1H, dq, J = 14.0, 7.2 Hz), 1.72 (1H, ddt, J = 14.1, 7.7, 6.4 Hz), 1.46 (9H, s), 

1.00 (3H, d, J = 6.7 Hz). 13C NMR (125 MHz, CDCl3) d (ppm) 203.1, 166.6, 143.4, 138.2, 138.0, 

129.8, 128.6, 128.1, 128.0, 127.1, 82.1, 80.3, 72.4, 51.0, 50.5, 38.5, 28.1, 23.6, 21.7, 18.1. HRMS 

(ESITOF) m/z 512.2073 [M+Na]+ (calc’d 512.2077 for C26H35NO6SNa+). 

tert-Butyl (2R,3R)-3-(benzyloxy)-5-hydroxy-2-methyl-1-tosyl-1,2,3,4,4a,7,8,8a-

octahydroquinoline-6-carboxylate (6.83). Attempted synthesis of 6.83 was completed under the 

conditions described by Bonjoch and coworkers.25 Acrolein (3.75 µL, 56.2 µmol) and LiOH·H2O 

(2.1 mg, 51.0 µmol) were sequentially added to a solution of 6.74 (25 mg, 51.0 µmol) in i-PrOH 

(0.175 mL) and H2O (9.2 µL). After 24 h, the reaction was quenched with sat’d aq NH4Cl and 

extracted with EtOAc (3x). The combined organic layer was dried over Na2SO4, filtered and 

concentrated. Based on 1H NMR and LCMS, the reaction failed to provide 6.83. 

tert-Butyl (2R,3R)-3-(benzyloxy)-5-hydroxy-2,7-dimethyl-1-tosyl-1,2,3,4,4a,7,8,8a-

octahydroquinoline-6-carboxylate (6.84). Compound 6.84 was synthesized according to the 

above-described procedure from 6.74 (29.0 mg, 59.2 µmol), crotonaldehyde (5.6 µL, 65.2 µmol, 
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95%) and LiOH·H2O (2.5 mg, 59.2 µmol) in i-PrOH (0.205 mL) and H2O (10.7 µL). The crude 

was purified on SiO2 (25% EtOAc/hexanes) to yield 6.84 (10.9 mg, 34%). 4aS,7S,8aS-6.84: 1H 

NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 12.56 (1H, s), 7.58 (2H, d, 8.5), 7.24-7.38 

(5H, m), 7.17 (2H, d, 8.0), 4.49 (1H, d, 12.0), 4.46 (1H, d, 12.0), 4.41 (1H, t, 6.5), 4.18 (1H, ddd, 

8.5, 5.5, 2.5), 3.16 (1H, ddd, 9.0, 5.5, 3.5), 2.69 (1H, m), 2.39 (3H, s), 2.09-2.17 (2H, m), 2.05 

(1H, td, 13.0, 6.0), 1.56-1.67 (2H, m), 1.50 (9H, s), 1.29 (3H, d, 7.0), 1.13 (3H, d, 7.0). 13C NMR 

(125 MHz, CDCl3) d (ppm) 172.4, 170.3, 143.2, 138.5, 138.0, 129.9, 128.6, 127.9, 127.6, 126.5, 

103.8, 81.8, 74.5, 70.2, 49.8, 47.1, 39.1, 34.1, 28.4, 27.5, 25.2, 21.7, 20.4, and 15.8. HRMS 

(ESITOF) m/z 542.2568 [M+H]+ (calc’d 542.2571 for C30H40NO6+). 

2-(Prop-2-yn-1-yloxy)tetrahydro-2H-pyran (6.85). Compound 6.85 was prepared 

according to the reported procedure.26 p-TsOH·H2O (10 mg, 0.05 mmol) was added to 3,4-

dihydro-2H-pyrane (16.5 g, 195 mmol). After 10 min, 2-propyn-1-ol (10 g, 180 mmol) was added 

dropwise over 30 min. followed by the addition of NaHCO3 (1.12 g, 13.5 mmol) after an additional 

10 min. After 16 h, the reaction was filtered to provide 1 (22.92 g, 92%) as a light-yellow oil. The 

1H NMR of 6.85 matches the reported literature values.26  

tert-Butyldimethyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (6.86a). 

Compound 6.86a was prepared according to the literature procedure.27 n-BuLi (9.84 mL, 24.6 

mmol, 2.5 M in hexanes) was added dropwise to a solution of 6.85 (3.00 g, 21.4 mmol) in THF 

(70 mL) at -78 ºC. After stirring at 0 ºC for 15 min, the solution was cooled to -78 ºC, and a solution 

of TBSCl (3.87 g, 25.7 mmol) in THF (20 mL) was added dropwise over 20 min. The mixture was 

warmed slowly over 12 h as the dry ice/acetone was allowed to reach rt. The reaction was quenched 

with the addition of sat’d aq NH4Cl (45 mL), the layers were separated, and the aqueous layer was 

extracted with Et2O (2x). The combined organic layer was washed with brine (1x), dried over 
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MgSO4, filtered, and concentrated to provide a crude oil that was purified on SiO2 (10% 

EtOAc/hexanes) to provide 6.86a (4.01 g, 74%) as an oil. The 1H NMR and HRMS of 6.86a match 

the reported literature values.27  

Dimethyl(phenyl)(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (6.86b). 

Compound 6.86b was prepared according to the above-described procedure from 6.85 (3.00 g, 

21.4 mmol), n-BuLi (9.84 mL, 24.6 mmol, 2.5 M in hexanes) and chloro(dimethyl)phenylsilane 

(4.3 mL, 25.7 mmol) in THF (90 mL). The obtained crude was purified on SiO2 (1:14 of 

EtOAc/hexanes) to provide 6.86b (3.79 g, 65%) as an oil. The 1H NMR and HRMS of 6.86b match 

the reported literature values.37 

Triethyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (6.86c). Compound 

6.86c was prepared according to the above-described procedure from 6.85 (3.00 g, 21.4 mmol), n-

BuLi (9.84 mL, 24.6 mmol, 2.5 M in hexanes) and chlorotriethylsilane (4.31 mL, 25.7 mmol) in 

THF (90 mL). The obtained crude was purified on SiO2 (1:20 of EtOAc/hexanes) to provide 6.86c 

(4.54 g, 83%) as an oil. 1H NMR (400 MHz, CDCl3) d (ppm, integ., mult, J Hz) 4.86 (1H, t, 3.0), 

4.29 (2H, s), 3.85 (1H, m), 3.53 (1H, m), 1.47-1.92 (6H, m), 0.98 (9H, t, 8.0), 0.60 (6H, q, 8.0). 

13C NMR (125 MHz, CDCl3) d (ppm) 102.7, 96.6, 88.4, 62.2, 54.9, 30.4, 25.5, 19.2, 7.6, and 4.4. 

HRMS (ESITOF) m/z 277.1596 [M+Na]+ (calc’d 277.1594 for C14H26O2SiNa+). 

Triisopropyl(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)silane (6.86d). Compound 

6.86d was prepared according to the above-described procedure from 6.85 (3.00 g, 21.4 mmol), n-

BuLi (9.84 mL, 24.6 mmol, 2.5 M in hexanes) and chlorotriisopropylsilane (5.5 mL, 25.7 mmol) 

in THF (90 mL). The obtained crude was purified on SiO2 (1:20 of EtOAc/hexanes) to provide 

6.86d (5.50 g, 87%) as an oil. 1H NMR (400 MHz, CDCl3) d (ppm, integ., mult, J Hz) 4.91 (1H, 

t, 3.0), 4.31 (2H, dd, 16.4, 22.4), 3.86 (1H, m), 3.52 (1H, m), 1.46-1.92 (9H, m), 1.07 (18H, s). 13C 
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NMR (125 MHz, CDCl3) d (ppm) 103.4, 96.4, 87.2, 62.3, 54.8, 30.5, 25.5, 19.3, 18.7 and 11.3. 

HRMS (ESITOF) m/z 319.2063 [M+Na]+ (calc’d 319.2064 for C17H32O2SiNa+). 

3-(tert-Butyldimethylsilyl)prop-2-yn-1-ol (6.87a). Compound 6.87a was prepared 

according to the described literature procedure.27 p-TsOH·H2O (0.272 g, 1.58 mmol) was added 

to a solution of 6.86a (4.01 g, 15.8 mmol) in MeOH (25 mL). After 4 h, the reaction was cooled 

to 0 ºC, neutralized with sat’d aq NaHCO3 (35 mL) and diluted with H2O (35 mL) to improve 

phase separation. The mixture was extracted with CH2Cl2 (3x), and the combined organic layer 

was dried over MgSO4, filtered and concentrated. The crude was purified on SiO2 (10% 

EtOAc/hexanes) to give 6.87a (2.60 g, 97%) as a colorless solid. The 1H NMR and HRMS of 

6.87a match the reported literature values.27  

3-(Dimethyl(phenyl)silyl)prop-2-yn-1-ol (6.87b). Compound 6.87b was prepared 

according to the above-described procedure through the hydrolysis of 6.86b (5.0 g, 18.2 mmol) 

with p-TsOH·H2O (0.3137 g, 1.82 mmol) in MeOH (30 mL). The obtained crude was purified on 

SiO2 (1:14 of EtOAc/hexanes) to provide 6.87b (2.48 g, 72%) as a colorless oil. The 1H NMR and 

HRMS of 6.87b match the reported literature values.38 

3-(Triethylsilyl)prop-2-yn-1-ol (6.87c). Compound 6.87c was prepared according to the 

above-described procedure through the hydrolysis of 6.86c (4.29 g, 16.9 mmol) with p-TsOH·H2O 

(0.290 g, 1.69 mmol) in MeOH (27 mL). The obtained crude was purified on SiO2 (1:20 of 

EtOAc/hexanes) to provide 6.87c (2.25 g, 78%) as a colorless oil. The 1H NMR and HRMS of 

6.87c match the reported literature values.39 

3-(Triisopropylsilyl)prop-2-yn-1-ol (6.87d). Compound 6.87d was prepared according to 

the above-described procedure through the hydrolysis of 6.86d (4.95 g, 16.7 mmol) with p-

TsOH·H2O (0.2875 g, 1.67 mmol) in MeOH (27 mL). The obtained crude was purified on SiO2 
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(1:20 of EtOAc/hexanes) to provide 6.87d (2.91 g, 82%) as a colorless oil. The 1H NMR and 

HRMS of 6.87d match the reported literature values.40 

(E)-3-(tert-Butyldimethylsilyl)prop-2-en-1-ol (6.88a). Compound 6.88a was prepared 

according to the described procedure.28 Red-Al (6.54 mL, 22.9 mmol, 3.5 M in toluene) was added 

dropwise to a solution of 6.87a (2.60 g, 15.3 mmol) in dry toluene (60 mL) under N2 at 0 ºC. The 

reaction was slowly warmed to rt, stirred for 1.5 h and quenched with the slow addition of H2SO4 

(18 mL, 3% aq). The mixture was filtered on Celite, and the filtrate was separated. The aqueous 

layer was extracted with toluene (3x), and the combined organic layer was washed with brine (1x), 

dried over Na2SO4, filtered and evaporated to provide 6.88a (2.04 g, 76%) as a colorless oil. The 

1H NMR and HRMS of 6.88a match the reported literature values.28  

(E)-3-(Dimethyl(phenyl)silyl)prop-2-en-1-ol (6.88b). Compound 6.88b (2.24 g, 90%) was 

prepared as a colorless oil according to the above-described procedure through the reduction of 

6.87b (2.46 g, 12.9 mmol) with Red-Al (5.54 mL, 19.4 mmol, 3.5 M in toluene) in toluene (50 

mL). The 1H NMR and HRMS of 6.88b match the reported literature values.41 

(E)-3-(Triethylsilyl)prop-2-en-1-ol (6.88c). Compound 6.88c (2.04 g, 90%) was prepared 

as a colorless oil according to the above-described procedure through the reduction of 6.87c (2.25 

g, 13.2 mmol) with Red-Al (5.70 mL, 19.8 mmol, 3.5 M in toluene) in toluene (52 mL). The 1H 

NMR and HRMS of 6.88c match the reported literature values.42 

(E)-3-(Triisopropylsilyl)prop-2-en-1-ol (6.88d). Compound 6.88d (2.76 g, 94%) was 

prepared as a colorless oil according to the above-described procedure through the reduction of 

6.87d (2.91 g, 13.7 mmol) with Red-Al (5.90 mL, 20.6 mmol, 3.5 M in toluene) in toluene (54 

mL). 1H NMR (400 MHz, CDCl3) d (ppm, integ., mult, J Hz) 6.25 (1H, dt, 19.2, 4.4), 5.80 (1H, 

dt, 19.2, 1.6), 4.21 (2H, dd, 4.4, 1.2), 1.11 (3H, m), 1.05 (18H, m). 13C NMR (125 MHz, CDCl3) 
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d (ppm) 146.9, 123.6, 66.1, 18.7 and 10.9. HRMS (ESITOF) m/z 213.1671 [M+H]+ (calc’d 

213.1669 for C12H25OSi+). 

(E)-3-(tert-Butyldimethylsilyl)acrylaldehyde (6.75a). Compound 6.75a was prepared 

according to the described procedure.29 PCC (5.00 g, 23.2 mmol) was added to a slurry of Celite 

(5.0 g) in CH2Cl2 (45 mL) over 10 min. A solution of 6.88a (2.0 g, 11.6 mmol) in CH2Cl2 (5 mL) 

was added dropwise to the PCC-Celite mixture. After 90 min, the precipitate was filtered on a pad 

of Celite and washed with little CH2Cl2. The filtrate was concentrated and purified on SiO2 (5% 

à 10% EtOAc/hexanes) to give a mixture of the cis- and trans-6.75a (1.54 g, 77%) as a colorless 

oil. 1H NMR (400 MHz, CDCl3) d (ppm, integ., mult, J Hz) 9.51 (1H, d, 7.6), 7.40 (0.44H, d, 

18.8), 7.21 (1H, d, 18.8), 6.54 (1H, dd, 18.8, 7.6), 6.28 (0.47H, d, 18.8), 0.92 (9H, s), 0.91 (5.3H, 

s), 0.13 (6H, s), 0.11 (2.84H, s). 13C NMR (125 MHz, CDCl3) d (ppm) 194.8, 169.7, 157.1, 151.0, 

145.6, 134.3, 26.5, 16.7 and -6.41.  

(E)-3-(Dimethyl(phenyl)silyl)acrylaldehyde (6.75b). Compound 6.75b was prepared 

according to the above-described procedure through the oxidation of 6.88b (2.2 g, 11.4 mmol) 

with PCC (4.93 g, 22.9 mmol) and Celite (5.0 g) in CH2Cl2 (50 mL). The crude was purified on 

SiO2 (5% à 10% EtOAc/hexanes) to give 6.75b (1.70 g, 78%) as a colorless oil. The 1H NMR 

and HRMS of 6.75b match the reported literature values.29  

(E)-3-(Triethylsilyl)acrylaldehyde (6.75c). Compound 6.75c was prepared according to the 

above-described procedure through the oxidation of 6.88c (2.04 g, 11.9 mmol) with PCC (5.11 g, 

23.7 mmol) and Celite (5.0 g) in CH2Cl2 (45 mL). The crude was purified on SiO2 (5% à 10% 

EtOAc/hexanes) to give 6.75c (1.454 g, 72%) as a colorless oil. Based on 1H NMR (CDCl3), a 

mixture of 7%:93% of the cis-/trans- 6.75c were observed. The 1H NMR and HRMS of 6.75c 

match the reported literature values.29  
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(E)-3-(Triisopropylsilyl)acrylaldehyde (6.75d). Compound 6.75d was prepared according 

to the above-described procedure through the oxidation of 6.88d (2.76 g, 12.9 mmol) with PCC 

(5.55 g, 25.7 mmol) and Celite (5.0 g) in CH2Cl2 (55 mL). The crude was purified on SiO2 (5% à 

10% EtOAc/hexanes) to give 6.75d (1.71 g, 63%) as a colorless oil. Based on 1H NMR (CDCl3), 

only trans-6.75d was observed. The 1H NMR and HRMS of 6.75d match the reported literature 

values.29  

(E)-3-Bromoacrylic acid (6.89). A solution of propiolic acid (2.64 mL, 42.8 mmol) and 

HBr (17.5 mL, 48% aq) was refluxed for 1.5 h, cooled to rt, and then 0 ºC. The brown crystals 

formed were filtered and rinsed with ice-cold water (30 mL) and dried to give 6.89 (4.19 g, 65%). 

The compound was used without further purification.  

(E)-3-Bromoacrylaldehyde (6.75e). A solution of 6.89 (3.0 g, 19.9 mmol) in THF (15 mL) 

was added dropwise to a suspension of LiAlH4 (0.754 g, 19.9 mmol) in THF (60 mL) at 0 ºC. After 

stirring at 0 ºC for 2 h, the reaction was quenched by the sequential addition of H2O (0.8 mL), 

NaOH (2.4 mL, 20% aq), and H2O (0.8 mL). The reaction mixture was diluted with Et2O (100 

mL), filtered, and the filtrate was washed with sat’d aq NaHCO3, brine (1x), dried over Na2SO4, 

filtered and concentrated to give the allylic alcohol (0.7736 g). A solution of the allylic alcohol 

(0.7736 g, 5.65 mmol) in dry CH2Cl2 (8.5 mL) was added to activated MnO2 (2.45 g, 28.2 mmol, 

heated at 0.4 Torr and 110 ºC for 3 h). After stirring at rt for 18 h, the reaction mixture was filtered 

on Celite, and the Celite cake was rinsed with little CH2Cl2 (4 x 3 mL). Based on 1H NMR (CDCl3), 

the filtrate contained a mixture of 1:1 of the allylic alcohol/aldehyde 6.75e in CH2Cl2. The filtrate 

was stored at -10 ºC and used in the next reaction without further purification. The 1H NMR 

matched reported literature values.43 
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(S)-Dec-9-en-4-ol (6.90). Compound 6.90 was synthesized according to a reported 

literature procedure.9 A solution of 1-bromoethane (3.24 mL, 43.5 mmol) in THF (40 mL) was 

added dropwise to Mgº turnings (1.32 g, 54.3 mmol) coated with I2 under N2 in a two-necked 

round bottom flask equipped with a reflux condenser. The solution was refluxed for 1.5 h, cooled 

to rt, and added dropwise over 1 h  to a solution of (S)-epichlorohydrin (1.70 mL, 21.7 mmol) and 

CuCN (195.0 mg, 2.2 mmol) in THF (25 mL) at -78 ºC under N2. The reaction was warmed to -20 

ºC over 4 h, quenched with sat’d aq NH4Cl (30 mL), the layers separated, and the aqueous layer 

extracted with Et2O (4 x 30 mL). The combined organic layer was washed with brine (1x), dried 

over Na2SO4, filtered and concentrated. The crude was dissolved in Et2O (25 mL) and stirred with 

crushed NaOH (4.27 g, 10.7 mmol) for 18 h. The reaction was filtered on Celite, and the filtrate 

was distilled on a Vigreux column at normal pressure to give the epoxide that was used as is in the 

next step.  

A solution of 5-bromo-1-pentene (3.86 mL, 32.6 mmol) in THF (40 mL) was added 

dropwise to Mgº turnings (1.06 g, 43.5 mmol) coated with I2 under N2 in a two-necked round 

bottom flask equipped with a reflux condenser. The solution was refluxed for 2 h, cooled to rt, and 

added dropwise over 1 h to a solution of the epoxide and CuCN (195.0 mg, 2.2 mmol) in THF (40 

mL) at -78 ºC under N2. The reaction was warmed to 0 ºC over 18 h, quenched with sat’d aq NH4Cl 

(25 mL), the layers separated, and the aqueous layer extracted with Et2O (3 x 30 mL). The 

combined organic layer was washed with brine (1x), dried over Na2SO4, filtered and concentrated. 

The crude was purified on SiO2 (10% EtOAc/hexanes) to give 6.90 (2.16 g, 64% over 3 steps) as 

a colorless oil. 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 5.81 (1H, m), 5.00 (1H, 

ddd, 1.2, 2.8, 13.6), 4.94 (1H, m), 3.60 (1H, m), 2.06 (2H, br q, 5.6), 1.29-1.51 (10H, m), 0.92 (3H, 
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t, 5.6). 13C NMR (125 MHz, CDCl3) d (ppm) 139.1, 114.5, 71.8, 39.8, 37.4, 33.9, 29.1, 25.3, 19.0, 

and 14.3. HRMS (ESITOF) m/z 157.1589 [M+H]+ (calc’d 157.1587 for C10H21O). 

(S)-(Dec-9-en-4-yloxy)triisopropylsilane (6.91). Compound 18 was synthesized according 

to a reported literature procedure.44 Freshly distilled 2,6-lutidine (0.82 mL, 7.04 mmol) and 

TBSOTf (1.55 mL, 5.76 mmol) were added to a solution of 6.90 (0.5 g, 3.20 mmol) in CH2Cl2 (32 

mL) at 0 ºC. After 1.5 h, the reaction mixture was quenched by addition of sat’d aq NaHCO3 and 

H2O. The mixture was extracted with Et2O (3x), and the combined organic layer was washed with 

brine (1x), dried over Na2SO4, filtered and concentrated. The crude was purified on SiO2 (100% 

hexanes) to give 6.91 (0.894 g, 89%) as a colorless oil. 1H NMR (500 MHz, CDCl3) d (ppm, integ., 

mult, J Hz) 5.81 (1H, m), 4.99 (1H, m), 4.93 (1H, m), 3.80 (1H, m), 2.05 (1H, br q, 6.5), 1.26-1.53 

(13H, m), 1.05 (18H, s), 0.89 (3H, t, 7.5).13C NMR (125 MHz, CDCl3) d (ppm) 139.2, 114.4, 72.2, 

39.0, 36.6, 34.0, 29.4, 24.5, 18.4, 18.3, 14.6 and 12.8.  

(S)-7-((Triisopropylsilyl)oxy)decan-1-ol (6.92). BH3·THF (9.6 mL, 9.6 mmol, 1M in THF) 

was added dropwise to a solution of 6.91 (0.6 g, 1.92 mmol) in THF (10 mL) at -15 ºC. The solution 

was stirred at -15 ºC for 30 min, warmed to rt and stirred for 18 h. NaOH (10 mL, 30 mmol, 3 N 

aq) and H2O2 (5 mL, 44.1 mmol, 30% aq) were added dropwise to the reaction at 0 ºC. The reaction 

was warmed to rt, stirred for 5 h, diluted with ice-cold H2O (60 mL) and acidified to pH ~1 with 

HCl (1 M). The layers were separated, and the aqueous layer was extracted with EtOAc (3x). The 

combined organic layers were washed with brine (1x), dried over Na2SO4, filtered and 

concentrated. The crude was purified by SiO2 (20% EtOAc/hexanes) to give 6.92 (0.439 g, 69%) 

as a colorless oil. 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 3.80 (1H, quint., 5.5), 

3.64 (2H, t, 6.5), 1.57 (2H, quint., 7.0), 1.41-1.51 (4H, m), 1.27-1.40 (10H, m), 1.05 (18H, s), 0.89 

(3H, t, 7.5). 13C NMR (125 MHz, CDCl3) d (ppm) 72.2, 63.2, 39.1, 36.7, 32.9, 29.9, 25.9, 25.0, 
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18.4, 18.3, 14.6, and 12.8. HRMS (ESITOF) m/z 353.2849 [M+Na]+ (calc’d 353.2846 for 

C19H42O2SiNa+). 

(S)-((10-Bromodecan-4-yl)oxy)triisopropylsilane (6.93). Triphenylphosphine (0.595 g, 

2.27 mmol) was added in one-portion to a solution of 6.92 (0.50 g, 1.51 mmol) and carbon 

tetrabromide (0.627 g, 1.89 mmol) in CH2Cl2 (12.5 mL) at 0 ºC. After stirring at 0 ºC for 30 min, 

the reaction mixture was concentrated, and the crude was purified on SiO2 (100% hexanes) to give 

6.93 (0.55 g, 92%) as a colorless oil. 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 3.80 

(1H, p, 5.6 Hz), 3.41 (2H, t, 6.9 Hz), 1.91 – 1.78 (2H, m), 1.53 – 1.39 (6H, m), 1.37 – 1.23 (9H, 

m), 1.05 (18H, s), 1.00 – 0.83 (3H, t, 7.2). 13C NMR (100 MHz, CDCl3) d (ppm) 72.2, 39.1, 36.6, 

34.2, 32.9, 29.3, 28.4, 24.8, 18.4, 18.3, 14.6, and 12.8.  

(S)-Triphenyl(7-((triisopropylsilyl)oxy)decyl)phosphonium bromide (6.94). A solution of 

6.93 (200 mg, 0.51 mmol) and triphenylphosphine (160 mg, 0.61 mmol) in MeCN (2.5 mL) was 

refluxed for 18 h. The reaction was cooled to rt and diluted with EtOAc and hexanes. The white 

precipitate formed was filtered to provide 6.94 that was used without further purification. 

General Procedure for Robinson–aza-Michael Cyclization without Catalyst. Attempted 

synthesis of 6.96a–d was completed under the conditions described by Bonjoch and coworkers.25 

Silyl derivatives 6.75a–d (22.5 µmol) in i-PrOH (70 µL), H2O (4 µL, 204 µmol) and LiOH·H2O 

(0.9 mg, 20.4 µmol) were sequentially added to 6.74 (10 mg, 20.4 µmol). After 24 h, the reaction 

was quenched with sat’d NH4Cl (0.5 mL) and extracted with EtOAc (3 x 0.5 mL). The combined 

organic layer was dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 

(10% à 20% EtOAc/Hexanes) to give the corresponding product. 

 General Procedure for Robinson–aza-Michael Cyclization with Catalyst. Attempted 

synthesis of 6.96a–e was completed under the conditions described by Bonjoch and coworkers.25 
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Silyl derivatives 6.75a–d (22.5 µmol, 83 µL in toluene), 6.95 (2.1 mg, 4.1 µmol, 107 µL in 

toluene), and LiOAc (0.67 mg, 10.2 µmol) were added sequentially to 6.74 (10 mg, 20.4 µmol). 

After 24 h, the toluene was evaporated, and H2O (4 µL, 204 µmol), LiOH·H2O (0.9 mg, 20.4 µmol) 

and i-PrOH (190 µL) were added to the reaction mixture. After an additional 24 h, the reaction 

was quenched with sat’d NH4Cl (0.5 mL) and extracted with EtOAc (3 x 0.5 mL). The combined 

organic layer was dried over Na2SO4, filtered and evaporated. The crude was purified on SiO2 

(10% à 20% EtOAc/Hexanes) to give the corresponding product. 

tert-Butyl (2R,3R,4aS,8aS)-3-(benzyloxy)-7-(dimethyl(phenyl)silyl)-5-hydroxy-2-methyl-

1-tosyl-1,2,3,4,4a,7,8,8a-octahydroquinoline-6-carboxylate (6.96b). The 1H and 13C NMR values 

are reported in Table 6.7. HRMS (ESITOF) m/z 684.2779 [M+Na]+ (calc’d 684.2786 for 

C37H47NO6SSiNa+). 

tert-Butyl (2R,3R,4aS,8aS)-3-(benzyloxy)-5-hydroxy-2-methyl-1-tosyl-7-(triethylsilyl)-

1,2,3,4,4a,7,8,8a-octahydroquinoline-6-carboxylate (6.96c). 1H NMR (500 MHz, CDCl3) d (ppm, 

integ., mult, J Hz) 12.53 (0.66H, s), 7.52 (2H, d, J = 8.0 Hz), 7.38 – 7.28 (3H, m), 7.26 – 7.23 (1H, 

m), 7.13 (2H, d, J = 8.0 Hz), 4.44 (2H, s), 4.35 (1H, quint., J = 6.8 Hz), 4.08 (1H, m), 3.03 (1H, 

m), 2.38 (3H, s), 2.23 – 2.13 (3H, m), 2.08 (1H, m), 1.95 (1H, m), 1.59 (1H, m), 1.53 (9H, s), 1.31 

(3H, d, J = 7.0 Hz), 0.94 (9H, t, J = 7.8 Hz), 0.75 – 0.62 (6H, m). 13C NMR (125 MHz, CDCl3) d 

(ppm) 172.3, 168.0, 143.2, 138.4, 138.1, 130.2, 130.0, 128.6, 128.4, 127.9, 127.6, 126.4, 100.9, 

82.6, 73.6, 70.0, 50.3, 50.2, 38.6, 30.1, 28.4, 26.4, 21.7, 19.1, 16.1, 7.8, 3.5. HRMS (ESITOF) m/z 

664.3105 [M+Na]+ (calc’d 664.3099 for C35H51NO6SSiNa+). 

tert-Butyl (4aS,8aS)-7-(dimethyl(phenyl)silyl)-5-hydroxy-1-tosyl-1,2,3,4,4a,7,8,8a-

octahydroquinoline-6-carboxylate (6.98). The 1H and 13C NMR values are reported in Table 6.7. 

HRMS (ESITOF) m/z 564.2212 [M+Na]+ (calc’d 564.2210 for C29H39NO5SSiNa+). 
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 (2R,3R,4aS,8aS)-3-(Benzyloxy)-7-(dimethyl(phenyl)silyl)-2-methyl-1-

tosyloctahydroquinolin-5(1H)-one (6.71). TFA (100 µL) was added to a solution of 6.96b (62.5 

mg, 94.4 µmol) at rt. After 5 min, the solvent was evaporated and traces of TFA were azeotroped 

off with toluene to give a brown residue. The residue was placed on the rotatory evaporator under 

high vacuum at 56 ºC for 2 h to give ketone 6.71 (48.6 mg, 92%). 1H NMR (500 MHz, CDCl3) d 

(ppm, integ., mult, J Hz) 7.62 – 7.52 (3H, m), 7.52 – 7.26 (11H, m), 7.22 (2H, td, J = 8.1, 2.0 Hz), 

7.11 (2H, d, J = 8.0 Hz), 4.40 (2H, s), 4.28 (1H, q, J = 6.9 Hz), 4.20 (1H, dt, J = 12.7, 5.5 Hz), 

2.95 (1H, dt, J = 10.4, 5.8 Hz), 2.51 – 2.40 (2H, m), 2.37 (3H, s), 2.28 (1H, dd, J = 13.1, 6.5 Hz), 

2.23 – 2.10 (2H, m), 1.97 (1H, dt, J = 11.6, 6.1 Hz), 1.81 – 1.66 (3H, m), 1.51 (1H, dq, J = 7.6, 3.9 

Hz), 1.34 (3H, d, J = 7.1 Hz), 0.41 (3H, s), 0.39 (3H, s). 13C NMR (100 MHz, CDCl3) d (ppm) 

211.1, 143.3, 138.3, 135.2, 134.4, 130.0, 129.6, 128.6, 128.2, 128.02, 127.98, 127.6, 126.2, 73.8, 

70.2, 51.4, 50.0, 49.8, 38.6, 30.1, 24.5, 21.6, 20.2, 16.4, -3.57, -3.98. HRMS (ESITOF) m/z 

562.2444 [M+H]+ (calc’d 562.2442 for C32H40NO4SSi+). 

(2R,3R,4aR,8aS,E)-3-(Benzyloxy)-7-(dimethyl(phenyl)silyl)-2-methyl-1-tosyl-5-((S)-7-

((triisopropylsilyl)oxy)decylidene)decahydroquinoline (6.101). A solution of 6.94 (95 mg, 144 

µmol) in THF (0.5 mL) was added dropwise to a suspension of KOt-Bu (16.2 mg, 144 µmol) in 

THF (0.5 mL) at 0 ºC under N2. After 45 min at 0 ºC, the ylide solution was added dropwise to a 

solution of 6.71 (27 mg, 48 µmol) in THF (0.4 mL) at 0 ºC. After 16 h at rt, the reaction was 

quenched by addition of sat’d aq NH4Cl, diluted with Et2O and the layers were separated. The aq 

layer was extracted with Et2O (2x), and the combined organic layer was dried over Na2SO4, filtered 

and concentrated. The crude was purified on SiO2 (5% à 10% à 20% EtOAc/hexanes) to give 

6.100 (12.2 mg). 1H NMR (500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.78 – 7.61 (2H, m), 

7.51 – 7.44 (2H, m), 7.42 – 7.35 (3H, m), 7.34 – 7.20 (7H, m), 6.74 (1H, t, J = 4.0 Hz), 4.78 (1H, 
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d, J = 9.2 Hz), 4.53 (1H, d, J = 11.6 Hz), 4.49 – 4.37 (1H, m), 3.42 – 3.27 (2H, m), 2.55 – 2.45 

(1H, m), 2.41 (3H, s), 2.41 (1H, m) 2.26 (1H, dd, J = 13.5, 7.1 Hz), 2.20 – 2.12 (2H, m), 1.57 – 

1.44 (1H, m), 1.14 – 0.97 (1H, m), 0.91 (3H, d, J = 6.6 Hz), 0.31 (6H, s). 13C NMR (100 MHz, 

CDCl3) d (ppm) 200.1, 150.4, 143.2, 138.9, 138.3, 136.3, 134.9, 134.1, 129.7, 129.6, 128.4, 128.2, 

128.1, 127.9, 127.1, 79.9, 72.5, 51.2, 39.1, 32.1, 27.4, 23.5, 21.7, 19.0, -5.2, -5.3. HRMS (ESITOF) 

m/z 562.2439 [M+H]+ (calc’d 562.2442 for C32H40NO4SSi+). 

(4aS,7S,8aS)-7-Methyl-1-tosyloctahydroquinolin-5(1H)-one (6.103). TFA (400 µL) was 

added neat to 6.98 (96.8 mg, 230 µmol) at rt. After 5 min, the solvent was evaporated and traces 

of TFA were azeotroped off with toluene to give a brown residue. The residue was placed on the 

rotatory evaporator under high vacuum at 70 ºC for 5 – 6 h. The crude was used in the next reaction 

without further purification. The 1H NMR and HRMS matched reported literature values.25  

Ethyl 2-((4aR,7R,8aS,E)-7-methyl-1-tosyloctahydroquinolin-5(1H)-ylidene)acetate 

(6.106). n-BuLi (0.59 mL, 1.47 mmol, 2.5 M in THF) was added dropwise to a solution of 6.104 

(292 µL, 1.47 mmol) in THF (4.25 mL) at -78 ºC. After 15 min at rt, the reaction was cooled to -

78 ºC, and a solution of 6.103 (230 µmol) in THF (1.5 mL) was added dropwise to the reaction. 

The reaction was stirred at -78 ºC for 40 min, -40 ºC for 45 min, and 0 ºC for 45 min. The reaction 

was quenched by addition of sat’d aq NH4Cl and extracted with EtOAc (3x). The combined organic 

layer was washed with brine (1x), dried over Na2SO4, filtered and concentrated. The crude was 

purified on SiO2 (10% à 20% EtOAc/hexanes) to give 6.106 (15.9 mg, 18%) and 1:2 mixture of 

6.103:6.105 (56.4 mg). 6.106: Based on 1H NMR (CDCl3), the reaction gave a 1:2 mixture of 

alkene isomers. The following 1H and 13C NMR characterization are of the major isomer. 1H NMR 

(500 MHz, CDCl3) d (ppm, integ., mult, J Hz) 7.69 (2H, d, J = 8.4 Hz), 7.29 (2H, d, J = 8.4 Hz), 

5.76 (1H, s), 4.26 (1H, dt, J = 13.2, 4.9 Hz), 4.13 (2H, q, J = 7.2 Hz), 3.78 (1H, m), 3.50 (1H, m), 
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2.96 (1H, tdd, J = 13.0, 8.9, 2.6 Hz), 2.43 (3H, s), 2.31 (1H, dt, J = 12.8, 4.5 Hz), 2.19 (1H, m), 

2.06 (2H, m), 1.79 (1H, m), 1.70 – 1.48 (2H, m), 1.47 – 1.31 (2H, m), 1.27 (3H, t, 7.2), 0.92 (3H, 

d, 7.2).13C NMR (100 MHz, CDCl3) d (ppm) 166.7, 161.2, 143.2, 138.6, 129.9, 127.2, 127.0, 

117.7, 117.4, 59.9, 50.9, 47.2, 39.9, 30.0, 29.1, 28.5, 25.0, 24.7, 21.7, 18.0, 14.4. HRMS (ESITOF) 

m/z 392.1892 [M+H]+ (calc’d 392.1890 for C21H30NO4S+). 

Separately, 6.104 (30 µL, 149 µmol), DBU (18.6 µL, 124 µmol) and 6.103 (40 mg, 124 

µmol) in dry MeCN (0.5 mL) was added to a stirred solution of LiCl in MeCN (1.0 mL) under N2. 

After stirring at rt for 16 h, the reaction was quenched by addition of sat’d aq NH4Cl and extracted 

with EtOAc (3x). The combined organic layer was dried over Na2SO4, filtered and concentrated. 

Based on the 1H NMR (CDCl3) of the crude, the ratio of 6.106:6.103:6.105 is 1:5:11. 
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