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Abstract 

 
Synthesis and Characterization of Isoprene-Derived Organosulfates 

and Other Atmospherically-Relevant Molecules 

Jonathan Gregory Varelas 

 Secondary organic aerosol (SOA) particles are a class of highly abundant atmospheric 

constituents that represent a substantial fraction of carbon within the climate system.  A subset of 

naturally-occurring SOA particles are formed through atmospheric oxidation of biogenic volatile 

organic compounds (BVOCs), forming oxygenated products of lower volatility that can partition 

into the condensed phase and subsequently exposed to a variety of aqueous phase transformations.  

Particulate SOA, and aerosols generally, are thought to have a substantial impact on the radiative 

budget of the planet, yet their chemical and physical complexity preclude the accurate analysis of 

these systems and the carbon-based molecules from which they are derived.  Adding further 

convolution is the presence of atmospheric pollutants emitted through anthropogenic activity, such 

as sulfur dioxide and nitrogen oxides.  The interaction between biogenic SOA and man-made 

pollutants can result in numerous chemical transformations of organic compounds within SOA, 

one of which is the formation of carbon-based compounds bearing sulfate ester functionality, or 

organosulfates.  Despite the molecular complexity of species within atmospheric aerosols, 

organosulfates derived from isoprene, the largest non-methane source of atmospheric carbon, has 

been suggested to be the most dominant and ubiquitous organic compound bearing sulfate ester 

moieties.  However, a lack of authentic chemical standards hampers the accurate study of the 

formation, properties and atmospheric fate of isoprene-derived organosulfates. 

 In this thesis, we report a synthetic methodology to access organosulfates derived from a 

highly prevalent oxidation product of isoprene known as isoprene epoxydiol (IEPOX).  The 
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development of this method allows for facile access to all possible regiochemical and 

stereochemical isomers of this family of compounds.  Efforts were directed in the preparation of 

these species as ammonium salts, which are suggested to be relevant to the natural formation of 

IEPOX-derived organosulfates in the atmosphere.  The generation of these compounds also 

allowed for evaluation of their chemical and physical properties through the use of several 

analytical methods.  Through the measurement of aqueous pH, a general trend of compound acidity 

was established, correlating strongly with steric congestion of the sulfate ester functionality.  The 

inherent stability of each compound was investigated in both aqueous and acidic media using time-

point nuclear magnetic resonance (NMR).  It was found that the tertiary isomers of the IEPOX-

derived organosulfates exhibited degradation, while the remaining compounds were stable under 

aqueous and acidic conditions.  It is our hope that the preparation of this series of compounds, and 

our preliminary analysis of their chemical properties, will be a useful avenue of study within the 

atmospheric and organic synthesis communities.   

 In addition to our efforts concerning IEPOX-derived organosulfates, isotopologues of a-

pinene, a highly abundant atmospheric terpene, were synthesized using site-specific deuteration to 

install deuterium atoms at various positions along the carbon backbone.  These labeled species are 

currently being used in several ongoing domestic and international collaborative efforts to 

characterize the various atmospheric oxidation pathways of gas phase a-pinene. 
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Chemical Properties, Prevalence, and Relevance of Organosulfates within the Atmosphere 
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1.1 Introduction - Organic Atmospheric Aerosols  
 

The topic of climate change has long perplexed the scientific community due to the number 

factors influencing global temperatures within the atmosphere.  Apart from the canonical forcers 

that have been well-studied, such as emission of carbon dioxide and other greenhouse gases, there 

are a number of atmospheric constituents that remain poorly understood.  As climate change is one 

of the most dire threats facing the planet, a comprehensive view of all relevant factors is essential 

to understanding the causes, stakes and potential courses of action related to rising global 

temperatures.1  Among these poorly understood constituents are atmospheric aerosols. 

Atmospheric aerosols are defined as gaseous suspensions of solid or liquid matter and are 

emitted from a plethora of natural and anthropogenic sources.1-3  Biogenic aerosols, including 

emissions from large forested areas, sea spray and gases from volcanic eruption, account for the 

majority of aerosols in the atmosphere (appx. 90% by mass).4  Depending on their particular type 

and characteristics, aerosols exhibit a wide range of properties that influence the global energy 

budget, such as scattering and absorbing radiation and seeding cloud condensation.2-4   

Of particular interest to atmospheric scientists and organic chemists alike are carbon-based 

atmospheric aerosols.  Gaseous organic species constitute the majority of fine particulate matter 

in both natural and industrial environments,2, 5 and can generally be categorized into two distinct 

groups.  Primary organic aerosols (POA) are gaseous organic species that are emitted directly into 

the atmosphere without further chemical transformation, including fossil fuel combustion, 

suspensions of soil particulates and plant debris, biomass burning and emissions via volcanic 

eruption.  Distinct from primary organic aerosol, secondary organic aerosols (SOA) constitutes the 

majority of carbon in the atmosphere.  SOA is defined as the resultant material from the 
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atmospheric oxidation of  volatile organic compounds (VOCs) originating from both natural 

sources, named biogenic volatile organic compounds (BVOCs), and anthropogenic sources.  The 

oxidation of these compounds via interactions with atmospheric oxidants such as ozone and 

hydroxyl radical can lead to structural diversification through the incorporation of oxygen atoms, 

and thus generate species of lower volatility able to partition from the gas phase into the condensed 

liquid phase (Figure 1.1).2, 5   

 

 

 

 

 

Figure 1.1 The emission of BVOCs into the atmosphere and their subsequent atmospheric 
oxidation generates chemical species of lower volatility, leading to partitioning from the gas phase 
to the condensed aerosol phase. 
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The chemical and physical properties of SOA has been extensively studied to elucidate 

their potential effect on the atmosphere, climate system,2-5 and human health.6-8  However, the high 

degree of variability in factors such as the VOC precursor, the level of oxidation, and the reactivity 

of molecular constituents has made the standardized study of SOA challenging.  As such, the 

accurate modeling of SOA within the climate system with respect to atmospheric chemistry, 

transport processes and ultimate fate within the atmosphere remains elusive, adding to the 

uncertainty of the properties of aerosols in climate-related processes such as global temperature 

rise and radiative forcing (RF) (Figure 1.2), two measures to which aerosols contribute a 

substantial uncertainty.1  In addition, the vast number and variety of molecules within SOA makes 

the understanding of climate-relevant properties of aerosols even more challenging to study.  

According to several atmospheric field studies utilizing mass spectrometry,  it is estimated that up 

to 100,000 chemically distinct compounds are able to be detected.4, 9-12  Without a robust library 

of authentic chemical standards, the accurate identification and study of these compounds within 

SOA will remain inconclusive. 
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Adding even further to the complexity surrounding SOA constituents is the presence of 

byproducts of anthropogenic pollution, such as inorganic species containing sulfur and nitrogen.  

Organic species within SOA are more highly reactive compared to their unsaturated terpenoid 

parent molecules due to the incorporation of oxygen atoms onto the carbon backbone of VOC 

precursors.13-15  As such, the chemical composition of SOA is highly fluxional due to 

environmental influences within the surrounding atmosphere.  Taking a closer look at one of these 

factors, sulfur dioxide (SO2) is emitted into the atmosphere through a variety of sources.  While 

the main natural source of SO2 in the atmosphere is gaseous emission from volcanic eruption, there 

Figure 1.2 Radiative forcing estimates of various atmospheric constituents and their 
uncertainties of influence relative to 1750.  Figure adapted from IPCC, 2013. 
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are numerous anthropogenic sources of SO2 emission such as the burning of fossil fuels by power 

plants, industrial processes concerning metal extraction from ore, and emissions from locomotives, 

ships and other transportation vehicles.16-18  In the gas phase, SO2 is subject to atmospheric 

oxidation and generates sulfate anion, typically undergoing conversion into an aerosol suspension 

of  sulfuric acid or ammonium sulfate.19-21  The presence of sulfate in the condensed phase can 

then trigger chemical reactions such as acidification or substitution on organic compounds in the 

atmosphere, leading to the incorporation of chemical moieties such as sulfate esters, generating 

compounds commonly known as organosulfates.22-24 

 Because the main source of sulfate in the atmosphere is a consequence of human-related 

activities, it has been reasoned that the detection of the sulfate ester moiety is a principal molecular 

marker for anthropogenic pollution.25-26  As such, it is imperative to understand this class of 

compounds with respect to their effect on the environment, chemical properties and reactivity, and 

eventual fate within the atmosphere.  However, studying these compounds within the atmospheric 

community has been challenging due to the aqueous nature of the sulfate ester moiety and a lack 

of authentic standards for accurate comparison to field studies.  Further, the compounds in question 

are not commercially available, making synthetic organic chemistry the only way to access these 

species as homogenous standards.   

 Recently, organic synthesis has become an essential tool for atmospheric scientists.  Firstly, 

the generation of authentic standards for comparison to field studies allows for more conclusive 

and robust analysis of atmospheric measurements.  Secondly, the understanding of chemical 

reactivity of carbon-based atmospheric constituents allows for more accurate prediction of the 

eventual fate of these compounds in the environment.  And lastly, the use of organic synthesis 

allows for guided postulation for potential species within the atmosphere that are presently 
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unknown.  Using a cross-disciplinary approach of organic synthesis and atmospheric chemistry 

will undoubtedly lead to the more effective study of structurally complex molecules like the 

organosulfates.  

 This chapter will provide a comprehensive analysis of organosulfates as a general class of 

compounds, their properties as chemical substrates, and their relevance within SOA and the 

atmosphere.   

 

1.2 Prevalence of Organosulfate Compounds 

 
Organosulfates are generally defined as carbon–based compounds bearing one or more sulfate 

ester moieties (R–OSO3-).  The moiety is formally an alcohol bonded to a molecule of sulfuric acid 

via one its the protic oxygen atoms.  The sulfate ester moiety generally exists as the analogous acid 

and is highly polar and increases the aqueous solubility of the compound bearing the functional 

group, which also contributes to the high hygroscopicity of sulfate esters.27-28  This section will 

detail the prevalence of organosulfates in various fields of industry and study.   

 

1.2.1 Commercial applications of Organosulfates 

 
Before discussion of the paramount topic of organosulfates within the atmosphere and their 

role as constituents within SOA, it is important to reference the general utility of this class of 

compounds.  Because of their unique chemical properties, sulfate esters have long been chemically 

important in the detergent and dye industries due to high aqueous solubility and their propensity 

to act as surfactants when derived from alcohols bearing long, contiguous carbon chains. One of 

the most commonly encountered organosulfates of this type is sodium dodecyl sulfate (SDS) also 
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known as sodium lauryl sulfate (SLS) (I-4).  SDS is a synthetic organosulfate derived from 

dodecanol bearing a sulfate ester on the terminal hydroxyl group and exists as a sodium salt.  The 

synthesis of SDS is carried out on an industrial scale and is accomplished via treatment of the 

parent dodecanol I-1 with a variety of sulfating reagents including gaseous sulfur trioxide (SO3), 

oleum (H2SO4 + SO3), chlorosulfinic acid or sulfamic acid, all of which generate dodecyl sulfate 

I-2 (Scheme 1.1).29  The acidic sulfate moiety is then neutralized using a sodium base such as 

sodium hydroxide or sodium carbonate to generate SDS I-3.  

 

 

 

 

Due to the long alkyl carbon chain and water-soluble polar head group, SDS has amphiphilic 

properties, enabling the formation of micelles.  This makes the compound a highly useful anionic 

surfactant and is present in a number of cleaning products in most domestic homes.30  Extending 

beyond SDS, many long chain and branched alkyl groups bearing sulfate esters are found in 
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Scheme 1.1 Commercial production of sodium dodecyl sulfate (SDS). 
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various cleaning, cosmetic and personal hygiene products.31  An excellent review published by 

Michaels and coworkers expands further on the commercial uses of sulfate esters. 

 

 

1.2.2 Organosulfates within Natural Products and Biological Systems 

 
Aside from synthetic compounds used for commercial and industrial purposes, sulfate esters 

are also found within a number of biological systems and naturally occurring organic compounds.  

Figure 1.3 shows a myriad of natural products bearing pendant sulfate esters.  Within biological 

systems, sulfate esters are typically moieties on glycosides, polysaccharides or steroidal alcohols 

in some cases.32  Focusing specifically on steroidal compounds, natural products of this type have 

been shown to have increased biological activity when decorated with a sulfate ester, likely due to 

the enhanced aqueous solubility.33-34  For example, many chemical species derived from sea 

cucumbers in the Holothuroidea family are glycoside organosulfates that act as highly potent 

neurotoxins dependent on the presence of a sulfate ester group.32  This family of sulfate esters is 

known as Holothurin, as the steroidal compounds Holothurin A (I-4) and B (I-5) are found in the 

exoskeleton of the sea cucumber and serve as a method of self–defense from predators.  Other 

natural organosulfates include atractyloside (I6), which is a glycoside isolated from Atractylis 

gummifera of the daisy family that has been shown to inhibit cellular respiration.35  Interestingly, 

the sulfate–free parent compound altractylgenin demonstrates substantially less biological activity, 

though the biological role of the sulfate ester remains unknown.36   

Other organosulfates have been observed and have relevance within the human body and other 

mammalian tissues.  Some have been identified as metabolites of estrogen and other sex hormones, 
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indicating the importance of sulfate ester formation within the endocrine system.  In 1967, Acros 

and Lieberman isolated crystalline steroidal metabolites including I-7 from the urine of normal 

human test subjects to whom pregnenolone was administered.37  Sulfate ester–containing species 

have also been demonstrated within mammary tissue during periods of lactation, as well as brain 

tissue, 32-34 and the presence of these compounds has been extensively studied via the medicinal, 

synthetic and biochemical communities, and the high degree of biological relevance of 

organosulfates suggests that understanding the chemical properties and fate of these species could 

prove useful in assessing human health. 
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1.3 Organosulfates within the Atmosphere 
 
 As mentioned earlier, aside from being compounds that demonstrate interesting biological 

activity and serve commercial purposes, organosulfates are commonly encountered species within 

the atmosphere and are suggested to represent a substantial fraction of SOA constituents.  The 

oxidation of VOCs within the atmosphere, such as isoprene, a-pinene, limonene and many other 

precursors, gives rise to countless oxidation products that are subject to a myriad of chemical 

transformations once in the particle phase.  Upon exposure to acidic sulfate, these compounds are 

then able to form organosulfates  (Fig. 1.4).   

 The presence of organosulfates in the atmosphere is highly relevant to studying the climate 

system because of their inherent link to atmospheric pollution.  The abundance of anthropogenic 

pollution sources across the world, such as vehicular emissions, biomass burning, outflow from 

urban areas and livestock emissions, results in the emission of VOCs and other inorganic 

constituents that can affect naturally occurring atmospheric components, such as SOA.  Although 

biogenic emissions of volatile organics overshadow those form man-made sources,1 the presence 

of these anthropogenic constituents can heavily influence the chemical properties of species within 

atmospheric aerosols.  Further, it has been shown that SOA formation is enhanced in the presence 

of anthropogenic emissions and acidic seed aerosol formed from the oxidation of sulfur dioxide 

and nitrogen oxides.10, 38-39   
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Sulfate within the atmosphere is formed from the oxidation of sulfur dioxide.  As 

previously mentioned, there are a number of human-made sources of atmospheric SO2, such as 

outflow from deforestation and fires, smelting, locomotive exhaust and energy production.  Other 

sources of natural SO2 in the atmosphere, such as volcanic emissions, pale in comparison to those 

of anthropogenic activity.  In a recent study disclosed by Fioletov and coworkers, SO2 levels were 

monitored from 2005–2014 and showed that 30% of tracked emissions originated naturally, such 

as degassing volcanoes as a primary source.40  Though they did substantiate the fact that regulatory 

intervention has resulted in the sharp decline of human-made sulfur dioxide emission across the 

world since the 1990s,40-41 the dominant sources remain anthropogenic, mostly linked to energy 

production and distribution (Fig 1.5).  Therefore, the presence of organosulfates is likely an 
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Figure 1.4 The emission of BVOC and their resulting SOA constituents 
can interact with anthropogenic pollutants resulting in the generation of 
organosulfates, or sulfate esters 
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effective molecular marker for anthropogenic pollution, as most of the atmospheric emission of 

SO2 exists as a consequence of human civilization.   

 

 

 

 

Although organosulfates have recently been detected in various field and laboratory 

studies,39, 42-43 the chemical implications of these compounds remain poorly understood.  Only a 

handful of organosulfate species have been identified in the atmosphere due to the numerous 

potential species that can be generated from the interplay of BVOCs and acidic sulfate.  Moreover, 

concrete identification is challenging due to a lack of pure standards to compare to field 

measurements, and their synthesis is challenging due to the inherent chemical properties of sulfate 
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Figure 1.5 Sector share of anthropogenic sulfur dioxide emissions measured from 2005–2014.  
Figure adapted from Fioletov et al, 2016.  
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esters, such as high water solubility and fully anionic character even at acidic pH.  Given that the 

presence of anthropogenic pollutants can not only influence the formation of SOA, but can also 

generate novel constituents within BVOC–derived SOA,44 understanding of these species at the 

molecular level is essential to give a more comprehensive view of their role in the atmosphere.  

This section will examine some of the commonly encountered organosulfates in the atmosphere 

from natural and anthropogenic sources. 

 

1.3.1 Isoprene (IEPOX)–Derived Organosulfates 

 
 Turning to organosulfates derived from BVOCs, one of the most relevant to consider is 

isoprene.  Isoprene (I-8) is the most abundant hydrocarbon emitted into the atmosphere aside from 

methane.  Emissions of isoprene are estimated to exceed 500 Tg yr -1,2, 45-47 and emissions dominate 

over areas of tropical vegetation.  Having two double bounds of differing substitution, isoprene is 

highly reactive towards atmospheric oxidants.  In a groundbreaking study conducted by Claeys 

and coworkers,48 it was found that isoprene photooxidation generates significant amounts of lowly 

volatile oxidation products, leading to the notion that isoprene contributes significantly to the 

global SOA budget, estimated up to 30-50%.49  

The contribution of isoprene to global SOA production has resulted in a number of 

illuminating studies that aim to better understand the oxidation of isoprene, its subsequent 

oxidation products and their fate in the atmosphere, as well as other species formed within the 

particle phase of isoprene–derived SOA.14, 24, 50-55  Scheme 1.2 details an oxidation pathway 

proposed by Surratt and coworkers involving the photooxidation of isoprene in the presence of 

low levels of NOx and subsequent chemical transformations within the particle phase.  Once 



 

 

36 
emitted into the atmosphere, isoprene I-8 preferentially reacts with hydroxyl radical (OH) and 

molecular oxygen in the gas phase, followed by a reaction with hydroperoxyl radical (HO2).  The 

result of this initial oxidation is the generation of various isomers of hydroxyhydroperoxide I-9, 

also known as ISOPOOH.  This compound then can undergo decomposition through further 

oxidation in the presence of OH radicals, generating various isomers of isoprene epoxydiol 

(IEPOX), with the most stable and abundant isomer being trans-b-IEPOX I-10.  These compounds 

have been suggested to serve as vital species for the formation of SOA particles derived from 

isoprene, as they are highly stable and have a surprising affinity for the interface between the gas 

and condensed aerosol phases.14, 56  It is suggested that trans-b-IEPOX I-10 partitions into the 

condensed aerosol phase through acid-catalyzed uptake via protonation of the internal oxiryl 

oxygen atom, and the resulting protonated species is then subject to a myriad of aqueous-phase 

chemical transformations.  From the positively charged intermediate, one could imagine an 

elimination reaction with water to form species such as b-hydroxy ketone I-11, or a nucleophilic 

substitution on the central carbon atom to form 2-methyltetraols I-12 and I-13. The formation of 

either diastereomeric tetraol could then be propagated towards the formation of oligomeric 

compounds such as I-14.  In the presence of sulfate anion (SO42-), the acidified intermediate could 

serve as an electrophile for a nucleophilic substitution reaction, forming isoprene–derived 

organosulfate I-15, which could result in the formation of the corresponding oligomeric species I-

16.    
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Conversely, in high NOx environments, the formation mechanism towards postulated 

organosulfates is quite different.  Several studies have probed the oxidation of isoprene under high 

NOx conditions and, as a result, the potential formation of corresponding organosulfates.57-58  The 

presence of nitrogen oxides results in the generation of a much higher number of potential 

oxidation products, including nitrate esters, however these products are highly unstable and are 
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predicted to have short lifetimes.  Scheme 1.3 outlines a potential formation pathway for another 

organosulfate derived from isoprene disclosed by Lin and coworkers.58  Photooxidation of I-8 in 

the gas phase generates the deprotonated form of ISOPOOH, which in the presence of high NOx 

will oxidize further to methacrolein (MACR) I-17.  A subsequent oxidation, followed by radical 

accretion via exposure to nitrate yields methacroyl peroxynitrate (MPAN) I-18, which readily 

collapses upon hydroxyl radical-mediated oxidation to form methacrylic acid epoxide (MAE) I-

19.  Much like the low NOx case, this epoxide can be subject to acid-mediated uptake into the 

condensed phase, and can be exposed to several aqueous phase transformations.  Showcasing just 

one of the possible transformations, the protonated epoxide opening in the presence of water to 

generate 2-methylglyceric acid (2-MG) I-20.  The analogous reaction can also occur in the 

presence of sulfate anion, generating glyceric acid sulfate I-21. 
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Scheme 1.3 Formation pathway towards isoprene–derived organosulfates and other isoprene–
derived oxidation products under high NOx conditions, adapted from Lin et al, 2013. 

 

In addition to the two organosulfates shown previously, several isoprene–derived sulfate 

esters have been detected and proposed in the literature.22-23, 50, 59-63  Figure 1.6 demonstrates a 

collection of frequently encountered organosulfates believed to be derived from isoprene I-8 that 

are present in various field measurements and laboratory experiments.  Though the detection and 

characterization of this family of compounds is challenging, several recent studies have suggested 

that the most abundant atmospheric organosulfates are derived from IEPOX.42, 58, 62, 64-68  In a recent 

study disclosed by Hettiyadura and coworkers in which fine particulate matter (PM2.5) was 

collected from Centreville, AL and analyzed using hydrophilic interaction liquid exchange 

chromatography (HILIC) coupled with triple quadrupole mass spectrometry (TQD-MS) , the 

organosulfate derived from IEPOX (I-15; m/z 215) was found to be contribute to over 50% of 
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detected bisulfite signal.61  Several different studies have also suggested a similar narrative 

concerning the prevalence of IEPOX–derived organosulfates within SOA,22-24, 62, 69 with I-15 

proposed as the most likely chemical structure.  A study published by Chan and coworkers in 2010 

examined filter samples collected in various cities around the state of Georgia and found that 

analysis using gas chromatography/time of flight mass spectrometry (GC/TOFMS) revealed the 

same sulfate ester I-15 exhibited the largest signal,70 though characterization of the exact structure 

was not possible due to a lack of authentic standards. 

   

 

Figure 1.6 Proposed structures of isoprene–derived organosulfates throughout the literature. 
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Although the ubiquity of IEPOX–derived organosulfates has generated a significant amount 

of inquiry from the atmospheric community, definitive characterization related to field and 

laboratory measurements is challenging, and there are multiple hurdles that preclude absolute 

confirmation.  Firstly, the IEPOX–derived organosulfate attributed to m/z 215 is commonly 

reported in the literature without having set stereochemistry, and the proposed formation 

mechanism shown in Scheme 1.1 suggests that it is likely to exist as either the syn or anti 

diastereomer with respect to the internal hydroxyl substituents.  Although it is more likely the anti 

diastereomer (derived from 2-methylerythritol) dominates due to the hypothesized mechanism 

proceeding through the acid-catalyzed epoxide opening of trans-b-IEPOX, it is equally likely 

under acidic conditions to form the syn diastereomer (derived from 2-methylthreitol).  As a result, 

several compounds could serve as the representative IEPOX–derived organosulfate detected in the 

field, shown in Figure 1.7. 
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 In addition to the stereochemical complexity, this series of compounds also poses the 

challenge of regiochemical selectivity, as the parent tetraol structure has four hydroxyl substituents 

along the carbon skeleton.  As mentioned earlier, though the mechanism likely proceeds towards 

the anti tertiary sulfate as a consequence of the proposed acid-mediated epoxide opening of trans-

b-IEPOX, it is possible that the sulfate ester moiety could be incorporated onto another hydroxyl 

substituent.  This leads to the eight potential structures shown in Figure 1.7 that could correspond 

to the dominant mass exhibited from organosulfates derived from IEPOX.  Therefore, the 

generation of homogenous standards of these compounds is vital for understanding their impact 

and fate in the atmosphere, and potential synthetic procedures must be designed to selectively 

access all of the potential isomers.   

 Finally, this suite of compounds also poses the challenge of chemical composition and their 

inherent chemical properties.  The IEPOX–derived organosulfates are suggested to bear a sulfate 

ester moiety coordinated to an ammonium counterion, as ammonium sulfate  

( (NH4)2SO4 ) is thought to be the dominant source of sulfate anion within the particle phase within 

acidic seed aerosol e.g. sulfuric acid (H2SO4) + ammonium sulfate.71-74 Despite this notion, in the 

literature, the sulfate ester moiety is shown as bearing several potential counterions; in some cases 

the proper ammonium cation, the free acid, or even as a free sulfate anion.  Although it is common 

to have these cations used interchangeably, the reactivity of sulfate esters can change dramatically 

depending on the type of associated cation.75  Therefore, a pure standard of any of the IEPOX-

derived species should likely bear an ammonium counterion in order to serve as an 

atmospherically-relevant comparison to field samples.  Further, sulfate esters as a functional group 

possess unique chemical properties that could contribute to further distinctions between the eight 

possible isomers.  The sulfate ester moiety is highly acidic, retaining a negative charge at low pH, 
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and as a result can display various propensities towards hydrolysis and other reactivity depending 

on the structure of the parent compound.75  The stability of an organosulfate substrate often 

depends on the sterics of the molecule in question, as the sulfate ester can exhibit variances in 

stability and properties depending on the congestion of the bonded alcohol.76  In an intriguing 

study published by Cameron and Thatcher,77  reaction dynamics simulations were used to probe 

the potential of intermolecular reactivity of the sulfate ester moiety across a molecule with two 

distinct hydroxyl groups along its backbone, showing the possibility of sulfuryl transfer.  It is 

reasonable to assume that given the reported literature concerning sulfate esters, the IEPOX-

derived species could display substantial differences dependent on the stereochemistry and 

regiochemistry of the compound, altering their overall chemical properties and eventual fate within 

the atmosphere.   

In more recent literature, several studies cite the organic synthesis and use of surrogate 

standards of sulfate esters, as well as preliminary synthetic standards of the IEPOX-derived 

organosulfates specifically, the scope of which will be elaborated upon in Section 2.2.61-62, 78-81  

While these studies offer valuable insight into the detection of these species in the field, the 

compounds are typically mixtures of diastereomers, or bear a metallic potassium or sodium cation, 

or a tetrabutylammonium (TBA) ion, rather than the atmospherically–relevant free ammonium 

cation.  Therefore, development of a synthetic method that accounts for all stereochemical, 

regiochemical and compositional discrepancies of this family organosulfates would assist the 

atmospheric community in making definitive conclusions regarding the formation, properties, and 

ultimate fate of these compounds in the atmosphere, as well as provide insight into the interaction 

of SOA and anthropogenic pollution. 
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1.3.2 Organosulfates Derived from Other BVOCs 

 Although organosulfates derived from isoprene oxidation products are suggested to be the 

most dominant and relevant within the atmosphere, species derived from other natural terpenes 

also contribute to the totality of BVOC–derived SOA, such as the various isomers of pinene.  a- 

and b- pinene (I-22 and I-23 respectively) are bicyclic hydrocarbons emitted into the atmosphere 

mainly through coniferous trees.  Pinene represents a substantial amount of carbon within the 

atmosphere, with a- and b- pinene emissions estimated to exceed 60 and 20 Tg yr-1 respectively.45, 

82  Organosulfates derived from both a- and b-pinene have been detected in several laboratory and 

field studies in which SOA particles from each terpene were measured and characterized.65, 83-85  

The mechanisms of pinene–derived organosulfate formation are not as well studied as those 

concerning isoprene–derived SOA due to a greater degree of molecular complexity, but a number 

of organosulfate masses attributed to pinene SOA constituents have been detected and proposed 

in the past few decades, as shown in Figure 1.8. 
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Similar to the case of isoprene–derived species, a dominant formation pathway towards 

pinene–derived organosulfates is suggested to involve an acid–mediated epoxide opening, in 

which the gas phase epoxide–bearing compound partitions into the condensed phase through 

protonation of the oxiryl atom.  Epoxides bound to exocyclic tertiary centers have been 

demonstrated to react quickly with acidic sulfate within aerosol, which may suggest that 

organosulfates derived from b-pinene oxide I-25  likely form more readily than that of endocyclic 

epoxides like a-pinene oxide I-24.  A series of synthetic standards of hypothesized pinene–derived 
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sulfates have been synthesized in the past, along with a number of organosulfates derived from 

less abundant BVOCs such as limonene, will be elaborated upon in Section 2.2.86 

 

1.3.3 Organosulfates Derived from Aromatic Compounds 

 
 In addition to the organosulfates derived from biogenic precursors, organosulfates bound 

aromatic organic compounds have also been detected in ambient aerosols from sampling around 

urbanized areas.87-91  Some of the most commonly encountered aromatic molecules in the 

atmosphere include monocyclic species such as toluene, styrene, benzene, as well as polycyclic 

aromatic hydrocarbons (PAH) such as naphthalene.92-94  Since these compounds have been known 

to have adverse effects on human health and the surrounding environment, the properties and 

ultimate fate of this family of compounds should be studied in a rapidly urbanizing society.     

Aromatic compounds are emitted into the atmosphere mainly through anthropogenic 

activities and pollution, including combustion of fuels, commercial solvent usage, biomass burning 

and evaporation of gasoline and oils,93-95  and several studies have shown that aromatic species 

represent a significant amount of carbon in the atmosphere surrounding urban sites.  Of course, 

within these anthropogenically–influenced environments, the emissions of sulfate and nitrogen 

oxides can enhance the formation of SOA derived from these aromatic carbon compounds and can 

form aromatic species containing sulfate esters and nitrate esters within the particle phase, 

although the oxidation mechanisms of these compounds are not as well–studied.  Aromatic 

organosulfates have been detected and quantified in multiple field studies.  For example, Kundu 

and coworkers analyzed PM2.5 samples collected in areas close in proximity to Lahore, Pakistan 

and estimated the concentration of benzyl sulfate to range from 0.05–0.50 ng m-3.87  In another 
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campaign, Huang and coworkers determined concentrations of benzyl sulfate and phenyl sulfate 

in Xi’an, China to be 0.04 and 0.14 0.50 ng m-3, respectively.  Aromatic organosulfates become 

more significant when anthropogenic VOCs are the dominant source of SOA precursor compounds 

in relation to BVOCs, dependent on factors such as level of urbanization and season.  Ma and 

coworkers determined that benzyl sulfate contributed up to 63% of the signal attributed to detected 

atmospheric sulfate measured in the winter season in Shanghai, China.88  The identities of these 

compounds and their syntheses will be discussed later in Section 2.2. 
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Figure 1.9 The emission of aromatic compounds from urbanized areas can contribute to the 
formation of aromatic organosulfates. 
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1.4 Detection, Identification and Measurement of Organosulfates 

 
 Atmospheric organosulfates have been quantified and detected using a plethora of different 

techniques.  The explicit measurement of these compounds is a relatively new field, with evidence 

of these compounds being important and abundant SOA constituents first being disclosed in 2007 

in studies conducted by Seinfeld et al and Claeys et al.65, 84  Prior to direct evidence of these 

compounds within the atmosphere, ancillary confirmation of sulfate ester functionality was shown 

using signatures from Fourier-transform infrared spectrometry (FTIR).96-97  However, it is now 

widely accepted that organosulfates are abundant species within aerosol particles measured in the 

field, and in the recent years the methods of detection and analysis have become more exhaustive 

and enlightening with respect to this family of compounds.  This section will briefly review a few 

of these techniques. 

 

1.4.1 Offline Methods 

 
 The most common method to detect and quantify organosulfates as SOA constituents is 

analysis of atmospheric filter samples collected in the field using MS coupled with ESI and liquid–

phase separation techniques.39, 65-66, 84, 98  As mentioned earlier, the acidity of the sulfate ester 

moiety makes chemical derivatization unnecessary since the functional group bears a negative 

charge, leading to high ionization efficiencies in negative polarity.  Specific identification of 

organosulfates apart from inorganic sulfate present in the sample is also accomplished using 

collision–induced dissociation (CID) to form characteristic fragments derived from sulfate esters, 

such as bisulfate (HSO4-) with m/z ~96 generated from aliphatic sulfate esters, and various sulfate 

radical ions generated from aromatic sulfate esters.42, 98-99  Recent studies have applied high-
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resolution mass spectrometry (HRMS) techniques in attempts to distinguish between structurally 

unique organosulfates, such as Orbitrap MS and ion cyclotron resonance (ICR) MS.25, 89, 100-101  

The increase in resolution has allowed for the assignment of many signals in mass spectra of filter 

samples to organosulfates.  However, isomeric species yield a single signal and therefore cannot 

be differentiated from one another.   

 Other studies have applied ESI-MS in tandem with reversed–phase liquid chromatography 

(RPLC) as a method of quantification of organosulfates in filter samples,88, 102-103 but the polarity 

of certain sulfate esters has resulted in poor chromatographic resolution.  Thus, HILIC, having an 

extremely similar instrumental setup to RPLC, has been used as an alternative and has 

demonstrated utility in the resolution of highly polar organosulfates.61, 81, 104  The inherent polarity 

and hygroscopicity of organosulfates, particularly those derived from small terpenes like isoprene, 

limit the utility of other liquid–phase separation techniques, highlighting the importance of 

developing new methodologies aside from RPLC and HILIC to assist in their detection.  

Approaches that have combined these separation techniques with HRMS, have resulted in 

characterization of organosulfate species with a higher degree of certainty,98, 105-107 although the 

analyses were stunted due to lack of chemical standards.  Despite this limitation, an interesting 

study published by Brüggemann and coworkers compared ionization efficiencies of several 

organosulfates with those of surrogate standards, allowing for the quantification of unknown 

sulfate ester–bearing species within filter samples taken in both urban and rural areas in China and 

Germany respectively.98  In lieu of having pure standards, this type of approach to quantification 

may prove useful in future studies in determining the chemical content of atmospheric particle 

samples. 
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 Finally, particle samples have also been examined using spectroscopic techniques for the 

detection of organosulfates, such as Raman microscopy and FTIR spectroscopy.  A number of 

studies have utilized FTIR to quantify sulfate ester content within samples based on the 

characteristic absorbance of C–O–S centered at 876 cm-1.43, 96, 108    Although the use of FTIR to 

visualize the presence of notable functional groups within samples can narrow the window of 

analysis of potential chemical compounds within particle samples, individual molecular 

connectivity and differentiation between isomeric organosulfates cannot be identified.  However, 

Raman microscopy has been used to differentiate sulfate esters from inorganic sulfate present in 

atmospheric samples, as Bondy and coworkers recently demonstrated the use of Raman spectra 

taken of various organosulfate standards and spectral perturbations as a function of varying pH.79  

Future studies should consider the potential utility of this sort of analysis, perhaps incorporating it 

into existing analytical methodologies involving previously described MS–based techniques. 

 

1.4.2 Online Methods 

 
 In addition to the described offline methods of analyzing organosulfates, a number of real–

time techniques have been used in recent studies.  Historically, the most widely used 

instrumentation to acquire online organic aerosol data has been the high-resolution time-of-flight 

aerosol mass spectrometer (HR-ToF-AMS) from Aerodyne Research, Inc, in which quantitative 

real-time and size-resolved compositional analysis of particulate matter has been conducted in a 

number of atmospheric studies.109-113  Concerning organosulfates specifically, in 2006, Liggio and 

coworkers employed the use of this instrument to probe the formation of organosulfates via the 

uptake of pinonaldehyde in the presence of acidic sulfate aerosol.114  Though studies utilizing HR-
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ToF-AMS have put forth intriguing results in past studies, the utility of this method is limited for 

when studying sulfate esters due to its hard ionization process, resulting in the fragmentation of 

inorganic sulfate and organosulfates being less differentiable from one another.  This leads to 

significant limitations in the detection of organosulfates in bulk particle measurements. 

 Other methods aside from bulk measurements include single particle MS techniques to 

detect organosulfates within aerosol particles.  Hatch and coworkers utilized aerosol time-of-flight 

(ATOF) MS in order to detect sulfate esters during field studies in the city of Atlanta, Georgia and 

found that real-time measurements revealed the highest organosulfate concentrations occurred 

during night-time acquisitions, suggesting diurnal variations in organosulfate formation.23  In 

another study published in 2010 employing similar methods, Froyd and coworkers used laser 

ablation single particle MS (LA-SPAMS) and detected a significant level of the IEPOX–derived 

organosulfates attributed to m/z 215, as well as other isoprene–derived species in the upper 

troposphere.22  Froyd’s work in particular was one of the first analytical studies to suggest the 

overwhelming abundance of isoprene–derived organosulfates as constituents within aerosol 

particles, with primary estimates of this family of sulfate esters being present in 70% of ambient 

particles.  However, factors such as inconsistent ionization efficiencies and variable mass 

fragmentation prevent laser desorption methods such as LA-SPAMS from being used more 

generally for individual particle measurements. 

 

1.5 Conclusions and Scope of Work 

 
 In this chapter, the relevance and properties of organosulfates as a class of compounds has 

been established both external to and within the atmosphere as SOA constituents.  In particular, 
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although there have been a variety of sulfate esters presented that are atmospherically relevant, 

several studies have suggested that the most abundant and ubiquitous are derived from isoprene, 

with species generated from IEPOX as the most crucial to study.  Although several reports have 

demonstrated the importance of these species, and some have even put forth synthetic standards 

of these compounds, chemical homogeneity and unambiguous structural specificity are crucial 

factors for standard development of IEPOX–derived organosulfates.  This thesis reports the use of 

organic synthesis in order to access the organosulfates derived from IEPOX, as well as examining 

some physical properties of these compounds that may elucidate their effect and fate within 

atmospheric particles.  Also, this thesis will outline the synthesis of other atmospherically relevant 

compounds, specifically terpenes, in order to probe certain atmospheric chemical processes. 

 Chapter 2 will discuss the synthesis of the suite of IEPOX–derived organosulfates shown 

in Figure 1.7.  This method enables the eight isomeric sulfate esters to be generated with 

stereoselectivity and regiospecificity with respect to the placement of the sulfate ester moiety.  This 

section will also cover the literature surrounding the synthesis of sulfate esters derived from 

atmospheric carbon compounds and their relevance as chemical standards. 

 Chapter 3 discusses the use of various analytical techniques to study the physical properties 

of the IEPOX–derived organosulfates prepared in Chapter 2.  The analysis of these species using 

nuclear magnetic resonance (NMR) spectroscopy and measurements of aqueous acidity will 

provide preliminary findings regarding the characteristics and potential fate of these compounds.  

 Chapter 4 will briefly introduce various collaborations with the groups of Prof. Scot Martin 

at Harvard University and Prof. Allan Bertram at University of British Columbia to study 

atmospherically relevant properties of the organosulfates in question.  Areas of study include the 

propensity of these compounds to enhance the uptake of gas-phase compounds into the condensed 
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phase, as well as the inherent hygroscopicity of the IEPOX–derived organosulfates.  This chapter 

will also summarize synthetic efforts to generate various isotopologues of a-pinene and ongoing 

collaborations with the groups of Prof. Mikael Ehn of University of Helsinki and Prof. Paul 

Wennberg at CalTech to probe the various oxidation pathways of these compounds.   
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Chapter 2  
Synthesis of IEPOX-derived Organosulfates 

 

 

 

 

 

 

 

 

 

Portions of this chapter appear in the following manuscript: 

Varelas, J. G., Vega, M. V., Geiger, F. M., Thomson, R. J. “Synthesis and Characterization of 

IEPOX-derived Organosulfates”, 2021, In Preparation. 
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2.1 Synthetic Approaches Towards Sulfate Esters 

As discussed in Chapter 1, sulfate esters – particularly monoesters – are an important class 

of molecules in a number of different areas, including biological systems, commercial use and, as 

pertinent to this thesis, the atmosphere and anthropogenic pollution.  Due to their prevalence and 

importance, the chemical synthesis of several organosulfates has been disclosed throughout 

history.  Although there is variance in the methods, the sulfate ester is typically bonded to the 

molecule in the penultimate or last step in the chemical synthesis, with a free alcohol being treated 

with one of a variety of sulfating reagents. 

Before discussing the specific work conducted for this thesis, it is important to remark on 

the various methods of sulfate ester generation used in the context of organic synthesis.  Sulfation 

of organic compounds has remained a challenging endeavor for synthetic chemists. The sulfate 

ester moiety is typically not implemented early in a chemical synthesis, because the incorporation 

of the functional group will typically dramatically increase the aqueous solubility of the 

compounds, therefore handling these species within organic solvents is quite challenging.  

Moreover, the aqueous solubility of these substrates presents a challenge in their purification, as 

typical chromatographic separation is often difficult to apply to highly polar molecules.  Finally, 

sulfate esters have a propensity to undergo various chemical transformations depending on the 

reaction environment, such as pH, which makes them intolerant towards harsher reaction 

conditions, limiting the scope of viable synthetic procedures.  This section will briefly outline the 

various ways in which sulfate esters have been synthesized in the past.   
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2.1.1 Chlorosulfonic Acid 

 
 One of the first reported methods of generating sulfate esters was the treatment of a free 

alcohol with chlorosulfonic acid (HSO3Cl), generating the free acidic sulfate as shown in Scheme 

2.1.  This method was first reported by Percival and coworkers in 1945, in which the sulfation of 

diacetone glucose was reported.115   The use of this acidic sulfation had great utility in the early 

days of carbohydrate sulfation, but in present times does not see much use in the realm of 

laboratory synthesis of complex molecules due to the overly harsh acidic conditions which result 

in low yield and acidic hydrolysis of any protecting groups present on the larger molecule.  

However, certain commercial organosulfates such as SDS are sometimes generated using this acid, 

as the parent alcohol is a simple saturated alkane.29-30 

 

 

2.1.2 Sodium pyrosulfate 

 

 Another early technique to access sulfate esters involved the use of sodium pyrosulfate 

(Na2S2O7) on a free alcohol, forming the sodium salt of the organosulfate shown in Scheme 2.2.  

Use of this reagent was first reported in the sulfation of sugars, with Turvey and coworkers 

accomplishing the selective sulfation of ethanolic hydroxyl groups of various monosacharrides.116  

Other reported uses of this reagent involved the sulfation of various pharmacological agents, 

R OH HSO3Cl, Pyr
R OSO3H

Scheme 2.1 Synthesis of organosulfates via sulfation of an alcohol using chlorosulfonic acid. 
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reported by Schroeter.117  Similar to chlorosulfonic acid, Na2S2O7 is presently an inefficient reagent 

to produce complex sulfate esters in the laboratory due to side reactivity and the requirement of 

high levels of heat to force the sulfation towards full conversion. 

 

 

 

 

2.1.3 Sulfuric acid 

 

 The most intuitive reagent to consider for the generation of sulfate esters is sulfuric acid 

(H2SO4).  H2SO4 can be used to generate sulfate esters via the opening of epoxides, shown in 

Scheme 2.3.  Historically, solutions of H2SO4 have also been used for the sulfation of free alcohols 

as well as alkenes.  Though the use of sulfuric acid has proven useful, reaction conditions utilizing 

the acid as the sole reagent often lead to a variety of different side products, limiting the specificity 

and utility of this approach.   

 

 

 

R OH R OSO3Na
Na2S2O7

Scheme 2.2 Synthesis of organosulfates via sulfation of an alcohol using sodium pyrosulfate. 
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Scheme 2.3 Synthesis of organosulfates via epoxide opening using sulfuric acid. 
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In order to achieve better selectivity, certain additives such as dicyclohexylcarbodiimide 

(DCC) have been used in conjunction with H2SO4.  First reported by Mumma and coworkers,118 

the addition of DCC to the parent alcohol prior to addition of the acid generated the intended 

sulfate ester, as a direct combination of DCC and H2SO4 would result in acidification, rendering 

the DCC useless.  Several reports since have used the approach demonstrated in Scheme 2.4 as a 

method of generating sulfate esters under relatively mild conditions.  Although this method has 

been shown to be highly useful, it typically is geared towards the sulfation of unfunctionalized 

alcohols, limiting its spectrum of utility.  Further, sterically congested alcohols are typically not 

optimal substrates for this type of sulfation due to the steric hindrance of the alcohol and DCC 

complex prior to acidification. 

    

 

  

2.1.4 Sulfur trioxide–amine complexes 

 

Several of the aforementioned methods of sulfation utilize acidic sulfate as the means for 

installing the sulfate ester moiety, making these methods not amenable to sulfation onto organic 

scaffolds sensitive to highly acidic conditions.  Conversely, direct sulfation of a free hydroxyl 

group using gaseous sulfur trioxide (SO3) poses several challenges, including potential 

polymerization and general difficulties of handling SO3.118  A simpler, milder alternative that 

R OH
R OSO3

-DCC, then H2SO4

DMF

Scheme 2.4 Synthesis of organosulfates using sulfuric acid and dicyclohexylcarbodiimide. 
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avoids the pitfalls of both the acidic and gaseous methods of sulfation is the treatment of free 

alcohols with SO3•amine adducts, the most common of which are derived from pyridine (Pyr, or 

Py), trimethylamine (NMe3) and triethylamine (NEt3).  This highly useful method is shown in 

Scheme 2.5 and has been used by organic chemists to generate a variety of monosulfated 

alcohols.119-122  

 

 

 

 

2.1.5 Masked Sulfate Esters 

 

 A drawback of the previously mentioned methods in generating sulfate esters is the need 

to construct a synthetic plan around the sulfation, having the sulfation normally be the final step 

of the synthesis due to the inconvenience posed by forming the functional group.  Therefore, the 

use of these methods precludes the ability of synthetic chemists to manipulate the larger carbon 

scaffold during a total synthesis in order to prevent decomposition or labilization of the sulfate 

ester.  In recent years, to synthesize sulfate esters with a more modular approach, there have been 

several reports of forming sulfate esters through a protection/deprotection strategy, in which a 

masked sulfate ester is bonded to a free alcohol in an intermediate step in the synthesis.123-124  After 

R OH
R OSO3

-SO3•X

X = Pyr, NMe3, NEt3

Scheme 2.5 Synthesis of organosulfates using sulfur trioxide amine adducts. 
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other chemical transformations to other portions of the molecule, a simple deprotection unmasks 

the sulfate ester moiety, shown in Figure 2.1.   

The use of this masked sulfate ester is highly attractive for synthetic chemists. Unlike the 

free sulfate ester, the protected sulfate ester enables more expedient purification rather than various 

aqueous phase separations, as well as enabling the synthesis of more structurally diverse sulfate 

esters.  Strategies of this type have been used several times in the synthesis of organosulfates.  For 

example, Liu and coworkers disclosed the synthesis of several aryl organosulfates utilizing a 

masked sulfate ester bound to a 2,2,2-trichloroethyl (TCE) protecting group.125  Shown in Scheme 

2.6, the TCE-protected aryl sulfate II-2 was generated through treatment of aryl alcohol II-1 with 

a TCE-protected sulfonate and NEt3, and was readily deprotected by either palladium on carbon 

(Pd/C) or zinc dust, coupled with ammonium formate, to afford the free organosulfate II-3.126  

While this strategy is advantageous in terms of its synthetic utility and versatility, the use of a 

bulky protected source of sulfate prevents this method from generating more sterically congested 

organosulfates.   
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Figure 2.1 A general synthetic strategy to access organosulfates via masked sulfate esters and 
subsequent deprotection. 
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2.2 Past Syntheses of Atmospherically relevant Organosulfates as Chemical Standards 

 

 Now that some of the most common methodologies used in the synthesis of sulfate esters 

have been shown, the focus will turn to atmospherically relevant organosulfates.  As introduced in 

Chapter 1, organosulfates formed from BVOCs are important constituents of SOA, yet a lack of 

pure standards for comparison to field studies prevents the direct characterization of species 

detected in the field.  Several studies involving the detection of organosulfates have also disclosed 

synthetic procedures for synthesizing surrogate standards, a few of which are shown in Scheme 

2.7.   

 

 

 

With respect to organosulfates believed to be derived from isoprene, the synthesis of sulfate 

esters derived from glycolic acid II-4 and lactic acid II-6, II-5 and II-7 respectively, was 

accomplished by Galloway and coworkers in 2009 through the use of chlorosulfonic acid and 

diisopropylethylamine (DIPEA) in efforts to probe glyoxal uptake in acidic sulfate aerosol.127  The 
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COOBn

TCE

Et3N

OSO3TCE
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Scheme 2.6 Synthesis of aryl organosulfates utilizing a masked sulfate ester strategy disclosed by 
Liu and coworkers, 2004. 
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synthesis of these compounds as chemical standards allowed for a subsequent study published by 

Olson and workers to determine the atmospheric levels of these hydroxycarboxylic acid-derived 

organosulfates in urban areas.128  In a later study published by Hettiyadura and coworkers, the 

structurally similar hydroxyacetone sulfate II-9 was synthesized from its parent compound II-8 

through treatment with SO3•Pyr.129  In this study, the synthesis of these three 

carboxyorganosulfates allowed for the development of HILIC-MS procedures that have been 

utilized in several studies since.  In 2013, Shalamzari and coworkers reported the synthesis of 

various organosulfates derived from dihydroxybutanone and dihydroxybutanal.130  3-

Chlorobutanone II-10 was treated with oxalic acid and ethylene glycol followed by elimination of 

the chlorine atom using potassium hydroxide (KOH) to afford spirocyclic ketal II-11.  From here, 

epoxidation of the pendant olefin with meta–chloroperbenzoic acid (mCPBA) followed by one-

pot acetal removal/sulfation using sulfuric acid led to isomeric dihydroxybutanone sulfates II-12 

and II-13.  In the case of dihydroxybutanal sulfate isomers, crotonaldehyde II-14 was also treated 

with oxalic acid and ethylene glycol, followed by epoxidation using mCPBA to afford internal 

epoxide II-15.  This compound was then simply treated with sulfuric acid, unmasking the acetal 

and sulfating the hydroxyl substituents formed from the epoxide opening, forming isomeric 

dihydroxybutanal sulfates II-16 and II-17.  As stated by the authors, the generation of these four 

organosulfates as standards led to the identification of the dihydroxybutanone sulfates II-12 and 

II-13 within atmospheric aerosols detected within filter samples.  
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In terms of synthetic standards of other atmospherically relevant organosulfates, species 

derived from BVOCs such as b-pinene, a-pinene and limonene, II-21, II-23 and II-25 

respectively, have been synthesized, shown in Scheme 2.8.  Iinuma and coworkers reported the 

synthesis of isomeric b-pinene-derived organosulfates II-19 and II-20 through the treatment of b-

pinene oxide II-18 with sulfuric acid in attempts to probe the formation and oxidation of these 

species, as well as compare the respective levels of these species compared to other monoterpene-
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derived sulfates in the atmosphere.84  In a recent study published by Wang and coworkers,102 b- 

and a-pinene were subjected to Upjohn dihydroxylation, followed by sulfation using sulfur 

trioxide pyridine complex to form respective organosulfates II-22 and II-24.  The authors also 

reported the synthesis of limonene-derived organosulfate II-26, in which limonene II-25 was 

selectively oxidized using an asymmetric Sharpless dihydroxylation, followed by sulfation.  The 

synthesis of these three monoterpene-derived species enabled their use as standards for comparison 

to field samples obtained near the Pearl River Delta in China in attempts to study the effects of 

anthropogenic pollution on BVOC-derived SOA.  The researchers found that the limonene species 

was surprisingly abundant and even exceeded the levels of the species derived from a- and b-

pinene. 
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 Synthetic efforts have also been directed towards standards of aryl organosulfates thought 

to be derived from anthropogenic VOCs such as toluene and benzene.  As discussed in Chapter 1, 

the identification of aromatic sulfate esters will prove invaluable in providing insight into the 

molecular level effects of a rapidly urbanizing world.  Staudt and coworkers synthesized and 

measured the levels of several aromatic organosulfates derived from several benzyl alcohol 

derivatives, shown in Scheme 2.9.131  The study utilized chlorosulfonic acid, sulfur trioxide 

pyridine complex, as well as a TCE-protected sulfonate dependent on the functionality of the aryl 
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Scheme 2.8 Syntheses of various organosulfates derived from a- and b- pinene and limonene. 
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alcohol in question.  Using HPLC coupled to ESI-ToF MS, the synthesis of these standards allowed 

for the detection of benzyl sulfate in almost all samples as the dominant aryl sulfate at measurement 

sites in Pakistan, Nepal, and urban California.  Further development of a library of aromatic 

organosulfates will be highly advantageous in the identification of presently unknown species in 

the atmosphere.  

 

 

 

 

 

 

 

 

 

 

2.3 Development of a Regioselective and Stereocontrolled Synthesis of IEPOX-derived 

Organosulfates 

 

 Now that the field of sulfate ester synthesis has been described and the disclosed synthetic 

methodologies towards atmospheric chemical standards have been shown, the remainder of this 

thesis will discuss research conducted in the Thomson lab towards the synthesis of IEPOX-derived 

organosulfates.  As previously introduced in Section 1.3.1, organosulfates derived from IEPOX, a 

highly abundant oxidation product of isoprene, are thought to represent the most abundant group 
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Scheme 2.9 Syntheses of aromatic organosulfates. 
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of molecules bearing sulfate esters present in the atmosphere, yet there has not been a general 

synthetic procedure to access all members of this family of compounds.  Access to all eight 

IEPOX-derived organosulfates shown in Figure 2.2 is essential for purposes of chemical 

standards, as well as the evaluation of their atmospherically relevant properties in order to better 

understand their eventual fate as SOA constituents. 

 

 

Figure 2.2 The eight IEPOX-derived organosulfates. 

  

We sought to devise a unified strategy to access both the anti and syn stereoisomers using 

prenol II-35 as a common starting material, with stereocontrol arising from the mode of internal 

alkene dihydroxylation employed, and with regiocontrolled sulfation governed by a judicious 

choice of protecting groups. Thus, the overarching idea for the synthetic methodology described 

hereafter was to form a modular pathway to each organosulfate product, preparing the substrates 
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regioisomerism of the sulfate ester moiety, due to the parent tetraol compound bearing primary, 

secondary and tertiary sites of bonding.  Figure 2.3 shows a representation of the developed 

methodology, in which each of the organosulfates are derived from prenol II-35, also known as 

methyallyl alcohol, as a common starting material.  Hydroxyl groups are then installed across the 

carbon backbone and subsequently protected, with one of the hydroxyl groups bearing a more 

labile protecting group.  The hydroxyl poised to bear the sulfate ester moiety is then selectively 

deprotected and sulfated, which would afford the desired organosulfate following global 

deprotection.    

 

 

 

2.3.1 Synthesis of anti-IEPOX-derived organosulfates 

 

 The synthesis of the anti isomeric sulfates shown in Scheme 2.10 commenced with a five-

step sequence involving allylic oxidation, borohydride reduction and benzylation of prenol II-35, 

followed by epoxidation of the internal alkene using mCPBA afforded doubly-benzylated epoxide 

II-36 in excellent yield.  Subjecting the newly formed oxirane II-36 to epoxide-opening under 

basic conditions using KOH:DMSO yielded the desired anti-configured vicinal diol, which upon 

selective acetylation of the secondary hydroxyl group, delivered differentially protected tertiary 

OHMe

Me
Hydroxyl

installation,
protection

Selective 
deprotection

Sulfation,
global deprotection

OSO3-
HO

OH

OH

Me

II-35
prenol

Figure 2.3 The overall synthetic methodology to access IEPOX-derived organosulfates. 
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alcohol II-37 in high yield.  With the free tertiary hydroxyl, II-37 was uniquely poised to serve as 

a divergent intermediate to access both the tertiary and secondary organosulfate isomers II-34 and 

II-32 respectively.  Direct sulfation of II-37 using SO3•Pyr generated the fully protected sulfate 

II-38 as the corresponding pyridine salt.  To ensure our final product had the desired ammonium 

counterion, the pyridinium counterion was exchanged for ammonium by exposing II-38 to stock 

30% ammonium hydroxide, which also conveniently removed the acetyl group at the secondary 

position.  As discussed in Chapter 1, the choice of the ammonium counterion was made due to the 

contention in the literature that the sulfate ester moiety found on atmospherically relevant 

organosulfates is formed from the reaction of IEPOX with ammonium sulfate under acidic 

conditions.  A challenging logistical issue was posed by the implementation of the ammonium 

counterion, which will be elaborated on in Section 2.3.3.  Finally, global deprotection via 

hydrogenolysis afforded II-34 in good yield over 3 steps.   

To access the corresponding secondary species, alcohol II-37 was converted into trisbenzyl 

derivative II-39 by a triflic acid-catalyzed benzylation of the free tertiary alcohol using benzyl 

2,2,2-trichloroacetimidate, followed by removal of the acetyl group using potassium carbonate.  

As was the case for anti tertiary organosulfate II-34, a three-step procedure from II-39 consisting 

of sulfation, installation of the desired ammonium counterion, and global hydrogenolysis afforded 

anti-secondary isomer II-32 in reasonable yield
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We next turned our attention to the two primary substituted anti organosulfates (II-31, II-

33, Scheme 2.11).  In analogy to the prior synthesis of epoxide II-36 (Scheme 2.10), synthesis of 

II-31 began with a five-step protocol to covert prenol II-35 into differentially protected epoxide 

II-40. Basic hydrolysis of the epoxide furnished the requisite anti-configured diol II-41, setting 

the stage for benzylidene formation and DDQ-mediated PMB ether cleavage to deliver primary 

alcohol II-42 over the three steps. Sulfation using SO3•Pyr, followed by counterion metathesis and 

exhaustive hydrogenolysis of the benzyl and benzylidene groups gave II-31 in moderate yield over 

the three-steps from II-42.  With respect to the remaining primary organosulfate II-33 through an 

analogous sequence, modifying the aforementioned route by swapping the positions of the benzyl 

and PMB ethers to generate epoxide II-43.  From here, the synthesis followed the exact procedure 

described above, with anti vicinal diol II-44 furnished through basic hydrolysis of II-43, 

subsequent benzylidene protection and removal of the PMB group to afford II-45, and finally the 

three step process of sulfation, counterion metathesis and global hydrogenolysis enabled access to 

primary sulfate II-33.  
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2.3.2 Synthesis of syn-IEPOX-derived organosulfates 

 

Having established routes towards each of the four anti-oriented organosulfates, we wished 

to test the generality of our regioselective strategy by applying it to the synthesis of the 

corresponding syn-configured organosulfates (Schemes 2.12 and 2.13). We envisioned that an 

equivalent protecting group strategy to that used for accessing the anti compounds could be 

utilized for the desired syn species, with the only required modification being the method of alkene 

hydroxylation. To this end, syn-configured diol II-46 was prepared from prenol II-35 over five-

steps with the critical relationship between the two hydroxyl stereocenters deriving from a syn-

specific OsO4-catalyzed alkene dihydroxylation. Diol II-46 was converted to tertiary alcohol II-

47 by selective acylation of the less hindered hydroxyl substituent, establishing the common 

intermediate to access to the tertiary and secondary syn organosulfates. Preparation of each of these 

regioisomeric sulfates was accomplished without incident by employing the same series of 

transformations as detailed for the anti compounds, in which alcohol II-47 was directly sulfated 

to afford pyridinium salt II-48, and immediate counterion metathesis and hydrogenolysis yielded 

tertiary sulfate II-30.  In the case of the secondary species, II-47 was benzylated using 2,2,2-

trichloroacetimidate and subsequently deprotected under basic conditions to afford free secondary 

alcohol II-49 , which gave secondary organosulfate II-28 following the three-step sequence of 

sulfation/ammonium installation/hydrogenolysis.



 

 

74 

M
e

M
e

O
H

Bn
O

M
e

O
Bn

O
H O
Ac

Bn
O

M
e

O
Bn

SO
3

O
Ac

Bn
O

M
e

O
Bn

O
Bn O
H

Bn
O

O
Bn

M
e

II-
35

II-
46

II-
47

II-
48 II-
49

1.
 N

aH
, B

nB
r

2.
 S

eO
2, 

tB
uO

O
H

3.
 N

aB
H 4

, M
eO

H
(3

6%
 o

ve
r 3

 s
te

ps
)

DM
AP

, A
c 2

O
. 9

2%

Tf
O

H.
 8

0%
2.

 K
2C

O
3, 

M
eO

H
88

%

Py
rH

HO
M

e

O
H

O
H O
SO

3

HO
O

H
O

H

O
SO

3
M

e

II-
30 II-
28

NH
4

NH
4

4.
 N

aH
, B

nB
r. 

84
%

5.
 O

sO
4, 

NM
O

. 9
2%

1.
 S

O
3•

Py
r

2.
 N

H 4
O

H
3.

 P
d/

C,
 H

2 
(8

4%
 o

ve
r

3 
st

ep
s)

1.
 S

O
3•

Py
r

2.
 N

H 4
O

H
3.

 P
d/

C,
 H

2
(8

2%
 o

ve
r

3 
st

ep
s)

Cl
3C

NH

O
Bn

1.

O
H

O
H

Sc
he

m
e 

2.
12

 S
yn

th
es

is 
of

 sy
n 

IE
PO

X
-d

er
iv

ed
 o

rg
an

os
ul

fa
te

s I
I-

30
 a

nd
 II

-2
8.

 



 

 

75 
 

Finally, the remaining primary syn-regioisomers (II-27 and II-29, Scheme 2.13) were 

synthesized in a manner analogous to their anti counterparts described above, with the only notable 

difference being the use of a TBS protecting group in place of a PMB group.  The use of the TBS 

group was an artifact of a previously established methodology in our lab to access the syn 

organosulfates, and the use of the PMB protecting group was implemented to circumvent 

complications with a strategy to access the anti suite of compounds via an acidic epoxide opening, 

as well as a Prevost opening.  However, once discovering the canonical basic epoxide opening 

proved efficient to access the anti species, we proceeded forward with the use of two different 

labile protecting groups to access the syn and anti compounds respectively.  II-35 was subjected 

to five step oxidation and protection sequences to afford doubly-protected olefins II-50 and II-53 

and were subjected to syn Upjohn dihydroxylation to give syn vicinal diols II-51 and II-54 

respectively, which were immediately protected as benzylidenes and upon deprotection using 

TBAF yielded their respective primary alcohols II-52 and II-55.  Finally, our three step 

sulfation/metathesis/hydrogenolysis procedure allowed for the conversion of each alcohol to the 

corresponding syn organosulfates II-27 and II-29 in good yield.



 

 

76 

Bn
O

M
e

O
TB

S

O
H O
H

Bn
O

O
TB

S

M
e

O
H

O
OPh M
e

Bn
O

TB
SO

M
e

O
Bn

O
H O
H

TB
SO

O
Bn

M
e

O
Bn

O
OPh M
e

HO

II-
50

II-
51

II-
52

II-
53

II-
54

II-
55

M
e

M
e

O
H

II-
35

1.
 T

BS
Cl

, D
IP

EA
2.

 S
eO

2, 
tB

uO
O

H
3.

 N
aB

H 4
, M

eO
H

(4
5%

 o
ve

r 3
 s

te
ps

)
4.

 B
nB

r, 
Na

H.
 8

3%
HO

M
e

O
SO

3

O
H O
H

O
3S

O
M

e

O
H

O
H O
H

II-
27

II-
29

NH
4

NH
4

O
sO

4, 
NM

O
. 7

8%

1.
 P

hC
HO

,
pT

sO
H•

H 2
O

2.
 T

BA
F,

 T
HF

(5
9%

 o
ve

r 2
 s

te
ps

)

1.
 S

O
3•

Py
r

2.
 N

H 4
O

H
3.

 P
d/

C,
 H

2
(6

4%
 o

ve
r

3 
st

ep
s)

1.
 B

nB
r, 

Na
H

2.
 S

eO
2, 

tB
uO

O
H

3.
 N

aB
H 4

, M
eO

H
(5

9%
 o

ve
r 3

 s
te

ps
)

4.
 T

BS
Cl

, D
IP

EA
. 8

3%

1.
 P

hC
HO

,
pT

sO
H•

H 2
O

2.
 T

BA
F,

 T
HF

(6
4%

 o
ve

r 2
 s

te
ps

)

1.
 S

O
3•

Py
r

2.
 N

H 4
O

H
3.

 P
d/

C,
 H

2
(7

9%
 o

ve
r

3 
st

ep
s)

O
sO

4, 
NM

O
. 7

7%

Sc
he

m
e 

2.
13

 S
yn

th
es

is 
of

 p
rim

ar
y 

sy
n 

IE
PO

X
-d

er
iv

ed
 o

rg
an

os
ul

fa
te

s I
I-

27
 a

nd
 II

-2
9.

 



 

 

77 
2.3.3 Challenges in the Synthesis of IEPOX-derived Organosulfates 

 

 The synthetic strategy by our lab enables access to all possible stereochemical and 

regiospecific organosulfates derived from IEPOX shown in Figure 2.2 through a modular 

method of robust functional group protections and manipulations.  The completion of this 

endeavor marks the first synthetic approach to access this family of compounds in its entirety, 

avoiding the pitfalls of disclosed syntheses of sulfate esters.  However, although presented in a 

streamlined fashion, the synthesis of these compounds posed several challenges and hurdles that 

resulted in the modification our method.  This section will elaborate on some of the obstacles 

that were overcome throughout the development of our synthetic methodology.   

 

2.3.3.1 Installation of the Ammonium Counterion  

 

 As discussed earlier, atmospherically-relevant organosulfates that are reported in the 

literature are commonly depicted with a high degree of variability with respect to the counterion 

associated with the sulfate ester functional group.  Most studies that propose chemical structures 

of detected atmospheric species represent the pertinent moiety as the free sulfate ester bearing a 

negative charge with no positive counterion.  Several show the sulfate ester as the parent acid 

despite the high level of acidity attributed to organosulfates, and others show the sulfate moiety 

associated with the titular ammonium counterion.   Since the formation of atmospheric sulfate 

esters is believed to be enabled by acidic sulfate seed aerosol (H2SO4 + (NH4)2SO4), it is believed 

that the sulfate ester moiety likely bears an ammonium counterion within the particle phase.  

Therefore, in order to generate species of atmospheric relevance, we considered the efficient 
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incorporation of the ammonium cation onto the sulfate ester vital for our synthetic methodology 

towards IEPOX-derived organosulfates. 

 In our early synthetic attempts, the installation of the ammonium counterion in an 

equimolar ratio onto the sulfate ester were unsuccessful.  Scheme 2.14 shows the final steps of the 

initial route used to synthesize syn primary IEPOX-derived organosulfate II-27 devised by former 

group member Dr. Marvin M. Vega.  Comparing to the synthetic schemes detailed above, the 

major difference lies in the method of sulfation and the substrate used to incorporate the 

ammonium cation.  Protected alcohol II-52 was sulfated using a TCE–protected sulfation reagent 

II-56 reported by Liu and coworkers,125 forming masked sulfate ester II-57 which was globally 

deprotected via hydrogenolysis using Pd/C and ammonium formate (NH4HCO2) to supply the 

ammonium cation to form syn primary organosulfate II-27.   

 

 

 

 While this method of sulfation and subsequent deprotection yielded the intended 

organosulfate, synthetic utility was hampered by two factors: (i) the use of the protected 

imidazole–bound sulfating reagent II-56 was only viable for the primary organosulfates II-27 and 

II-29, with the more congested secondary and tertiary alcohols showing no reaction, and (ii) within 

Scheme 2.14 Initial final steps in the synthetic route towards syn primary organosulfate II-27. 
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this synthetic route, the presence of the ammonium cation was never explicitly determined, as the 

study published by Liu suggested the NH4HCO2 additive was sufficient to incorporate the desired 

ammonium counterion, and the ammonium protons were not visualized via 1H NMR (solvent: 

CD3OD).  The final steps of this route were then altered in order to establish a more general 

sulfation method to apply to the primary, secondary and tertiary organosulfate isomers.  Scheme 

2.15 depicts the revised route, in which the TCE-protected sulfating reagent is replaced with 

SO3•Pyr, as sulfur trioxide–amine adducts have been shown in the literature to be tolerant to 

hydroxyl groups of varying degrees of substitution.132-135  Alcohol II-52 was treated with SO3•Pyr 

to install the sulfate moiety, following quenching with saturated ammonium chloride, which gave 

II-27 following hydrogenolysis.  Fortunately, this method was easily applied to the syn secondary 

and tertiary isomers of the organosulfates and, later, to that of all the anti species. 

 

 

 

 

 Although this revised sulfation method was applicable to all of the IEPOX sulfates, a 

significant hurdle arose through the attempts to confirm the presence of the ammonium counterion.  

The NMR samples of the synthesized final products were prepared in deuterated methanol (d4–

CD3OD) or deuterium oxide (D2O) due to the high aqueous solubility of organosulfates.  Of course, 
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Scheme 2.15 Revised method of sulfation in the synthesis of syn primary organosulfate II-27. 
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this prevented visualization of the distinct hydroxyl substituents for each sulfate ester, as the 

protons readily exchanged with the protic deuterium atoms.  Moreover, any ammonium protons 

present in solution would not be visualized in an aqueous solvent.  A solvent screen was therefore 

conducted to find a suitable NMR solvent that would dissolve the ionic organosulfate, as well as 

enable the visibility of the ammonium counterion.  To this end, it was found that the organosulfates 

were soluble in d6–DMSO.  Unfortunately, this led to the realization of a significant ammonium 

impurity present in excess in all samples, shown in Figure 2.4 in an NMR spectrum of anti primary 

organosulfate II-31.  It became clear that the aqueous solubility of the suite of IEPOX-derived 

sulfates would pose a significant challenge in terms of the conditions necessary to install the 

ammonium counterion in an equimolar fashion. 
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 Given this circumstance, our efforts then turned towards removal of the excess ammonium 

impurity from the synthesized sulfates, using primary anti sulfate II-31 with the hope that any 

established purification procedure would be suitable for the entire suite of organosulfates. These 

efforts are summarized in Table 2.1.  Our initial thought was to rinse the final deprotected product 

using an alcohol solvent such as ethanol (EtOH) with a lower degree of aqueous solubility than 

that of MeOH, then simply decanting to retrieve the pure sulfate.  Unfortunately, washing with 

EtOH displayed no change.  Several attempts to use flash chromatography with the listed variety 

of mobile phases also proved ineffective.  Extraction attempts into other polar solvents such as 

tetrahydrofuran (THF) were similarly unsuccessful due to the insolubility of both the organosulfate 

OSO3
HO

OH

OH

Me

NH4

II-31 

Figure 2.4 NMR spectrum of anti organosulfate II-31 in d6–DMSO showing a substantial 
ammonium impurity at d 7.45 ppm. 
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and ammonium impurity, even when acidified using H2SO4.  Lyophilization of the final product 

was attempted in case the ammonium impurity was volatile, although this also resulted in no 

change.  Faced with the resilience of the impurity to be purified post priori, we then turned to 

methods to manipulate the method of ammonium installation by varying the quenching conditions 

of the sulfation reaction.  Unfortunately, saturated solutions of both (NH4)2SO4 and NH4HCO2 

resulted in the presence of the impurity.  Finally, with the failure of other saturated sources of 

aqueous ammonium, the quenching of the sulfation reaction was attempted using only 1 equiv. of 

NH4Cl, which also failed. 
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Table 2.1 Efforts to remove ammonium impurity from anti primary sulfate II-31 using a variety 
of purification methods. 

Purification Method Result 

EtOH rinse and decanting of solid 

material 
No change 

Flash chromatography, Mobile Phase - 

50:50 MeOH:DCM 
No change 

Flash chromatography, Mobile Phase - 

30:70 MeOH:DCM 
No change 

Flash chromatography, Mobile Phase - 

100% EtOAc, followed by 30:70 

MeOH:DCM 

No change 

Extraction from water using THF No change (product insoluble) 

Acidification with 0.1 M H2SO4, 

followed by extraction with THF 
No change (product insoluble) 

Lyophilization of final product No change 

Switching source of ammonium to 

saturated (NH4)2SO4 
No change 

Switching source of ammonium to 

NH4HCO2 
No change 

Attempt to quench sulfation reaction 

with 1 molar equivalent of NH4Cl 

Marginal decrease in peak 

area of peak at d 7.45 ppm 
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 Faced with the inability to manipulate or purify the ammonium species from the bulk of 

II-31, we considered the possibility of installing the appropriate counterion prior to final 

deprotection of the organosulfate.  In this way, the ammonium group would be associated with the 

sulfate ester prior to unmasking the pendant hydroxyl substituents on the molecule, and any 

aqueous ammonium impurity would not likely be soluble with the organic sulfated compound, 

shown in Scheme 2.16.  By treating protected alcohol II-42 with the established sulfation 

conditions, the resultant pyridinium salt product II-58 could be isolated in pure form, then through 

implementation of the ammonium counterion, the protected ammonium salt II-59 could be purified 

to eliminate any excess impurity, which could then be carried directly deprotection via 

hydrogenolysis, resulting in the desired product II-31. 
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Seeing as saturated ammonium sources were soluble with final product, our attention 

turned to the utility of volatile ammonium sources to use in this hypothesized method.  In this way, 

the ammonium ion could be installed following sulfation, and simply concentrating off the excess 

ammonium would lead to all possible ammonium impurity being removed from the sample.  We 

were pleased to see that use of excess stock ammonium hydroxide (NH4OH) solution (~28–30% 

ammonia (NH3) in water, Sigma Aldrich) generated protected ammonium salt II-59 with no visible 

impurity within the sample, shown via NMR spectroscopy in Figure 2.6 which easily carried 
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Scheme 2.16 Depiction of hypothetical isolation of pyridinium salt II-58 and subsequent 
counterion metathesis followed by hydrogenolysis to yield II-59. 
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through to full deprotection, giving II-31 as the intended ammonium salt.  This method was also 

applicable to the other seven members of the suite of IEPOX-derived sulfate, allowing for the 

generation of all potential isomers as pure ammonium salts.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3.2 Stereocontrol of Internal Hydroxyl Groups  

  

A less arduous optimization of our synthetic method came in the desire to synthesize the 

anti hydroxyl substituents of the anti oriented IEPOX sulfates.  Methodology developed with Dr. 

Marvin M. Vega for the synthesis of the syn isomers utilized the robust method of osmium–

O
O

Ph

Me
OSO3

- NH4
+

BnO

Ammonium 

Benzylidene II-59 

Figure 2.5 NMR spectrum of protected ammonium salt II-59 in d6-DMSO with appropriate 
equimolar ammonium signal at d 7.05 ppm. 
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mediated Upjohn dihydroxylation to install the syn internal hydroxyl groups in excellent yield, 

shown in Schemes 2.12 and 2.13.  When considering the most efficient route to take to install the 

anti substituents, several different conditions and methods were attempted before the final method 

of an internal epoxide opening under basic conditions. 

 The first method we decided to explore was the Prevost hydroxylation reaction, which is 

depicted generally in Figure 2.6.  This canonical reaction disclosed by Prevost in the 1930s 

enabled the facile synthesis of anti vicinal diols from alkenes, in which the olefin is treated with 

silver benzoate (AgO2CPh) and iodine (I2) to generate the internal hydroxyl groups by installing 

two benzoate esters on the two adjacent carbon atoms.  The benzoate esters are then hydrolyzed in 

the presence of aqueous basic conditions to afford the anti diol. 

 

 

 

 

 In applying this reaction to the synthesis of the anti IEPOX-derived organosulfates, a series 

of test reactions summarized in Table 2.2 were run using doubly benzylated olefin II-60 as the 

starting material.  This brief screen of reaction conditions demonstrated that the Prevost reaction, 

although able to generate the intended anti diol suffered from consistently low yields in addition 

to requiring stoichiometric amounts of silver benzoate, which was not economically viable in terms 

AgO2CPh, I2Me
RO

OR

Me
RO

OR

O

O

PhO

Ph

O

KOH, H2O
Me

RO
OR

OH

OH

Figure 2.6 General representation of the Prevost dihydroxylation to afford anti vicinal diols. 
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compared to the amount of product generated.  Given these drawbacks, we turned our attention 

elsewhere to install the anti vicinal diol functionality. 

 

Table 2.2 Conditions for the reaction screen of Prevost dihydroxylation of II-60 to afford II-61.  
For all entries, the hydrolysis conditions were dissolution in 3.0 M KOH (Concentration of II-60 
in solution: 0.5 M).  Entries marked with blue utilized molecular sieves in the introduction of I2. 

 
 
 
 

 
 

 We then began to explore the use of an epoxide opening to afford the vicinal anti diol, in 

which the same benzylated olefin II-60 was treated with mCPBA to afford epoxide II-36, which 

could then be opened to generate the desired diol.  Table 2.3 summarizes the reaction screening 

of various epoxide opening conditions in both acidic and basic media.  In general, acidic conditions 

used to open the epoxide involve dilute solutions of sulfuric acid dissolved in THF, only 

proceeding to completion under reflux conditions.  Though this method resulted in full conversion 

Equiv. of AgO2CPh Equiv. of I2 Solvent Yield of II-61 (%) 

2.0 1.0 Benzene 
29 (mixture of 

syn/anti) 

2.0 1.5 Benzene 31 

2.5 2.0 Diethyl ether 15 

2.0 1.5 Toluene 20 

2.0 1.5 Toluene 36 

Me
BnO

OBn

II-60

1. AgO2CPh, I2, solvent
2. KOH, H2O

Me
BnO

OBn

OH

OH
II-61
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of starting material, the obvious drawback manifested in the generation of both the syn and anti 

isomers of desired diol, requiring careful chromatographic separation due to their very similar 

polarities.  The exploration of basic reaction conditions proved more fruitful, though the time 

necessary for the reaction to proceed to completion was quite long (refluxed for 24-48 hrs) and 

required copious amounts of DMSO as the reaction solvent.   Nevertheless, the basic epoxide 

opening using aqueous KOH generated anti diol II-61 as the sole product in moderate yield. 
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Reagent Solvent Temperature 
(Celsius) 

Reaction Time 
(hr) 

Yield of II-61 
(%) 

1 M H2SO4 
(1.5 equiv) H2O RT 18 36 

(50:50 syn/anti) 

1 M NaOH  
(2 equiv) H2O 80 22 NR 

3 M NaOH 
(2 equiv) 

DMSO 
(1:1 

DMSO:NaOH) 

190 
(Reflux) 36 NR 

1 M KOH 
(10 equiv) 

DMSO 
(1:1 

DMSO:KOH) 

190 
(Reflux) 48 26 

3 M KOH 
(50 equiv) 

DMSO 
(1:1 

DMSO:KOH) 

190 
(Reflux) 48 64 

BnO
OBn

II-36

Conditions
Me

BnO
OBn

OH

OH
II-61

OMe

Table 2.3 Conditions for the opening of epoxide II-36 to afford II-61. 
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2.4 Conclusions 

 In summary, the synthesis of all eight members of the IEPOX-derived organosulfates 

shown in Figure 2.2 were successfully synthesized as pure ammonium salts.  The methodology 

used employed the construction of the pendant hydroxyl groups from prenol II-35 as a common 

starting material, with the hydroxyl groups installed and selectively protected to afford a single 

labile protecting group to be removed for purposes of late stage sulfation.  Careful effort was put 

into the incorporation of the ammonium counterion on the sulfate ester moiety in order to establish 

a synthetic method to access these organosulfates as they are postulated to exist in the environment.  

Our hope is that the expedient synthesis of all isomers of the IEPOX-derived organosulfate we 

have described in this chapter will be an invaluable asset to the atmospheric and organic synthesis 

communities in the study of these species . 

 

2.5 Experimentals 

 
2.5.1 General Information 
 

All reactions were carried out under a nitrogen atmosphere in flame-dried glassware with 

magnetic stirring unless otherwise stated. Anhydrous solvents (THF, Et2O, MeOH, DCM, 

Benzene, Toluene) were purified by passage through a bed of activated alumina.136 Reagents were 

purified prior to use unless otherwise stated following the guidelines of Armarego and Chai.137 

Purification of reaction products was carried out by flash chromatography using EM Reagent silica 

gel 60 (230-400 mesh). Analytical thin layer chromatography was performed on EM Reagent 0.25 

mm silica gel 60-F plates. Visualization was accomplished with UV light and p-anisaldehyde stain. 

Germanium ATR infrared spectra were recorded using a Bruker Tensor 37. 1H NMR spectra were 
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recorded on a Varian Inova 500 (500 MHz) or Bruker Advance III 500 (500 MHz) spectrometer 

and are reported in ppm using solvent as an internal standard (CDCl3 at 7.26 ppm, CD3OD at 3.31 

ppm, d6-DMSO at 2.50 ppm and D2O at 4.79 ppm). Data are reported as s = singlet, d = doublet, t 

= triplet, q = quartet, p = pentet, hept = heptet, m = multiplet, b = broad, obs = obscured; 

integration; coupling constant(s) in Hz. Proton-decoupled 13C NMR spectra were recorded on a 

Bruker Advance III 500 (125 MHz) spectrometer and are reported in ppm using solvent as an 

internal standard (CDCl3 at 77.16 ppm). Mass spectra were obtained on an Agilent 6210 Time-of-

Flight LC/MS and a Thermo Finnegan Mat 900 XL High Resolution Magnetic Sector.  

 

2.5.2 Synthetic Procedures 
 

 
Compound II-51  

 

 

To a solution of II-35 (5.00 g, 58.1 mmol) in dichloromethane (116 mL) was added DIPEA 

(18.2 mL, 104.5 mmol) and tert-butyldimethylsilyl chloride (9.63 g, 63.9 mmol). The reaction 

mixture was allowed to stir for 18 hours and then quenched with saturated ammonium chloride. 

The two layers were separated, and the aqueous layer was extracted with dichloromethane. The 

combined organic layers were washed with saturated sodium bicarbonate, brine, then dried with 

sodium sulfate and concentrated. The crude residue was quickly flashed through a column of silica 

gel (10% ethyl acetate in hexanes) to produce the appropriate silane (10.11 g, 50.5 mmol, 87%) as 

a clear oil.  To a solution of the newly formed silane (7.69 g, 38.4 mmol) in dichloromethane (38 

mL) was added selenium dioxide (0.21 g, 1.9 mmol) and salicylic acid (0.53 g, 3.8 mmol). A 
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solution of tert-butyl hydroperoxide (5.5 M in decane, 24.4 mL, 134.3 mmol) was added gradually 

to the solution. The reaction mixture was allowed to stir for 22 hours. Toluene was then added, 

and the mixture was concentrated. The resulting residue was diluted with diethyl ether and washed 

with saturated sodium bicarbonate and brine. The organic layer was dried with sodium sulfate and 

concentrated. The crude residue was diluted with methanol (77 mL) and cooled to 0 ℃. Sodium 

borohydride (0.29 g, 7.7 mmol) was added to the solution in portions and the reaction mixture was 

allowed to stir at 0 ℃ for 30 minutes. Acetone was added to the reaction and the solution was 

concentrated. The resulting residue was diluted with ethyl acetate and washed with saturated 

ammonium chloride and brine. The organic layer was dried with sodium sulfate and concentrated. 

The crude residue was purified by silica gel chromatography (5% to 15% ethyl acetate in hexanes) 

to give the corresponding alcohol (4.33 g, 20.0 mmol, 52% over 2 reactions) as a clear oil.  Sodium 

hydride (60% in mineral oil, 2.50 g, 63.2 mmol) was diluted with tetrahydrofuran (16 mL) and the 

mixture cooled to 0 ℃. A solution of previously formed alcohol (4.55 g, 21.1 mmol) in 

tetrahydrofuran (5 mL) was cannulated over to the reaction mixture and allowed to stir for 20 

minutes. Benzyl bromide (2.6 mL, 22.1 mmol) was added to the mixture. The reaction mixture 

was gradually brought to room temperature and allowed to stir for 16 hours. The excess sodium 

hydride was quenched by the slow addition of water. The mixture was diluted with ethyl acetate 

and added to excess water. The two layers were separated, and the aqueous layer was extracted 

two times with ethyl acetate. The combined organic layers were washed with brine, dried with 

sodium sulfate, and concentrated. The crude residue was purified by silica gel chromatography 

(1% to 5% ethyl acetate in hexanes) to give respective alkene (5.33 g, 17.4 mmol, 83%) as a clear 

oil.  Then, to a solution of NMO (3.07 g, 26.2 mmol) in water (82 mL) and tetrahydrofuran (72 

mL) was cannulated a solution of the alkene in tetrahydrofuran (10 mL). Osmium (VIII) oxide (2.5 
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w.t. % in tert-butyl alcohol, 2.1 mL, 0.16 mmol) was added and the reaction mixture was allowed 

to stir for 21 hours. Sodium thiosulfate (15.5 g, 98.2 mmol) was added to the reaction along with 

ethyl acetate. The mixture was allowed to stir for an additional 50 minutes before being filter 

through a silica gel plug with ethyl acetate. Filtrate was washed with brine, dried with sodium 

sulfate, and concentrated. The crude residue was purified by silica gel chromatography (10% to 

20% ethyl acetate in hexanes) to give diol II-51 (4.35g, 12.8 mmol, 78%) as a clear oil.  

IR (neat): 3475, 3030, 2928, 2856, 1251, 1097, 832 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.42 – 

7.26 (m, 5H), 4.56 (dd, J = 14.8, 12.1 Hz, 2H), 3.84 – 3.73 (m, 4H), 3.66 (q, J = 5.1 Hz, 1H), 3.55 

(d, J = 9.0 Hz, 1H), 3.40 (d, J = 9.0 Hz, 1H), 3.23 (s, 1H), 3.05 (d, J = 5.1 Hz, 1H), 1.24 (s, 3H), 

0.90 (s, 9H), 0.08 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 138.1, 128.6, 127.9, 127.8, 75.8, 73.8, 

73.7, 73.5, 64.5, 26.0, 21.8, 18.3, -5.3, -5.4; HRMS (ESI): calcd for C18H33O4Si [M+H]+ 341.2147, 

found 341.2156. 

Compound 4.89: 

 

 

To a solution of diol II-51 (1.19 g, 3.5 mmol) in dichloromethane (12 mL) was added magnesium 

sulfate (0.59 g, 4.9 mmol), benzaldehyde ( 390 µL, 3.9 mmol), and p-toluenesulfonic acid 

monohydrate (13 mg, 0.070 mmol), respectively. The reaction mixture was allowed to stir for 21 

hours and quenched with saturated sodium bicarbonate. The mixture was diluted with 

dichloromethane and added to excess saturated sodium bicarbonate. The layers were separated, 

and the aqueous layer was extracted two times with dichloromethane. The combined organic layers 

were dried with sodium sulfate and concentrated.  



 

 

95 
To a solution of the crude benzylidene acetal (0.95 g, 2.2 mmol) in tetrahydrofuran (7.4 mL) was 

added a solution of tetrabutylammonium fluoride (1M in tetrahydrofuran, 4.4 mL, 4.4 mmol). The 

reaction mixture was allowed to stir for 17 hours and quenched with saturated ammonium chloride. 

The mixture was diluted with ethyl acetate and added to excess saturated ammonium chloride. The 

layers were separated, and the aqueous layer was extracted two times with ethyl acetate. The 

combined organic layers were washed with brine, dried with sodium sulfate, and concentrated. 

The crude residue was purified by silica gel chromatography (15% ethyl acetate in hexanes) to 

give alcohol II-52 (0.65 g, 2.1 mmol, 59% over 2 steps) as a clear oil and mixture of diastereomers. 

IR (neat): 3443, 3032, 2863, 1453, 1217, 1086, 701 cm -1; 1H NMR (500 MHz, CDCl3) For 

diastereomer A: δ 7.53 – 7.46 (m, 2H), 7.42 – 7.29 (m, 8H), 5.90 (s, 1H), 4.62 (s, 2H), 4.21 (dd, J 

= 6.6, 5.2 Hz, 1H), 3.86 (dt, J = 11.4, 6.3 Hz, 1H), 3.77 (ddd, J = 11.5, 6.3, 5.2 Hz, 1H), 3.60 (dd, 

J = 13.0, 9.2 Hz, 2H), 2.21 (t, J = 6.1 Hz, 1H), 1.34 (s, 3H); For diastereomer B: δ 7.48 – 7.41 (m, 

2H), 7.37 – 7.27 (m, 8H), 6.05 (s, 1H), 4.56 (dd, J = 15.3, 11.9 Hz, 2H), 4.15 (dd, J = 6.7, 5.8 Hz, 

1H), 3.85 (dt, J = 11.4, 6.4 Hz, 1H), 3.68 (dt, J = 11.6, 5.9 Hz, 1H), 3.55 (dd, J = 13.9, 9.0 Hz, 

2H), 2.29 (t, J = 6.1 Hz, 1H), 1.35 (s, 3H); 13C NMR (125 MHz, CDCl3) For diastereomer A: δ 

137.6, 137.2, 129.5, 128.5, 128.4, 127.9, 127.7, 126.8, 102.9, 82.8, 80.9, 75.0, 73.8, 61.6, 19.3; 

For diastereomer B: δ 138.8, 137.6, 129.3, 128.7, 128.5, 128.1, 127.9, 126.5, 102.1, 82.1, 82.0, 

75.5, 74.0, 61.2, 17.2; HRMS (ESI): calcd for C19H23O4 [M+H]+ 315.1591, found 315.1591. 

Compound II-27: 

 

 

To a solution of alcohol 4.89 (0.63 g, 2.0 mmol) in pyridine (4.9 mL) was added sulfur trioxide 

pyridine complex (0.58 g, 2.2 mmol). The reaction mixture was allowed to stir for 14 hours. The 
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reaction was then concentrated under reduced pressure for 24 hours.  The crude material containing 

the pyridinium salt was then dissolved in stock 30% NH4OH (60 mL) and stirred under N2 for four 

hours.  The crude reaction was concentrated under reduced pressure and was then left in vacuo for 

16 hours to afford the sulfate ester ammonium salt.  The crude material was then dissolved in 

MeOH (20 mL).  10% palladium on carbon was added to the reaction mixture and hydrogen gas 

was bubbled into the solution for 15 minutes. The reaction was allowed to stir under an atmosphere 

of hydrogen for an additional 20 hours. The reaction mixture was filtered through celite with excess 

methanol and concentrated to give organosulfate II-27 (64% yield) 

IR (neat): 3387, 3208, 3067, 1430, 1197, 980 cm -1; 1H NMR (500 MHz, CD3OD) δ 4.28 (dd, J = 

10.6, 3.1 Hz, 1H), 4.04 (dd, J = 10.6, 8.0 Hz, 1H), 3.82 (dd, J = 7.9, 3.1 Hz, 1H), 3.55 (d, J = 11.1 

Hz, 1H), 3.47 (d, J = 11.1 Hz, 1H), 1.18 (s, 3H); 13C NMR (125 MHz, CD3OD) δ 74.9, 74.7, 70.4, 

68.0, 21.3; HRMS (ESI): calcd for C5H11O7S [M–NH4]– 215.0231, found 215.0220. 

Compound II-54: 

 

 

Sodium hydride (60% in mineral oil, 14.00 g, 348.3 mmol) diluted with tetrahydrofuran 

(116 mL) and the mixture cooled to 0 ℃. II-35 (11.8 mL, 116.1 mmol) was added over 3 minutes 

to the reaction mixture and allowed to stir for 15 minutes. Benzyl bromide (14.5 mL, 121.9 mmol) 

was added to the mixture over 5 minutes. The reaction mixture was gradually brought to room 

temperature and allowed to stir for 17 hours. The excess sodium hydride was quenched by the slow 

addition of water. The mixture was diluted with ethyl acetate and added to excess water. The two 

layers were separated, and the aqueous layer was extracted two times with ethyl acetate. The 

combined organic layers were washed with brine, dried with sodium sulfate, and concentrated. 
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The crude residue was diluted with dichloromethane (116 mL) and selenium dioxide (3.86 g, 34.8 

mmol) and salicylic acid (3.21 g, 23.22 mmol) were added to the solution. A solution of tert-butyl 

hydroperoxide (70 w.t. % in water, 40 mL, 290.3 mmol) was added to the solution. The reaction 

mixture was allowed to stir for 21 hours. Toluene was then added, and the mixture was 

concentrated. The resulting residue was diluted with ethyl acetate and washed with saturated 

sodium bicarbonate and brine. The organic layer was dried with sodium sulfate and concentrated. 

The crude residue was diluted with methanol (116 mL) and cooled to 0 ℃. Sodium borohydride 

(1.32 g, 34.8 mmol) was added to the solution in portions over 10 minutes and the reaction mixture 

was allowed to stir at 0 ℃ for 1 hour. Acetone was added to the reaction and the solution was 

concentrated. The resulting residue was diluted with ethyl acetate and washed with saturated 

ammonium chloride and brine. The organic layer was dried with sodium sulfate and concentrated. 

The crude residue was purified by silica gel chromatography (5% to 20% to 30% ethyl acetate in 

hexanes) to give the corresponding alcohol (13.09 g, 68.1 mmol, 59% over 3 reactions) as a clear 

oil.  To a solution of the newly formed alcohol (4.00 g, 20.8 mmol) in dichloromethane (69 mL) 

was added DIPEA (5.4 mL, 31.2 mmol) and tert-butyldimethylsilyl chloride (3.61 g, 23.9 mmol). 

The reaction mixture was allowed to stir for 22 hours and then quenched with water. The two 

layers were separated, and the aqueous layer was extracted two times with dichloromethane. The 

combined organic layers were washed with brine, dried with sodium sulfate, and concentrated. 

The crude residue was purified by silica gel chromatography (1% to 5% ethyl acetate in hexanes) 

to give the desired alkene (5.29 g, 17.3 mmol, 83%) as a clear oil.  To a solution of alkene (2.00 

g, 6.5 mmol) in water (32 mL) and tetrahydrofuran (32 mL) was added NMO (1.22 g, 10.4 mmol) 

and osmium (VIII) oxide (2.5 w.t. % in tert-butyl alcohol, 820 µL, 0.065 mmol), respectively. The 

reaction mixture was allowed to stir for 23 hours. Sodium thiosulfate (6.19 g, 39.2 mmol) was 
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added to the reaction along with ethyl acetate and the reaction was allowed to stir for an additional 

hour. The layers were separated, and the aqueous layer was extracted two times with ethyl acetate. 

The combined organic layers were washed with brine, dried with sodium sulfate, and concentrated. 

The crude residue was purified by silica gel chromatography (10% to 20% ethyl acetate in hexanes) 

to give diol II-54 (1.72g, 5.1 mmol, 77%) as a clear oil. IR (neat): 3459. 3031, 2927, 2856, 1251, 

1075, 834 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H), 4.56 (s, 2H), 3.82 (dt, J = 6.6, 

3.3 Hz, 1H), 3.66 (dd, J = 9.8, 4.1 Hz, 1H), 3.62 (dd, J = 9.8, 6.5 Hz, 1H), 3.60 (d, J = 9.7 Hz, 1H), 

3.50 (d, J = 9.7 Hz, 1H), 3.13 (d, J = 3.5 Hz, 1H), 3.00 (s, 1H), 1.14 (s, 3H), 0.89 (s, 9H), 0.06 (d, 

J = 1.1 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 137.8, 128.6, 128.0, 128.0, 73.8, 73.4, 73.2, 71.4, 

69.0, 26.0, 21.0, 18.3, -5.4, -5.4; HRMS (ESI): calcd for C18H33O4Si [M+H]+ 341.2143, found 

341.2151. 

Compound II-55: 

 

 

To a solution of diol II-54 (1.50 g, 4.4 mmol) in dichloromethane (15 mL) was added 

magnesium sulfate (0.74 g, 6.2 mmol), benzaldehyde (490 µL, 4.9 mmol), and p-toluenesulfonic 

acid monohydrate (17 mg, 0.088 mmol), respectively. The reaction mixture was allowed to stir for 

20 hours and quenched with saturated sodium bicarbonate. The mixture was diluted with 

dichloromethane and added to excess saturated sodium bicarbonate. The layers were separated, 

and the aqueous layer was extracted two times with dichloromethane. The combined organic layers 

were dried with sodium sulfate and concentrated. The crude material was then pushed forward 

without purification.  To a solution of the crude benzylidene acetal (1.43g, 3.3 mmol) in 

tetrahydrofuran (11 mL) was added a solution of tetrabutylammonium fluoride (1M in 
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tetrahydrofuran, 6.7 mL, 6.7 mmol). The reaction mixture was allowed to stir for 17 hours and 

quenched with saturated ammonium chloride. The mixture was diluted with ethyl acetate and 

added to excess saturated ammonium chloride. The layers were separated, and the aqueous layer 

was extracted two times with ethyl acetate. The combined organic layers were washed with brine, 

dried with sodium sulfate, and concentrated. The crude residue was purified by silica gel 

chromatography (20% ethyl acetate in hexanes) to give alcohol II-55 (0.88 g, 2.8 mmol, 84%) as 

a clear oil and mixture of diastereomers. 

IR (neat): 3455, 3031, 2869, 1453, 1210, 1069, 695 cm-1; 1H NMR (500 MHz, CDCl3) For 

diastereomer A: δ 7.52 – 7.44 (m, 2H), 7.44 – 7.27 (m, 8H), 5.90 (s, 1H), 4.63 (d, J = 11.9 Hz, 

1H), 4.55 (d, J = 11.9 Hz, 1H), 4.33 (t, J = 6.4 Hz, 1H), 3.80 (dd, J = 9.7, 6.1 Hz, 1H), 3.74 – 3.63 

(m, 2H), 3.63 (dd, J = 9.7, 6.6 Hz, 1H), 2.17 (dd, J = 7.6, 5.5 Hz, 1H), 1.26 (s, 3H); For 

diastereomer B: δ 7.46 (dd, J = 7.7, 1.9 Hz, 2H), 7.42 – 7.29 (m, 8H), 6.07 (s, 1H), 4.63 (d, J = 

11.9 Hz, 1H), 4.57 (d, J = 11.9 Hz, 1H), 4.29 (dd, J = 7.2, 5.6 Hz, 1H), 3.79 (dd, J = 9.7, 5.7 Hz, 

1H), 3.74 – 3.55 (m, 3H), 2.29 (dd, J = 9.0, 4.3 Hz, 1H), 1.31 (s, 3H); 13C NMR (125 MHz, CDCl3) 

For diastereomer A: δ 137.6, 137.5, 129.6, 128.6, 128.5, 128.1, 128.0, 126.9, 103.5, 82.6, 79.7, 

73.9, 68.2, 67.3, 18.7; For diastereomer B: δ 138.9, 137.5, 129.4, 128.6, 128.6, 128.1, 128.0, 126.4, 

102.2, 83.8, 78.3, 73.9, 68.3, 67.4, 16.1; HRMS (ESI): calcd for C19H22NaO4 [M+Na]+ 337.1410, 

found 337.1424. 
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Compound II-29: 

 

 

To a solution of alcohol II-55 (0.76 g, 2.4 mmol) in pyridine (5.9 mL) was added sulfur 

trioxide pyridine complex (0.69 g, 2.6 mmol). The reaction mixture was allowed to stir for 14 

hours. The reaction was then concentrated under reduced pressure for 24 hours.  The crude material 

containing the pyridinium salt was then dissolved in stock 30% NH4OH (60 mL) and stirred under 

N2 for four hours.  The crude reaction was concentrated under reduced pressure and was then left 

in vacuo for 16 hours to afford the sulfate ester ammonium salt.  The crude material was then 

dissolved in MeOH (20 mL).  10% palladium on carbon was added to the reaction mixture and 

hydrogen gas was bubbled into the solution for 15 minutes. The reaction was allowed to stir under 

an atmosphere of hydrogen for an additional 20 hours. The reaction mixture was filtered through 

celite with excess methanol and concentrated to give organosulfate II-29 (0.45 g, 1.9 mmol, 79% 

over 2 reactions) as an oily white solid. 

IR (neat): 3380, 3189, 3046, 1432, 1195, 989, 818 cm -1; 1H NMR (500 MHz, CD3OD) δ 4.04 (d, 

J = 9.8 Hz, 1H), 3.87 (d, J = 9.9 Hz, 1H), 3.79 (dd, J = 9.9, 1.9 Hz, 1H), 3.66 – 3.53 (m, 2H), 1.21 

(s, 3H); 13C NMR (125 MHz, CD3OD) δ 76.2, 74.1, 73.0, 63.5, 21.5; HRMS (ESI): calcd for 

C5H11O7S [M–NH4]– 215.0231, found 215.0219. 

Compound II-46: 

 

 

To a solution of alkene II-50 (2.50 g, 8.9 mmol) in water (44 mL) and tetrahydrofuran (44 mL) 

was added NMO (1.66 g, 14.2 mmol). Osmium (VIII) oxide (2.5 w.t. % in tert-butyl alcohol, 1.1 
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mL, 0.089 mmol) was added dropwise over 1 minute and the reaction mixture was allowed to stir 

for 20 hours. Sodium thiosulfate (8.40 g, 53.1 mmol) was added to the reaction along with ethyl 

acetate and the reaction was allowed to stir for an additional 30 minutes. The mixture was added 

to excess water. The layers were separated, and the aqueous layer was extracted two times with 

ethyl acetate. The combined organic layers were washed with brine, dried with sodium sulfate, and 

concentrated. The crude residue was purified by silica gel chromatography (20% to 25% ethyl 

acetate in hexanes) to give diol II-46 (2.57g, 8.1 mmol, 92%) as a white solid.  

IR (neat): 3324, 3027, 2908, 2865, 1359, 1071, 696 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.42 – 

7.28 (m, 10H), 4.64 – 4.45 (m, 4H), 3.85 (dt, J = 6.0, 4.3 Hz, 1H), 3.65 (dd, J = 9.8, 4.2 Hz, 1H), 

3.63 (dd, J = 9.8, 6.0 Hz, 1H), 3.51 (d, J = 9.1 Hz, 1H), 3.41 (d, J = 9.1 Hz, 1H), 3.05 (dt, J = 4.4, 

0.9 Hz, 1H), 3.02 (s, 1H), 1.19 (d, J = 11.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 138.0, 137.8, 

128.6, 128.6, 128.0, 128.0, 127.9, 127.8, 75.9, 73.8, 73.7, 73.3, 73.2, 71.3, 21.4; HRMS (ESI): 

calcd for C19H25O4 [M+H]+ 317.1747, found 317.1754. 

Compound II-47: 

 

 

To a solution of diol II-46 (2.36 g, 7.5 mmol) in dichloromethane (25 mL) was added DMAP (46 

mg, 0.37 mmol) and the mixture was cooled to 0 ℃. Acetic anhydride (740 µL, 7.8 mmol) was 

added and the reaction mixture was gradually brought to room and allowed to stir for 18 hours. 

The reaction mixture was concentrated, and the crude residue was purified by silica gel 

chromatography (20% ethyl acetate in hexanes) to give alcohol II-47 (2.50 g, 7.0 mmol, 94%) as 

a clear oil.  IR (neat): 3480, 3030, 2862, 1735, 1235, 1091, 696 cm-1; 1H NMR (500 MHz, CDCl3) 

δ 7.36 – 7.27 (m, 10H), 5.20 (dd, J = 5.4, 3.9 Hz, 1H), 4.50 (dd, J = 42.3, 12.0 Hz, 2H), 4.49 (dd, 



 

 

102 
J = 16.5, 12.0 Hz, 2H), 3.72 (dd, J = 11.0, 3.9 Hz, 1H), 3.70 (dd, J = 11.0, 5.4 Hz, 1H), 3.36 (dd, 

J = 12.4, 9.1 Hz, 2H), 3.07 (s, 1H), 2.04 (s, 3H), 1.22 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

170.8, 138.0, 137.8, 128.6, 128.6, 128.0, 127.9, 127.8, 74.8, 74.5, 73.7, 73.5, 73.4, 69.3, 21.8, 21.3; 

HRMS (ESI): calcd for C21H27O5 [M+H]+ 359.1853, found 359.1857. 

Compound II-49: 

 

 

Alcohol II-47 (2.50 g, 7.0 mmol) and benzyl 2,2,2-trichloroacetimidate (3.52 g, 14.0 mmol) were 

diluted with diethyl ether (35 mL) and cooled to 0 ℃. Trifluoromethanesulfonic acid (310 µL, 3.5 

mmol), cooled in an ice bath, was added dropwise to the reaction mixture over 1 minute. The 

reaction mixture gradually warmed to room temperature and allowed to stir for 16 hours. The 

reaction was quenched with saturated ammonium chloride. The reaction mixture was diluted with 

diethyl ether and added to excess saturated ammonium chloride. The layers were separated, and 

the aqueous layer was extracted two times with diethyl ether. The combined organic layers were 

dried with sodium sulfate and concentrated. The crude residue was purified by silica gel 

chromatography (10% ethyl acetate in hexanes) to give the corresponding acetate (2.50 g, 5.6 

mmol, 80%) as a pale-yellow oil.  To a solution of the acetate (2.44 g, 5.4 mmol) in methanol (18 

mL) was added potassium carbonate (1.13 g, 8.2 mmol). The reaction mixture was allowed to stir 

for 21 hours. Acetone was added and the reaction mixture was concentrated. The resulting residue 

was diluted with ethyl acetate and water. The layers were separated, and the aqueous layer was 

extracted two times with ethyl acetate. The combined organic layers were washed with brine, dried 

with sodium sulfate, and concentrated. The crude residue was purified by silica gel 

chromatography (5% to 10% to 15% ethyl acetate) to give alcohol 4.103 (1.94 g, 4.8 mmol, 88%) 
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as a pale-yellow oil.  IR (neat): 3429, 3028, 2915, 2862, 1452, 1090, 695 cm-1; 1H NMR (500 

MHz, CDCl3) δ 7.40 – 7.21 (m, 14H), 4.64 – 4.53 (m, 4H), 4.50 (s, 2H), 4.03 (dt, J = 7.7, 3.8 Hz, 

1H), 3.76 (dd, J = 10.0, 3.3 Hz, 1H), 3.68 (d, J = 10.0 Hz, 1H), 3.61 (dd, J = 10.0, 7.5 Hz, 1H), 

3.57 (d, J = 10.0 Hz, 1H), 2.82 (d, J = 4.6 Hz, 1H), 1.33 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

139.4, 138.4, 138.1, 128.5, 128.4, 127.9, 127.8, 127.8, 127.4, 127.4, 78.2, 74.4, 73.6, 73.5, 73.2, 

71.0, 65.0, 18.0; HRMS (ESI): calcd for C26H31O4 [M+H]+ 407.2217, found 407.2224. 

Compound II-28: 

 

 

To a solution of alcohol II-49 (1.85 g, 4.5 mmol) in pyridine (11 mL) was added sulfur trioxide 

pyridine complex (1.31 g, 5.0 mmol) gradually. The reaction mixture was allowed to stir for 14 

hours. The reaction was then concentrated under reduced pressure for 24 hours.  The crude material 

containing the pyridinium salt was then dissolved in stock 30% NH4OH (120 mL) and stirred under 

N2 for four hours.  The crude reaction was concentrated under reduced pressure and was then left 

in vacuo for 16 hours to afford the sulfate ester ammonium salt.  The crude material was then 

dissolved in MeOH (45 mL).  10% palladium on carbon was added to the reaction mixture and 

hydrogen gas was bubbled into the solution for 15 minutes. The reaction was allowed to stir under 

an atmosphere of hydrogen for an additional 20 hours. The reaction mixture was filtered through 

celite with excess methanol and concentrated to give organosulfate II-28 (0.87 g, 3.7 mmol, 82% 

over 2 reactions) as an oily white solid.  IR (neat): 3374, 3210, 3044, 1405, 1204, 1008, 913 cm -

1; 1H NMR (500 MHz, CD3OD) δ 4.35 (dd, J = 5.5, 3.8 Hz, 1H), 3.96 (dd, J = 12.2, 3.8 Hz, 1H), 

3.87 (dd, J = 12.1, 5.5 Hz, 1H), 3.61 (d, J = 11.4 Hz, 1H), 3.42 (d, J = 11.4 Hz, 1H), 1.24 (s, 3H); 
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13C NMR (125 MHz, CD3OD) δ 83.7, 75.3, 67.8, 62.7, 22.1; HRMS (ESI): calcd for C5H11O7S 

[M–NH4]– 215.0231, found 215.0221. 

Compound II-30: 

 

 

To a solution of alcohol II-47 (1.42 g, 4.0 mmol) in pyridine (10 mL) was added sulfur 

trioxide pyridine complex (1.14 g, 4.4 mmol) gradually. The reaction mixture was allowed to stir 

for 19 hours. The reaction was then concentrated under reduced pressure for 24 hours.  The crude 

material containing the pyridinium salt was then dissolved in stock 30% NH4OH (105 mL) and 

stirred under N2 for four hours.  The crude reaction was concentrated under reduced pressure and 

was then left in vacuo for 16 hours (vacuum ~ 5 torr) to afford the sulfate ester ammonium salt 

without purification.  The crude material was then dissolved in MeOH (40 mL) and stirred under 

N2 .  10% Pd/C was carefully added to the reaction.  H2 gas was then bubbled through reaction for 

15 minutes.  The reaction was then fitted with a fresh atmosphere of H2 and the reaction was 

allowed to stir under H2 for 18 hours.  The reaction was then filtered through a pad of celite and 

eluted with 50 mL MeOH.  Concentration under reduced pressure afforded sulfate ester II-30 (0.47 

g, 2.0 mmol, 50% over 3 reactions) as an oily white solid. IR (neat): 3378, 3208, 3040, 1400, 1200, 

1035, 878 cm -1; 1H NMR (500 MHz, CD3OD) δ 3.90 (dd, J = 7.2, 3.3 Hz, 1H), 3.86 (dd, J = 20.8, 

12.2 Hz, 2H), 3.79 (dd, J = 11.6, 3.4 Hz, 1H), 3.66 (dd, J = 11.6, 7.2 Hz, 1H), 1.47 (s, 3H); 13C 

NMR (125 MHz, CD3OD) δ 88.5, 76.8, 65.8, 63.3, 18.9; HRMS (ESI): calcd for C5H11O7S [M–

NH4]– 215.0231, found 215.0220. 
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Compound II-36: 

 

 
 
 
 

To a slurry of 60% NaH in mineral oil (6.97 g, 290.25 mmol) in THF (58 mL) at 0° C under 

N2 was added II-35 (5.91 mL, 58.05 mmol) over 5 minutes.  The reaction was stirred at 0° C for 

10 minutes.  Benzyl bromide (8.32 mL, 60.95 mmol) was added to the reaction dropwise over 10 

minutes and the reaction was stirred at 0° C and left to warm to room temperature over 18 hours.  

Saturated NaHCO3 was added dropwise to the reaction to until the mixture appeared translucent.  

The mixture was then diluted in EtOAc and transferred to a separatory funnel.  The organic phase 

was collected and the aqueous phase was extracted with 3 x 50 mL of EtOAc.  The combined 

organics were washed with brine and dried with MgSO4.  The crude mixture containing the 

benzylated species and was then carried forward without purification, and the yield was assumed 

to be 100% (58.05 mmol).  To the crude product dissolved in DCM (58 mL) and stirred under N2 

was added selenium dioxide (1.31 g, 11.61 mmol) and salicylic acid (0.802 g, 5.81 mmol).  A 

solution of tert-butyl hydroperoxide (5.5 M in decanes, 21.1 mL, 116.1 mmol) was added gradually 

to the reaction mixture.  The reaction mixture was allowed to stir for 16 hours.  100 mL of toluene 

was then added to the reaction and was concentrated under reduced pressure to remove the decanes.  

The residue was then diluted with 100 mL of diethyl ether and transferred to a separatory funnel.  

The organic phase was collected and the aqueous phase was extracted with 3 x 50 mL diethyl 

ether.  Combined organics were dried with MgSO4 and concentrated under reduced pressure.  The 

crude reaction mixture was then dissolved in MeOH (116 mL) and cooled to 0° C and stirred under 
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N2.  Sodium borohydride (0.440 g, 11.6 mmol) was then added to the reaction and the reaction 

was stirred at 0° C for 2 hours.  Acetone was added to the reaction and the solution was 

concentrated. The resulting residue was diluted with ethyl acetate and washed with saturated 

ammonium chloride and brine. The organic layer was dried with sodium sulfate and concentrated. 

The crude residue was purified by silica gel chromatography (5% to 20% EtOAc in hexanes) to 

give the resultant alcohol (5.1 g, 22.9 mmol, 36% yield over 3 reactions).  The product of sodium 

borohydride reduction was then subjected to the same benzylation procedure used to furnish benzyl 

protected prenol detailed above (9.1 g, 91% yield).  The doubly benzylated olefin (11 g, 33.5 

mmol) was dissolved in DCM (112 mL) and stirred under N2 at 0° C.  NaHCO3 (14 g, 167.5 mmol) 

was added, followed by meta-chloroperbenzoic acid (8.67 g, 50.2 mmol).  The reaction was stirred 

at 0° C, gradually warming to room temperature over 19 hours.  Saturated NaHCO3 was added to 

the reaction and was stirred for 15 minutes.  The mixture was then diluted in DCM and transferred 

to a separatory funnel.  The organic phase was collected and the aqueous phase was extracted 

3x100 mL DCM.  Combined organics were dried with MgSO4 and concentrated under reduced 

pressure.  Column flash chromatography on silica gel (300 mL 10% EtOAc in hexanes) afforded 

II-36 as a viscous yellow oil (8.0 g, 24.4 mmol, 85 % yield).  IR (neat): 3087, 2855, 1722, 1603, 

1495, 1362, 1242, 1094, 839 cm-1,1H NMR (500 MHz, Chloroform-d) δ 7.52 – 7.44 (m, 2H), 7.41 

– 7.28 (m, 7H), 5.90 (s, 1H), 4.63 (d, J = 11.9 Hz, 1H), 4.55 (d, J = 11.9 Hz, 1H), 4.33 (t, J = 6.4 

Hz, 1H), 3.80 (dd, J = 9.7, 6.2 Hz, 1H), 3.71 – 3.66 (m, 2H), 3.63 (dd, J = 9.7, 6.6 Hz, 1H), 2.17 

(dd, J = 7.6, 5.5 Hz, 1H), 1.26 (s, 3H).  13C NMR (125 MHz, CDCl3) δ 137.4, 137.3, 129.5, 128.5, 

128.4, 127.9, 127.9, 126.8, 103.4, 82.4, 79.6, 73.8, 68.1, 67.1, 18.5., C19H22O3 HRMS (ESI): calcd 

for C19H22O3 [M+H]+ 298.1569, found 298.1569. 

Compound II-37: 
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To a solution of II-36 (1 g, 3.05 mmol) in DMSO (50.8 mL) stirred under N2 was added 

aq. KOH (3.0 M in water, 152 mmol, 50.8 mL).  The reaction was then fitted with a water 

condenser and heated to reflux for 46 hours.  After cooling to room temperature, the reaction was 

diluted with Et2O and transferred to a separatory funnel.  Saturated sodium chloride was added to 

the separatory funnel and the organic phase was collected, and the aqueous phase was extracted 

3x100 mL Et2O.  Combined organics were dried with MgSO4 and concentrated under reduced 

pressure.  Column flash chromatography on silica gel (400 mL 30% EtOAc in hexanes) yielded 

The corresponding diol a clear oil, as an equal mixture of enantiomers (0.89 g, 64% yield).  To a 

solution of the resulting diol (1.57 g, 5.0 mmol) in dichloromethane (17 mL) was added DMAP 

(31 mg, 0.25 mmol) and the mixture was cooled to 0 ℃. Acetic anhydride (490 µL, 5.2 mmol) 

was added and the reaction mixture was gradually brought to room and allowed to stir for 21 hours. 

The reaction mixture was concentrated, and the crude residue was purified by silica gel 

chromatography (20% ethyl acetate/hexanes) to give acetylated tertiary alcohol II-37 (1.70 g,  4.2 

mmol, 85%) as a clear oil. IR (neat): 3480, 3030, 2862, 1735, 1235, 1091, 696 cm-1; 1H NMR (500 

MHz, Chloroform-d) δ 7.39 – 7.24 (m, 10H), 4.83 (dd, J = 5.0, 4.0 Hz, 1H), 4.50 (ddt, J = 20.1, 

7.8, 1.0 Hz, 5H), 4.05 (dd, J = 12.3, 8.2 Hz, 1H), 3.91 (d, J = 11.7 Hz, 1H), 3.55 (dd, J = 12.2, 8.3 

Hz, 1H), 3.41 (d, J = 11.7 Hz, 1H), 3.29 (s, 1H), 2.02 (s, 3H), 1.38 (s, 3H). 13C NMR (125 MHz, 

Chloroform-d) δ 170.2, 137.8, 137.7, 128.4, 128.3, 127.9, 127.7, 127.7, 76.3, 75.2, 74.1, 73.6, 

72.5, 68.2, 21.2, 20.4. HRMS (ESI): calcd for C21H27O5 [M+H]+ 359.1853, found 359.1857. 
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Compound II-34: 
 
 
 
 
 

Alcohol II-37 (0.68 g, 1.9 mmol) was dissolved in distilled pyridine (5 mL) and stirred 

under N2.  Sulfur trioxide pyridine complex (0.55 g, 2.1 mmol) was added to the reaction portion-

wise over 3 minutes.  The reaction was allowed to stir for 14 hours.  The reaction was then 

concentrated under reduced pressure for 24 hours.  The crude material containing the pyridinium 

salt was then dissolved in stock 30% NH4OH (50 mL) and stirred under N2 for four hours.  The 

crude reaction was concentrated under reduced pressure and was then left in vacuo for 16 hours 

(vacuum ~ 5 torr) to afford the sulfate ester ammonium salt without purification.  The crude 

material was then dissolved in MeOH (19 mL) and stirred under N2 .  10% Pd/C (0.03 g) was 

carefully added to the reaction.  H2 gas was then bubbled through reaction for 15 minutes.  The 

reaction was then fitted with a fresh atmosphere of H2 and the reaction was allowed to stir under 

H2 for 18 hours.  The reaction was then filtered through a pad of celite and eluted with 50 mL 

MeOH.  Concentration under reduced pressure afforded sulfate ester II-34 (0.29 g, 1.2 mmol, 65% 

yield) without purification. IR (neat): 3387, 3208, 3067, 1430, 1197, 980 cm -1 1H NMR (500 MHz, 

Deuterium Oxide) δ 3.98 – 3.86 (m, 3H), 3.81 – 3.75 (m, 1H), 3.62 (dd, J = 11.8, 8.7 Hz, 1H), 1.45 

(s, 3H). 13C NMR (126 MHz, D2O) δ 87.8, 73.1, 63.8, 61.8, 15.4. HRMS (ESI): calcd for C5H11O7S 

[M–NH4]– 215.0231, found 215.0220.	

	

Compound II-39 
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Alcohol II-37 (1.92 g, 5.38 mmol) and benzyl 2,2,2-trichloroacetimidate (2.70 g, 10.7 

mmol) were diluted with diethyl ether (27 mL) and cooled to 0 ℃. Trifluoromethanesulfonic acid 

(239 µL, 2.7 mmol), cooled in an ice bath, was added dropwise to the reaction mixture over 1 

minute. The reaction mixture gradually warmed to room temperature and allowed to stir for 16 

hours. The reaction was quenched with saturated ammonium chloride. The reaction mixture was 

diluted with diethyl ether and added to excess saturated ammonium chloride. The layers were 

separated, and the aqueous layer was extracted two times with diethyl ether. The combined organic 

layers were dried with sodium sulfate and concentrated. The crude residue was purified by silica 

gel chromatography (10% ethyl acetate in hexanes) to give the corresponding acetate (1.92 g, 4.3 

mmol, 80%) as a pale-yellow oil.  To a solution of the resulting acetate (1.0 g, 2.2 mmol) in 

methanol (8 mL) was added potassium carbonate (0.46 g, 3.36 mmol). The reaction mixture was 

allowed to stir for 21 hours. Acetone was added and the reaction mixture was concentrated. The 

resulting residue was diluted with ethyl acetate and water. The layers were separated, and the 

aqueous layer was extracted two times with ethyl acetate. The combined organic layers were 

washed with brine, dried with sodium sulfate, and concentrated. The crude residue was purified 

by silica gel chromatography (5% to 10% to 15% ethyl acetate) to give alcohol II-39 (0.82 g, 2.0 

mmol, 92%) as a brown oil. IR (neat): 3309, 3001, 2890, 2854, 1450, 1118, 690 cm-1; 1H NMR 

(500 MHz, Chloroform-d) δ 7.39 – 7.24 (m, 15H), 4.54 (dd, J = 12.1, 1.0 Hz, 1H), 4.55 – 4.41 (m, 

5H), 4.45 – 4.38 (m, 1H), 4.20 (d, J = 9.1 Hz, 1H), 4.12 (d, J = 11.9 Hz, 1H), 3.90 (q, J = 8.7 Hz, 
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1H), 3.81 – 3.73 (m, 1H), 3.62 (d, J = 11.9 Hz, 1H), 3.31 – 3.23 (m, 1H), 1.40 (s, 3H); 13C NMR 

(125 MHz, Chloroform-d) δ 139.0, 137.8, 137.7, 128.6, 128.4, 128.3, 128.1, 127.9, 127.8, 127.7, 

127.7, 80.4, 74.9, 74.1, 73.4, 72.7, 69.2, 64.9, 17.8.; HRMS (ESI): calcd for C26H31O4 [M+H]+ 

407.2217, found 407.1092.	

 

Compound II-32 

 

 

 

 

To a solution of alcohol II-39 (1.85 g, 2.43 mmol) in pyridine (6 mL) was added sulfur trioxide 

pyridine complex (0.7 g, 2.7 mmol) gradually. The reaction mixture was allowed to stir for 14 

hours. The reaction was then concentrated under reduced pressure for 24 hours.  The crude material 

containing the pyridinium salt was then dissolved in stock 30% NH4OH (78 mL) and stirred under 

N2 for four hours.  The crude reaction was concentrated under reduced pressure and was then left 

in vacuo for 12 hours to afford the sulfate ester ammonium salt.  The crude material was then 

dissolved in MeOH (24 mL).  Palladium on carbon (10 w.t. %, 730 mg, 0.68 mmol) was added to 

the reaction mixture and hydrogen gas was bubbled into the solution for 15 minutes. The reaction 

was allowed to stir under an atmosphere of hydrogen for an additional 20 hours. The reaction 

mixture was filtered through celite with excess methanol and concentrated to give organosulfate 

II-32 (0.24 g, 1.0 mmol, 42% yield) as an oily white solid. IR (neat): 3403, 3190, 3002, 1399, 

1204, 1016, 913 cm -1; 1H NMR (500 MHz, D2O) δ 3.89 – 3.76 (m, 3H), 3.70 (d, J = 12.7 Hz, 1H), 
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3.53 (dd, J = 11.8, 8.7 Hz, 1H), 1.36 (s, 3H). 13C NMR (125 MHz, D2O) δ 87.5, 72.9, 66.9, 61.6, 

20.1; HRMS (ESI): calcd for C5H11O7S [M–NH4]– 215.0231, found 215.0241. 

 

Compound II-40 

 

 

To a slurry of 60% NaH in mineral oil (6.97 g, 290.25 mmol) in THF (58 mL) at 0° C under 

N2 was added II-35 (5.91 mL, 58.05 mmol) over 5 minutes.  The reaction was stirred at 0° C for 

10 minutes.  p-methoxybenzyl chloride (8.32 mL, 60.95 mmol) was added to the reaction dropwise 

over 10 minutes and the reaction was stirred at 0° C for 15 minutes.  The reaction was then fitted 

with a water condenser and heated at reflux for 13 hours.  After cooling to room temperature, 

saturated NaHCO3 was added dropwise to the reaction to until the mixture appeared translucent.  

The mixture was then diluted in EtOAc and transferred to a separatory funnel.  The organic phase 

was collected and the aqueous phase was extracted with 3 x 50 mL of EtOAc.  The combined 

organics were washed with brine and dried with MgSO4.  The crude mixture was then carried 

forward without purification, and the yield was assumed to be 100%.  To the crude product 

dissolved in DCM (58 mL) stirred under N2 was added selenium dioxide (1.31 g, 11.61 mmol) and 

salicylic acid (0.802 g, 5.81 mmol).  A solution of tert-butyl hydroperoxide (5.5 M in decanes, 

21.1 mL, 116.1 mmol) was added gradually to the reaction mixture.  The reaction mixture was 

allowed to stir for 16 hours.  100 mL of toluene was then added to the reaction and was 

concentrated under reduced pressure to remove the decanes.  The residue was then diluted with 

100 mL of diethyl ether and transferred to a separatory funnel.  The organic phase was collected 

and the aqueous phase was extracted with 3 x 50 mL diethyl ether.  Combined organics were dried 
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with MgSO4 and concentrated under reduced pressure.  The crude reaction mixture was then 

dissolved in MeOH (116 mL) and cooled to 0° C and stirred under N2.  Sodium borohydride (0.440 

g, 11.6 mmol) was then added to the reaction and the reaction was stirred at 0° C for 2 hours.  

Acetone was added to the reaction and the solution was concentrated. The resulting residue was 

diluted with ethyl acetate and washed with saturated ammonium chloride and brine. The organic 

layer was dried with sodium sulfate and concentrated. The crude residue was purified by silica gel 

chromatography (5% to 20% EtOAc in hexanes) to give the resulting alcohol (5.1 g, 22.9 mmol, 

40% yield over 3 reactions).   

 To a slurry of 60% NaH in mineral oil (2.93 g, 121.9 mmol) in THF (41 mL) at 0° C under 

N2 was added the resulting alcohol (8.41 g, 40.6 mmol) over 5 minutes.  The reaction was stirred 

at 0° C for 10 minutes.  Benzyl bromide (5.80 mL, 48.8 mmol) was added to the reaction dropwise 

over 10 minutes and the reaction was stirred at 0 °C, gradually warming to room temperature over 

16 hours.  Saturated NaHCO3 was added dropwise to the reaction until the mixture appeared 

translucent.  The mixture was then diluted in EtOAc and transferred to a separatory funnel.  The 

organic phase was collected and the aqueous phase was extracted with 3 x 50 mL of EtOAc.  The 

combined organics were washed with brine and dried with MgSO4.  Concentration under reduced 

pressure and flash column chromatography (200 mL, 10% EtOAc in hexanes) afforded the 

corresponding olefin.  was dissolved in DCM (112 mL) and stirred under N2 at 0° C.  NaHCO3 (14 

g, 167.5 mmol) was added, followed by meta-chloroperbenzoic acid (8.67 g, 50.2 mmol).  The 

reaction was stirred at 0° C, gradually warming to room temperature over 19 hours.  Saturated 

NaHCO3 was added to the reaction and was stirred for 15 minutes.  The mixture was then diluted 

in DCM and transferred to a separatory funnel.  The organic phase was collected and the aqueous 

phase was extracted 3x100 mL DCM.  Combined organics were dried with MgSO4 and 
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concentrated under reduced pressure.  Column chromatography on silica gel (300 mL 10% EtOAc 

in hexanes) afforded II-40 as a viscous yellow oil (8.0 g, 24.4 mmol, 85% yield).  IR (neat): 3002, 

2860, 1701, 1660, 1503, 1362, 1290, 1091, 910 cm-1; 1H NMR (500 MHz, Chloroform-d) δ 7.28 

(d, J = 4.6 Hz, 3H), 7.24 – 7.17 (m, 4H), 6.80 (d, J = 8.7 Hz, 2H), 4.57 (d, J = 11.8 Hz, 1H), 4.51 

– 4.36 (m, 3H), 3.73 (s, 3H), 3.65 (dd, J = 11.2, 4.5 Hz, 1H), 3.51 (dd, J = 11.2, 6.2 Hz, 1H), 3.43 

(d, J = 11.1 Hz, 1H), 3.34 (d, J = 11.1 Hz, 1H), 3.08 (dd, J = 6.2, 4.4 Hz, 1H), 1.24 (s, 3H).  13C 

NMR (125 MHz, Chloroform-d) δ 159.4, 137.8, 131.1, 128.7, 128.4, 127.9, 127.7, 113.9, 73.4, 

72.6, 72.3, 66.7, 60.8, 59.2, 55.3, 16.8.  HRMS (ESI): calcd for C20H24O4 [M+H]+ 

  



 

 

114 
Compound II-41 

	

 

 

 

To a solution of II-40 (2.8 g, 8.5 mmol) in DMSO (140 mL) stirred under N2 was added aq. KOH 

(3.0 M in water, 140 mL).  The reaction was then fitted with a water condenser and heated to reflux 

for 46 hours.  After cooling to room temperature, the reaction was diluted with Et2O and transferred 

to a separatory funnel.  Saturated sodium chloride was added to the separatory funnel and the 

organic phase was collected, and the aqueous phase was extracted 3x200 mL Et2O.  Combined 

organics were dried with MgSO4 and concentrated under reduced pressure.  Column flash 

chromatography on silica gel (500 mL 30% EtOAc in hexanes) yielded the corresponding diol a 

clear oil, as an equal mixture of enantiomers (1.79 g, 61% yield).  IR (neat): 3450, 3006, 2908, 

2843, 2790, 1251, 1097, 801 cm-1; 1H NMR (500 MHz, Chloroform-d) δ 7.38 – 7.27 (m, 5H), 7.21 

(d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.7 Hz, 1H), 4.52 (d, J = 1.8 Hz, 2H), 4.44 (s, 2H), 3.81 (s, 3H), 

3.78 (td, J = 6.1, 3.6 Hz, 1H), 3.68 (dd, J = 9.8, 3.6 Hz, 1H), 3.59 (dd, J = 9.8, 6.4 Hz, 1H), 3.52 

(d, J = 9.1 Hz, 1H), 3.33 (d, J = 9.1 Hz, 1H), 3.03 (s, 1H), 2.82 (d, J = 5.7 Hz, 1H), 1.18 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 159.5, 137.9, 130.0, 129.5, 128.6, 128.0, 128.0, 114.0, 75.4, 74.1, 

73.7, 73.4, 73.3, 71.3, 55.4, 20.8. HRMS (ESI): calcd for C20H24O4 [M+H]+ 346.1780, found 

346.1814. 
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Compound II-42 

 

	
	
 
Anti diol II-41 (0.8 g, 2.31 mmol) was diluted in DCM (10 mL) and stirred under N2.  MgSO4 

(0.39 g, 3.23 mmol) was added to the reaction, followed by benzaldehyde (0.3 mL, 2.77 mmol).  

pTsOH H2O (0.01 g, 0.046 mmol) was added to the reaction, and the reaction was allowed to stir 

for 19 hours.  The reaction was quenched with saturated NaHCO3 and diluted with DCM.  The 

mixture was transferred to a separatory funnel.  The organic phase was collected and the aqueous 

phase was extracted 3x20 mL DCM.  Combined organics were dried with MgSO4 and concentrated 

under reduced pressure.  Column flash chromatography on silica gel (200 mL 10% EtOAc in 

hexanes) afforded the desired benzylidene as a collection of diastereomers. The benzylidene 

carried forward without purification was diluted in DCM (7.6 mL) and H2O (1.1 mL) and stirred 

under N2 at 0° C.  DDQ (0.21 g, 0.92 mmol) added to the reaction, and the reaction was allowed 

to stir at 0° C for 2 hours.  The reaction was quenched with saturated NaHCO3 and diluted with 

DCM.  The mixture was transferred to a separatory funnel.  The organic phase was collected and 

the aqueous phase was extracted 3x20 mL DCM.  Combined organics were dried with MgSO4 and 

concentrated under reduced pressure.  Column flash chromatography on silica gel (400 mL 15% 

EtOAc in hexanes) yielded alcohol II-42 as a light brown oil (0.25 mg, 0.78 mmol, 70% yield) as 

an inseparable mixture of diastereomers.   
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Compound II-31 

 

 

 

 

Alcohol diastereomers II-42 (1.1 g, 3.4 mmol) was dissolved in distilled pyridine (9 mL) 

and stirred under N2.  Sulfur trioxide pyridine complex (0.99 g, 3.9 mmol) was added to the 

reaction portion-wise over 3 minutes.  The reaction was allowed to stir for 14 hours.  The reaction 

was then concentrated under reduced pressure for 24 hours.  The crude material containing the 

pyridinium salt was then dissolved in stock 30% NH4OH (90 mL) and stirred under N2 for four 

hours.  The crude reaction was concentrated under reduced pressure and was then left in vacuo for 

16 hours (vacuum ~ 5 torr) to afford the sulfate ester ammonium salt without purification.  The 

crude material was then dissolved in MeOH (35 mL) and stirred under N2 .  10% Pd/C was added 

to the reaction.  H2 gas was then bubbled through reaction for 15 minutes.  The reaction was then 

fitted with a fresh atmosphere of H2 and the reaction was allowed to stir under H2 for 18 hours.  

The reaction was then filtered through a pad of celite and eluted with 50 mL MeOH.  Concentration 

under reduced pressure afforded sulfate ester II-31 (0.51 g, 2.4 mmol, 51% yield) without 

purification. IR (neat): 3401, 3280, 2999, 1402, 1200, 1120, 994 cm -1.  1H NMR (500 MHz, 

Deuterium Oxide) δ 4.20 (dd, J = 10.7, 2.9 Hz, 1H), 3.95 (dd, J = 10.7, 8.2 Hz, 1H), 3.82 (dd, J = 

8.1, 2.8 Hz, 1H), 3.55 – 3.44 (m, 2H), 1.11 (s, 3H).  13C NMR (126 MHz, D2O) δ 74.0, 72.7, 69.2, 

66.0, 19.2.  HRMS (ESI): calcd for C5H11O7S [M–NH4]– 215.0231, found 215.0241.	
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Compound II-31 

 
 
 
 
 

Alcohol diastereomers II-45 (1.8 g, 5.5 mmol) was dissolved in distilled pyridine (9 mL) 

and stirred under N2.  Sulfur trioxide pyridine complex (1.61 g, 6.4 mmol) was added to the 

reaction portion-wise over 3 minutes.  The reaction was allowed to stir for 14 hours.  The reaction 

was then concentrated under reduced pressure for 24 hours.  The crude material containing the 

pyridinium salt was then dissolved in stock 30% NH4OH (138 mL) and stirred under N2 for four 

hours.  The crude reaction was concentrated under reduced pressure and was then left in vacuo for 

16 hours (vacuum ~ 5 torr) to afford the sulfate ester ammonium salt without purification.  The 

crude material was then dissolved in MeOH (55 mL) and stirred under N2 .  10% Pd/C was added 

to the reaction.  H2 gas was then bubbled through reaction for 15 minutes.  The reaction was then 

fitted with a fresh atmosphere of H2 and the reaction was allowed to stir under H2 for 18 hours.  

The reaction was then filtered through a pad of celite and eluted with 100 mL MeOH.  

Concentration under reduced pressure afforded sulfate ester II-31 (0.70 g, 3.0 mmol, 55% yield) 

without purification. 

IR (neat): 3391, 3106, 3020, 1450, 1195, 980, 808 cm -1; 1H NMR (500 MHz, Deuterium Oxide) 

δ 4.20 (d, J = 12.6 Hz, 1H), 3.74 – 3.66 (m, 3H), 3.48 (t, J = 8.7 Hz, 1H), 3.20 (dd, J = 12.1, 8.6 

Hz, 1H), 1.21 (s, 3H).; 13C NMR (125 MHz, Chloroform-d) δ 75.6, 73.3, 71.8, 63.7, 20.0; HRMS 

(ESI): calcd for C5H11O7S [M–NH4]– 215.0231, found 215.0209.	
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Chapter 3  
Evaluation of Stability and Acidity of IEPOX-Derived Organosulfates 

 

 

 

 

 

 

 

 

Portions of this chapter appear in the following manuscript: 

Varelas, J. G., Vega, M. V., Geiger, F. M., Thomson, R. J. “Synthesis and Characterization of 

IEPOX-Derived Organosulfates”, 2021, In Preparation. 
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3.1 Inherent Acidity of IEPOX-derived Organosulfates  
 

In chapter 2, a synthetic methodology used to access the eight possible IEPOX-derived 

organosulfates shown in Figure 3.1 was described.  This methodology allowed for the generation 

of all stereochemical and regiochemical isomers of this family of compounds as the appropriate 

ammonium salts postulated in the literature.  Access to all relevant IEPOX-derived sulfate esters 

in pure form allows for measurements of their inherent chemical properties to provide meaningful 

insight concerning the potential impact of these molecules within the atmosphere.  Preliminary 

findings concerning the chemical and physical properties of the IEPOX-derived sulfates will be 

presented in this chapter, beginning with the evaluation of inherent acidity of each compound. The 

following chapter then details some further collaborative investigations probing the role 

organosulfates might play in atmospheric processes, like particle uptake and growth. 

As described in section 1.3.1, the general formation of sulfate esters derived from IEPOX 

is suggested to occur by acid-catalyzed uptake of trans-b-IEPOX in the gas-phase through 

protonation of the internal epoxide, with the acidified epoxide susceptible to a myriad of aqueous-

phase chemical transformations, including the nucleophilic attack of sulfate anion to generate the 

corresponding organosuflates.39, 49  The acidity of the condensed particle is of obvious importance 

to the formation of IEPOX-derived organosulfates, as acidic sulfate is necessary to generate any 

compounds bearing sulfate ester functionality.  Further, it has been shown in numerous laboratory 

and field studies that acidic species within atmospheric aerosols significantly enhance the rate and 

extent of SOA formation through processes such as increased uptake of gas-phase compounds into 

the condensed aerosol phase.19, 65, 114  Therefore, the pH of atmospheric aerosols as a whole, as 

well as the acidity of the constituents within the particle phase, is an important factor in 
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determining the chemical properties of SOA.  Accurate determination of pH of atmospheric 

organic aerosols is, however, a challenging endeavor due to the plethora of factors governing 

acidity, such as the acidity of each organic constituent within the particle phase as well as the 

presence of inorganic species in the condensed phase. 

Organosulfates as a general class of compounds possess inherent acidity being derivatives 

of sulfuric acid or ammonium sulfate.  Focusing specifically on the generation of sulfate esters 

derived from isoprene, the interaction between trans-b-IEPOX and acidic sulfate seed aerosol 

generates IEPOX-derived organosulfates, which likely contribute substantially to overall acidity 

of the condensed phase particle.  However, pH values of sulfate esters have been shown to vary 

substantially as a consequence of the degree of substitution of the parent alcohol, the overall 

structural features of the larger molecule, as well as the presence of the sulfate ester as either the 

free acid or as a salt associated with a positively charged counterion.139-141  Therefore, assumptions 

in previously disclosed studies have suggested the IEPOX-derived family of organosulfates would 

demonstrate different pH values as a consequence of regiochemical and stereochemical differences 

between the compounds shown in Figure 3.1, but a historical lack of standards of all relevant 

compounds has made measuring acidity of these compounds impossible.   
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3.1.1 Measurement of pH values for IEPOX-derived Organosulfate Compounds  
 

With the newly synthesized library of IEPOX-derived organosulfates in hand, pH values 

corresponding to each compound were measured to determine any differences in acidity across the 

different isomers.  Individual 0.1 M solutions of each organosulfate were prepared by dissolving 

the pure compound in deionized (di) water, as each sulfate being prepared as a 0.1 M solution in 

D2O.  The deuterium oxide solutions were not only used to evaluate pD – the equivalent value of 

pH applied to systems in which the protic species lies within a deuterated medium – but were also 

used as samples for NMR analysis of each sulfate, which will be expanded upon in section 3.2. 

 The measured pH and pD values for all IEPOX-derived sulfates, as well as the parent syn 

and anti tetraols III-9 and III-10 respectively, are summarized in Table 3.1.  Measurements for 

each solution were conducted in triplicate, and the pH probe was calibrated using pH 4.0, 7.0 and 

10.0 reference buffer solutions between each measurement to ensure accuracy and reproducibility.  

These results are demonstrated pictorially in Figure  3.2.  When looking at the data set of measured 

pH values of the organosulfates, several conclusions can be made concerning the chemical 
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Figure 3.1 The suite of IEPOX-derived organosulfates prepared as ammonium salts. 



 

 

122 
properties of the collection of compounds.  For one, as expected, the sulfated species III-1–8 are 

significantly more acidic than the respective tetraols.  The organosulfate species were also more 

acidic than ammonium sulfate itself with pH 5.5.   

The comparison of pH values measured for each organosulfate compound resulted in the 

realization of an interesting trend in acidity as a consequence of the location of the sulfate ester 

functional group along the tetraol backbone.  The syn and anti primary organosulfates III-1, III-

2, III-5, and III-6 all demonstrated relatively correlative pH readings, centering on pH 3.0-3.1.  

This demonstrated the notion that acidity of the organosulfates was not significantly affected by 

relative syn or anti stereochemistry.  However, the sterically congested syn and anti secondary 

sulfates III-3 and III-7 were found to be more acidic than all the primary isomers, with the syn 

and anti species measuring pH values of 2.5 and 2.4, respectively.  Another increase in acidity was 

demonstrated when measuring solutions of syn and anti tertiary organosulfates III-4 and III-8,  

which were found to have a pH of 2.1 and 2.0, respectively.   

The results generated from the measure of the acidities of the IEPOX-derived species 

demonstrated that the placement of the sulfate ester functionality was the lynchpin in determining 

the acidity exhibited by the organosulfate compounds, with solutions of the syn and anti primary 

isomers displaying a higher pH (i.e., less acidic) than the more sterically congested secondary and 

tertiary species.  A potential explanation for this structurally dependent decrease in pH would be 

the propensity of each compound to engage in hydrogen bonding.  In the case of the primary 

isomers, it is possible that the optimal conformation for these isomers causes the orientation of the 

sulfate functional group to be far from the other adjacent hydroxyl substituents, decreasing the 

ability of the sulfate ester to participate in intramolecular hydrogen bonding.  In the case of the 

secondary isomers, the placement of the moiety on the internal secondary hydroxyl substituent 
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moves the sulfate ester functionality towards the center of the molecule.  This would theoretically 

result in a lower spatial and energetic barrier to hydrogen bonding with the other pendant hydroxyl 

groups.  The increase in acidity demonstrated by the tertiary organosulfates is concordant with this 

notion, as the given sulfate ester functional group bound to the tertiary hydroxyl would likely have 

spatial constrictions that would facilitate interaction with adjacent substituents and, consequently 

facilitate hydrogen bonding that would make the molecule in question more acidic.   This general 

hypothesis concerning the varying acidities of the IEPOX-derived organosulfates is summarized 

Figure 3.3.    Since the tertiary isomers are thought to be the most abundant sulfate esters derived 

from IEPOX, it is interesting that our findings indicate that as the appropriate ammonium salt, 

these isomers also exhibits the lowest pH solutions.   

In summary, the acidities of the IEPOX-derived organosulfates III-1–8  (as ammonium 

salts) were quantitatively determined using pH and pD  measurements.  We offer the explanation 

of the observed trend of acidity to the interplay of regiochemical position of the sulfate ester 

functional group and its corresponding tendency to hydrogen bond, with the more hindered 

organosulfates interacting with adjacent hydroxyl substituents and thus demonstrating lower pH.  

To elaborate on this proposed hypothesis, future work could entail computational chemistry to 

determine the optimal molecular geometries for each organosulfate compound to model the extent 

of intramolecular hydrogen bonding.  Further, the reactivity and chemical properties of sulfate 

esters can vary due to the positively-charged counterion associated with the sulfate functional 

group, as demonstrated in several reported studies.142-143  Along these lines, the IEPOX-derived 

series of organosulfates could be prepared as salts with other cations, such as sodium, potassium, 

or even as the free protic acid.  The pH values of these salts could then be measured and compared 
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to those of the environmentally-relevant ammonium salts detailed above, providing useful 

information concerning the variable acidities of this family of sulfates. 
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Table 3.1 pH and pD measurements of the suite of IEPOX-derived organosulfates III-1,2,…,8, 
and the parent syn and anti tetraols III-9 and III-10 respectively.  All measurements done in 
triplicate.  Ambient temperature for all measurements was 20.3 ºC. 
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Figure 3.2 Pictoral representation of pH and pD values measured for the suite of IEPOX-
derived organosulfates and the parent tetraols.  pD values are listed in parentheses under pH 
values.  Data taken from Table 3.1.  
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3.2 Stability of IEPOX-derived Organosulfates  
 

With the pH values of the IEPOX-derived organosulfates measured and a general trend of 

acidity across the compounds established, we sought to evaluate the stability of each of the 

compounds in in aqueous solution.  Within the literature, organosulfates have been shown to 

undergo various pathways of reactivity once formed in the condensed phase of aerosol.67, 114, 144-

147  In 2001, Elrod and coworkers published two groundbreaking studies in which organosulfates 

and organonitrates derived from isoprene were studied to better characterize their formation 

mechanisms, inherent stability and potential chemical byproducts as a result of their decomposition 

and hydrolysis.145, 147  Transient organosulfates and nitrates were formed in situ through the 

reaction between isoprene epoxydiols and acidic media, and the formation of various species were 

monitored and tracked using NMR spectroscopy.  Looking specifically at the relevant 

organosulfates, the researchers found that the degree of substitution of the sulfate ester functional 

Figure 3.3 Rationalization of the observed trend of acidity shown by the IEPOX-derived 
organosulfates through differing degrees of intramolecular hydroxyl interactions between the 
primary, secondary and tertiary isomers. 



 

 

128 
group resulted in disparate lifetimes concerning the hydrolysis of these species, with the primary 

organosulfates exhibiting long lifetimes and the secondary and tertiary species vulnerable to 

hydrolysis in aqueous conditions.  These findings resulted in the conclusion that the isomeric 

organosulfates derived from IEPOX will likely display different lifetimes and propensities to 

undergo hydrolysis in the condensed phase of SOA.  However, these studies maintained a limited 

analytical scope, suggesting the dominant chemical byproduct of hydrolysis or decomposition of 

these species to be the parent tetraol compound. Further, a lack of available chemical standards 

precluded efficient comparison to signals detected via NMR spectroscopy.   

Due to the suggested variances in hydrolytic stability, the isoprene-derived organosulfates 

are likely to generate different byproducts through reactions with different atmospheric 

constituents dependent on the regiochemical isomer in question.  Figure 3.4 shows a 

representation of the hydrolysis and decomposition of the tertiary IEPOX-derived organosulfate 

generating a plethora of chemical species such as simple hydrolysis to generate the corresponding 

2-methyltetraol, elimination to form various triols or formation of hemiacetals.  Moreover, 

although the tertiary organosulfate is hypothesized to be the most dominant of the species derived 

from IEPOX, the potential of the sulfate ester functionality to be bonded to any of the hydroxyl 

groups along the tetraol scaffold in Figure 3.1 makes both the determination of atmospheric 

lifetimes and characterization of byproducts of these species challenging to study.  To this end, we 

sought to use our library of IEPOX-derived organosulfates to study the lifetime of each compound, 

as well as visualize any byproducts of their aqueous phase reactions.   
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3.2.1 Time-Point NMR Spectra of IEPOX-derived Organosulfates  

 

To monitor the stability of each compound, the synthetic organosulfates were prepared as 

0.1 M solutions in deuterium oxide as well as 0.1 M solutions in d2-sulfuric acid (D2SO4).  The 

solutions were monitored by NMR spectroscopy at both hourly and daily time intervals dependent 

on the visibility of spectral changes or decomposition.  The results of the time-point NMR studies 

for each compound are summarized in Table 3.2.  As expected in case of the primary 

organosulfates, both the syn and anti species (III-1, III-2, III-5 and III-6) were stable under 

neutral aqueous conditions for upwards of six months.  Even when dissolved in d2-sulfuric acid, 

the NMR spectra of the primary compounds remained unchanged.  This observed resistance to 

decomposition or hydrolysis likely stems from the slow rate of ionization of the primary carbon 

atom bound to the sulfate ester moiety, resulting in slower first-order nucleophilic substitution 

with aqueous species.  Surprisingly, the secondary isomers III-3 and III-7 were also stable to both 

neutral and acidic conditions.  Although these compounds are highly stable, their prevalence in the 

atmosphere is likely minimal due to the proposed epoxide opening mechanism, in which trans-b-

IEPOX is protonated at the oxiryl oxygen, from which the intermediate could be subject to 

nucleophilic substitution.39, 65  As has been suggested countless times in the literature, though 

attack at both the 2 and 3 position of the erythritol backbone is possible, the tertiary isomer is likely 

formed predominantly due to the more stable tertiary carbocation after the opening of the epoxide. 
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Table 3.2 Summary of observed lifetimes of the suite of IEPOX-derived organosulfates via time-
point NMR under aqueous and acidic conditions. 

Figure 3.4 Representation of the formation of the IEPOX-derived organosulfates from acidic uptake 
of trans-b-IEPOX and subsequent attack of sulfate, and several chemical byproducts of 
decomposition of the IEPOX-derived species. 
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In the case of the tertiary organosulfates (III-4 and III-8), compound stability was 

evaluated by monitoring the disappearance of the 3.63 ppm chemical shift of the methylene 

adjacent to the sulfate ester moiety.  Under neutral conditions at 0.1 M in D2O, both 

compounds appear to be stable for approximately 28 days, shown in the NMR spectrum of 

III-4 displayed in Figure 3.5, which coincides with studies performed by Elrod and 

coworkers.145, 147-148 Under acidic conditions (0.1 M d2-sulfuric acid), our results indicate 

that the rate of decomposition is accelerated, as depression of the methylene signal 

completely disappears in approximately 10 days.  In both cases, the spectra appear to be 

similar.  It has been suggested that the decomposition of the tertiary organosulfate likely 

proceeds with hydrolysis of the sulfate ester group, forming the parent tetraol after 

substitution.145, 148  However, the decomposition spectra of both tertiary species in neutral 

and acidic media do not match the spectra of the syn or anti 2-methyltetraols. When under 

vacuum, however, the NMR spectra after three days perfectly match that of the tetraol as 

shown in the spectrum for the syn tertiary organosulfate III-4 depicted in Figure 3.6.  These 

observations suggest that decomposition proceeds via different pathways when comparing 

in vacuo and aqueous conditions.  Though this was a result found in laboratory conditions 

using a vacuum pump, this discrepancy of decomposition may have atmospheric 

implications, as the lower pressure in the troposphere where atmospheric organosulfates 

are formed predominantly could facilitate formation of the parent tetraol in addition to 

reactions in the condensed phase of SOA. 

In the case of the anti tertiary organosulfate III-8, decomposition generated numerous 

products able to be visualized within the NMR spectra.  However, unlike the syn species, the anti 

isomer appears to generate a characteristic aldehyde signal at d 9.28 ppm, shown in Figure 3.7.  

We hypothesize that this species is the resultant product after ionization of the sulfate ester moiety 
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followed by a 1,2-hydride shift from the adjacent methylene group, forming aldehyde III-11.  The 

propensity of sterically congested sulfate esters to labilize could lead to the generation of this 

compound as a result of decomposition.   

 

 

 

 

 

 

 

Figure 3.5 NMR spectra of syn tertiary organosulfate III-4 in D2O.  Experimental duration was 
30 days, with the bottom spectrum taken at day and the top taken at day 30.  Both spectra are 
normalized to the signal intensity of the deuterium oxide peak at 4.79 ppm.  Disappearance of 
the methylene signal at 3.63 ppm was used as the baseline for decomposition. 
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Figure 3.6 Spectra of syn tertiary sulfate III-3 and decomposition to the corresponding 2-
methyltetraol held in vauco using a laboratory-grade pump.  



 

 

134 
 

 

 

 

 

 

 

 

  

���������	
�����������
�������

�

�

�

�

�

�

	




�

��

��

Me OSO3-
HO OH

OH

Me
O OH

OHH
H

Me
O OH

OHH

[1,2] Hydride shift

Figure 3.7 NMR spectra of anti tertiary organosulfate III-8 in D2O and the hypothesized 
chemical transformation leading to the signal formed in at d 9.24 ppm.   
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3.2.2 Efforts to Synthesize Hypothesized Decomposition Product III-11  
 
 

Given the presence of the characteristic aldehyde peak in the NMR spectra of III-8, our 

attention then turned to potential synthetic routes to access III-11 in order to confirm its presence 

as a byproduct of decomposition.  Our first idea shown in Scheme 3.1 was to simply oxidize 

commercially-available 2‐methylbut‐3‐en‐1‐ol III-12 to the corresponding aldehyde III-13, then 

a simple OsO4-mediated dihydroxylation of the pendant olefin would give aldehyde III-11.  

However, oxidation of III-12 using PCC to furnish the aldehyde resulted in isomerization to the 

undesired enone III-14.  Given this unwanted result, we decided to attempt a more exhaustive 

strategy to access III-11 that avoided potential side product formation.  
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Scheme 3.1 Initial synthetic route to access aldehyde III-11. 
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Reforming our strategy, our intended route in Scheme 3.2 was to begin with the same 

butenol III-12 as earlier and protecting the free hydroxyl group as the silyl-protected olefin III-

15.  From here, we envisioned treatment with OsO4 followed by benzylidene protection of the 

vicinal diol with PhCHO and pTsOH would form III-16 with all hydroxyl groups masked with 

protecting groups.  Deprotection of the silyl group using TBAF, subsequent oxidation to the 

aldehyde using PCC and final hydrogenolysis would then afford III-11.  This strategy in practice 

resulted in facile conversion in the first three steps.  However, canonical Pd/C-mediated 

deprotection of the benzylidene group resulted in the formation of triol III-17, an unfortunate and 
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surprising result.  Faced with this problem, we decided to revise our strategy once again, using 

different protecting groups to shield further unwanted reactivity.  A final attempt at strategy 

revision is depicted in Scheme 3.3, in which butenol III-12 would be used to afford protected 

species III-18 with a benzyl group protecting the pendant hydroxyl group and the vicinal diol 

would be doubly-silylated.  This ideally would allow deprotection of the benzyl group using 

catalytic hydrogenolysis, avoiding the use of these conditions in the presence of the aldehyde.  

Oxidation of the resulting species to the aldehyde and desilylation using TBAF would then give 

aldehyde III-11.  Benzylation of III-12 gave protected olefin III-19, followed by dihydroxylation 

to afford diol III-20.  Subsequent protection of the resulting diol using excess TBSCl yielded the 

fully-protected triol III-18.  The use of hydrogenolysis conditions once again resulted in unwanted 

side product formation, as mixtures of protected and deprotected species were generated, making 

oxidation to the desired aldehyde impossible in the presence of multiple hydroxyl substituents.  It 

was here that we decided to halt synthetic efforts to generate the aldehyde in question.  Future 

work will consist of obtaining a homogenous standard of the supposed aldehyde decomposition 

product, definitively characterizing the observed peaks in the decomposition of the anti tertiary 

organosulfate.    
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In lieu of a direct comparison to a standard of the aldehyde product in question, we 

attempted to offer some preliminary confirmation of the presence of aldehyde III-11 by other 

means.  Figure 3.8 depicts the NMR spectrum of anti tertiary sulfate III-8 plotted against several 

simulated 1H spectra of hypothesized potential decomposition products generated by the native 

NMR calculation plug-in within the NMR-processing program MestreNova™.  Simulations were 

completed of the hypothesized aldehyde III-11 as well as the corresponding enol tautomers (III-

21 for both isomers).  While the spectral comparisons are speculative due to inherent error in 

predictive NMR modeling, we saw reasonable agreement between the experimental spectrum of 

III-8 and both the simulated aldehydic proton of III-11 and the enol proton of III-21.  Along the 

same lines, Figure 3.9 shows the comparison of the experimental 1H and 13C NMR spectra of III-

8.  The d 9.28 ppm and 198.84 ppm peaks are characteristic of aldehyde functionality, which could 

be attributed to III-11.  Further, the upfield 1H and 13C peaks at d 6.67 ppm and 154.12 ppm bolster 

this notion and are likely due to tautomerization of the proposed aldehyde with the corresponding 

enol tautomer III-21.
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Figure 3.8 Comparison of NMR spectrum of anti tertiary organosulfate III-8 in D2O with  
simulated 1H NMR spectra of several potential decomposition products, including III-11 and 
its enol tautomeric forms (III-21).  Spectra for each compound were simulated using the native 
NMR calculation plug-in within MestreNova™ NMR processing software.  The confidence 
interval of the calculations is reported to be 95%.  The relevant spectral window is shown from 
~5.8 ppm – 13 ppm.  The aldehydic proton of III-11 is highlighted in blue, and the olefinic 
proton attributed to the enol tautomer III-21 is highlighted in red. 
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3.3 Conclusions 
 
 In this chapter, the acidities of the IEPOX-derived organosulfates shown in Figure 3.1 

were determined by preparing each compound as a 0.1 M solution in both di H2O and D2O and 

measured with a pH meter.  Our findings indicate the primary isomers to be less acidic than the 

secondary, with the tertiary isomers demonstrating the lowest pH.  We rationalized this observation 

through the stabilization of the conjugate base of the organosulfates with respect to the 

regiochemical position of the sulfate ester moiety.  The primary isomers likely bear a sulfate ester 

group that does not interact significantly with the adjacent hydroxyl substituents along the carbon 

chain, while the secondary and tertiary isomers are situated in more sterically-confined areas in 

the molecule and thus have closer contact to the internal hydroxyl groups.  Future work would 

ideally pertain to the accurate modeling of each compound’s optimal conformation in aqueous 

solution to investigate any significant differences between the isomeric sulfates.  Preliminary 

results concerning the aqueous stability of the IEPOX-derived sulfates was also presented, with 

time-point NMR spectra all isomers excluding the tertiary species showing resistance to hydrolysis 

under both aqueous and acidic conditions.  The tertiary isomers were found to have different 

propensities of hydrolysis, with samples prepared in acidic solutions demonstrating faster 

degradation than those prepared with neutral D2O.  The tertiary isomers also demonstrated 

instability when held in vacuo, with each converting to the respective parent tetraol.  Additionally, 

efforts were made to characterize a potential aldehyde-containing decomposition product of the 

anti tertiary organosulfate.  Although synthetic efforts to prepare this compound were 

unsuccessful, we offer speculative confirmation of the aldehyde by comparing 1H and 13C spectra, 

as well as comparing 1H spectra with simulated spectral data.  To this end, future work would 
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involve further efforts to access the hypothesized aldehyde for direct comparison of our 

experimental data to a homogenous chemical standard. 

 
 
3.4 Experimental Information 

pH and pD values for the suite of organosulfate compounds were measured using the Orion 

Star™ A325/Conductivity Portable Multiparameter Meter.  Samples were measured under NTP 

conditions (ambient temperature = 20.3 °C for all measurements).  Calibration curves for each 

sample were formed through calibration using pH 4.0, 7.0 and 10.0 standards  

Time-point NMR spectra were taken using a Bruker Avance III HD system equipped with 

a TXO Prodigy probe for all 1H and 13C measurements. Parameters for each spectrum were the 

default instrumental settings with the number of scans increased for each nucleus (1H, N = 1024; 

13C, N=512).   

Simulated 1H NMR spectra for studies detailed in section 3.2.2 were accomplished using 

MestreNova™ software for Macintosh (Version: 12.0.3-21384).  Simulations were run using the 

following parameters: 

• Sweep width: 10.00 – -2.00 ppm 

• Number of points: 32 K 

• Operating frequency: 500 MHz 

• Solvent: D2O 

• Spectral line width: 0.75 Hz 

• Prediction entity: “MNova Best” 
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Chapter 4  
Future Directions Regarding IEPOX-derived Organosulfates & Synthesis and Analysis of 

Isotopically-labelled Terpenes 
 

 
 

Portions of this chapter appear in the following manuscripts: 
Varelas, J. G., Vega, M. V., Geiger, F. M., Thomson, R. J. “Synthesis and Characterization of 

IEPOX-Derived Organosulfates”, 2021, In Preparation. 
 

Meder, M., Perakyla, O., Varelas, J. G., Cai, R., Zhang, Y., Kurten, T., Riva, M., Rissanen, M.P., 
Geiger, F. M., Thomson, R. J., Ehn, M. “Using Selective Deuteration to Clarify Complicated  
a-Pinene Ozonoylsis Processes Forming Highly Oxygenated Organic Molecules”, 2021, In 

Preparation. 

 
Xu, L., Varelas, J. G., Moller, K. H., Crounse, J. D., Kjaergaard, H. G., Geiger, F. M., Thomson, 
R. J.,  Wennberg, P. O. “Unimolecular Reactions of Peroxy Radicals Formed in the Oxidation of 

a-Pinene by Hydroxyl Radicals”, 2021, In Preparation. 
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4.1 Ongoing Work and Future Directions of IEPOX-derived Organosulfates 
 

 In Chapters 2 and 3, the synthesis of the suite of IEPOX-derived organosulfates was 

described and preliminary findings regarding their inherent chemical properties, such as acidity 

and stability, were described.  It is our hope that the synthetic methodology used to access these 

sulfate esters will not only provide the atmospheric community with useful standards to assist in 

analysis of field samples, but our results concerning the stability of these structures, particularly 

of the anti tertiary organosulfate, will assist in determining the eventual fate of these compounds 

in the atmosphere, and will further elucidate the interaction between SOA and byproducts of 

anthropogenic pollution via urbanized environments.  Looking beyond work described in this 

thesis, there are several techniques that could be used to study this series of compounds.  A few of 

these potential applications regarding the IEPOX-derived organosulfates will be described in this 

section.   

 

4.1.1 Surface Specific Analysis of IEPOX-derived Organosulfates – Sum Frequency 
Generation Spectroscopy and Pendant Drop Tensiometry  
 

 SOA constituents typically alter the surface activity of aerosol particles, as some BVOC-

derived oxidation products can partition to the air-particle interface and influence macroscopic 

chemical properties of the condensed phase system, such as propensity to act as cloud condensation 

nuclei (CCN).56, 149-152  Several techniques have been developed in order to examine the molecular 

level influence atmospheric organic compounds have on the surfaces of aerosol particles.  A 

method that has been shown to be highly useful in studying SOA constituents and other 
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atmospherically-relevant organic compounds is sum frequency generation (SFG) spectroscopy.  

SFG spectroscopy is a nonlinear optical technique that utilizes two fields of light oscillating at 

different frequencies – an IR beam with a tunable frequency and a visible light beam – that are 

overlapped temporally and spatially.153-155  This arrangement results in the generation of a light 

field that oscillates at the sum of the frequencies of the two aforementioned fields, as is shown 

pictorially in Figure 4.1.  Because these types of second order processes are forbidden in 

centrosymmetric media according to the electric dipole approximation,156  SFG spectroscopy is 

highly sensitive to surfaces and interfaces where symmetry is broken.  Generally, the incident IR 

beam is tunable to certain frequencies in the infrared (IR) region to probe specific vibrational states 

of a system, while the visible beam facilitates detection of the output frequency by acting as an 

upconverter and provides vibrational information at a detectable wavelength.   
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The Geiger lab at Northwestern University has successfully utilized SFG spectroscopy in 

a plethora of studies to investigate the chemical properties of interfaces specific to SOA 

constituents, and the technique has been used to provide information concerning characteristics of 

atmospherically-relevant systems such as molecular orientation, functional group differentiation 

and the probing of surface chirality.149, 157-159 SFG spectra of organic aerosol particles are often 

less congested than those from other spectroscopies due to the inherent selectivity of detection 

towards surfaces, since other non-coherent spectroscopic methods produce spectra in which every 

oscillator contributes to the detected signal, in both the particle bulk and the surface.  While its use 

Figure 4.1 Energy diagram depiction of SFG.  w represents the frequency of each incident light 
field.  wIR represents the frequency of a tunable IR light field, and wVis represents a visible light 
field.  wSFG represents the sum frequency of the two incident light fields.  
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does not provide a complete picture of the system or interface in question, SFG is a powerful 

complementary technique for studying the interfaces of SOA particles. 

 Work in the Thomson and Geiger labs is currently underway to probe the eight isomeric 

IEPOX sulfates using SFG spectroscopy.  While the high aqueous solubility and polarity of 

organosulfates likely prevents these species from being surface active, as highly polar molecules 

are situated within the particle bulk, the presence of these compounds in solution could have 

profound effects on surface properties of SOA particles which could be elucidated using SFG 

spectroscopy.  Figure 4.2 shows preliminary SFG spectra in the C–H stretching region of the eight 

relevant organosulfates taken by fellow Thomson and Geiger group member, Jana Butman.  The 

data shown highlight clear spectral differences between each compound as a consequence of their 

stereochemical and regiochemical variances, in addition to significant differences when compared 

to the spectral features of the parent syn and anti 2-methyltetraol compounds.  Intuitively, an 

interesting measurement for the suite or organosulfates and tetraols would be to examine the 

hydroxyl (O-H) region of the IR spectrum as all of the compounds are functionalized with several 

hydroxyl groups.  Using the Tunable optical parametric amplifier set-up (TOPAS) laser in the 

Geiger lab, future directions will involve the measurement of the O-H and S=O stretching regions 

for each organosulfate, along with the parent tetraol compounds, to probe how their structural 

diversity affects the recorded SFG spectra. 
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Figure 4.2 SFG spectra of the IEPOX-derived organosulfates and the syn and anti tetraols.  Each 
sample was spin-coated on an SiO2 window and was measured in triplicate.  The spectra were 
collected using ssp polarization. 
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 In addition to the studying IEPOX-derived sulfates using spectroscopic methods such as 

SFG, techniques to study the behavior of this family of compounds in aqueous solution could 

provide valuable information concerning how organosulfates influence climate relevant properties 

of aerosol particles within the atmosphere.  Pendant drop tensiometry (PDT) is a physical 

analytical technique used determine the surface and interfacial tension of a solution.  The technique 

consists of suspending a stagnant droplet from the bulk of a liquid sample with a syringe and 

measuring the perturbations of droplet geometry.  In general, aqueous solutions of organic 

compounds are prepared at different concentrations, and the change in shape of the droplets across 

a series of samples is used to determine the surface activity of the molecule in solution.  The 

apparatus used to perform these measurements is shown in Figure 4.3.  This technique has been 

used successfully to probe the surface activity of atmospheric constituents throughout the 

literature.  More specifically, the Thomson and Geiger labs have used PDT to analyze the surface 

activity of atmospheric oxidation products derived from terpenes such as isoprene and b-

caryophyllene to determine climate relevant properties of these species, such as their propensity 

to act as cloud condensation nuclei.56, 150  

 As in the case with SFG spectroscopy, the polyhydroxylated IEPOX organosulfates are not 

likely to directly affect surface tension as substantially as SOA constituents that are known to be 

highly surface active, such as trans-b-IEPOX, due to their hydrophilicity and high polarity.56  

However, these isomeric compounds could perturb solution dynamics which may be possible to 

discern with PDT.  Further, the different isomers of the IEPOX-derived organosulfates have 

qualitatively exhibited differing aqueous solubilities in water as well as highly polar solvents such 

as DMSO as an apparent consequence of the position of the sulfate ester.  DPT could allow for the 
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differentiation between the various organosulfate isomers, providing another piece of information 

concerning their chemical properties. 

  

 

4.1.2 Uptake of a-pinene-derived Semivolatile Organic Compounds by Organosulfate 
Particles  
 
 
 

In addition to the experiments proposed above, access to the library of IEPOX-derived 

organosulfates will enable the study of these species under atmospherically-relevant conditions 

and may help to elucidate complex chemical processes within SOA.  As discussed in chapter 1, 

the generation and growth of atmospheric aerosol particles are determined by a complex mix of 

chemical reactions and physical processes, including thermal absorption and gas-particle uptake 

Figure 4.3 On the left, an image of the pendant drop tensiometry instrument.  On the right, an 
enlarged view of a pendant drop of a sample solution generated using a syringe.  Figure adapted 
from Gray Bé et al 2017, courtesy of Dr. Ariana Gray Bé. 
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following atmospheric oxidation.160-161 The partitioning of gas phase semivolatile organic 

compounds (SVOCs) into the condensed particle phase influences several properties of aerosols, 

including concentration of particulate matter, atmospheric processing of trace constituents, 

radiative scattering, and propensity to form clouds.162-163 The accurate study of the processes 

governing gas-particle uptake of SVOCs is hampered by a number of competing factors, such as 

particle physicochemical properties164-165 and chemical reactions within the particle phase.166-167  

While many laboratory studies have measured the uptake of single species such as ammonia or 

model organic compounds,168-169 recent literature has suggested that particle-phase reactions 

between SVOCs can substantially increase the amount of uptake when mixtures of SVOCs are 

present when compared to uptake of a single organic species.167 Moreover, as described earlier, 

uptake of organic compounds into the particle phase has been shown to be enhanced by acidic seed 

aerosol and acidic SOA constituents.   

As described in Section 1.1, organosulfates make up a significant fraction of SOA 

material,39, 70, 170-171 but little is known specifically about the physicochemical properties of 

particles containing organosulfate species predominantly. Therefore the presence of the IEPOX 

series of organosulfates could influence uptake of SVOCs derived from other BVOCs into the 

particle phase.  In collaboration with Dr. Paul Ohno in the lab of Scot Martin at Harvard University, 

current work is underway to investigate the gas-particle uptake of SVOCs derived from a-pinene 

by the IEPOX-derived organosulfates.  In this ongoing work, a-pinene-derived SVOCs are 

generated in the Harvard Environmental Chamber (HEC) via photooxidation of a-pinene in the 

presence of NO.  The outflow from the HEC is passed through a HEPA filter to remove the 

particles generated within the HEC while allowing gas-phase a-pinene-derived SVOCs to remain. 

These SVOCs are then combined with a flow containing particles generated from through 
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nebulization of anti tertiary organosulfate IV-1 and syn primary organosulfate IV-2. Though still 

ongoing, preliminary results have suggested enhanced uptake of a-pinene-derived SVOCs into the 

particle phase in the presence of the two organosulfates.  We wish to extend this analysis to all 

relevant IEPOX-derived sulfate isomers to probe if the uptake of SVOCs is variable between the 

eight different compounds. 

 

4.2 Synthesis of a-Pinene Isotopologues  
 
 

In addition to the described synthesis and analysis of the series of IEPOX-derived 

organosulfates, work has also been done concerning the synthesis of various isotopologues of the 

terpene a-pinene.  As described earlier, a-pinene is one of the most abundant sources of carbon in 

the atmosphere, with atmospheric emissions estimated to exceed 60 Tg yr-1 and accounts for up to 

34% of monoterpene emission45, 82 and contributes significantly to the global SOA budget.  It is 

therefore imperative to understand the formation mechanisms governing a-pinene-derived SOA.  

This section will describe various ongoing domestic and international collaborations to better 

understand a-pinene-derived SOA through the use of synthetic isotopologues. 

 

 

IV-1 IV-2 

Figure 4.4 The two organosulfates derived from IEPOX used in the study of a-pinene-derived 
SVOC uptake in collaboration with Harvard University. 



 

 

153 
 

4.2.1 Using Selective Deuteration for the Investigation of a-Pinene-derived HOM  
    

The oxidation of a-pinene has been a fruitful area of study, and several studies disclosed 

in recent years have sought to probe potential reaction mechanisms. As is the case with all 

atmospheric terpenes, gas phase oxidation transforms BVOCs into less volatile products or 

SVOCs, which can partition into the condensed aerosol phase.172-173 In the case of oxidation 

products with extremely low volatility, these compounds can even participate in the formation of 

new particles. Recently, some volatile have been shown to undergo autoxidation,174 a series of 

sequential peroxy radical (RO2) hydrogen shifts and additions of molecular oxygen to the 

hydrocarbon chain, leading to the rapid generation of highly oxygenated organic molecules 

(HOM).  These compounds possess several oxidized functional groups and possess very-low 

volatilities.175-177 Recent studies have attempted to characterize the formation of HOM and 

measure the timespan of these fast reactions.  In a publication authored by Berndt and coworkers, 

conversion of volatile cycloalkenes to their corresponding HOM was measured to occur on the 

scale of  1-2 seconds.178 However, oxidation to HOM can occur even more rapidly, and 

autoxidation could allow HOM conversion to take place on subsecond timescales following attack 

via a single oxidant under natural temperature and pressure (NTP) conditions. 

 Due to its abundance and propensity to undergo oxidation, HOM formation from gaseous 

a-pinene is a vital process to understand in order to accurately model relevant contributions to 

SOA.  As stated in the introductory chapter, the atmospheric oxidation of a-pinene has been 

extensively studied and the terpene has been shown to preferentially react with ozone (O3) over 

OH radical, the first steps of which are depicted in Figure 4.5.  While it has been shown that 
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atmospheric oxidation of a-pinene proceeds readily via ozonolysis in the presence of O3,10, 179-180 

no unambiguous reaction pathway of HOM generation from a-pinene + ozone has been reported.  

In collaboration with the group of Prof. Mikael Ehn at University of Helsinki, work is currently 

underway to probe the mechanism of HOM formation from a-pinene utilizing selective 

deuteration of the pinene skeleton via organic synthesis.  Figure 4.5 above shows the relative 

placement of the deuterium atoms at two sites on the carbon skeleton and their subsequent 

positions in the formation of various peroxy radicals.  Two relevant isotopologues of a-pinene 

shown in Scheme 4.1 were synthesized and sent to the Ehn group to analyze using an ozonolysis 

flow-tube coupled to a nitrate-based chemical ionization mass spectrometer (NO3-CIMS).  The 

synthetic isotopologues of a-pinene provide utility for the purpose of comparison of the ozonolysis 

of the parent terpene, monitoring the masses of the oxygenated products generated from the 

reaction with O3 and monitoring the potential change in reaction speed as a consequence of site-

specific deuteration.  The experimental apparatus created by the Ehn group for the analysis of the 

isotopologues is depicted and summarized in Figure 4.6. 
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The synthetic procedures used to access isotopologues vinyl-CD3 IV-3 and vinyl-

deuterated IV-4 have been previously reported by our lab and were repeated for the purposes of 

this collaboration.181  For IV-3, b-pinene IV-5 was converted to nopinone IV-6 through ozonolysis 

with a reductive workup.  From here, IV-6 was treated with lithium diisopropylamide (LDA) and 

Comins’ reagent to generate the respective vinyl triflate, which then gave IV-3 in good yield upon 

treatment with copper iodide (CuI) and deuterated methyl lithium to install the deuterated methyl 

group.  For IV-4, nopinone IV-6 was treated with sodium deuteroxide (NaOD) and deuterium 

oxide (D2O) to afford IV-7 bearing deuterium atoms on the a-methylene group, which gave IV-4 

upon generation of the vinyl triflate and subsequent copper-mediated methylation.  The synthesis 

of these compounds will be invaluable in the study of the autoxidation process of a-pinene, as site-

Figure 4.5 The proposed autoxidation pathways of a-pinene via ozonolysis and subsequent 
oxidations.  Figure adapted from Iyer et al, 2021.  Each of the pathways of oxidation produce 
structurally-unique peroxy radicals which are vital intermediates in the formation of HOM.  
Deuteration at certain positions of the a-pinene skeleton (marked in red and blue) will assist 
in the elucidation of which peroxy radicals are formed and their relative rates by measuring 
the exchange of deuterium atoms.  
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specific deuteration will allow for the explicit formation of structurally-distinct peroxy radicals 

that will able to be differentiated via detection with NO3-CIMS 

β-pinene
IV-5

O3, DMS

96% yield O

nopinone
IV-6

1. LDA, Comins'
    reagent
2. CuI, CD3Li

57% yield CD3

IV-3

Me Me Me Me MeMe

CD3

IV-3

MeMe

Me

IV-4

MeMe

O

nopinone
IV-6

Me Me

NaOD, D2O

Quant. Yield

d6-DMSO
O

IV-7

Me Me D

D

1. LDA, Comins'
    reagent
2. CuI, MeLi

43% yield Me

IV-4

MeMe D
D

Scheme 4.1 Synthesis of a-pinene IV-3 and IV-4.  
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Figure 4.6 Diagram of the experimental set-up to probe HOM formation of a-pinene 
ozonolysis courtesy of the Ehn group at University of Helsinki. 
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4.2.2 Unimolecular reactions of Peroxy Radicals Formed in Oxidation of a-pinene via 
Hydroxyl Radicals 
 

In another collaboration involving the selective deuteration of a-pinene, we are currently 

investigating the chemistry of peroxy radicals involved in a-pinene oxidation.  As touched upon 

in the previous section, the chemistry of peroxy radical (RO2) plays a vital role in the atmospheric 

oxidation of volatile organics.182-185  RO2 can participate in a number of reaction pathways, such 

as reactions with hydroxyperoxy radical (HO2), nitrogen oxides, other RO2 molecules and 

unimolecular reactions.186-188  These competing reactions have a profound effect upon the 

oxidation processes concerning VOCs and their corresponding oxidation products, as well as other 

oxidants in the atmosphere.   One example of this is the interaction between RO2 and anthropogenic 

pollutants such as NO, which results in the generation of NO2 via radical oxidation, which 

generates ozone upon photolysis.  Though the initial oxidation reaction  mediated by RO2 leads to 

the formation of O3,  the unimolecular reaction involving peroxy radical does not recycle  NOx, 

leading to slower rates of ozone generation.189-190  Also, as introduced in section 4.2.1, several 

studies have demonstrated that unimolecular reactions of peroxy radicals produce HOM and can 

subsequently generate new particle via formation of oxidation products of extremely-low 

volatility.   

As the current landscape of environmental policies craft new regulations concerning 

emissions of nitrogen oxides, the emissions of NOx  are currently decreasing across the world and 

will continue to decline.  Given the described reactivity above, unimolecular reactions involving 

RO2 are highly relevant to studying atmospheric constituents within the climate system.191    

However, the understanding of this described unimolecular reactivity is currently limited.  The 

rates of these unimolecular reactions are incredibly sensitive to the larger structure of the peroxy 



 

 

159 
radical in question, and only a select few RO2 reaction rates have been experimentally probed.174, 

187, 192-193  The lapse in knowledge concerning the relative reaction kinetics hinders development 

of any structure-activity correlations concerning the reactivity of peroxy radicals, and further study 

is needed in order to characterize and assess their atmospheric impact. 

An ongoing collaboration with Dr. Lu Xu of the Wennberg group at CalTech is currently 

examining the RO2 chemistry associated with atmospheric oxidation of a-pinene.  In 2019, Xu 

and coworkers demonstrated the peroxy radical reactivity of first-generation a-pinene oxidation 

products, IV-8, IV-9, and IV-10.187  The researchers showed that the a-pinene peroxy radical IV-

9 formed from cleavage of the bridged ring could undergo three different unimolecular reactions, 

such as 1,5- and 1,6-hydride shifts and an endocyclization shown in Scheme 4.2.  The total rate of 

unimolecular reactions is expressed as kuni = k1,5H + k1,6H + kendo, which was found to be 4±2s-1.  

However, the authors noted that access to isotopically-labelled a-pinene derivates would allow for 

the definite quantification of each unimolecular contribution to the observed overall reaction rate. 

In order to investigate the mechanisms of the proposed unimolecular reactions of IV-9, a 

series of three deuterated a-pinene isotopologues IV-4, IV-11, and IV-12 shown in Figure 4.7 

were synthesized and analyzed using a gas chromatography time-of-flight chemical ionization 

mass spectrometer (GC-ToF-CIMS), shown in Figure 4.9.  A full description of the instrument, 

including relevant reagent ions and sensitivities, can be found in work completed by Vasquez and 

coworkers.194 
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Figure 4.7 The three isotopologues of a-pinene IV-4, IV-11 and IV-12 synthesized to probe the 
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Scheme 4.2 Oxidation of a-pinene via hydroxyl radical, the subsequent generation of RO2 
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Figure 4.8 Instrument schematic of the GC-ToF-CIMS.  Figure exported from Xu et al, 2018 
with permission from Dr. Lu Xu. 
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Scheme 4.3 demonstrates the oxidation of each isotopologue and the relevant unimolecular 

reactions associated with the formation of the deuterated derivatives of IV-9.  These isotopologues 

will enable the absolute confirmation of unimolecular contributions to the overall reaction rate 

associated with peroxy radical IV-9 when compared to products generated from wild type a-

pinene.  Following from the procedures detailed in section 4.2.1, synthesis of isotopologues IV-4,  

IV-11, and IV-12 was completed applying methodology previously developed in our lab with a 

modification to access the d3 isotopologue IV-12.181  IV-4 was synthesized from IV-6 using the 

reaction sequence shown in Scheme 4.1.  For the synthesis of the isotopologues IV-11 and IV-12 

bearing deuterium atoms on the methylene bridge, the method for site-specific  deuteration of the 

carbon backbone is derived from the total synthesis of a-pinene reported by Thomas and 

coworkers in 1976.195   
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The synthesis of IV-11 shown in Scheme 4.4 began with treating Hagemann’s ester IV-13 

with lithium aluminum deuteride (LiAlD4), reducing the ethyl ester to the primary alcohol and 

installing deuterium atoms on the future methylene bridgehead.  The reduced product was then 

oxidized using DDQ to afford enone IV-14 bearing a pendant hydroxyl group.  IV-14 was then 

protected using DMAP-catalyzed acetylation with acetic anhydride (Ac2O) which gave protected 

enone IV-15.  Conjugate addition to the enone with methyl Grignard in the presence of copper (I) 

bromide dimethyl sulfide complex afforded carbonyl IV-16 bearing a geminal dimethyl moiety at 

the 4-position of the cyclohexanone scaffold.  From here, treatment with PhCHO and KOH 

resulted in protection of the less-hindered a-methylene group as well as concomitant cleavage of 

the acetate group, which gave IV-17 following tosylation of the unmasked hydroxyl group.  This 

set the stage for the formation of the bridged methylene ring via enolate formation and subsequent 

intramolecular elimination of the tosyl group, affording protected bicycle IV-18.  Deprotection of 

the benzylidene group using basic conditions with g-aminobutyric acid (GABA) as an additive 

gave nopinone-derivative IV-19 bearing deuterium atoms on the methylene bridge.  The synthesis 

concluded with conversion of IV-19 to the corresponding vinyl triflate using LDA and Comins’ 

reagent, followed by copper-mediate methylation via treatment with MeLi and CuI, generating a-

pinene isotopologue IV-11.  In the case of the D3 isotopologue IV-12, the established methodology 

was easily modified to incorporate the additional deuterium atom bound to the olefin.  Shown in 

Scheme 4.5, bicyclic benzylidene IV-18 was deprotected using basic conditions with GABA and 

D2O as additives, followed by a-deuteration using NaOD and D2O to afford deuterated nopinone 

derivative IV-20.  Copper-mediated methylation then gave IV-12.   
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4.3 Probing Synergy of Atmospheric Oxidation Products Through 13C Isotopic-Labeling 
 
 
 In addition to our efforts to synthesize deuterium-labeled species, ongoing and future work 

in the Thomson lab involves the isotopic-labeling of carbon atoms within terpene structures.  As 

mentioned in section 4.1, SOA constituents participate in a variety of chemical reactions and 

physical processes, such as SOA particle formation and gas-particle partitioning.  Due to the sheer 

variety of potential chemical transformations and physical divergences within atmospheric 

particles, the accurate study of these systems is a challenging endeavor.  Adding to the complexity, 

studies has suggested that mixtures of oxidation products derived from different terpenes can lead 

to synergisms that can enhance SOA particle formation and greater partitioning of organic species 

from the gas phase into the condensed phase.   

 To probe the potential synergy between different atmospheric oxidation products, work is 

underway to probe the interactions between two oxidation products derived from a-pinene and 

isoprene, pinanediol IV-21 and glyoxal IV-22 respectively.   Preliminary results generated by the 

Martin group at Harvard University suggest that uptake of pinanediol into acidic and neutral sulfate 

particles was significantly enhanced in the presence of glyoxal, indicating potential positive 

synergy between the two oxidation products.  The mechanism of this synergy is likely highly 

complex and difficult to elucidate due to the potential number of organic reactions possible 

between pinanediol and glyoxal (e.g., oligomerization, condensation, acetal formation and 

hydrolysis).  Figure 4.9 depicts a series of potential reaction pathways involving the hemiacetal 

and acetal forming reactions between pinanediol and glyoxal, potentially dependent on the 

concentration of each compound.     
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In order to probe the formation of these species generated from hypothesized synergy 

between IV-21 and IV-22, we envision the synthesis of a pinanediol derivative IV-23 bearing an 

isotopically-labeled vinyl methyl group.  Expanding on our initial collaboration with the Martin 

group at Harvard University, we plan to monitor the interaction of IV-23 and glyoxal using a series 

of atmospheric chamber experiments. The 13C-labeled pinanediol will be used in the gas phase as 

a molecular probe to monitor uptake. These species can be observed in the AMS when they have 

been lost from the gas phase and transferred into the particle phase. The utility of using the 

proposed isotope will be demonstrated in the reliable isotopic mass shifts when compared to 

unlabeled precursors.  In this manner, we will be able to dissect the complex reaction pathways we 

hypothesize are at play during particle formation and understand how varying conditions alters the 

synergy between  IV-21 and IV-22.   

 The synthesis of labeled pinanediol IV-23 is currently underway.  Shown in Scheme 4.6, 

our strategy is based on the use of the Shapiro reaction to generate a vinyl anion from the 

condensation of trisyl hydrazide onto IV-6 to generate the trisyl hydrazone IV-24.  From here, 

treatment of the hydrazone with a lithium base will result in the formation of a vinyl anion, and a  

subsequent treatment with a 13C-labeled electrophile such as methyl iodide will generate the 

labeled a-pinene IV-25, from which the desired pinanediol can be easily generated via 

dihydroxylation.  The completion of this synthesis will provide the first disclosed means to 

unambiguously monitor the complicated synergy between glyoxal and pinanediol, and will further 

elucidate the interesting and complex reactions that are suggested to occur within the atmosphere.  
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4.4 Conclusions 
 

 In this section, the intended future directions concerning the IEPOX-derived 

organosulfates were detailed.  In addition to the analysis conducted within this thesis, we propose 

the use of robust analytical techniques to study additional physicochemical properties of the family 

of sulfate esters.  With the use of methods such as SFG spectroscopy and PDT, the elusive 

chemistries of atmospheric organosulfates could be elaborated upon in a fruitful interdisciplinary 

manner, combining the preparative efficiency of organic synthesis with the power of analytical 

surface science.  Additionally, several ongoing collaborations with research groups across the 

world were also described, in which various isotopologues of a-pinene were synthesized for the 

purposes of studying a series of complicated atmospheric chemical processes involving oxidation 

and potential synergistic interplay between SVOCs derived from disparate terpenoids.  It is our 

hope that the academic partnerships outlined here will provide the means to make meaningful, 

unambiguous claims about the chemistry in the atmosphere and further our understanding of 

constituents within the climate system at the molecular level.  
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Investigation of the binding mode of Eudistomin U to DNA 

 
Jonathan Gregory Varelas 

Abstract 

 Eudistomin U is a naturally-occurring indole alkaloid within a chemical family known as 

b-carbolines.  These molecules have a wide array of biological activity and have been seen as 

valuable pharmacophores for drug targeting.  Though the compound has been suggested to have 

multiple biological targets, eudistomin U has exhibited a high binding affinity to DNA.  This has 

made eudistomin U and other b-carbolines attractive targets for total synthesis. Though there have 

been evaluations of the interaction between this compound and DNA, the specific binding profile 

of eudistomin U to DNA – whether acting as an intercalator, groove binder or binds 

electrostatically – remains elusive.   

Here, a series of biological experiments and a potential synthetic methodology to derivatize 

eudistomin U are proposed.   In order to better understand the variables influencing the binding 

affinity of the natural compound to DNA, a series of mutant strands containing only 

complementary base pairs will be generated (e.g. GCGC…,ATAT…).  The use of these simplified 

sequences will enable the determination of eudistomin U to act as an intercalator between specific 

base pairs of DNA, and the comparison with known intercalators will provide further information 

regarding the binding interaction in question.  A crystalline structure of eudistomin U to DNA will 

also be evaluated once the optimal base pair configuration is understood. 

In order to probe other potential interactions with DNA, a synthetic methodology 

employing a “tethered” strategy will also be investigated.  The proposed method is based on 

functionalizing the natural eudistomin U compound to join the pyridyl nitrogen and the adjacent 

2-position of the indole ring to lock the spatial conformation into place.  This methodology could 
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provide further evidence towards classifying eudistomin U as an intercalator or provide evidence 

of major or minor groove binding if the newly annulated molecule has high complementarity with 

the inner or outer groove of DNA. 

Introduction 

 Pyrido[3,4-b]indole alkaloids, commonly known as b-carbolines, are a class of alkaloids that 

exist as secondary metabolites in many living organisms.1  Members of a particular family of b-

carboline natural products known as the eudistomins have been isolated from several species of 

marine ascidians,2  and the group of compounds has a wide array of structural diversity (Figure 

A.1).  The eudistomins also show a wide-ranging biological activity profile, making them 

attractive targets for synthetic chemists.  Nearly half of all eudistomin alkaloids exhibit 

antimicrobial activity,1, 3 while others demonstrate affinity as antivirals against herpes simplex-1 

and polio type-1 virus.4-6  Selective inhibition of mammalian cancer cell lines has also been shown 

by many family members.  Extending beyond naturally occurring species such as eudistomin U 

(1),  a synthetic analogue of eudistomin K (2) was shown to exhibit subnanogram potency towards 

various leukemic cells, demonstrating the utility of eudistomin compounds as privileged lead 

structures in drug development.7 
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Figure A.1. Several examples of the eudistomin family that exhibit potent biological activity.   

 

 

 

 

 

 

 

Due to their planar, drug-like structure and potent activity towards several diverse 

organisms, it has been suggested that the eudistomins interact with their biological targets 

primarily through binding to DNA.8  Focusing specifically on one member of this family of 

compounds, eudistomin U (1) was first isolated in 1994 along with its saturated derivative 

isoeudistomin U from the caribbean ascidian Lissoclinum fragile.8-9 Eudistomin U is the only 

naturally occurring eudistomin with a fully aromatic group at the 1 position on the pyridine ring 

of the b-carboline core.  Structural features such as the free rotation around the s-bond joining the 

carboline scaffold with the indole moiety has sparked the interest of the synthetic community, and 

a number of total syntheses of eudistomin U have been reported.  

The first successful synthesis of eudistomin U was completed by Molina and coworkers in 

1995 which employed an aza-Wittig-electrocyclic ring closure strategy which led to the target 

alkaloid (Scheme A.1).10  In the past decades, a number of additional syntheses towards 

eudistomin U have been disclosed.11-13  
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Scheme A.1 Molina’s synthesis of Eudistomin U, 1995 

 

 

 

 

 

 

 

Although the synthesis of eudistomin U has been the focus of many synthetic efforts, the 

mechanism of action towards its wide variety of biological targets remains poorly understood.  As 

previously stated, it has been suggested that eudistomins primarily interact via binding to DNA, 

but efforts to elucidate relationship between DNA and eudistomins has not been sufficiently 

investigated.  In 2016, Giulietti and coworkers disclosed a series of experiments to investigate the 

binding of eudistomin U and various strains of representative DNA.14  While this study confirmed 

a weak complexing between the two, the specific interaction between eudistomin U and DNA 

requires a more in-depth inquiry. 

Specific Aims and Intellectual Merit 

 The goal of this proposal is to provide a definitive binding mode between eudistomin U 

and DNA.  If successful, this work will not only offer the first conclusive model between this 

alkaloid and its potential target, but will also illuminate the general binding profile of other 

structurally related eudistomins.  This work will also enable more informed drug development 

procedures utilizing eudistomins as promising leads and will potentially result in a more robust 
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approach to structural derivatization and improved structure-activity profiling of these species 

upon their pharmacological targets. 

Specific Aim 1: Illumination of the interaction between eudistomin U and DNA will employ the 

use of synthetic mutant strands of DNA generated by the polymerase chain reaction (PCR).  In 

order to definitively model this interaction, DNA strands consisting solely of complementary base 

pairs will be assign the interaction mechanism.  Using this approach will provide insight into the 

potential of eudistomin U to act as an intercalator between certain base pair arrangements, as it 

will suggest a preferred binding to certain sequences within DNA.  Comparison with known 

intercalators will also enable the definitive classification of eudistomin U as a possible 

intercalating compound. 

Specific Aim 2: Once the general profile of preferential interfacing of eudistomin U towards DNA 

is established with the model strands in specific aim 1, a synthetic methodology to derivatize 

eudistomin U will be used to evaluate how potential structural changes will bolster or diminish 

binding affinity.  Applying an extension of indole functionalization methodology disclosed by Pan 

and coworkers will enable an additional annulation to join the pyridyl nitrogen of the carboline 

scaffold with the indole substituent to restrict rotational movement of the molecule, forcing a 

helical geometry.  The generation of this species will enable the definitive assignment of 

eudistomin U as a potential major or minor groove binder if the geometries of the DNA strand and 

the proposed analogue of eudistomin are highly complementary.   

Previous Work 

With respect to specific aim 1: While the synthesis of eudistomin U is a mature field, the 

evaluation of its preferential interaction with DNA remains elusive.  In 2016, Giulietti and 

coworkers disclosed their findings concerning eudistomin U and calf thymus DNA using a 
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synthetic standard made in house.14  The authors first evaluated spectral changes to samples of 

eudistomin U after doping with increasing concentrations  of calf thymus DNA using UV-Vis 

spectroscopy.  It was found that the spectra containing higher concentrations of DNA revealed a 

dramatic hyperchromic shift, indicative of a simple interaction with DNA (Figure A.2a). These 

results were in line with behavior exhibited by small molecules known to be intercalators, such as 

harman (3) and ethidium bromide (4).   

 

 

Figure A.2 (a)  UV-Vis spectra of calf thymus DNA and eudistomin U. (b) Thermal denaturation 
of DNA in the presence of eudistiomin U compared to known intercalators. Figures adapted from 
Giulietti and coworkers, 2016.14 
 
a)       b) 
 

 

 

 

 

 

  

 

 

In the same study, the thermal denaturation of calf thymus DNA in the presence of 

eudistomin U was carried out.  Canonically, thermal denaturation is used to measure disruptions 

to the double helix of DNA, resulting in higher or lower thermal energy required to denature if the 
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molecule stabilizes or destabilizes the strands respectively.  It was found that eudistomin U 

disrupted the integrity of DNA on a level comparable to harman, a lowly intercalating molecule, 

having demonstrated a similar Tm, or the temperature at which a double helix unwinds to two 

single helices (Figure A.2b). 

With respect to specific aim 2: The synthesis of eudistomin U has been completed several times.  

Molina’s synthesis in 1995 was the first reported synthesis of the molecule (Scheme A.1).  More 

recently, Nissen and coworkers disclosed a method to generate b- and g-carbolines in 2011.11  Their 

method involved ruthenium and rhodium catalyzed intermolecular [2+2+2] cycloadditions to 

afford both isomeric carbolines and extended this methodology further towards the synthesis of 

eudistomin U (Scheme A.2) 

Scheme A.2 Methodology to afford b- and g-carbolines using transition metal catalyzed [2+2+2] 
cyclization and its use in the synthesis of eudistomin U.  Scheme adapted from Pan et al, 2011.11 
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In 2014, Roggero and coworkers disclosed a synthesis of eudistomin U utilizing a Bischler-

Napieralski cyclization to form the core b-carboline as an aryl triflate, and a Suzuki cross-coupling 

with an indole bearing a pendant boronic acid to form the target molecule.15  This particular 

synthesis remains the shortest linear sequence towards eudistomin U (Scheme A.3). 

Scheme A.3 Synthesis of eudistomin U reported by Roggero and coworkers, 2014.15 
 

 

 

 

 

 

 

In 2018, Zhang and coworkers disclosed a synthetic methodology towards the synthesis of 

2 and 3-substitued indoles using carbazole–based conjugated microporous polymers with tunable 

redox potentials.  This powerful methodology resulted in functionalized indoles bearing pendant 

formyl and thiocyanide functional groups (Figure A.3). 
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Figure A.3 General scheme detailing the photoredox catalyzed functionalization of indoles.  
Figure exported from Zhang and coworkers, 2018. 
 

 

 

 

 

 

 

 In terms of other examples of other indole functionalization methodology, Capito and 

coworkers demonstrated the ability to functionalize the 2 or 3 position of the unsubstituted indole 

ring through catalytic alkenylation.16  This method is tolerant of a wide substrate scope of coupling 

partners, including functional groups subject to oxidation and derivatization.  Additionally, Pan 

and coworkers recently disclosed a method to directly functionalize the 2 position of an indole 

substituent using an iridium-catalyzed C–H bond alkylation using alkenes (Scheme A.4).17 The 

directing effect of a ketone substituent, such as an acetyl group, directs the hydrogen abstraction 

by iridium to the adjacent C-2 position.  Compared to the methodology disclosed by Zhang and 

coworkers, the use of catalytic iridium prevents substitution onto the C-3 position of the indole, 

making this methodology attractive to selectively alkylate pre-functionalized indoles, such as 

eudistomin U.   
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Scheme A.4 Methodology to afford C-2 functionalized indoles disclosed by Pan et al, 2012. 

 

 

 

Proposed Research 

With the landscape of research concerning eudistomin U, its synthesis and its potential 

activity with DNA laid out, the proposed research will entail two phases.  Phase one will involve 

the synthesis of model, highly idealized strands of DNA in order to probe the propensity of 

eudistomin U to act as an intercalator as a function of specific basepairs.  Phase two will involve 

the structural derivatization of eudistomin U via organic synthesis in order to restrict the 

conformation of the molecule to better probe its specific interaction with DNA.   

Phase one will begin with the generation of model strands of DNA.  There are several 

covalent and non-covalent modes in which small molecules interact with and bind to DNA.  

Molecules such as eudistomin U and other small, planar alkaloids have been shown to interact 

non-covalently with DNA.18-19  Some of the most frequently encountered modes include: 

intercalation, or insertion of molecular moieties between base pairs; electrostatic, or the exterior 

complex of a small molecule and DNA via innate charge; and major/minor groove binding, or the 

exterior binding of a molecule to the respective groove of DNA.  In order to eliminate some 

complexity likely to preclude the observation of a specific binding interaction, idealized strands of 

DNA will be produced using the polymerase chain reaction, or PCR, a canonical method of 

generating synthetic strands of DNA with a desired sequence of base pairs.20   

The two idealized DNA strands will consist of solely complementary base pairings in order 

to examine which base pairs facilitate a stronger interaction with eudistomin U (Figure A.4).  Di-
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nucleotide repeats (e.g ATAT…, CGCG…) will be used as the primers for replication.  A process 

disclosed by Lorenz will be utilized in order to produce these strands.20  This will likely be a 

relatively simple procedure to carry out, but in case the complementarity of the strands results in 

some geometric abnormalities in the resultant strands of DNA, a slightly modified primer will be 

used such that there will be a repeating sequence of four base pairs, followed by the inverse of the 

pattern (e.g TATAATATTATA…, CGCGGCGCCGCG…).  The use of this slightly modified 

strand will still eliminate most other variables as model systems to probe the interaction between 

DNA and eudistomin U.   

Figure A.4 The use of the polymerase chain reaction will enable the synthesis of two model DNA 
strands in order to accurately describe their interactions with eudistomin U as a consequence of 
base pairing. 
 

 

 

 

 

 

Upon synthesizing the two model systems, each strand will be subject to a suite of 

experiments with eudistomin U, as well as other small molecules known to interact with DNA.  

First, UV-Vis spectroscopy will be used in order to examine a series of titrations of each strand of 

DNA being added to a solution of eudistomin U.  When a small molecule binds to DNA through 

binding mechanisms such as intercalation or groove binding, spectral changes such as 

hyperchromic shifts will occur that are known to be concentration-dependent.21  Therefore, 

titrations of each strand into solution with eudistomin U followed by examination with UV-Vis 
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spectroscopy will be conducted in order to visualize such changes. In a recent paper, eudistomin 

U was subjected to a series of titrations of calf thymus DNA.14  While the reported experiments 

demonstrated a simple reaction between the natural product and DNA, the control of base pairings 

present in the proposed model strands will enable a more complete understanding of how the 

chemical structure of DNA relates to the binding of the target molecule.  Further, the comparison 

of the titrations using eudistomin U compared with known molecular intercalators such as harman, 

ethidium bromide and tilorone will provide even greater elucidation into the binding mode of the 

target molecule.  Assignment of eudistomin U as an intercalator may be possible if comparable to 

the response from known intercalators.   

Another method that will enable study of the molecular interaction between the natural 

product and the model strands of DNA is 1- and 2-dimensional NMR spectroscopy.  NMR 

spectroscopy has been instrumental in the elucidation the binding modes of several biologically 

active molecules known to interact with DNA.22-24  Depending on the type of covalent or non-

covalent interaction, the NMR spectrum of a DNA strand will be perturbed in the presence of a 

binding molecular agent.  Therefore, a study will be conducted involving the NMR spectroscopy 

of each model DNA strand complexed with eudistomin U compared to that of ethidium bromide 

and harman.  The change in spectral features will enable robust assignment of the effect of base 

pairing on the propensity of eudistomin U to bind, while also enabling a direct comparison to 

strong intercalating agents.  With the results of the two sets of proposed experiments, the strand 

exhibiting the strongest interaction with the natural product will allow the assignment of which 

base pairings are most hospitable to eudistomin U as an intercalator: A–T or C–G.  

As a contingency, if the previously described experiments provide little insight into the 

specific binding mode as a function of base pairing, a series of more general experiments will be 
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conducted, such as thermal denaturation.  It is known that small molecules affect the stability of 

DNA when complexed, and the change in melting temperature in the presence of a binding agent 

indicates the relative strength of a molecular interaction.25  This experiment provides insight into 

interaction strength, but does not account for the specific molecular processes responsible for the 

change in stability. 

Phase two will involve the synthesis of analogues of eudistomin U in order to investigate 

the effect of structure on binding to DNA.  As referenced above, the synthesis of members of the 

eudistomin family is a mature field with several reported syntheses.  Therefore, the proposed 

research will primarily utilize the shortest reported synthesis of eudistomin U reported by Roggero 

and coworkers (Scheme A.3)15, with a change in the boronic acid substrate in order to facilitate 

substitution at the C-2 position of the indole similarly reported by Pan and coworkers.17  The 

proposed synthetic sequence is presented in Scheme A.5. 
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Scheme A.5 Proposed synthetic plan towards an annulated eudistomin U derivative.  

Taking inspiration from both the synthetic plan disclosed by Roggero and coworkers,15 

along with the methodology reported by Pan and coworkers,17 the proposed synthetic plan will 

begin with tryptamine 5 being converted to lactam 6 through a Bischler-Napieralski cyclization.  

DDQ oxidation of 6 will afford pyridoindolone 7, which through reaction with triflic anhydride 

will give aryl triflate 8.  It is at this point that efforts will diverge from previously disclosed 

syntheses.  Suzuki cross coupling with N-acetylated indole-based boronic acid 9 will yield 

protected eudistomin 10.  Then, reaction with allyl bromide will yield the corresponding 

pyridonium indole 11.  Given that the pyridonium species will bear both a pendant olefin and 

indole that is unsubstituted at the C-2 position, the use of a C-2 specific indole coupling reaction 

will allow for the formation of annulated compound 12, which following deacetylation using 

NH4OH will afford the final annulated eudistomin U analogue 13.  Rationalization of the 
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selectivity of the iridium-catalyzed  C-2 substitution can be seen in Scheme A.6, in which 

oxidative insertion of iridium into the C-2 C–H indole bond will result in species 14 poised to 

direct the iridium substitution via the pendant acetyl group.    

Scheme A.6 Hypothesized selectivity of the iridium-catalyzed C-2 indole substitution. 

 

With the newly synthesized eudistomin analogue 13, the intended direction is to compare 

its binding affinity to wild type calf thymus DNA to that of unsubstituted eudistomin U. Having 

previously established the preferential binding to one of the model DNA strands in phase one, the 

use of wild type DNA will enable the evaluation of eudistomin binding under more natural 

conditions.  As in the case with phase one, the comparison of the annulated eudistomin analogue 

13 with known intercalators such as ethidium bromide and visualization techniques such as UV-

Vis, 2-dimensional NMR and, perhaps, a potential crystal structure of either the unsubstituted 

eudistomin U or its annulated analogue, will enable the concrete elucidation of the preferential 

binding mode of the natural product to DNA. 
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Summary and Conclusions 

 Eudistomin U is a b-carboline natural product with a unique and diverse biological activity 

profile, such as cytotoxic, antibacterial, antifungal and antiviral affinities.  Like many b-carboline 

alkaloids, it has been suggested that the primary mechanism of action for eudistomin U is its 

interaction with DNA.  However, the exact binding mode of the natural product is not well 

understood and has not been specifically elucidated.  In this proposed work, the demonstration of 

the binding mode of the molecule will be attempted, first through the assay of eudistomin U with 

idealized model strands of DNA, and the synthesis of an annulated analogue of the natural product, 

and their respective comparisons to known intercalating molecules, will enable a more complete 

depiction of its binding mode.  If successful, the proposed research will provide the first 

assignment of the binding mode of the molecule and will enable the more robust study of 

biologically-active and pharmacologically-relevant compounds in the future.   
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