
 
 
 
 
 
 
 
 

ABSTRACT 
 

New Insight into the Coordination and Reactivity of Hetero-Substituted Maltol and 
Method Development for Complex Mixture Analysis of Asphaltene 

 
Michael T. Spiegel, Ph.D. 

Mentor: Patrick J. Farmer, Ph.D. 
 
 

The metal complexes of maltol and its hetero-substitutions have a wide variety of 

bioinorganic applications. However, the latest addition to this family of molecules, 3-

hydroxy-2-methyl-4H-pyran-4-selenone (selenomaltol), had not previously had its metal 

complexes characterized. To remedy this, transition metal complexes were made using 

Fe(III), Ni(II), Cu(II) and Zn(II)  to characterize the homoleptic-complexes of 

selenomaltol and compare them to previously published maltol-like ligands. The 

selenomaltol complexes were found to be similar to thiomaltol complexes. In addition, 

new insights were gained into the redox chemistry of the thiomaltol and selenomaltol 

ligands, and the complexes of selenomaltol and thiomaltol were found to be more 

aromatic than the free ligand. 

The increased aromaticity of the complexes over the ligands was thought to be 

due to the complexes stabilizing the pyrylium resonance structure of hetero-substituted 

maltols. To explore if the free ligand exhibited this resonance, NMR spectroscopy and 

reactivity studies were performed. Polar solvents seemed to favor the pyrylium 



resonance, and significantly impacted the nucleophilicity of the hetero-substituted maltol 

ligands. This reactivity study led to the generation of the two new ligands 3-hydroxy-2-

methyl-4-(methylsulfanyl)pyrylium and 3-hydroxy-2-methyl-4-(methylselanyl)pyrylium. 

This new ligand class is of interest as it contains a stable pyrylium species, which can be 

used to generate a new family of ligands for use in bioinorganic chemistry.  

The second project explored was on the development of a new method for 

investigating asphaltenes, the heaviest and most problematic fraction of crude oil, by 

NMR spectroscopy and mass spectrometry. To study asphaltenes by mass spectrometry, 

we reacted a sample of asphaltene with elemental bromine (Br2). This was done to 

selectively substitute the aromatic protons on asphaltenes to probe their structure. The 

subsequent high-resolution mass spectra were visualized by Kendrick Mass Defect 

(KMD) plots. These reactivity studies showed fewer aromatic protons available to react 

than predicted by current models of asphaltene. To more accurately characterize the 

number of aromatic protons present, a new method for performing 1H NMR spectroscopy 

was developed, which removed paramagnetic materials from the sample.  
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CHAPTER ONE 

 
An Introduction to Maltol and Asphaltene Chemistry 

 
 

Maltol (3-hydroxy-2-methyl-4-pyrone, Scheme 1.1) is an FDA approved food 

additive with the odor of cotton candy and is commonly used as a flavor enhancer. It is 

also a bidentate metal chelator that is widely used in bioinorganic chemistry because of 

its high bioavailability and low toxicity.1 Hetero-substitutions of maltol, such as those 

shown in Figure 1.1, have been developed and used for a variety of bioinorganic 

applications.  

 

  

Figure 1.1 Structures of maltol, thiomaltol, dithiomaltol and selenomaltol 
 

The Orvig lab was responsible for much of the early examples of maltols use in 

bioinorganic chemistry, where vanadium maltol complexes were used to enhance insulin 

sensitivity in the treatment of diabetes.2 Since then, maltol has been used in the treatment 

of anemia3, and its ring N-substituted product named deferiprone has been used in the 

treatment of iron overload.4-5 Maltol itself has been shown to prevent enzymatic 

browning of food, and several of its derivatives have been found to inhibit tyrosinase, a 

Cu-oxygenase, purportedly by complexing with the metal ion active site.6  
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Thiomaltol (3-hydroxy-2-methyl-4H-pyran-4-thione) was first synthesized by the 

Viktor Hahns lab in 1969.7 The synthesis was later streamlined and used as a potential 

lead chelator by Cohen group8 and as a potential antifungal agent by Franz.9 The Farmer 

lab is currently investigating thio- and dithiomaltol for use in melanoma treatment.10-11 

Each of these applications take advantage of hetero-substituted maltols as metal 

chelators. 

Dithiomaltol (3-hydroxy-2-methyl-4H-thiopyran-4-thione) was first characterized 

by the Farmer lab12 and had its coordination and oxidation chemistry studied. The 

coordination chemistry of dithiomaltol was similar to that of thiomaltol. While studying 

the ligand oxidation of dithiomaltol, the expected oxidation of the sulfur did not occur. 

Instead, an unusual C-H activation of the methyl group was observed when the ligand 

was coordinated to a metal. This unusual reactivity was attributed to the aromaticity of 

the thiopyrylium resonance structure of the ligand, similar to the pyrylium structure seen 

in Scheme 1.1.13  

The most recent ketone derivative of maltol made is selenomaltol (3-hydroxy-2-

methyl-4H-pyran-4-selenone), which was first characterized by the Tejchman group in 

2008.14 However, despite the wide range of uses and studies for previously studied 

hetero-substituted maltols, the metal complexes of selenomaltol had not been studied. 

This may be due to the difficult original synthesis, as their selenating agent, P2Se5, is 

made in situ and required a lengthy purification. The second chapter of this dissertation 

focuses on a simpler synthesis of selenomaltol using commercially available starting 

materials, and the characterization of new selenomaltol coordination compounds. We then  
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Scheme 1.1 Maltol and its zwitterionic pyrylium resonance form. 
 

explore the increased aromaticity of the ligand when coordinated to a metal ion, and the 

ligand-based redox chemistry of these new complexes. 

 Maltol and other pyrone heterocycles have been suggested to have aromatic 

pyrylium resonance forms, as illustrated in Figure 1.1, which may affect the ligands 

reactivity. The pyrylium form of maltol has been studied computationally by Zborowski, 

who used various aromaticity calculations such as Nuclear Independent Chemical Shifts 

(NICS) and Harmonic Oscillator Model of Aromaticity (HOMA) to predict how 

predominant the aromatic pyrylium resonance structure was in gas phase calculations. 

Zborowski concluded that the pyrylium resonance form of maltol is not very significant 

in the neutral form of maltol, but it is significant in the protonated form of maltol.15 

The reactivity of the pyrylium form of maltol has been utilized by Pernak in the 

generation of ionic liquids.16 The pyrylium state of maltol has also been used by the 

various groups as an intermediate in the synthesis of 5+2 additions to the pyrone ring 

system.17-20 However, no isolable pyrylium forms of any hetero-substituted analogs have 

been reported. 

The third chapter focuses on the solvent dependence of pyrylium resonance forms 

in maltol and its hetero-substitutions and is characterized by NMR spectroscopy and 

reactivity studies. In addition, we utilize the enhanced pyrylium resonance forms of these 

derivatives to generate a new family of ligands. We expect these new ligands to be used  
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X = S, Se 
Figure 1.2 Suggested reactions for ketone substituted hetero-substituted maltols. 

as starting material, taking advantage of the pyrylium functionality to generate a variety 

of new ligand functionalities for use in bioinorganic chemistry, as shown in Figure 1.2. 

Complex Mixture Analysis of Crude Oil and Asphaltene 

Asphaltenes are a broad class of hydrocarbons, characterized as the n-heptane 

insoluble, toluene soluble fraction of crude oil.21 They consist of the heaviest components 

of crude oil, and consist of highly substituted polyaromatic rings.22 Previous studies show 

that these rings stack and aggregate, forming insoluble deposits that are difficult to 

remove during the processing and transportation of crude oil.23 The tendency for 

asphaltenes to aggregate out of solution has given rise to research into the general 

structure of asphaltenes, to better predict the behavior of these molecules. 
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Figure 1.3 Structures of asphaltene from an “island” model and an “archipelago” model.24 
 

 There are two general structures of asphaltenes that are accepted, the most 

commonly shown is the “island” model, as shown on the left in Figure 1.3. The Island 

model consists of one large central aromatic core with various aliphatic carbons attached. 

The alternative “archipelago” model is made up of multiple aromatic cores attached by 

alkyl bridges. The island model of asphaltenes is based on work from Yen and co-

workers, who used X-ray diffraction to model asphaltene structures.25 Since the early 

2000s however, asphaltene analysis by fluorescence depolarization,26 tandem MS/MS,27 

and molecular imaging28 has been used to demonstrate that the island structure is also 

significantly present in asphaltenes. Last, the molecular weight of asphaltene is generally 

accepted to be between 250 and 1250 g•mol-, with an average of 750 g•mol-.29 These 

values are from time resolved fluorescence depolarization30 and mass spectrometry 

studies.31   
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 Much of the current research on asphaltene attempts to understand their structure 

to better predict their reactivity. However, there have been relatively few attempts to 

utilize reactivity to probe the structure of asphaltenes. In the fourth chapter, we explore 

the reactions of asphaltenes, as well as crude oil and the n-heptane fractions of crude oil, 

with elemental bromine. Bromine was chosen because of its well understood reactivity 

with hydrocarbons, and its large mass defect. The latter attribute allowing for simple 

identification of and visualization of asphaltenes reactivity using Kendrick mass defect 

(KMD) plots to better elucidate the structure of asphaltene. 

 Kendrick mass is a redefinition of the unified atomic mass unit, or Dalton (u), 

from 12C (12.0000…) to any other mass, herein we use CH2 (14.0000…).32 Kendrick 

mass defect is the difference between the nominal/integer mass, and the observed mass. 

This difference comes from some elements being more mass deficient, such as bromine, 

which has a nominal mass of 79 or 81 (depending on the isotope) but has an observed 

mass of 78.918336 and 80.91629. Elements can also be mass proficient, for example 

hydrogen (1H) has a nominal mass of 1, but an exact mas of 1.007825. To better 

understand how Kendrick mass and the mass deficiency of a molecule can be used 

together as an example KMD plot is shown in Figure 1.4. 
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Figure 1.4 An example of a standard KMD plot between 380 and 420 kmu. The Y axis is 
a measure of a molecules “mass defect”, the higher on the plot the more mass deficient 
the analyte is. The size of a point correlates to signal intensity. 
 

These plots are a 2-dimensional way of showing mass spectra, with the X axis 

representing the “Kendrick mass” of a molecule and the Y axis being the molecules 

difference between its nominal (integer) Kendrick mass and its observed mass (its mass 

defect). Each point represents one of the molecules present in the solution, and the size of 

the point is respective to the signal intensity. The lines that move up diagonally, as shown 

by the triangle imposed on the plot, show the change for a loss of hydrogen. As the 

molecules in solution lose protons, which are mass proficient, the mass deficiency of the 

molecule goes up, and the mass goes down. Therefore, the trends shown move up and to 

the left. While still complicated, it is much easier to interpret data from a KMD plot than 

it would be from any raw data. 
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Figure 1.5 A typical asphaltene 1H spectrum with crude peak assignments of an 
asphaltene mixture from Ratawi-Burgan and Lower-Fars crude oil.33 

 

Last, to support the findings of the Br2 reactivity experiments, 1H NMR 

spectroscopy was attempted to identify the relative abundance of the functional groups 

present. Unfortunately, as seen in Figure 1.5, previous studies of asphaltene NMR 

spectroscopy display extensive line-broadening.33 Thus the resolution in these spectra is 

much too low to differentiate functional groups. 

 The poor quality of NMR spectra of asphaltenes has previously been attributed to 

their tendency to aggregate in solution, which inhibits their rotation within the 

spectrometer and cause the observed signal broadening.34 However, paramagnetic species 

such certain transition metal ions or organic radicals also cause broadening in the NMR 

spectra by shortening the signal relaxation time. These metal ions (such as Fe, V and Ni) 

and organic radicals are known to be in both crude oil and asphaltene.35-37 Therefore, the 

removal of these known paramagnetic compounds would drastically improve the 

resolution of asphaltene NMR spectra. The fourth chapter describes one method to 
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characterize the presence of such paramagnetic metal ions, and how to remove them from 

asphaltene mixtures. The resulting NMR spectra have significantly improved resolution, 

which allows for speciation of various chemical moieties within the asphaltene fractions. 

The data also correlates with the previous reactivity study conducted on asphaltene. We 

believe this methodology is widely applicable to introduce NMR spectroscopy and 

simple asphaltene reactivity as a method for studying the structure of asphaltene. 

 Chapter five contains a variety of additional experiments that are tangential to 

chapters 2 and 3. The synthesis and characterization of oxidized hetero-substituted 

maltols are described. Oxidized thiomaltol, 3-hydroxy-2-methylpyrylium-4-yl)sulfenate) 

(Htmao-O), was then explored as a potential ligand and reacted with Cu2+ and Zn2+, 

however the metal complexes observed lost the oxygen attached to the sulfur in Htma-O 

and formed the metal thiomaltol coordination product. In addition, other alkyl substituted 

thiomaltol synthesis were attempted, and 4-(butylthio)-3-hydroxy-2-methylpyrylium was 

formed and partially characterized. The oxidized product of selenomaltol described in 

chapter two was expanded upon, with the generation and EPR spectroscopy of the cation 

radical described. Last, disulfiram was reacted with Ag to form a new sulfur oxide donor, 

with less toxic counterions than those found in similar species.40-42 
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CHAPTER TWO 

Synthesis of First Row Transition Metal Selenomaltol Complexes 

This chapter is published as: “Spiegel, M. T.; Hoogerbrugge, A.; Truksa, S.; Smith, A. G.; 
Shuford, K. L.; Klausmeyer, K. K.; Farmer, P. J., “Synthesis of first row transition metal 

selenomaltol complexes,” Dalton Transactions 2018, 47 (27), 9030-9037.” 

Introduction 

Maltol, 3-hydroxy-2-methyl-4-pyrone (Hma), is a natural product commonly used 

as a food additive and useful bidentate metal chelator.1 Maltol complexes have been 

investigated for use in areas such as cell-labelling,2 dental care,3 radiopharmaceuticals,4

insulin mimetics,5–7 and enzymatic browning prevention.8 Over the past two decades, 

hetero-substituted maltols and their metal complexes have been studied for applications 

like antimicrobials,9,10 metalloprotein inhibition,10–12 anti-melanoma properties13 and 

chelation therapy.14 Previously our group has reported on the synthesis of the ligands 3-

hydroxy-2-methyl-4-thione (thiomaltol or Htma) and 3-hydroxy-2-methyl-4-thiopyran-4-

thione (dithiomaltol or Httma) and their metal complexes.13,15,16 A new addition to this 

family of chelates is selenomaltol, 3-hydroxy-2-methyl-4-selenone (Hsma), first reported 

in 2008.17 Despite the wide range of interest in the metal complexes of maltol and its 

hetero-substitutions, no metal complexes of selenomaltol have been reported. However, 

the ligand and its aromaticity has been studied by the Tejchman group, who suggested 

that the chelato-aromatic effect would occur in metal complexes of selenomaltol.18,19 We 

have developed a rapid, high-yield microwave synthesis of selenomaltol, which was used 

to generate the first homoleptic first row transition metal complexes of selenomaltol. 
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These new complexes have been characterized by X-ray crystallography, electronic 

absorption, NMR spectroscopy, EPR spectroscopy and cyclic voltammetry. To assess the 

compounds aromaticity after metal chelation computations of Nuclear Independent 

Chemical Shifts (NICS) were also done. These mixed O,Se chelating ligands are 

expected to find utility in a variety of bioinorganic applications such as heavy metal 

waste remediation.19 

 
Results and Discussion 

 
 
Improved synthesis of Hsma 

The previously reported synthesis of selenomaltol was via reaction of maltol with 

P4Se10 generated in situ from elemental Se and red phosphorus;17 the reaction took twelve 

hours to complete and required recrystallization in xylenes. Here we report a modified 

synthesis, in which maltol is treated directly with Woollins reagent, Scheme 1, and heated 

to 100 °C in a microwave reactor for thirty minutes. Extraction with hexanes and 

evaporation yields pure selenomaltol, (Hsma) as a red powder in 60% yield. 

Subsequently, crystals were grown from hexanes to confirm the structure by X-ray 

crystallography. 

 

 

Scheme 2.1. Modified synthesis of selenomaltol from maltol 
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Synthesis and structures of metal complexes  

Hsma was then reacted with a series of late first row transition metal ions to 

generate homoleptic complexes, Scheme 2. In a typical synthesis, a slight excess of Hsma 

in EtOH was added dropwise to an aqueous solution of the desired metal ion, resulting in 

precipitation. The precipitate was washed with water and hexane and dried via vacuum 

overnight to give the products Zn(sma)2 (1), Cu(sma)2 (2), Ni(sma)2 (3) and Fe(sma)3 (4).  

Scheme 2.2. Synthesis of metal complexes 

Single crystals of each complex were obtained by vapor diffusion of diethyl ether 

into CH2Cl2, and their structures were determined via X-ray crystallography, and are 

shown in Figure 2.1. The Zn(II) complex 1 has a distorted 4-coordinate tetrahedral 

geometry. Bond lengths are 1.97 and 2.43 Å for the Zn–O and Zn–Se bonds with a O1–

Zn–O3 angle of 120.0° and Se1–Zn–Se2 angle of 125.6°, almost identical to the 

analogous thiomaltol complex.20 The Cu(II) complex 2 is 4-coordinate with a trans 

square planar geometry, analogous to the previously published Cu(tma)2 complex.22 The 

bond lengths are 1.91 and 2.40 Å for the Cu–O and Cu–Se bonds, respectively. The O1–

Cu–Se1 bond angle within the ligand is 88.74°.  
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The Ni(II) complex 3 is also a four coordinate, square planar geometry, but in a 

cis configuration. The average Ni–O and Ni–Se bond distances are 1.88 and 2.28 Å, 

respectively. There is a slight distortion in the square planar conformation due to its cis 

geometry, with the Se1–Ni–Se2 bond angle 93.86° and the O1–Ni–O3 angle 85.81°. This 

distortion is slightly more pronounced than the analogous thiomaltol and maltol Ni 

complexes.21   

The Fe(III) complex 4 has an octahedral fac geometry analogous to the previously 

reported Fe(tma)3.21 The average Fe–O and Fe–Se bond lengths are 1.99 and 2.61 Å, 

respectively. The twist angle of the complex of 47.91° is slightly less than that reported 

twist angles for both the Fe maltol and thiomaltol complexes (48.2 and 50.43, 

respectively).21 

 

EPR characterizations  

The oxidation states of complexes 2 and 4 were investigated by electron 

paramagnetic resonance (EPR) spectroscopy, which allows comparisons of ligand field 

strength and electronic structural variations in transition metal ion complexes. As shown 

in Figure 2.2, the EPR spectrum of complex 2 displays the axial absorbance expected for 

a d9 square planar Cu(II) species. The analogous Cu(tma)2 EPR spectrum shows g ∥ = 

2.15 and g⊥ = 2.07, implying that Hsma is the weaker field ligand (Appendix A). The 

spectrum of complex 4 is characteristic of a d5 S = 3/2 system similar to the previously 

published Fe(tma)3 complex, which also has an octahedral fac geometry.22  
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Figure 2.1. Crystal Structures of Zn(sma)2 (1), Cu(sma)2 (2), Ni(sma)2 (3) and Fe(sma)3 
(4) from top to bottom.
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Figure 2.2. EPR spectra of crystalline powder sample of 2 taken at room temperature 
(top), and a frozen solution of 4 in toluene at 77 K (bottom). 
 
 
Absorption spectra 

Electronic absorption spectra for Hsma and its metal complexes are shown in 

Figure 2.3. Selenomaltol itself has absorbance bands at 287 and 399 nm, the latter 

resulting in selenomaltol’s bright red color. Zn(sma)2 and Cu(sma)2, complexes 1 and 2, 

do not share the same low energy transitions (>500 nm) of Ni(sma)2 and Fe(sma)3, 

complexes 3 and 4. These low energy transitions are attributed to ligand/metal charge 

transfer. In general, the absorption bands for these species are ca. 50 nm lower in energy 

than those of the analogous thiomaltol complexes,20,21 consistent with selenomaltolato 

being a slightly weaker field donor than thiomaltolato.  
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Figure 2.3. Comparison of normalized absorption spectra of Zn(sma)2 (1, line), Cu(sma)2 
(2, bold), Ni(sma)2 (3, dotted), and Fe(sma)3 (4, dashed) using the calculated molar 
extinction coefficient (L mol-1 cm-1) in CH2Cl2. Inset: The absorbance of Hsma over the 
same range. 

Cyclic voltammetry 

Redox properties of Hsma, 1, 2, 3 and 4 were assessed by voltammetry in 

anhydrous, anaerobic CH2Cl2 with 100 mM TBAHFP as an electrolyte. As seen in Figure 

2.4, Hsma undergoes irreversible oxidation ca. 0.8 V. All complexes 1–4 have similar 

oxidations at close to the same potentials, which suggests that all are attributable to the 

oxidation of ligand.  

Figure 2.4. Cyclic voltammograms of Hsma and complexes 1-4 in anhydrous CH2Cl2 
with 0.1 M TBAPF6 as the supporting electrolyte with Pt disc electrode, scan rate 100 
mV s-1. 
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Figure 2.5. HOMO occupancies of Hsma (top) and Ni(sma)2, (3, middle), and SOMO 
occupancy of Cu(sma)2, (2, bottom). 
 

 
Indeed, DFT calculations of free Hsma and diamagnetic complexes 1 and 3 

suggest that the Se lone pair are dominant in the HOMO of these complexes, Figure 2.5. 

Significantly, both the Cu(II) and Ni(II) complexes, 2 and 3, show chemically reversible 

oxidations at 0.76 V (Ep = 69 mV, ipa/Ipc of 0.735) and 0.74 V with (Ep = 86 mV, ipa/Ipc of 

0.748), respectively. The free ligand and the Zn(II) and Fe(III) complexes 1 and 4 display 

irreversible oxidations at very similar potentials, which suggests that all have significant 

Se character as above. For complexes 2 and 3, these oxidations are much more reversible 

than those reported previously for the analogous thiomaltol complexes (Appendix A), 

which may suggest significant M–Se delocalization.  

Additionally, the Cu(II) and Fe(III) complexes 2 and 4 undergo observable  

reductions. Complex 2 undergoes a quasi-reversible reduction at −0.51 V (ΔEp = 105 

mV, ipa/Ipc 0.569) which we attribute to Cu(II/I) couple; the large peak separation is 

characteristic of the expected reorganization from square planar Cu(II) to tetrahedral 
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Cu(I).23,24 Complex 4 undergoes a reversible reduction at −0.68 V (ΔEp = 59 mV, ipa/Ipc 

0.542), which we attribute to the Fe(III/II) couple; this reduction potential is somewhat 

more positive than those reported for Fe thiomaltol and maltol complexes.21 Thus the 

softer selenone chelate stabilizes the reduced state relative to thione or ketone chelates. 

 
NMR spectral characterizations 

In previous studies of thio- and dithiomaltol complexes, the downfield shifts of 

the vinylic protons in 1H NMR spectra were interpreted as increased aromaticity of the 

heterocycle, and found to be enhanced by chelation to metal ions.15,16 The apparent 

increase in aromaticity was attributed to the stability of the aromatic resonance structure 

when the ligand was bound to a metal, Scheme 2.3, which was also suggested to 

engender unique redox and photochemistry.  

 

 
Scheme 2.3. Resonance structures related to aromaticity. 

 
 

In selenomaltol, we believe the aromatic resonance form is stabilized due to the 

poor π bond between selenium and carbon.25 These changes should cause a shift in the 

NMR spectra and bond lengths of these complexes. As seen in Figure 2.6, Hsma appears 

to be slightly more aromatic than thiomaltol.13–15,20,21 However, spectra of complexes 1 
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and 3 exhibit opposite shifts of the vinylic protons in comparison to the free ligand, with 

1 shifting downfield and 3 upfield, as seen in Figure 2.6. These effects are also observed 

for the analogous thiomaltol complexes.20,21 But a contrary trend is seen in the 13C NMR 

spectra of Hsma and complexes 3 and 1, Figure 2.7. Specifically, the unique selenone 

peak moves from 186 ppm for Hsma to 172 and 175 ppm respectively for complexes 1 

and 3, consistent with greater shielding from the aromatic tautomer. Because of the 

discrepancy between the 13C and 1H NMR spectra, 77Se NMR spectroscopy was 

performed to directly probe the increase in electron density on the selenium, Figure 2.8. 

The 77Se peak of the free ligand is considerably shifted more upfield than one would 

expect of a selenone (∼700 ppm vs. 2000 ppm), closer to that of a selenoamide (Figure 

2.9).26 When complexed, the 77Se peak is shifted farther upfield, suggesting more 

electron- density on the selenium, as in the zwitterionic aromatic resonance structure 

shown in Scheme 2.3. 

 

 
Figure 2.6. 1H NMR spectrum in CD3Cl of the aromatic region of Hsma, Htma, and Hma 
from top to bottom. 
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Figure 2.7. 1H NMR spectrum in CD3Cl in the aromatic region of complex 1, 3 and 
Hsma. 

The greater 77Se peak shift in complex 1 vs. complex 3 is likely due to the Zn(II) 

ion being a better electron donor than the Ni(II) ion. Thus, there is good agreement 

between the 77Se and 13C NMR spectroscopic analysis, which counters that of the 1H 

NMR spectra, regarding the resonance structures of metal complexed ligands. 

Figure 2.8. 13C NMR spectrum of Hsma and complex 3 and 1. 
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Figure 2.9. 77Se NMR spectrum in CD3Cl of complex 1, 3 and Hsma. 

Other measures of aromaticity 

To further characterize the pseudo-aromaticity of the zwitterionic resonance form 

and its enhancement when complexed to a metal ion, several other approaches were 

investigated. Crystallographic data relating to alteration of double and single bonds 

within a heterocyclic ring can be used to distinguish delocalization and aromaticity.27 

Bond distances for C–Se and various C–C bonds within the ring system are shown in 

Table 2.1. As previously mentioned, the C–Se bond distances in Table 2.1 are longer than 

that expected for a C=Se double bond, especially when complexed to a metal ion.17,28  

Table 2.1. Select bond distances of Hsma and complexes 1-4 

C2-Se1 Å C1-C2 Å C2-C3 Å C3=C4 Å C1=C5 Å

Hsma 1.827(2) 1.421(3) 1.420(3) 1.344(3) 1.358(3)

Zn(sma)
2
 (1) 1.866(2) 1.425(3) 1.414(3) 1.348(3) 1.392(3)

Cu(sma)
2
 (2) 1.854(2) 1.416(3) 1.411(3) 1.348(3) 1.386(4)

Ni(sma)
2
 (3) 1.869(4) 1.408(5) 1.400(5) 1.354(5) 1.389(5)

Fe(sma)
3
 (4) 1.855(3) 1.426(4) 1.407(4) 1.344(5) 1.386(4)

The ring C=C double bonds are longer and the single bonds shorter when 

complexed, suggesting enhanced aromaticity in the complexed heterocycles, however the 

difference is not enough to be statistically relevant. A similar examination of the M–Se  
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Table 2.2. Predicted and observed M-Se bond lengths 

Complex  M-Se0,a Å M-Se2-,a Å Observed, Å 

Fe(sma)3 (4)  1.945  2.765  2.6114(6) 
Ni(sma)2 (3)  1.790  2.610  2.2799(6) 
Cu(sma)2 (2)  1.870  2.690  2.4002(2) 
Zn(sma)2 (1)  1.900  2.720  2.4246(3) 

aSum of ionic radii for metal ion and Se0 and Se2-.29,30 

bonds also implies the dominance of the zwitterionic resonance state shown in Scheme 

2.3. Table 2.2 compares the predicted ion bond lengths for metal-selenium bonds with the 

Se in the neutral and anionic form. 

As seen, the observed bond lengths are best matched by its reduced ionic radius, 

as would be seen for the zwitterion. Also note that the Fe(III) complex 4 displays the 

longest M–Se and M–O bonds, likely due to its high spin state. A computational measure 

of aromaticity is by nuclear independent chemical shift (NICS) analysis, based on the 

predicted magnetic shielding due to the aromatic ring current. The magnetic shielding can 

be calculated in the center of the ring, which is determined by the non-weighted mean of 

the heavy atom coordinates (NICS(0)iso) or at 1 Å above it (NICS (1)zz). Strongly 

negative NICS values are indicative of high aromaticity.31,32 Both NICS(0)iso and 

NICS(1)zz analysis were performed on free ligands Hsma, Htma, and Hma as well as on 

the Zn(II), Ni(II) and Fe(III) thio- and selenomaltolato complexes, Table 3.  
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Table 2.3. Nuclear independent chemical shifts (NICS) 

Complex  NICS(0)
iso   -NICS(1)

zz 

Hsma/Htma/Hma  -1.85/-1.65/-1.50  -8.96/-9.00/-5.77 
Zn(sma)

2
/(tma)

2  -3.41/-3.53  -12.95/-13.09 
Cu(sma)

2
/(tma)

2  -2.57/-3.42  -10.37/-12.27 
Ni(sma)

2
/(tma)

2  -4.22/-4.67  -14.12/-14.44 
Fe(sma)

3
/(tma)

3  -3.87/-4.04  -15.91/-16.43 
 
 
Of the free ligands, selenomaltol has a greatest degree of aromaticity for the 

NICS(0)iso measurement, but thiomaltol has the greatest aromaticity in the NICS(1)zz 

assessment. Likewise, the Ni(II) complexes have the greatest degree of aromaticity by 

NICS(0)iso, while the Fe(III) complexes the most aromatic by NICS(1)zz assessments. 

Overall, there is a significant increase in aromaticity for the metal complexes when 

compared to the free ligands, for both the thio- and selenomaltolato species. 

 
Conclusions 

A new high-yield synthesis of selenomaltol is described. The crystal structures of 

the homoleptic Zn(II), Cu(II), Ni(II) and Fe(III) complexes have been determined, which 

are the first reported for this unique chelator. The complexes exhibit analogous 

coordination geometries to previously reported thiomaltol complexes. Electrochemical 

properties found an unexpected reversible oxidation in the Ni and Cu species attributed to 

the ligand, which are subjects of ongoing research. Additionally, selenomaltol is being 

assessed as a heavy metal chelator for potential medical applications. 

 
Experimental 

Materials. Maltol, Fe(NO3)3·9 H2O, Zn(C2H3O2)2, and Ni(C2H3O2)2·4 H2O were 

purchased from Alfa Aesar and used as received. All solvents used, Woollins reagent, 
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Lawessons reagent and Tetrabutylammonium Hexafluorophosphate (TBAPF6) were 

purchased from Sigma-Aldrich. The thiomaltol ligand was prepared in a similar fashion 

to selenomaltol and its metal complexes were prepared using methods similar to 

previously published complexes (Appendix A).15,22 

Physical measurements 

Electronic absorption spectra were recorded with an Agilent 8453 diode array 

spectrophotometer. Microwave syntheses were carried out in a Discover SP microwave 

system. Mass spectra were obtained on a Thermo Electron Linear Trap Quadrupole 

Orbitrap Discovery mass spectrometer. NMR spectra were recorded on a 600 MHz 

Bruker NMR spectrometer.  

EPR spectral characterizations were recorded from solid polycrystalline samples 

of 2 and Cu(tma)2 and complex 4 at 77 K with an EMXplus EPR spectrometer. 

Conditions for 2: microwave frequency 9.86 GHz, microwave power 2.00 mW, 

modulation amplitude 4.00G, time constant 0.01 ms, sweep width 2000 G, sweep time 

20.0 ms. Conditions for 4: microwave frequency 9.47 GHz, microwave power 2.00 mW, 

modulation amplitude 4.00 G, time constant 0.01 ms, sweep width 6000 G, sweep time 

20.0 ms.  

Cyclic voltammetry experiments were performed using a CHI-760B potentiostat 

in dry-degassed CH2Cl2 with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

as the supporting electrolyte. The cells consisted of a platinum working electrode (3.0 

mm dia.), AgCl/Ag reference, and a coiled Pt auxiliary electrode. Measured potentials 

were corrected using a ferrocene standard, with Fe/Fe+ couples set to 229 mV vs. NHE. 

Crystallographic data was collected on crystals with dimensions 0.198 × 0.184 × 0.125 
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mm3 for Fe(sma)3, 0.136 × 0.089 × 0.020 mm3 for Ni(sma)2, 0.242 × 0.113 × 0.083 mm3 

for Cu(sma)2 and 0.404 × 0.141 × 0.101 mm3 for Zn(sma)2. Data was collected at 110 K 

on a Bruker D8 quest using Mo-K α radiation (λ = 0.71073 Å) radiation. The data was 

processed using the Bruker AXS SHELXTL software, version 6.10. Crystallographic 

parameters for structural determinations of selenomaltol, Fe(sma)3, Ni(sma)2, Cu(sma)2 

and Zn(sma)2 are given in the Appendix A. 

 
Computational details 

All calculations were done at the B3LYP/6-311+G(d,p) computational level using 

Gaussian09.31 For the NICS calculations, the GIAO method was used to calculate the 

magnetic shielding tensor of a ghost atom. Due to the systems being symmetrical, the 

NICS values for only one of the rings are shown. Firstly, the ring is aligned along the x 

and y-axes, so the face of the ring is in the z-direction. Next, a ghost atom is placed in the 

center of the ring either within the same plane (NICS(0)iso) or 1.0 Å above the ring 

(NICS(1)zz). A property of ghost atoms is that they will not interact with other atoms, so 

the NICS(0)iso and NICS(1)zz can be measured simultaneously. The NICS(0)iso 

represents the negative of isotropic shielding tensor, while the NICS(1)zz represents the 

negative of the tensor in the zz direction. All NICS values are in ppm. 

 
Synthesis of selenomaltol 

Selenomaltol was prepared by dissolving 0.4192 grams (3.324 mmol) of maltol in 

15 mL of anhydrous 1,4-dioxane in a 35 mL microwave reaction vessel. Woollins reagent 

(0.5650 g, 1.062 mmol) was added to the vessel, and the mixture heated in the microwave 

for 30 minutes at 125 °C. Water was added to the resulting black mixture. Extraction with 
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hexane produced a dark red organic phase, which yielded pure selenomaltol after hexane 

was removed via rotavap. The resulting red powder was washed with cold water and 

stored as a solid. The compound was crystallized via slow evaporation of hexanes top 

produce samples suitable for X-ray diffraction. Yield 0.3771 grams (60%). ESI MS: m/z 

(pos.) 190.9604 (M + H) (calculated: 190.9611). 1H NMR (600 MHz,CDCl3): δ 7.68 (d, 

1H), 7.55 (d, 1H), 2.30 (s, 3H), δ 7.83 (s, 1H).13C NMR (600 MHz, CDCl3): δ 186, 154, 

146, 145, 130, 16. 

Synthesis of Zn(sma)2 (1) 

A sample of Hsma (0.0610 g, 0.3194 mmol) was dissolved in 2 mL of ethanol to 

form a bright red solution. Zn(C2H3O2)2 (0.0293 g, 0.1597 mmol) was then dissolved in 3 

mL of deionized water and stirred under nitrogen. The selenomaltol mixture was added 

drop wise to the zinc solution, immediately forming a yellow precipitate. The solution 

was centrifuged, and the pellet washed with hexane twice to remove any excess 

selenomaltol. The flask was placed under vacuum to dry overnight and yielded 0.0467 g 

(79%) of an orange solid. The compound was crystallized in CH2Cl2 by vapor diffusion 

with hexane to produce samples suitable for X-ray diffraction. 1H NMR (600 MHz, 

CDCl3): δ 7.87 (d, 1H), 7.62(d, 1H), 2.56 (s, 3H). 13C NMR (600 MHz, (CD3)2SO): δ 

172, 161, 155, 146, 126, 17. ESI MS: m/z (pos.) 442.8263(M + H) (calculated: 

442.8279). 

Synthesis of Cu(sma)2 (2) 

A sample of Hsma (0.0627 g, 0.3316 mmol) was dissolved in 2 mL of ethanol. 

Cu(OAc)2 (0.0300 g, 0.1652 mmol) was then dissolved in 3 mL of deionized water and 
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stirred under nitrogen. The selenomaltol mixture was added drop wise to the copper 

solution, immediately forming a brown precipitate. An additional 10 mL of water was 

added to further facilitate precipitation. The resulting mixture was filtered and washed 

with 5 mL of hexanes twice and an additional 5 mL of deionized water. The solid was 

placed under vacuum to dry overnight and yielded 0.0511 g (70%) of a reddish-brown 

solid. The compound was crystallized in CH2Cl2 by vapor diffusion with diethyl ether to 

produce samples suitable for X-ray diffraction. ESI-MS: m/z (pos.) 441.8281 (M + H) 

(calculated: 441.8284). 

 
Synthesis of Ni(sma)2 (3) 

A sample of Hsma (0.0565 g, 0.2974 mmol) was dissolved in 2 mL of ethanol. 

Ni(C2H3O2)2·4 H2O (0.0367 g, 0.1477 mmol) was dissolved in 3 mL of deionized water 

and stirred under nitrogen. The selenomaltol mixture was added drop wise to the nickel 

solution, forming a dark purple precipitate. An additional 10 mL of water was added to 

further facilitate precipitation. The resulting mixture was filtered and washed with 5 mL 

of hexanes twice and an additional 5 mL of deionized water. The solid was placed under 

vacuum to dry overnight and yielded 0.0486 g (79%) of a black solid. The compound was 

crystallized in CH2Cl2 by vapor diffusion with diethyl ether to produce 

samples suitable for X-ray diffraction. 1H NMR (600 MHz, CDCl3): δ 7.50 (d, 1H), 7.42 

(d, 1H), 2.45 (s, 3H). 13C NMR(600 MHz, CDCl3): δ 175, 167, 154, 142, 124, 16. ESI-

MS: m/z(pos.) 436.8341 (M + H) (calculated: 436.8341). 
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Synthesis of Fe(sma)3 (4) 

A sample of Hsma (0.0631 g, 0.3338 mmol) was dissolved in 2 mL of ethanol. 

Fe(NO3)3·9 H2O (0.0433 g, 0.1073 mmol) was dissolved in 3 mL of deionized water and 

stirred under nitrogen. The selenomaltol mixture was added drop wise to the iron 

solution, immediately forming a black precipitate. An additional 10 mL of water was 

added to further facilitate precipitation. The resulting mixture was filtered and washed 

with 5 mL of hexanes twice and an additional 5 mL of deionized water. The solid was 

placed under vacuum to dry overnight and yielded 0.0561 g (84%) of a black solid. The 

compound was crystallized in CH2Cl2 by vapor diffusion with hexane to produce samples 

suitable for X-ray diffraction. ESI MS: m/z (pos.) 433.8255 (M +-sma) (calculated: 

433.8259). Anal. calc’d for H15C18Se3O6Fe: C, 34.87; H, 2.44. Found: C, 34.95; H, 2.47. 
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CHAPTER THREE 

 
Solvent-Dependent Enchantment of Pyrylium Resonance forms of Thio- and 

Selenomaltol 
 
 

Introduction 
 
 Maltol, 3-hydroxy-2-methyl-4-pyrone or Hma, and its derivatives shown in 

Scheme 3.1 has been used in a variety of bioinorganic applications such as insulin 

mimetics,1 antimicrobials,2 and other medicinal areas.3-6 In many applications maltol is 

thought to exist as its neutral resonance structure.  

 

 

Scheme 3.1 

 
However, these compounds may adopt a more delocalized aromatic resonance 

structure, resembling the pyrylium resonance shown in Scheme 3.2. These structures 

have been briefly studied before as intermediates in [5+2] cycloadditions7-8 and 

nucleophilic–ring opening–ring closure reactions.9  In addition, they have also been 

accessed by powerful acids, which allowed for the synthesis of new ionic liquids.10 Last, 

the pyrylium structure has been briefly studied computationally.11-13 However, each of 

these studies were conducted on maltol. There have been few examples of how the 

reactivity of the hetero-substitutions of maltol is affected by the pyrylium resonance 

structure.   
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Scheme 3.2 

There are two examples where, when chelated to a metal, the ligands 3-hydroxy-

2-methyl-4-selenone (selenomaltol or Hsma) and 3-hydroxy-2-methyl-4-pyrone

(dithiomaltol or Httma) seemed to display more of this aromatic resonance structure 

shown in Scheme 3.2.14-16 In the Httma complexes, an unusual C-H bond activation was 

observed during the oxidation of the complex. This led to the formation of an aldehyde 

on the methyl group, instead of the expected oxidation of the sulfur. This odd oxidation 

was attributed to the aromatic resonance form of the ligand, with a thiopyrylium-like 

reactive intermediate.17 In a more recent publication we saw similar evidence of an 

enhanced pyrylium resonance form when selenomaltol (3-hydroxy-2-methyl-selenone or 

Hsma) was chelated to various metal ions.14 In both of these cases, the cation of the 

chelated metals seemed to stabilize the aromatic resonance form of Httma and Hsma. 

Herein, we evaluate if polar solvents can have a similar effect on maltol and its hetero-

substitutions.   

Solvents of increasing polarity were used to take to characterize the solvents 

effect on Hma, Htma, and Hsma, 1H and 77Se NMR spectra where applicable. In addition, 

maltol and its hetero-substitutions had their nucleophilicity tested by reacting them with 

methyl iodide in polar and non-polar solvents. The reaction only occurred in acetonitrile 

and resulted in the generation of two new pyrylium salts: 3-hydroxy-2-methyl-4-
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(methylthio)pyrylium [(mtp)I] and 3-hydroxy-2-methyl-4-(methylselanyl)pyrylium 

[(msp)I]. These new products were characterized by X-ray crystallography, NMR 

spectroscopy and mass spectrometry. We suggest the increased understanding behind the 

pyrylium forms of maltol will allow facile access to the pyrylium states and may lead to 

similar reactivity in other heterocyclic systems. 

 
Results and Discussion 

 
Solvent Dependence 

 
Figure 3.1. Proton NMR spectra of the vinylic protons, H1 (left peak) & H2 (right peak), 
in (1) 50/50 mixture CD3CN/D2O (2) CDCl3 (3) C6D6.  

 

 The vinylic protons were monitored to evaluate which resonance form of maltol 

was favored, using benzene (dielectric constant of 2.27), chloroform (4.81) and an 

acetonitrile water mixture (58.1)18 as the solvents for NMR spectroscopy. Figure 3.1. As 

the solvents shift from the non-polar benzene solvent, to the slightly polar chloroform and 

polar acetonitrile/water mixture the vinylic protons are shifted downfield. This downfield 

shift is consistent with the more pyrylium like resonance structure.  The full list of vinylic 

proton peaks are shown in Table 2.1. 
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Table 3.1. Vinylic protons of Hma, Htma and Hsma. 

Solvent Hma Htma Hsma 
Benzene 6.50/5.91 6.78/6.17 7.14/6.26 

Chloroform 7.71/6.44 7.57/7.32 7.67/7.56 

Acetonitrile/Water* 7.89/6.49 7.80/7.30 7.80/7.68 

* 50/50 mixture of D2O and CD3CN
** The first number is H1 and the second is H2 as depicted on Scheme 1

As with the maltol example, there is a large downfield shift in the Hsma and Htma 

NMR spectra when the solvent polarity is increased. To better probe the effect the solvent 

has on the predominant resonance structure, 77Se NMR spectroscopy was used. This is 

because the selenoketone would exhibit a large shift upfield as more electron density is 

localized on it, as it adopts the aromatic pyrylium resonance structure. A shift of ~150 

ppm can be seen in Figure 3.2 as the solvent is changed from benzene to 

acetonitrile/water, which also suggests that the aromatic resonance structure is stabilized.  

Reactivity  

The increased electron density on the Se in the 77Se NMR spectra suggests 

selenomaltol, and perhaps thiomaltol and maltol, are more nucleophilic in polar solvents. 

To test if the solvent-dependent changes in charge on the hetero-substituent might lead to 

a difference in reactivity, the three molecules (Hma, Htma and Hsma) were reacted with 

methyl iodide (CH3I) in hexane and acetonitrile. 
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Figure 3.2. 77Se NMR spectrum of selenomaltol in various solvents. 

 

After 30 minutes at 65 °C both selenomaltol and thiomaltol react in acetonitrile, 

as shown in Scheme 3.3, generating stable pyrylium salts. No reactions were observed in 

hexane, which we attribute to the molecules adopting the neutral resonance structures in 

non-polar solvents. Under these conditions, maltol does not react in either solvent, which 

is likely due to oxygen being a less nucleophilic in comparison to sulfur and selenium.  

 
                            X = S, Se 

Scheme 3.3 

 
The new derivatives, 3-hydroxy-2-methyl-4-(methylthio)pyrylium [(mtp)I] and 3-

hydroxy-2-methyl-4-(methylselanyl)pyrylium [(msp)I] are air and moisture stable; both 
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were dried in air and washed with hexanes. The site of methylation is confirmed by the 

crystal structure, shown in Figure 3.3. 

Figure 3.3. Crystal structure of (mtp)I. The structure for (msp)I is similar and can be 
found in the Appendix B.   

A slight increase in ring bond-equivalence, a measure of aromaticity, is seen for 

both (msp)I and (mtp)I, compared with parent hetero-maltol in Table 3.2, as may be 

expected for a pyrylium salt. The individual bonds in the six-membered ring adopt more 

uniform bond distances, especially those adjacent to the hetero-substitution, however 

these are not statistically relevant from the free ligand (greater than 3 estimated standard 

deviations). A large elongation of the X=C bond (where X is Se or S) is also seen, closer 

to that of the expected single bond (C-S 1.81 Å, C-Se 1.98 Å). When compared to 

previously reported Zn, Cu, Ni and Fe complexes, (msp)I and (mtp)I are almost identical 

to that of the respective metal complexes, indicating similar pyrylium-like resonance 

forms. Additional crystallographic information is available in Appendix B. 
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Table 3.2. Bond length study of Htma and Hsma in comparison to (mtp)I and (msp)I
Compound C3=X C3-C4 C2-C3 C4=C5 C1=C2 C5-O C1-O 

Htma 1.677(1) 1.430(2) 1.426(2) 1.363(2) 1.345(2) 1.360(2) 1.345(2) 

(mtp)I 1.720(4) 1.418(5) 1.406(5) 1.366(5) 1.353(5) 1.355(4) 1.341(5) 

Hsma 1.827(19) 1.421(3) 1.420(3) 1.344(3) 1.358(3) 1.340(3) 1.355(2) 

(msp)I 1.871(3) 1.415(4) 1.398(4) 1.355(4) 1.370(4) 1.337(4) 1.345(3) 

*atom labeling is consistent with those labeled in Figure 3.3.

Experimental 

Materials 

Maltol was purchased from Alfa Aesar and used as received. All solvents used, 

Woollins reagent, Lawessons reagent and methyl iodide were purchased from Sigma-

Aldrich. Thiomaltol and selenomaltol were prepared using previously published methods. 

Physical measurements 

Electronic absorption spectra were recorded with an Agilent 8453 diode array 

spectrophotometer. Microwave syntheses were carried out in a discover SP microwave 

system. Mass spectra were obtained on a Thermo Electron Linear Trap Quadrupole 

Orbitrap Discovery mass spectrometer. NMR spectra were recorded on a 600 MHz NMR 

spectrometer.   

Crystallographic data was collected on crystals with the dimensions 0.216 x 0.078 

x 0.051 mm3 for msp-I and 0.331 x 0.072 x 0.045 mm3 for (mtp)I. Data was collected at 

110 K on a Bruker D8 quest using Mo–K (λ = 0.71073 Å) radiation. The data was 

processed using the Bruker AXS SHELXTL software, version 6.10. Crystallographic 

parameters for structural determinations of (mtp)I and (msp)I are given in the Appendix 

B. Crystals were grown using vapor diffusion with ether into methanol.
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Synthesis 3-hydroxy-2-methyl-4-(methylselanyl)pyrylium Iodide [(msp)I] 

Methylated selenomaltol (C7H9O2Se) was prepared by dissolving 0.305 g (1.614 

mmol) of selenomaltol with 1.01 mL (3.12 mmol) of CH3I in acetonitrile. The reaction 

was done at 60 °C for 30 minutes heated via microwave. The subsequent evaporation of 

the solvent by rotovap and washing with hexane yielded 0.320 g (60%) of the dark red 

product methyl-selenomaltol. ESI MS: m/z (pos.) 204.9730 (M+) (calculated: 204.9768). 

In methanol-d4 1H NMR (600 MHz, CDCl3): δ 8.74 (d, 1H), 8.06 (d, 1H), 8.06 (d, 1H), 

7.92 (s, 1H), δ 2.75 (s, 3H), δ 2.71 (s, 3H). 77Se (600 MHz, CDCl3): δ 342. Crystals were 

grown in chloroform with hexane diffusing into solution. 

Synthesis of 3-hydroxy-2-methyl-4-(methylthio)pyrylium Iodide [(mtp)I] 

Methylated thiomaltol (C7H9O2Se) was prepared in a similar fashion to (msp)I. A 

sample of 0.506 g (3.563 mmol) of thiomaltol was reacted with 2.22 mL (6.86 mmol) of 

CH3I in acetonitrile. Subsequent evaporation of the solvent and washing with hexane 

yielded 0.506 grams (50 %) of the dark red product methyl-thiomaltol. ESI MS: m/z 

(pos.) 157.0317 (M +) (calculated: 157.0323). In acetonitrile-d3 1H NMR (600 MHz, 

CDCl3): δ 8.66 (d, 1H), 7.75 (d, 1H), 2.84 (s, 3H), δ 2.74 (s, 3H).  

Conclusions 

Reactivity studies and NMR spectroscopy of maltol and similar hetero-substituted 

species show different resonance structures depending on the polarity of the solvent used 

to dissolve the molecule. The greater nucleophilicity of thiomaltol and selenomaltol in 

MeCN shown in the aforementioned reactivity studies led to the generation of new stable 

pyrylium compound (mtp)I and (msp)I, which are moisture and air stable. We expect 
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these new stable pyrylium species will find use in the bioinorganic and synthetic 

community, and perhaps similar reactivity and resonance stabilization may be found in 

other analogous ring systems such as flavanols. 
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Introduction 
 

Crude oil is a complex mixture of hydrocarbons with a variety of functional group 

variations, including various hetero-substituents, such as oxygen, sulfur, and metals.1 The 

heptane-insoluble, toluene-soluble fraction of crude oil is known as the asphaltene 

fraction, which contains the heaviest components of crude oil, generally with the highest 

boiling points.2,3Asphaltenes contain highly substituted, polyaromatic rings that stack and 

aggregate, forming sediments that are typically removed during the processing of crude 

oil to increase the ease of handling of the remaining oil fractions.4−6 Because of the 

complexity of asphaltene samples, it is difficult to efficiently prevent premature 

aggregation. Therefore, a better understanding of the chemical structures present in 

asphaltene samples could help minimize their adverse effects on industrial processes.1-7 

Although significant contributions have been made to elucidate structures of 

asphaltenes to predict their reactivities, there has been comparatively little work done to 

use the reactivities of asphaltenes to characterize their reactivities.8,9 For instance, analyte 

tagging with mass deficient reagents can be used for functional group identification.10 

Elemental bromine (Br2) is a particularly useful mass deficient tag for probing the 
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reactivities of asphaltenes because the reactivity of Br2 with hydrocarbons is well-

known.11 Moreover, Br2 is well-suited for mass spectrometry (MS) analysis of crude oil 

fractions because it is an easy to introduce reactant (i.e., it is a liquid that is miscible with 

both toluene and n-heptane solutions), provides a distinct isotopic pattern (i.e., two peaks, 

at roughly 51% and 49% relative abundances with an ∼2 m/z separation), and introduces 

a mass deficit (i.e., the lower mass isotope of bromine is 78.9183 amu instead of the 

nominal 79 amu, a difference of -0.0817 amu).  

As shown in Scheme 4.1, there are three main pathways that Br2 can react with 

organic molecules: (1) addition to an unconjugated double bond, (2) free radical 

bromination, (3) and electrophilic aromatic substitution (EAS).11−15Asphaltenes lack 

unconjugated double bonds, and hence, bromine addition reactions should not occur.2 

Free radical bromination requires ultraviolet (UV) light to generate free radicals and, 

thus, can be avoided via an opaque container. Therefore, EAS is expected to be the 

primary reaction resulting from the addition of Br2 to asphaltenes under dark conditions.  

Kendrick mass defect (KMD, or difference from the nominal mass) analysis is a 

data visualization technique in MS for “mass-deficiency-based” compound or 

hydrocarbon classification that is useful for analysis of complex samples, including crude 

oil fractions.16−19Although highly useful for observing differences between the mass 

spectra of complex samples, KMD has not been widely used to probe chemical 

reactivities of crude oils via mass deficient derivatization agents. “Labeling” via Br2 

electrophilic aromatic substitution predictably alters analytes in both the mass and mass 

deficiency dimensions and can move signals of reactive molecules from the congested 

regions of Kendrick plots.17 Moreover, the distinctive isotopic pattern of Br2 makes KMD 
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plots especially useful for visualizing the extent of a molecule’s reactivity toward Br2 (via 

number of additions of Br).  

Besides MS, other analytical methods, such as nuclear magnetic resonance 

(NMR) spectroscopy and electron paramagnetic resonance (EPR) spectroscopy, have 

been used to interpret the speciation of crude oil fractions.32−39 Typically, NMR spectra of 

crude oil fractions contain significant line broadening from aggregation and stabilized 

free radicals that hinder data interpretations.20 In addition, the asphaltene fraction may 

contain paramagnetic metals, which can cause further line broadening.3 EPR 

spectroscopy has previously been employed in studying these unpaired electrons in crude 

oil21−23 but has not been used to compare the influence of metal ion content on crude oil 

NMR spectra.  

 
Scheme 4.1 
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Herein, we report results from KMD analysis of the crude oil product mixtures 

following bromination of the heptane and asphaltene fractions of West Texas crude oil. 

Additional details on chemical speciation are reported for 13C/1H NMR and EPR spectra 

of the crude oil fractions. We also demonstrate that a simple column purification 

dramatically reduces the paramagnetic content of the asphaltene fraction and enables 

NMR spectral analysis to provide characterization and quantification of a range of 

chemical functional groups within an asphaltene sample.  

Experimental Section 

All reagents and solvents were purchased from Sigma-Aldrich Chemical Co. (St. 

Louis, MO, U.S.A.). Unless otherwise noted, chemicals were used without further 

purification. Light crude oil (West Texas blended oil that is paraffin-based) samples from 

Texas Crude (Midland, TX, U.S.A.) were purchased for complex mixture analysis.  

Asphaltene and n-heptane fractions of the crude oil were prepared following the 

IP 143/01 method.24 Briefly, crude oil was mixed with n-heptane at a volume by volume 

ratio of 1:30 oil:n-heptane. The mixture was refluxed for 60 minutes at 150 °C and then 

sealed and allowed to cool for 90 min in the dark to avoid photo-reactivity. Once cooled, 

the mixture was filtered through a Büchner funnel. The material that remained on the 

filter was washed with 70 °C n-heptane. The filtrate (hereafter referred to as then-heptane 

fraction) was collected and stored at 0 °C. Toluene at 70 °C was then used to dissolve the 

asphaltenes collected on the filter frit into a clean flask (hereafter referred to as the 

asphaltene fraction). An aliquot was taken of each asphaltene and n-heptane fraction and 

evaporated to yield concentrations of 70 mg mL−1 of asphaltenes in toluene and 250 mg 

mL−1of solid in then-heptane fraction. A sample from each fraction was diluted with 
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toluene to 0.25 mg mL−1 and brominated (under dark conditions in glass amber vials that 

had been wrapped with aluminum foil to prevent any free radical bromination) with 5 μL 

of elemental bromine (with an approximate mole ratio of 1:200 asphaltene/Br2, with the 

rough assumption of 500 g mol−1for an average asphaltene molecular weight). The 

resulting mixtures were analyzed by Orbitrap MS after 30 min of reaction time.  

Additionally, a silica gel gravity column separated asphaltene solution was 

generated by passing 10 mg of dried asphaltene sample through a 1” diameter and 3”. 

long glass column packed with 3 g of silica gel [using 0.06−0.20 mm outer diameter 

(OD) silica beads]. The column was packed by making a toluene and silica gel slurry and 

quickly adding the resulting slurry to the column [using∼2:1 (v/v) ratio of toluene/silica]. 

The resulting silica gel column was washed with 50 mL of high-performance liquid 

chromatography (HPLC)-grade toluene. After loading 1.0 mL of asphaltene solution (at 

10 g L−1 dissolved toluene), three sequential eluents were used to purify the asphaltenes: 

(a) 50 mL of toluene, (b) 50 mL of methanol, and (c) 50 mL chloroform. The flow rate 

for the column was roughly 1 drop (∼0.05 mL) per 2 s. All resulting solutions were 

combined, and the solvents were removed via rotovap at∼25°C. The resulting solid was 

put under vacuum (∼5.0×10−3 torr) for 24 h to ensure complete solvent removal, 

yielding∼9.0 mg of silica-column-treated asphaltenes. 

 
Sample Preparation for inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
Analysis 
 

For ICP−MS analysis, pre- and post-column samples were prepared from non-

brominated asphaltene solutions using an “emulsion breaking” method adapted from 

Cassella et al.25 In brief, 1 mg of asphaltenes (for both the pre- and post-column ICP−MS 
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samples) was dissolved in 10 mL of toluene. A total of 2 mL of an acidic Triton-X114 

solution was added to 1 mg of both asphaltenes in 10 mL of toluene solution, vigorously 

shaken for 30 min, and then placed on a roller mixer for 60 min. No true emulsion 

formed in either solution (because the toluene and aqueous fractions were observed to 

separate after ∼1 min of no mixing). The two mixtures were centrifuged at 10,000 rpm 

for 10 min. The acidic, aqueous subnatant of each solution was carefully removed via 

pipet and analyzed without dilution using ICP−MS (details discussed below). 

Instrumentation 

For KMD plots, MS measurements in positive-ion mode were carried out using an 

Orbitrap Discovery mass spectrometer equipped with an atmospheric pressure photo 

ionization (APPI) source (ThermoFisher Scientific, Waltham, MA, U.S.A.). Sample 

solutions were infused at a rate of 5 μL min−1 with nitrogen as the sheath gas. The 

optimized APPI conditions were as follows: ion spray voltage, 5 V; capillary 

temperature, 275°C; and tube lens voltage, 110 V. For metal analysis, an Agilent 

Technologies (Santa Clara, CA, U.S.A.) 7900 ICP−MS was used in positive-ion mode 

and a flow of 9.5 L min−1 Ar gas. The radio frequency (RF) power was set to 1550W, and 

the nebulizer pump was set to 0.10 rotations per second (rps). An internal standard 

solution of 7Li, 89Y, and 205Tl was carried concurrently to the samples (with one of the 

nebulizer pump lines). Analogous to other experiments reported here, method blanks 

were used in between the pre- and post-column samples to avoid carry over.  

1H, distortionless enhancement by polarization transfer (DEPT) 13C, and 13C 

NMR spectra were recorded on an Ascend 600 MHz NMR spectrophotometer (Bruker, 

Billerica, MA, U.S.A.) at 298 K and referenced to chloroform (7.26 ppm for 1H and 
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77.23 ppm for 13C). The spectral widths for the 1H and 13C NMR spectra analyses were 

∼20.03 and ∼240.05 ppm, respectively. The averaged number of scans for proton and 

carbon NMR spectra were 32 (Figure 3) and 10,000 (Figure 4), respectively. The 

excitation pulse widths for the 1H and 13C NMR spectra were 12 and 10 μs, respectively.  

EPR spectra were recorded on an EMX Plus spectrometer (Bruker, Billerica, MA, 

U.S.A.). The center field was 3200 G with a sweep width of 6000 G and sweep time of 

60 s for 20 averaged scans. The microwave frequency was 9.85 GHz. 

 

 

Figure 4.1. KMD plot of the unreacted (blue) and brominated (red) n-heptane fraction 
from 300 to 400 KM units. Doublet peaks associated with Br-R species, as described in 
the text, are highlighted in the inset black box. The two points circled in red highlight a 
representative bromination event. The red, green, and black arrows point to observed KM 
and KMD shifts with the substitution of H for NH, O, and CH2, respectively. 
 
 

Results and Discussion 

 CH2-based KMD plots were generated by redefining the masses of the observed 

analytes in the original mass spectrum from C to CH2 given by equation 4.1; these 

Kendrick mass (KM) values were used to form the x axis of the KMD plot.17 KMD (the 

difference between nominal mass and KM) is plotted as a function of the KM. Sizes of 

the points in the KMD plot of Figure 1 are correlated to relative abundances of peaks. 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1 𝐾𝑒𝑛𝑑𝑟𝑖𝑐𝑘 𝑚𝑎𝑠𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑚𝑎𝑠𝑠  𝑥
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝐻

𝐸𝑥𝑎𝑐𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝐻

Figure 4.2. KMD plot of the unreacted (blue) and brominated (red) asphaltene fraction 
from 250 to 400 KM units. Doublet peaks associated with Br-R, as described in the text, 
are located in the boxed region. 

Scheme 4.2 

The KMD plots of the pre-bromination (blue) and post bromination (red) n-

heptane fractions generated from two separate mass spectra are overlaid in Figure 4.1. 

For clarity, only the zoomed-in area between 300 and 400 KM units is shown. The full 

KMD plot of each sample is included in the Supporting Information as well as a similar 

“zoomed-in” crude oil figure (Appendix C1-4). Each diagonal line defines various 

polyaromatic hydrocarbons with decreasing saturation, with the lower abundance chains 

containing various hetero-substitutions. Brominated species (Br−R) are identifiable by 
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apparent “doublet” peaks as a result of the near equal natural abundance of 79Br and 81Br 

isotopes with double and triple brominations seen as “triplets” and “quartets”, 

respectively. The two points circled in red are a representation of a bromination showing 

the change in mass and mass defect from a specific point. The red, green, and black 

arrows show the shift in KM units from NH, O, and CH2 replacing H, respectively. In the 

n-heptane fraction, only single brominations (highlighted by the black box) are observed.

Smaller aromatic species are less likely to undergo substitution reactions, which 

agrees with previous studies that indicate that the aromatic species in the n-heptane 

fraction are smaller than that of asphaltenes.26,27 Bromine substitution does not occur 

until ∼0.11 mass deficiency (corresponding to a loss of ∼16 protons from a pure CH2 

chain). This is due to Br2 substitution occurrence only on larger aromatic systems (in the 

absence of a catalyst or UV light). In addition, the majority of brominations in the n-

heptane fraction occur from non-heterosubstituted species.  

Pre- and post-bromination KMD analysis was also performed on the asphaltene 

fraction in Figure 4.2. The asphaltene fraction (relative to n-heptane fraction) undergoes 

more extensive brominations. The Br−R species in the asphaltene fraction displayed 

mostly single and some double substitutions (no asphaltene species was observed to 

brominate more than 3 times). Substitution occurs at the same mass deficiency (∼0.11) as 

the n-heptane fraction. The majority of brominations come from non-heterosubstituted 

polyaromatics, but some arise from heterosubstituted species. The lack of substitution 

from hetero-substituted asphaltenes is presumed to be due to the electron-withdrawing 

nature of heteroatom-containing functional groups.  
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To better understand the extent of asphaltene bromination, benzo[a]pyrene (BP, 

252.31 g mol−1) was added as an internal standard to the asphaltene samples and its 

brominations were compared to other asphaltenes. Although BP has 12 potential 

bromination sites, based on the interpretation of the KMD plots (Appendix C5 of the 

Supporting Information), only first, second, and third brominations were observed; this 

level of bromination for BP (up to three, as shown in Scheme 4.2, in any position) is 

higher than the number of brominations observed for other asphaltenes in the asphaltene 

fraction (especially for asphaltenes of similar masses). In a separate MS experiment, it 

was confirmed that BP did not react with asphaltene and remained intact within the 

asphaltene mixture. The lack of triple brominations of the asphaltenes may be attributed 

to a deactivation of the ring system, recruitment into larger aggregates, steric hindrance, 

or general lack of aromatic protons. Two other possible explanations for the lack of triple 

brominations of the asphaltenes are a lack of available bromine atoms for substitution and 

slow Br2 EAS reaction kinetics. However, the ∼200:1 mol ratio of Br2/asphaltenes 

(discussed in the Experimental Section) means that there should be enough Br atoms to 

substitute more than three aromatic protons on each asphaltene. Additionally, BP 

brominated multiple times (i.e., up to 3 times) given the same reaction time and 

conditions (i.e., 30 min with Br2 in dark conditions, with a toluene solvent, present in a 

solution of other asphaltenes) as the asphaltene fraction. Therefore, it appears (although it 

is not certain) that the substitution is not kinetically limited.  

NMR spectroscopic analysis was performed to verify the specific reason that 

higher numbers of brominations were not observed (because NMR spectroscopy might 

provide evidence for steric hindrance, lack of available aromatic protons, etc.). 
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Additionally, to better understand the structural makeup of asphaltenes and characterize 

their functional groups, the NMR spectra of fractionated crude oil samples (i.e., 

toluene/asphaltene and n-heptane/non-asphaltene fractions) were compared. The initial 

intent was to investigate the relative abundances of aromatic protons present in the 

asphaltene by obtaining ratios of aromatic to non-aromatic protons, a rough measure of 

alkyl versus aromatic content.28−30 However, as previously reported,28,29 because of the 

significant line broadening observed in 1H NMR spectra of asphaltenes (presumably 

because of potential aggregation and/or the presence of paramagnetic organic radicals 

and transition metal ions in crude oil samples), NMR spectra provide limited information 

for complete structural characterization.  

It is well documented that asphaltenes contain a variety of organic radicals and 

paramagnetic metal ions, such as V, Ni, and Fe species.3,21−23 As seen in Figure 3, EPR 

spectra of the asphaltene fraction shows a sharp absorbance at g = 2.00 (where g is the “g 

tensor” of EPR spectra),31 attributable to organic radicals, and a broader signal at g = 

2.29,  attributable to paramagnetic metal ions, similar to previous characterizations of 

asphaltene.23,32,33  
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Figure 4.3. (Left) EPR spectra and (right) 1H NMR spectra of (top) pre-column cleanup 
and (bottom) post-column cleanup asphaltenes in a 10mg mL-1 CDCl3 solution. Labels in 
lower right 1H NMR spectrum show assignments of peaks to (a) aldehyde or carboxylic 
acid, (b) aromatic (also solvent CDCl3), (c) phenolic, (d) OH/NH, (e) amine-substituted 
CH2 and CH3, (f) carbonyl- and benzyl-substituted CH3, (g) alkyl-branched CH2 and CH, 
and (h) terminal CH3 protons. 

To remove the paramagnetic metal ion species detected by EPR spectroscopy, a 

short column purification on silica gel was performed that resulted in dramatically 

improved 1H NMR spectral resolution, as seen in Figure 4.3. This sample cleanup 

resulted in a loss of ∼10% of asphaltene mass (from 10.0 mg of precolumn to 9.0 mg of 

recovered post-column). ICP−MS analysis was performed on the asphaltene fractions 

pre- and post-column and showed a 95% reduction in all paramagnetic signals studied, 

including a 98% reduction of Fe, the most abundant paramagnetic species. Thus, the 10% 
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loss in mass is attributed primarily to paramagnetic and other metal-ion containing 

species. For further information, including results from ICP−MS analyses of the pre- and 

post-column asphaltenes, the reader is referred to Appendix C6 of the Supporting 

Information. To determine if sample complexity was retained post-column, mass spectra 

were reacquired for the post- column fraction and did not show any loss in complexity 

(see Appendix C7 and C8 for Supporting Information).  

The post-column 1H NMR spectra showed a dramatic increase in resolution that 

allows for the identification of a variety of functional groups present in the asphaltene 

mixture. The relatively narrow line widths of the NMR spectra of cleaned samples are 

likely due to the loss of paramagnetic species and reduced aggregation (with the loss of 

only ∼10% mass based on the weighing of samples before and after the column cleanup 

procedure).  

As assigned in Figure 4.3 (post-column NMR spectrum), a small peak near 10 

ppm (labeled as “a”) indicates the presence of aldehydes or carboxylic acids. Well-

defined aromatic peaks (labeled as “b”) are observed between 7 and 8 ppm; the lack of 

peaks between 8 and 9 ppm in Figure 4.3 suggests that few N-substituted pyridine-like 

heterocycles are present. This is not surprising because the studied asphaltene species 

between 8 and 9 ppm would most likely be bound to metals and, thus, lost in the column 

(contributing to the observed 10% mass loss after the cleanup). The peak at ∼5.3 ppm 

(labeled as “c”) is indicative of phenolic alcohols. This region is also attributable to 

unconjugated double bonds, but the absence of Br2 addition in mass spectra (i.e., addition 

of two bromines across a double bond) discounts this possibility. Non-aromatic NH and 

OH peaks between 3 and 5 ppm (labeled as “d”) are in much lower abundance but 
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observed. NR2 (where R is any alkane) protons are also present (labeled “e”). A high 

abundance of carbonyl and benzylic protons are present (labeled as “f”), indicating that 

there are likely many alkyl groups attached to the aromatic core. Lastly, the branching 

CH and CH2 species (labeled as “g”) and terminal CH3 protons are observed between 0 

and 2 ppm (labeled as “h”). Most of these protons are branching, instead of the terminal 

CH3, meaning that the aromatic cores within asphaltenes are highly substituted.  

Using peak integration of the assignments above yields estimates of proton content 

percentages provided in Table 1; aliphatic −CH1/2/3 peaks make up the majority of all 

observed  1H signals, at ∼65%. The quantification of aromatic protons, ∼10%, is 

complicated by subtraction of the solvent CDCl3 peak but in good agreement with 

previous estimates.34−38 The lack of aromatic protons coupled with the extensive 

branching found in the NMR spectra analysis correlates well with our MS results and 

KMD tagging studies. The lack of multiple brominations is likely caused by the steric 

hindrance of the branched alkanes or deactivation of the aromatic core by electron-

withdrawing functional groups. 

Table 4.1. Relative speciation of protons by NMR spectra peak integration 
peak assignment percentage

 -C(O)H 0.21 
 Ar-H 10.24 

 Ar-OH 3.02 
 -OH and -NHx 4.13

 N-CH2/3 7.47
 C(O)CH2/3 and Ar-CH3 9.84

 -CH2 and -CH 40.97 
 -CH3 24.12 

aAs per refs 36-42. bBy integration of the assigned area under assigned 1H  
NMR spectrum peaks, as a percentage of the total. 
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The 13C NMR spectrum of the column-purified asphaltene sample is shown in 

Figure 4.4; this cleaned-up asphaltene also shows enhanced spectral resolution not 

attainable for unpurified samples. As above, downfield peaks between 160 and 200 ppm 

can be attributed to the presence of aldehyde, carboxylic acid, and ester carbons (labeled  

 

 
Figure 4.4. 13C NMR spectrum of the column-purified asphaltene sample. Labels show 
assignments of peaks to (a) aldehyde or carboxylic acid, (b) ester, (c) aromatic, (d) 
solvent (CDCl3), (e) N- or O-substituted, (f) branched CH2 and CH, and (g) terminal CH3 
carbons. 

 
 

as “a” and “b” in Figure 4.4). Similar to the 1H spectrum shown in Figure 4.3, the 

aromatic species are not as deshielded as possible (labeled as “c”); this suggests a lack of 

heteroatom substitutions within the aromatic cores. Various other non-aromatic carbons 

attached to amine or ether functional groups above 50 ppm are also observed in 13C NMR 

spectra (including the peak labeled as “e” in Figure 4.4), consistent with the NR2 species 

seen in the 1H NMR spectra of Figure 4.3. Similar to 1H NMR spectra, more branching 

carbons, region “f” in Figure 4.4, are observed than terminal CH3 carbons, region “g”. In 

addition, DEPT-135 carbon experiments were performed (Appendix C9-12), and results 

agree with MS and 1H and 13C NMR spectroscopic data. These DEPT−NMR spectra 
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assist in identifying many quaternary carbons (carbons with no protons attached) in the 

alkane region (labeled as “f” in Figure 4.4), from 15 to 60 ppm (e.g., Figure 4.4 and 

Appendix C10 of the Supporting Information), suggesting extensive alkyl branching. 

Only a few such peaks are apparent in the aromatic region (“c” in Figure 4.4); as a result 

of poor spin−lattice relaxation of these absorbances, we cannot assign all quaternary 

carbon functional groups in the mixture (Appendix C7−10 of the Supporting 

Information).39−44 It is interesting to note that the crude oil and its n-heptane fraction are 

more similar than its asphaltene fraction (see 1H NMR spectra in Appendix C13 and 

Appendix C14 of the Supporting Information); this is expected for light crude oils (such 

as Texas Crude) that do not contain high weight-percent asphaltene fractions.  

The lack of both aromatic protons (confirmed by NMR spectroscopy) and 

multiple brominations (confirmed by MS results) from the analyzed asphaltenes did not 

follow the conventional model used for asphaltenes.45 Hence, our MS, Br2 tagging, and 

NMR spectra results of cleaned asphaltene samples suggest that a more appropriate 

model asphaltene structure should contain more substituted aromatic positions and 

increased branching, as shown in the model structure presented in Figure 4.5. 

Figure 4.5. New proposed model structure of asphaltenes with more steric hindrance and 
fewer EAS sites. 
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Conclusion 

A combination of bromine tagging, spectrometric and spectroscopic analyses, and 

sample purifications were used to investigate the functional group speciation of 

asphaltene, and n-heptane fractions derived from Texas Crude oil. KMD plots of the 

direct-infusion Orbitrap data help to visualize the differences in reactivity between 

asphaltenes and crude oil; both MS tagging and NMR spectral data suggest that aromatic 

protons are not freely available for electrophilic aromatic substitution. The observed 

reactivity patterns do not match current models of asphaltenes that show freely available 

aromatic protons. In other words, structures containing available aromatic protons would 

be expected to undergo multiple electrophilic aromatic substitutions, but our Br-tagging 

experiments do not support this view.  

Additionally, it was shown that simple silica gel column purification removes a 

majority of paramagnetic species in asphaltene. Post-column NMR spectroscopy allowed 

for the identification and relative quantification of many distinct chemical functionalities 

never previously characterized in asphaltenes. The diminished line broadening after 

removal of metal ion contaminants makes paramagnetism the more likely cause of the 

decreased resolution of NMR spectra and not just the difficulty of asphaltene molecules 

tumbling. Moreover, our combined MS and NMR spectroscopy analyses suggest greater 

steric hindrance around aromatic protons in asphaltenes than previously proposed. Our 

preliminary NMR spectra simulations suggest that the NMR spectrum for proposed 

asphaltene model structure, shown in Figure 4.5, better resembles the experimentally 

observed NMR spectra of asphaltene samples than previous models. However, because 

asphaltene samples contain hundreds of structures that contribute to the observed NMR 
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spectra appearances, more detailed comparisons between one- and two-dimensional 

studies will be needed for potential deconvolution of NMR signals. We predict that the 

ability to probe functional group details of macromolecules present in complex mixtures, 

such as crude oil samples and biological fluids, will address existing limitations with 

complex sample analyses and benefit multiple areas of science. 
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CHAPTER FIVE 

 
Generation and Reactivity of Unusual S-oxidation Products 

 
 

Oxidation of thiomaltol and selenomaltol 
 

The biological function and mechanism of action for endogenously generated H2S 

is uncertain.1-2 Some reports implicate the oxidized forms of H2S being responsible for its 

biological functions.3-4 To that end our lab has begun studying sulfur oxoacid generation 

from H2S and characterizing the S(0) and S(II) intermediates.5-6 As part of this effort, we 

are developing small molecules that release oxidized sulfur compounds to study the effect 

sulfur oxoacids may have in cells. One of these molecules is the oxidation product of 

thiomaltol ((3-hydroxy-2-methylpyrylium-4-yl)sulfenate) or Htma-O. 

 
 

    
Scheme 5.1 

 
 

To generate Htma-O, a variety of oxidants (peroxide, tert-butyl hydrogen 

peroxide, and urea hydrogen peroxide) were used to try and generate thiomaltol and 

selenomaltol oxide, as shown in Scheme 5.1 above; similar reaction conditions were 

previously used to generate S-oxides of dithiocarbamates and their metal complexes,7-9 as 
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well as previous investigations of metal complexes of thiomaltol and related chelates.10-11 

However, the S-oxides are difficult to purify as they decompose on silica and alumina 

columns, and are not isolatable by extraction into polar aprotic solvents. To remedy this, 

the oxidation reactions were performed using colder conditions and lower oxidant ratios 

that selectively produce the mono-oxide.  In a typical procedure, a 200 mg sample of 

Htma was added to ethanol, and 30% hydrogen peroxide was added in a 2:1 molar ratio. 

This solution was placed in a -80 °C freezer for 1 hour, and the solvent was removed by 

lyophilization. These conditions generate a mixture of Htma and Htma-O, and a simple 

hexane or chloroform wash removed the excess Htma from the product. The Htma-O 

product was characterized by mass spectrometry and NMR spectroscopy, in yields of ~60 

mg (27%) using this synthesis.  

Figure 5.1. Mass spectrum of Htma-O in positive ion mode. 
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Figure 5.2. Mass spectrum of Htma-O in negative ion mode. 

Figure 5.3. 1H NMR spectrum of Htma-O in D2O. 
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A similar route was used to make crude samples of thiomaltol-dioxide, Htma-O2, 

and selenomaltol-oxide, Hsma-O, both of which were never cleanly isolated.   The 

selenium oxide Hsma-O was generated in similar yields, but its purification was not 

pursued.  The dioxide Htma-O2 was found to be hydroscopic and decomposed rapidly in 

the presence of water. 

Figure 5.4. Htma-O2 mass spectrum in negative ion mode. 

Figure 5.5. Hsma-O crude product mass spectrum in negative ion mode. 
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Synthesis of Htma-O ((3-hydroxy-2-methylpyrylium-4-yl)sulfenate).  

Htma-O was prepared by dissolving 200 mg of Htma in 30mL of ethanol. A 30% 

peroxide solution was added to the mixture dropwise in a 2:1 molar ratio (2.39 mL), and 

the solution began turning from yellow to orange. The mixture was then placed in a -80 

°C freezer and allowed to cool for 1 hour. Once cool, the solution was lyophilized to 

remove the solvent, leaving behind a yellow/orange mixture of thiomaltol and Htma-O. 

The product was washed twice with 30 mL of chloroform, and once with 30 mL of 

hexane, and allowed to dry under vacuum. The resulting orange product was hydroscopic 

and stored under nitrogen. Yield 27% (60 mg) ESI MS: m/z(pos.) 159.0111 (M + H) 

(calculated: 159.0116).  1H NMR (600 MHz, CDCl3): δ 7.68 (d, 1H), 7.26 (d, 1H), 2.30 

(s, 3H). 

 
Synthesis of Htma-O2 (3-hydroxy-2-methylpyrylium-4-sulfinate).  

Htma-O2 was prepared by dissolving 200 mg of Htma in 30 mL of ethanol. A 

30% peroxide solution was added to the mixture dropwise in a 1:2 molar ratio (9.58 mL), 

and the solution began turning from yellow to orange. The mixture was then placed in a -

80 °C freezer and allowed to cool for 1 hour. Once cool, the solution was lyophilized to 

remove the solvent, leaving behind an orange product that was a mixture of Htma-O and 

Htma-O2. The product mixture was washed twice with 30 mL of chloroform, and once 

with 30 mL of hexane, and allowed to dry under vacuum. The resulting orange product 

was much more hydroscopic than Htma-O, and quickly decomposed in the presence of 

water. It was stored under nitrogen in a similar fashion to Htma-O. The yield is not 

definitive but estimated as ~80% Htma-O2 (194 mg). ESI MS: m/z (neg.) 172.9909 (M –  
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H) (calculated: 172.9908). An NMR spectrum is not shown, as the product decomposed

quickly and the exact peaks for Htma-O2 could not be determined.  

Synthesis of Hsma-O ((3-hydroxy-2-methylpyrylium-4-yl)selanate).  

Hsma-O was prepared in an identical fashion to Htma-O, however its product was 

not fully purified (washed with hexanes) as shown by the mixture of Hsma and Hsma-O 

in the mass spectrum (Figure 5.5). ESI MS: m/z (pos.) 206.9555 (M + H) (calculated: 

206.9560). 

Metalation of Htma-O 

The coordination chemistry of the new sulfenate ligands is potentially of interest 

in their bioactivity. As initial tests, Htma-O was reacted with Cu(acetate)2 or Zn(acetate)2 

in a ratio of 2:1. No Cu(tma-O) or Zn(tma-O) chelates were observed by mass 

spectrometry, only the parent M(tma)2 complexes were seen as the dominant product in 

the figures below. It is possible that the formation of the complex caused the loss of 

oxygen from the ligand, but the nature of this loss is unknown.  

Reaction of Cu(ac)2 with Htma-O.   

A sample of 15 mg of Htma-O was dissolved in 5 mL of ethanol. An 8.6 mg 

sample of copper acetate was then dissolved in 2 mL of DI water The Htma-O was added 

to the copper solution dropwise up to a 2:1 molar ratio. The resulting brown product was 

characterized by mass spectrometry and the dominant product was Cu(tma)2. ESI MS: 

m/z(pos.) 367.9210 (M + Na) (calculated: 367.9214).   
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Reaction of Zn(ac)2 with Htma-O. 

A sample of 20 mg of Htma-O was dissolved in 5 mL of ethanol. An 11.6 mg 

sample of anhydrous zinc acetate was then dissolved in 2 mL of DI water The Htma-O 

was added to the zinc solution dropwise up to a 2:1 molar ratio. The resulting yellow 

product was characterized by mass spectrometry and the dominant product was Zn(tma)2. 

ESI MS: m/z(pos.) 368.9210 (M + Na) (calculated: 368.9210).   

 

 
Figure 5.6. Mass spectrum (+ESI) of Cu2+ reacting with Htma-O. 
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Figure 5.7. Mass spectrum of (+ESI) of Zn2+ reacting with Htma-O. 

Other Alkyl Substitutions of thiomaltol 

In Chapter Three, thiomaltol (3-hydroxy-2-methyl-4H-pyran-4-thione) was 

reacted with methyl iodide to make the product (mtp)I (3-hydroxy-2-methyl-4-

(methylthio)pyrylium).  Other syntheses were attempted to discern the scope of 

electrophiles that would generate pyrylium products, as shown in Scheme 5.2 below. 
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Scheme 5.2 
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The iodobutane (4-(butylthio)-3-hydroxy-2-methylpyrylium or (btp)I product was 

successfully synthesized and characterized using mass spectrometry. The iodobutane did 

not react to form the product, likely because it is a weaker electrophile. A crude NMR 

spectrum of the btp product can also be found below, but a clean NMR spectrum would 

require a chloroform wash. 

 
Synthesis of 4-(butylthio)-3-hydroxy-2-methylpyrylium (btp)I.  

The novel compound btp (C10H15O2S) was prepared by dissolving 100 mg of 

Htma in 10 mL of dry acetonitrile. Butyl iodide was then added in a 1:5 stoichiometric 

ratio, and the yellow thiomaltol butyl iodide solution was reacted in a microwave at 65 

°C for 30 minutes, and the solvent removed by evaporation. The resulting crude red 

product was characterized by mass spectrometry and NMR spectroscopy, although only 

the vinylic protons were assigned.  ESI MS: m/z(pos.) 199.0787 (M +) (Calculated: 

199.0792).  1H NMR (600 MHz, CDCl3): δ 7.68 (d, 1H), δ 7.38 (d, 1H), 6.98. 

 

 
Figure 5.8. Butylthiomaltol mass spectrum in positive ion mode. 
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Figure 5.9. 1H NMR spectrum of butylated Htma, btp. 

Selenomaltol Radicals Characterization 

In chapter three, the oxidation products of selenomaltol and thiomaltol complexes 

were described and attributed to the sulfur/selenium cation radicals. To isolate and study 

these radicals, a variety of chemical oxidations (cerium (IV) ammonium nitrate, cerium 

(IV) ammonium sulfate, NOBF4 and NO2BF4) were attempted in dichloromethane as 

depicted in Scheme 5.3.  

NiO

Se

O
O

Se

O
NiO

Se

O
O

Se

O

Oxidant

DCM

Scheme 5.3 

The diamagnetic nickel complex was chosen because when oxidized it would 

have an EPR signal, but the unreacted complex would not interfere with the signal, as 

would be the case with the Cu and Fe complexes. The oxidant that gave the strongest 

signal was ammonium cerium (IV) sulfate, and the resulting EPR spectra can be seen in 

Figure 5.10. Additionally, the same product was shown to have formed during ionization 
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using mass spectrometry. The solvent used was aprotic (CH2Cl2) using an ESI source, 

which would only show the product peaks for cations in solution when in positive ion 

ESI mode, shown in Figure 5.11.  

Figure 5.10. EPR spectra of oxidized Ni(sma)2 (bottom) and Hsma (top), with the 
experimental data given as a dashed line. 

Figure 5.11. Mass spectrum of oxidized product of Ni(sma)2 from reaction with cerium 
ammonium sulfate, in positive ion mode.  
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 Both spectra in Figure 5.10 were modeled with equal contributions from an alkyl 

radical (located on the  selenoketone) and an anisotropic selenium cation radical. While a 

good first approximation, the g value for the selenium radical is higher than expected, 

~2.03 vs the expected 1.98.15 In addition, the splitting between peaks in these spectra is 

also larger than expected (40 G). Last, the free ligand appears to have more of the radical 

localized on the Se.  

 
Synthesis of [BITT](BF4)2 

In addition to Htma-O, our lab has been interested in the product of disulfiram 

oxidation, N,N'-(1,2,4,5-tetrathiane-3,6-diylidene)bis(N-ethylethanaminium) (or BITT2+) 

as a potential sulfur oxoacid generator. Several previous syntheses for these complexes 

have been published,12-14 but many have problematic toxic counterions such as Cu(Cl)2
- 

or I3
- and are therefore less suitable for use in biological experiments. Initial attempts 

used AgBF4 as an oxidant with the hope of producing a less toxic BITT salt for use in cell 

culture. After analysis of the product the molecule made was not BITT, but instead a Ag-

BITT adduct, with the overall synthesis shown below in Scheme 5.4. We have 

characterized this molecule by mass spectrometry and NMR spectroscopy but have not 

obtained a crystal structure; further studies are underway. 

 

 
  

Scheme 5.4 
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Synthesis of Ag-BITT(BF4) (AgC10N2H20S4)BF4) 

 The new derivative was prepared by dissolving 100 mg of disulfiram in 20 mL of 

CH2Cl2. A 132 mg sample of AgBF4 was then added in a 1:2 molar ratio; the solution 

went from a clear to yellow immediately and a yellow product precipitated. The solid was 

washed twice with 30 mL of chloroform, and once with 30 mL of hexane, and allowed to 

dry under vacuum. The resulting yellow product was hydroscopic and stored under 

nitrogen, but eventually turned brown over 24 hours. We believe this product is a BITT-

Ag adduct which decomposes in the presence of water. ESI MS: m/z (pos.) 148.0248 

(Split M + radical) (Calculated: 148.0255), 402.9554 (M + Ag) (Calculated: 402.9560).  

1H NMR (600 MHz, CDCl3): δ 4.15 (q, 1H), 4.01 (q, 1H), 1.46 (t, 1H), 1.37 (t, 1H). 

   

  

Figure 5.12. Mass spectrum of Ag-BITT(BF4) adduct made by oxidation of DSF with 
AgBF4 
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Figure 5.13. 1H NMR spectrum of crude Ag-BITT(BF4) in CH3CN. 

 

Experimental 

Microwave syntheses were carried out in an discover SP microwave system. 

NMR spectra were recorded on a 600 Hz NMR spectrometer. For MS measurements an 

orbitrap discovery mass spectrometer equipped with an electrospray ionization (ESI) 

source was used. Sample solutions were infused at a rate of 5 μL min−1 with nitrogen as 

the sheath gas. The optimized ESI conditions were as follows: ion spray voltage, 5 V; 

capillary temperature, 250 °C; and tube lens voltage, 70 V.  
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APPENDIX A 
 

Supplemental Data for Chapter Two 
 
 

 Table 1A: Crystallographic data for Fe(sma)3, Ni(sma)2, Zn(sma)2, and Hsma 

  Fe(sma)3  Ni(sma)2  Cu(sma)2  Zn(Sma)2  Hsma 

Molecular formula  C18H15O6Se3Fe  C12H12NiO5Se2  C12H10CuO4Se2  C12H10ZnO4Se2  C6H6O2Se 

Formula weight  620.03  452.85  439.66  441.49  189.07 

T/K  150(2)  150(2)  150(2)  150(2)  150(2) 

crystal system  Trigonal  Monoclinic  Monoclinic  Monoclinic  Monoclinic 

space group  R3c  P21/c  P21/c  P21/c  P21/c 

a, Å  14.8261(12)  8.2986(6)  7.4765(3)  7.6565(3)  5.4980(2) 

b, Å  14.8261(12)  24.7783(14)  13.1079(5)  23.8778(11)  8.8047(5) 

c, Å  16.0571(13)  6.9641(5)  6.9501(2)  7.4531(3)  13.7294(7) 

α, °  90  90  90  90  90 

β, °  90  101.042(3)  100.9898(13)  91.8542(16)  100.429(2) 

γ, °  120  90  90  90  90 

V/Å3  3056.7(6)  1405.48  668.63(4)  1361.87(10)  653.64(6) 

Z  6  4  2  4  4 

Density (Mg/M3)  2.021  2.14  2.184  2.153  1.921 

Crystal size, mm  .198x.184x.125  .136x.089x.020  .242x.113x.083  .404x.141x.101 
.293 x.14 
x.116 

Reflections collected  10165  15045  6801  14978  5861 

Independent 
refelctions 

1651  3482  1663  3370  1618 

R(int)  0.0426  0.0946 0.0212 0.0316 0.0281 
Data/Restraints/Param  1651/1/86  3482/0/189  1663/0/89  3370/0/174  1618/0/87 

GOF on F2  1.129  1.028  1.144  1.067  1.054 

R1 wR2 [1>2s(l)]  0.0185, 0.0404  0.0399, 0.0552  0.0199, 0.0489  0.0222, 0.0477 
0.0228,  
0.0527 

R1, wR2 [all data]  0.0195, 0.0406  0.0802, 0.0628  0.0218, 0.0499  0.0282, 0.0502 
0.026, 
0.0544 

largest peak/hole  .594 and -.190  .848 and -.742  .600 and -.237  .486 and -.344 
.477 and -

.388 

difference, A-3        
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Table 2A: Select metal bond angles 

Compound  O1-M-O2  Se1-M-Se2  Se1-M-O1  Se2-M-O2  Se1-M-O2  Se2-M-O1 

Zn(sma)2  120.00(6)  125.612(13)  89.89(4)  90.30(4)  116.58(5)  117.58(5) 

Cu(sma)2  180  180  88.74(4)  88.74(4)  91.26(4)  91.26(4) 

Ni(sma)2  85.81(11)  93.86(2)  90.44(8)  89.92(8)  176.10(8)  175.53(8) 

Fe(sma)3  91.42(9)  84.18(2)  80.51(6)  80.51(6)  107.21(6)  159.76(6) 

 

Table 3A: Select metal ligand bond lengths 

Compound  M-Se1  M-Se2  M-O1  M-O2 

1 ‐ Zn  2.2791(6)  2.2799(6)  1.879(3)  1.878(2) 

2 ‐ Cu  2.4002(2)  2.4002(2)  1.9108(13)  1.9108(13) 

3 ‐ Ni  2.2791(6)  2.2799(6)  1.879(3)  1.878(2) 

4 ‐ Fe  2.6114(6)  2.66146(6)  1.991(2)  1.991(2) 

 

New synthesis of Htma 

Analogous microwave method to that used for selenomaltol synthesis was used to 

generate thiomaltol. A 1:0.3 stoichiometric ratio of samples of maltol to Lawessons 

reagent were placed in anhydrous 1,4-dioxane in a   35 mL microwave reaction vessel.  

The resulting slurry was heated to 125 °C for 30 minutes in a microwave reactor. Water 

was added to the resulting black/orange mixture and the product was extracted with 

hexanes and subsequently evaporated to give a   bright yellow powder. Purity was 

assessed by NMR spectroscopy and mass spectrometry. 

 
Synthesis of Cu(tma)2 

A sample of Htma was dissolved in ethanol. Cu(OAc)2 was dissolved in water and 

stirred under nitrogen. The thiomaltol mixture was added drop wise to the copper solution 

to form a brown/green precipitate. The resulting mixture was filtered and washed with 

5mL of hexanes twice and 5 mL of DI water and then left under vacuum to dry overnight 
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Figure 1A: A crystalline powder sample of Cu(tma) was placed in an EPR tube and 
spectrum were collected at room temperature. Conditions: microwave frequency 9.85 
GHz, microwave power 2.00 mW, modulation amplitude 4.00 G, time constant 0.01 ms, 
sweep width 2000 G, sweep time 20.0ms. 
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APPENDIX B 
 

Table 1B: Crystallographic data for (mtp)I and (msp)I 

   (mtp)I  (msp)I 

emperical formula  C8 H10 Cl3 I O2 S C8 H10 Cl3 I O2 Se 

temp, K  150(2)  150(2) 

crystal system  Triclinic  Orthorhobic 

space group  P-1  Pnma 

a, Å  6.9124(5)  17.0322(6) 

b, Å  10.0230(7)  7.0741(2) 

c, Å  10.2975(7)  11.419(4) 

α, °  73.673(2)  90 

β, °  82.577(2)  90 

γ, °  87.403(2)  90 

vol, Å  678.90(8)  1375.86(8) 

zed  2  4 

density (Mg/M3)  1.974  2.174 

crystal size, mm3  0.331 x 0.072 x 0.045  0.216 x 0.078 x 0.051 

reflections collected  14526  14207 

Independent reflections 
3379 [R(int) = 

0.0505] 
1851 [R(int) = 

0.0334] 

data/restraints/params  3379/0/142  1851/2/101 

GOF on F^2  1.063  1.379 

R1  0.039  0.018 

wR2  0.1034  0.0372 

R(F) all data  0.0451  0.0238 

Rw(F)(all data)  0.1073  0.0391 
largest peak/hole difference, e Å-

3  2.343 and -1.349  0.734 and -0.299 
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Figure 1B. Crystal Structure of (msp)I 

 

 The crystal structure of (msp)I is similar to that of (mtp)I, which more uniform 

bond lengths and an elongated C-Se bond.  
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APPENDIX C 

 

 

 
Figure 1C: KMD plot of pre- (blue) and post- (red)  brominated crude oil (from Texas 
Crude) between 200-1000 KMU. 
 
 

 
 

Figure 2C: KMD plot of pre- (blue) and post- (red)  brominated n-heptane fraction (from 
Texas Crude) between 200-1000 KMU. 
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Figure 3C: KMD plot of pre- (blue) and post- (red)  brominated asphaltene fraction (from 
Texas Crude) between 200-1000 KMU. 

 
 

 
 
Figure 4C: KMD plot of the unreacted (blue) and brominated (red) crude oil fraction 
from 300 to 400 Kendrick mass units. 
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Figure 5C: KMD of benzo-[a]-pyrene (exact mass of 252.0939 Da) spiked asphaltene. 
Bromination profile of benzo-a-pyrene (KMCH2 = 251.8124), including its first 
bromination (as indicated in blue triangles), can be tracked. The second (Kendrick mass 
of 407.4594, MD = -0.4594) and third  (KMCH2 = 485.2830, MD = -0.2830) brominations 
(indicated in green triangles) are also observed; however, the potential forth bromination 
corresponding to KM = 563.1065 (MD = -0.1065) is not observed (as indicated within 
the red triangle). 
 

 
Table 1C: ICP-MS of relevant elements in asphaltene. Highlighted are the paramagnetic 
which show a ~95% reduction by weight in material after the column. 
 

Elemental 
Metal 

Blank 
(counts) 

Wash 
(counts) 

Pre-
Column 
(counts) 

Post-
Column 
(counts) 

Pre-
Column 
(wt. %) 

Post-
Colum 

(wt. 
%) 

Reduction 
(%) 

Mg 1.8 N/D 1600 470 0.32 0.09 71 
Al 47 N/D 8700 970 1.74 0.19 89 
Ca N/D N/D 11000 2500 2.20 0.50 77 
Ti N/D N/D 560 13 0.11 0.00 98 
V N/D 0.043 19 2.7 0.00 0.00 86 
Cr 0.94 N/D 32 2.4 0.01 0.00 93 
Mn 0.25 0.083 300 3.9 0.06 0.00 99 
Fe 4.0 0.97 8000 134 1.60 0.03 98 
Co N/D 0.031 1.9 0.44 0.00 0.00 77 
Ni 0.15 0.15 35 175 0.01 0.04 -400 
Cu 0.27 0.143 86 132 0.02 0.03 -53 
Zn 4.1 2.0 1000 874 0.20 0.17 13 
Br 13 N/D 2600 113 0.52 0.02 96 
Mo N/D 0.044 10 1.3 0.00 0.00 87 

I 3.9 4.5 5200 30 1.04 0.01 99 
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Figure 6C: KMD of pre- (blue) and post-(red) column asphaltenes. 

 
 

 
Figure 7C: KMD of pre- (blue) and post-(red) brominated column purified asphaltenes. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

300 320 340 360 380 400

M
as

s 
D

ef
ec

t

Kendrick Mass

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

200 300 400 500 600 700 800 900 1000

M
as

s 
D

ef
ec

t

Kendrick Mass
Post Column
Brominated



93 
 

 
Figure 8C: DEPT 135 13C NMR spectrum of the columned asphaltene sample. Signals for 
quaternary carbon will not be observed in DEPT 135 13C NMR spectrum; however, 
signals for all other carbon functional groups can be detected and are assigned as: a) 
aromatic protons, b) N- Or O- substituted carbons such as alcohols or amines, c) CH 
(down) and CH2 (up) carbon chains, d) terminal CH3. 
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Figure 9C: Zoomed regions from 115 ppm to 145 ppm of 13C NMR and DEPT-135 13C  
spectra. Comparison between the two spectra allows for confident assignment of 
quaternary carbons;  for instance, R-C-CH type quaternary carbons (boldface) at ~ 137 
ppm cannot be detected by DEPT-135 13C (spectrum shown at the top) but can be 
observed in conventional 13C NMR (bottom spectrum) . 
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Figure 10C: Zoomed regions from 115 ppm to 145 ppm  of 13C NMR and DEPT-135 13C  
spectra. Comparison between the two spectra allows for confident assignment of 
quaternary carbons;  for instance, R-C-CH type quaternary carbons (boldface) at ~ 137 
ppm cannot be detected by DEPT-135 13C (spectrum shown at the top) but can be 
observed in conventional 13C NMR (bottom spectrum) . 
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Figure 11C: Expanded regions of S9 13C NMR and DEPT-135 13C NMR spectra . Very 
low intensity peaks in ~32-38 ppm region indicative of quaternary carbon examples are 
observed in 13C NMR spectrum. 
 
 

 

 
Figure 12C:

 1H NMR spectrum of the N-heptane fraction. Inset: zoomed in area from 6.5 
– 9.1 ppm shows the region where NMR spectrum signal for the solvent peak and 
aromatic protons are present. 
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Figure 13C:

 1H NMR spectrum of crude oil. Inset: zoomed in area from 6.5 to 9.1 ppm 
shows the region where NMR spectrum signals for the solvent peak and aromatic protons 
are present. 
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