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ABSTRACT 

a,b-UNSATURATED ALDEHYDES:  
THE UNDERREPRESENTED MARKERS OF DISEASE 

Saurin R. Sutaria 

August 29th, 2022 

The peroxidation of unsaturated fatty acids is a widely recognized metabolic 

process that creates a complex mixture of volatile organic compounds including 

aldehydes.  Elevated levels of reactive oxygen species in cancer cells promote random 

lipid peroxidation, which leads to an increase in a variety of aldehydes.  Many of these 

volatile aldehydes are exhaled and are of interest as potential markers of disease. 

Chapter 1 presents a review of reported aldehydes in the exhaled breath of lung cancer 

patients.  a,b-Unsaturated aldehydes, detected primarily when derivatized during 

exhaled breath preconcentration, are underreported in the reviewed articles.  Chapter 1 

concludes with our hypothesis that better methods for detection of exhaled a,b-

unsaturated aldehydes are needed and will translate into more accurate diagnoses of 

disease.  

Chapter 2 details a new approach to selectively derivatize, concentrate and 

analyze the underrepresented subset of carbonyl-containing VOC metabolites produced 

by cells under oxidative stress, namely a,b-unsaturated aldehydes.  We examined, using 
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a peristaltic pump and gas dispersion tube, passing gaseous breath samples through 

solutions containing thiol derivatization reagents.  Thiol reagents were prepared and 

investigated for their ability to chemoselectively react with a,b-unsaturated carbonyls. 

The goal of targeting a,b-unsaturated aldehydes via thiol-Michael addition was not 

achieved, likely due lack of phase transfer of VOCs and slow reaction rate of the 1,4 

addition. 

Chapter 3 describes a novel breath analysis approach that couples established 

carbonyl preconcentration technology with UV-Vis spectroscopy to constitute a fast, 

inexpensive, and noninvasive test for disease.  The underlying principle of this work 

exploits the characteristic absorbance of conjugated a,b-unsaturated aldehydes in the UV 

spectrum.  An increase in cellular oxidative stress, as happens in diseased cells, will result 

in even higher levels of aldehydes, including unsaturated compounds, in exhaled breath. 

Thus, we explored UV spectral detection of the unsaturated metabolite fraction within 

the complex breath carbonyl mixture.  A pilot study comparing 10 healthy and 10 

symptomatic COVID-19 positive patient breath samples was performed to test the 

hypothesis that the distinct absorbances of unsaturated carbonyls could be used as a 

diagnostic indicator.  Breath samples were preconcentrated using silicon microreactor 

technology known to isolate carbonyl compounds as oxime ether adducts.  Solvent 

elution from the microreactor provided sample solutions that then were directly analyzed 

by UV-Vis spectroscopy.  The data indicate that even trace amounts of a,b-unsaturated 

aldehyde adducts increase UV absorptions in the presence of higher concentration 

saturated analogs.  A significant elevation in UV absorptions from COVID-19 positive 
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samples was observed, a result that may be due to increases in concentrations of a,b-

unsaturated aldehyde metabolites from lipid peroxidation in the positive cohort.  On 

comparing the averaged absorbance from the healthy group to averaged absorbance 

from the COVID-19 positive group, with plus or minus one standard deviation, at 

wavelengths from 235 to 305 nm, we noted a clear distinction between the error ranges 

for the two groups. The data suggests that a UV absorbance threshold could be 

established, an absorbance above which is indicative of SARS-CoV-2 infection.  Application 

to other diseases may be possible, especially if related to cellular oxidative stress 

conditions. 

As a,b-unsaturated aldehydes are known to elicit harmful effects through alkylation 

of DNA, proteins, and other biomacromolecules, we explored the toxic effects of a well-

known metabolite of benzene, muconaldehyde. For this work we developed a new 

synthesis. Chapter 4 describes a new synthesis of (E, E)-muconaldehyde, an open-ring 

metabolite of benzene, from muconic acid.  Several syntheses of muconaldehyde have 

been reported, each requiring multiple steps with the best synthesis having an overall 

yield of 32%.  By our method, muconaldehyde was prepared in 71% yield using a one-pot 

procedure by selective DIBAL-H-mediated mono-reduction of muconic acid activated as a 

bis(N-acyl-N,N'-diisopropylurea).  The method was demonstrated on gram scale (1.14 g 

muconaldehyde was prepared in 65% yield). 

Finally, Chapter 5 provides the experimental details and spectral characterizations 

of compounds synthesized during the course of my PhD research.  
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1.0.  Introduction 

This PhD dissertation summarizes my efforts toward developing new methods for 

breath analysis.  My research in the Nantz Group in the Department of Chemistry and 

close collaboration with the Fu Group in the Department of Chemical Engineering, both 

at University of Louisville, has been focused on the detection and quantification of 

exhaled volatile carbonyl compounds.  The particular focus on carbonyl compounds 

stems from the close link between breath carbonyl compounds and the state of oxidative 

stress in given cells, which in turn may signal a developing or established disease.  This 

relationship is the main topic of Chapter 1.  The hypothesis that has driven my research 

becomes clear after reviewing the origins of aldehydes in breath, as outlined next.  

1.1 What is the Interconnection Between Oxidative Stress, Exhaled Carbonyl 

Compounds, and Disease, Such as Lung Cancer? 

Perturbations of oxidant levels, such as reactive oxygen species (ROS), in the cellular 

matrix arise due to endogenous or xenobiotic processes that are either a cause or effect 

of various disease states. The oxidative stress (OS) related to such perturbations has been 

extensively studied and reported in the literature.1,2,3,4,5 Redox imbalance is directly 

implicated in lung carcinogenesis; in particular, oxidative cleavage of lung tissue lipids is 

attributed either to systematic ROS or their presence in the lung organs.6 Lipid 

peroxidation (LPO) is a widely accepted free radical process used to describe the oxidative 

destruction of unsaturated fatty acids. The products of such peroxidation have been 

confirmed in various biological matrices using a variety of techniques.7 The wide interest 
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in LPO-derived metabolites is due in part to the potential of these small, volatile organic 

products to serve as indicators of early-stage lung cancer.8

Lung cancer (LC) is the most common form of malignancy in the world. A reported 

142,080 people died from LC in the United States in 2018.9 The advent of computed 

tomography (CT) scanning has allowed for the large-scale screening for lung cancer. The 

surveillance and early diagnosis of LC leads to timely treatment and higher survival 

rates.10 However, the disadvantages of repeated exposure to radiation from CT or 

positron emission tomography (PET) scans, the high false positive rates associated with 

this primary modality of LC screening, and the need for subsequent, more invasive 

technologies to confirm diagnoses have limited the wider application of these tests. It is 

therefore imperative to evaluate alternative methods of LC detection. One promising 

alternate modality is to analyze the exhaled breath of patients to detect products of LPO 

and thereby diagnose the presence, extent, and possibly even the type of LC.11

While the existence of volatile LPO products in exhaled breath have been known 

since the 1970s, reports differ in terms of assigning the origin of the volatilome, the 

mechanism of oxidative breakdown, and the predictive value of exhaled markers for the 

clinical diagnosis of disease.12 We have therefore examined the reports that correlate 

exhaled volatile organic compounds (VOCs) with incidences of LC. This study is aimed to 

investigate the reports of LPO products while also providing an explanation for the 

existence and predictive efficiency of individual markers in breath as they relate to lung 

cancer detection. Although systemic LPO is well established in the literature,13 the focus 

here is to evaluate the aldehyde volatilome originating in the lungs. Other LPO-derived 
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VOC families, such as alkanes, alkenes, and alcohols, have been discussed elsewhere and 

are not addressed further.14,15 Limiting this study to aldehydes allowed the focus to be on 

the particular species of markers that is expected in higher concentrations in exhaled 

breath, namely volatile aldehydes generated from the oxidative cleavage of mono-, di- 

and polyunsaturated lipids, which constitute nearly 69% of all phosphatidylcholines—the 

major lipid class in lung tissue.16 The LPO products generated within the lungs are 

expected to better survive the endogenous environment compared to those originating 

systemically because they can rapidly exchange across the liquid–air interface within the 

alveoli as they are generated and then be exhaled.  

To enumerate the source and predict potential aldehyde candidates of LPO due to 

lung disease, a systematic approach was followed: 

(a) identify common unsaturated fatty acids found in lung tissue. 

(b) based on the free radical mechanism of LPO, simulate oxidative cleavage of the 

identified panel of unsaturated lipids.  

(c) list potential aldehyde products of LPO generated by the simulation. 

(d) conduct a literature search for reports of the LPO products in exhaled breath and 

document the analytical techniques used to detect them. 

1.2  Lipid Composition of Lung Tissue 

To understand the origin of exhaled LPO products, it is first important to understand 

the source of these oxidative byproducts—the lipidome. The lipid composition of lung 

tissue is well understood.17 The human lung is composed of a variety of cell types, and 



5 

each cellular membrane contains a signature combination and high percentage of 

phospholipids.17 The variations in phospholipids arise from a multitude of possible 

configurations involving different polar headgroups and types of fatty acid (FA) 

hydrophobic domains. FAs are incorporated in the cellular membranes and may be either 

saturated, monounsaturated, or polyunsaturated depending on the biochemical pathway 

activated for their de novo synthesis. The activation of such pathways may be triggered 

in response to endogenous or xenobiotic stimulus and may vary widely between 

individuals. Consequently, the resulting biosynthesis of lipids and the incorporated FAs 

vary accordingly. While there are abundant studies on the activation of biochemical 

pathways that result in the selective, enzymatic incorporation of specific FAs in the 

phospholipid framework, it is outside the scope of this work. The focus was on the most 

common FAs reported in the lung tissue for the further evaluation of their respective LPO 

products.18

Unlike other organs, lung epithelium (alveolar type II cells) also secretes a 

surfactant, composed mainly of lipids (90%) and protein (10%), that lines the surface and 

promotes alveolar stability by lowering surface tension.16 Lung surfactant may be further 

classified based on its physical form; namely, tubular myelin, a monolayer at the air-liquid 

interface, or micellar lipid form. The levels of fatty acids in surfactant are also in a state 

of constant flux and vary from person to person. Lung surfactant has no unique 

phospholipids (PL); however, the combinations of fatty acids vary extensively. The PL 

composition of surfactant is more than three-quarters phosphatidylcholine (PC), and half 

of these PC lipids are polyunsaturated.19 Due to the fact that excess ROS also react with 
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surfactant lipids, leading to a weakened surface tension and the breakdown of lung 

surfactant as well as LPO products,20 the composition of surfactant lipids will have a 

bearing on the aldehyde volatilome. The commonly reported FAs found in human lung 

tissue and lung surfactant are provided in Table 1.1,18 and the breakdown of lipids 

comprising lung tissue is shown in Figure 1.1.16

Table 1.1. Commonly reported FAs in lung tissue and lung surfactant.16,21

Saturated FA Monounsaturated FA 
(MUFA) Polyunsaturated FA (PUFA) 

12:0 a Lauric acid 16:1 Palmitoleic acid 18:2 Linoleic acid 
14:0 Myristic acid 18:1 Oleic acid 18:3 Linolenic acid 
16:0 Palmitic acid 20:1 Eicosenoic acid 20:2 Eicosadienoic acid 
18:0 Stearic acid 20:3 Eicosatrienoic acid 

20:4 Arachidonic acid 

22:6 Docosahexaenoic
acid 

a XX:Y = number of carbons comprising the FA: number of double bonds in FA. 

Figure 1.1. Lipid composition of lung tissue. (A) Neutral lipid breakdown; (B) phospholipid breakdown and 
relative fatty acid compositions (treemap charts) for the major phosphatides phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC). For a key to abbreviations, see list at end of article. 

Phospholipids

Neutral 
Lipids

Sph

PS

Others

Cholesterol
Triacylglycerol

Cholesterol 
Esters

Free Fatty 
Acids

PCPE

A B

PE

PC

16:0 14:016:1

18:018:1

18:2 20:414:0

16:0

18:0

18:1

18:220:4

Others

16:1
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To determine the potential aldehyde volatilome that could be generated as a result 

of LPO in lung tissue, we applied the free radical oxidative cleavage mechanism of LPO to 

the relevant FAs (Table 1.1) as described in the next section.14,22 This simulation 

generated a number of saturated aldehydes, α,β-unsaturated aldehydes, and 

hydroxyaldehydes. A thorough review of the literature for these compounds required 

further classification of the LPO-derived aldehydes as those that were either detected in 

exhaled breath or those that were subjected to discriminatory analyses and deemed to 

be indicators—biomarkers—of lung cancer. 

1.3  Lipid Peroxidation 

To understand the random mixture of aldehydes that is formed under LPO 

conditions, consider the representative reactions of the ω-6 fatty acids linoleic and 

eicosadienoic, 1a and 1b, respectively (Figure 1.2). While 2–5% of major pulmonary 

phospholipids are linoleic,23 eicosadienoic is not as prevalent but still common.24 For 

reasons related to free radical stability,25 hydrogen atom abstraction by ROS generated 

under oxidative stress predominantly occurs at the bis-allylic methylene position to 

produce the doubly resonance-stabilized free radical 2. Resonance delocalization leads 

to the scrambling of alkene stereochemistry to afford isomeric mixtures of E and Z alkenes 

at carbons 9-12 for 2a and carbons 11-14 for 2b. The subsequent reaction with molecular 

oxygen generates peroxyl radicals, which afford corresponding pentadienylic 

hydroperoxides, such as 3a,b and 5a,b, as well as bis-allylic hydroperoxides,26 such as 

4a,b, on hydrogen atom transfer from resident hydrogen donors that include neighboring 

PUFAs,27 resulting in the propagation of the free radical-mediated process. 
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The peroxyl radicals derived from PUFAs with high degrees of unsaturation often 

undergo cyclization reactions to generate cyclic peroxides,28 leading to complex mixtures 

on subsequent cleavage.29 Redox active metals, such as Fe(II),30 V(IV) or V(V),31 and 

Cu(I),32 deplete hydroperoxides by generating alkoxy radicals33,34,35 that undergo carbon–

carbon bond scission to release corresponding aldehyde and alkyl radical products.36 

Conversely, hydroperoxide activation via enzyme-mediated (e.g., phospholipid 

hydroperoxide glutathione peroxidase (phGPx),37,38 cytochromes P450 (CYP2S1, 

CYP3A4))39 or acid-induced processes actuate Hock–Criegee rearrangements40,41—

peroxide O–O cleavage via neighboring group 1,2-migration—to deliver the mixture of 

hemiacetals 6-9. Each hemiacetal dissociates to two aldehydes, with the lipid tail-derived 

fragments (in red, Figure 1.1) producing the more volatile aldehyde fraction consisting of 

hexanal, heptanal, 2-octenal, and 2-nonenal. In the case of nonenal, the unsaturated 

aldehyde may be formed with β,γ-unsaturation that subsequently undergoes 

isomerization to the thermodynamically preferred α,β-position or react with ROS to 

produce hydroxylated products (e.g., 4-hydroxy-2-nonenal, 4-HNE), as discussed next.22

In addition to aldehydes derived from lipid mono-peroxidation, bis-peroxidation 

processes also contribute to diversify the mixture of volatile aldehydes generated under 

LPO conditions.22 As examples, a reduction in lipid hydroperoxides 3a,b delivers dienyl 

alcohols 10a,b that undergo subsequent radical-mediated reactions with diatomic 

oxygen at various positions to afford hydroperoxides 11a,b and 14a,b after hydrogen 

atom transfers (Figure 1.3). These adducts then are transformed as noted above via 

hemiacetals 12a,b and 15a,b into the hydroxyaldehyde products 4-hydroxynonenal (4-
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HNE) and 2-hydroxyheptanal, respectively. Peroxyl radical additions to dienyl 

intermediates, such as 10a,b, also occur to generate new radical species that can react 

with oxygen, as exemplified by the formation of 13a,b. The subsequent fragmentation of 

the 1,2-bishydroperoxides produces 4-HNE. 42 

Figure 1.2. Polyunsaturated fatty acyl sidechain oxidation via free radical-mediated hydro-peroxide 
formation and decomposition leads to mixtures of saturated and unsaturated aldehydes (ROS = reactive 
oxygen species; LH = neighboring lipid). Atoms in red give rise to the aldehydes generated on hemiacetal 
equilibrium. 
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ROS (e.g., HO  )
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OO

n
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As shown in Figure 1.3, a principal 2-hydroxyaldehyde formed under oxidative stress 

is 2-hydroxyheptanal.43,44 Whereas short-chain 2-hydroxyaldehydes are known as 

products of lipid peroxidation,43,45 detecting them in exhaled breath presents a 

considerable challenge due to their facile dimerization, a consequence of the higher 

carbonyl reactivity imparted by the inductive effect of the adjacent C-OH group.46 α,β-

Unsaturated aldehydes, such as 2-octenal, 2-nonenal, and 4-HNE (aldehydes formed in 

Figures 1.2 and 1.3), are also more reactive than saturated counterparts, as they are 

electrophilic at both the carbonyl carbon and the β-carbon and able to undergo both 1,2- 

and 1,4-addition reactions.47 Unsaturated aldehydes react with nucleophilic moieties of 

proteins and nucleic acids, modifying those molecules and effecting their function.36 

Substitution at the γ-carbon (4-position), as in 4-HNE and 4-hydroxy-2-hexenal (4-HHE), 

somewhat diminishes 1,4-addition reactivity due to steric and electronic considerations 

and thus confers a longer lifetime.48 Indeed, 4-HNE is among the most detected and 

studied LPO products.49,50

Figure 1.3. Bis-peroxidation pathways leading to the formation of 2- and 4-hydroxyaldehydes. Atoms in 
red give rise to the aldehydes generated by the indicated processes. 

4-hydroxynonenal

3a,b

R
OH

10a,b

ROS

R
OH

O
OH

11a,b

R
OH

R
OH

OH

O

12a,b

ROO peroxyl radical
addition

R
OH

O—OR

R
OH

O—OR—OHO

13a,b

[H]

R
OH

R
OH

O
OH

Hock

2-hydroxyheptanal

14a,b

O2, then
H abstraction

OHR
OH

O

Hock

O2, then
H abstraction

O2, then
H abstraction

15a,b



11 

Figures 1.2 and 1.3 illustrate the mixture of aldehydes and aldehyde types that can 

be formed under LPO conditions. The application of this process to a wider, 

representative selection of ω-3, -6, -7, and -9 unsaturated FAs taken from Table 1.1 

creates a diverse panel of aldehydes, listed in Table 1.2, a result of the random nature of 

LPO.  

Table 1.2. Predicted LPO-derived aldehydes from a selection of unsaturated fatty acyl chains present in 
common w-3 to w-9 lung phosphatides. 

Fatty Acid Sidechain 
Aldehydes Predicted as LPO Products 

Saturated Unsaturated Hydroxy 

w–3 

n = 5:  α-linolenic acid (Δ9,12,15) 
n = 7:  eicosatrienoic acid (Δ11,14,17) 

propanal 
butanal 

2-pentenal 
2-hexenal 2-hydroxybutanal

4-hydroxyhexenal (4-HHE) 

w–6 

n = 5:  linoleic acid (Δ9,12) 
n = 7:  eicosadienoic acid (Δ11,14) 

pentanal 
hexanal 
heptanal 

2-octenal 
2-nonenal 

2-hydroxyheptanal 

4-hydroxynonenal (4-HNE) 

w–7 

n = 5:  palmitoleic (Δ9) 

hexanal 
heptanal 
octanal 

2-octenal 2-hydroxyheptanal 

w–9 

n = 5:  oleic acid (Δ9) 
n = 7:  eicosenoic acid (Δ11) 

octanal 
nonanal 
decanal 

2-decenal 2-hydroxynonanal 

n CO2

n CO2

n CO2

n CO2
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Efforts that have experimentally mimicked LPO conditions in vitro on MUFAs and 

PUFAs report many of these aldehydes. Tamura et al. carried out oxidations of mono- and 

polyunsaturated fatty acids with Fe(II) and hydrogen peroxide at 37 °C and found all but 

two of the α,β-unsaturated aldehydes listed in Table 1.2.51 In 2007, Kawai et al. reported 

33 aldehyde products from in vitro lipid peroxidations at pH 7.4 and 37 °C matching four 

of the seven α,β-unsaturated aldehydes and four of the five hydroxyaldehydes listed in 

Table 1.2.52

Not shown in Table 1.2 are several low-molecular weight (C1–C3) aldehydes arising 

from lipid over-oxidation, secondary aldehyde oxidations, or amino acid metabolism; 

these include formaldehyde, acetaldehyde, hydroxyacetaldehyde, propenal (acrolein), 

and malondialdehyde (MDA). With the exception of MDA, these aldehydes are common 

in breath, often as a result of alcohol and tobacco use,53,54 and as such are not reliable as 

biomarkers of lung cancer. MDA, however, is a product of LPO and a well-established55 

marker of OS and will be discussed in a later section. Hydroxyacetaldehyde, a reported 

marker of lung cancer,56 is more closely linked to serine metabolism than lipid 

peroxidation.57,58 

1.4. Search Method and Results 

Literature searches for the putative lung LPO-derived aldehydes were performed 

using the SciFindern and PubMedâ databases, last searched 25 May 2022, with no 

restrictions on date of publication.  The searches used combinations of the keywords and 

phrases: lung cancer, breath, and marker.  The PubMedâ searches had no exclusions, 
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while SciFindern marked 70,178 reports to be ineligible using an automation tool due to 

a low relevance to the searched terms.  Titles and abstracts were screened for reports of 

exhaled breath related to lung cancer.  Those that passed the initial screening process 

and reported aldehydes were collected for this work. Table 1.3 is a summary of the 

results. Specifically, 16,378 records were screened by the author SRS, 114 were assessed 

for eligibility, and 44 studies spanning 34 years, from 1988–2022, were selected. 

Tabulated data from these 44 reports was reviewed by the Zhenzhen Xie and J.D. Morris. 

Given the timespan of the reports in this study and differences in patient details reported, 

the analysis of the data does not include patient age, sex, or race.  Smoking history, 

reported by some studies but not all, is also not tabulated in this analysis and is another 

limitation of this work.   
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1.5 Aldehydes Observed in the Exhaled Breath of Cancer Patients 

The large variations in the reported median concentrations of the exhaled 

aldehydes in Table 1.3 are common and can be attributed to differences in VOC capture 

technology, particularly with respect to the different solid-phase microextraction (SPME) 

materials that were used (e.g., Carboxen-polydimethylsiloxane (CAR/PDMS) or 

divinylbenzene-Carboxen-PDMS (DVB/CAR/ PDMS) vs. Tenax extraction). Differences in 

SPME fiber exposure times, differences in desorption protocols and analysis processes, 

differences in the patient populations examined, especially with respect to LC staging, 

and differences in the type of lung cancer studied (non-small cell lung cancer (NSCLC) vs. 

small cell lung cancer (SCLC)) also contributed to widening the concentration ranges 

noted for aldehyde biomarkers.101 Biomarker quantification is further complicated by the 

nature of the VOC mixture. Brunton et al. compared the adsorptions of aldehydes to 

different fibers and found that aldehyde recovery by Carbowax/DVB fiber, for example, 

was lowered by a factor of seven when exposed to an aldehyde mixture compared to 

recovery on exposure to singular aldehydes.102 Concentration variations in a population 

of samples can also be due to environmental effects. Exogenous sources of aldehydes 

include food consumption, tobacco use, and even inhaled aldehydes from aging building 

and floor materials in indoor environments,6,103 thus requiring careful control 

measurements. 

From Table 1.3, when plotting both the incidence of aldehyde detection in lung 

cancer patient breath and when the presence of a given aldehyde was determined to be 
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a biomarker of lung cancer for that study, a qualitative assessment of LPO-derived 

aldehydes as indicators of lung cancer becomes evident (Figure 1.4). Saturated aldehydes 

are particularly well represented, and their presence is often significantly different in the 

EB of LC patients relative to healthy control (HC) subjects (Figure 1.4, red bars). In 

contrast, hydroxyaldehydes and unsaturated aldehydes, which are derived from the same 

lipids and random LPO processes, are not widely observed, possibly a result of their 

higher intrinsic reactivity resulting in lower, trace concentrations in exhaled breath. 

Below are study details for the aldehydes summarized in Table 1.3. 

Figure 1.4. Number of literature reports for each aldehyde that was either detected (blue) in the exhaled 
breath of lung cancer patients or deemed a biomarker (red) of lung cancer. The term biomarker denotes a 
statistically significant increase in the EB of LC patients compared to healthy controls. Total reports for a 
given aldehyde are the sum of the red and blue columns. 

1.6  Saturated Aldehydes 

1.6.1 Propanal 

The LPO source of propanal is ω-3 FAs. Six independent studies reported that 

propanal is significantly elevated in the EB of the LC patients relative to levels in HCs and 

smokers. Kischkel et al. reported a median concentration of propanal in LC patients of 

0.34 nmol/L.68 In comparison, the median propanal levels in HCs and smokers were both 
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reported as 0.00 nmol/L. Poli et al. noted significantly higher levels of propanal relative 

to HCs, with mean concentrations of 0.054 nmol/L and 0.031 nmol/L, respectively.8 

Schallschmidt et al. reported a median propanal concentration of 1.01 nmol/L in LC 

patients and significantly lower levels of propanal in HCs.83 Ulanowska et al. also observed 

higher levels of propanal in LC patients, reporting an average propanal concentration of 

7.8 ppb, while measuring lower levels of propanal in the breath of HCs at an average 

concentration of 6.9 ppb.70 Shehada et al. analyzed breath using silicon nanowire field 

effect transistors and identified propanal as a biomarker.85 In 2021, Li et al. reported 

propanal as a biomarker with a significant increase in its concentration when comparing 

the breath of LC patients to that of HCs using a non-traditional on-paper derivatization 

SPME coupled with GC-MS analysis.95 Similarly, Ligor et al. concluded that propanal was 

elevated in the EB of LC patients but did not claim that propanal could serve as a LC 

biomarker.80 Rudnicka et al. (2011) reported propanal in the EB of LC patients having a 

concentration range of 0.66-3.74 ppb but not as a marker of LC.69 In summary, propanal 

was reported in 34% of the studies collected for this work, and 40% of these studies 

determined propanal is a biomarker of LC. These investigations suggest that elevated 

levels of propanal may indeed be indicative of an underlying disease. However, one issue 

that complicates using propanal as a biomarker of cancer is its presence in ambient air,104 

tobacco smoke,105 food,106 and other exogenous sources, such as car exhaust.107,108

1.6.2 Butanal 

The formation of butanal via LPO is restricted to the oxidation of ω-3 fatty acids. 

Several studies have measured butanal in EB.67 Buszewski et al. measured butanal levels 
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in LC patients at 1.32–2.55 ppb relative to concentrations in HCs at 1.35–1.87 ppb.72 

Similarly, Rudnicka et al. found butanal in EB at concentrations in the range of 0.78–2.55 

ppb.69 Kischkel et al. found the median butanal concentration of 1.81 nmol/L to be higher 

in LC patients only relative to the levels observed in smokers, while they noted no 

significant difference in comparison to levels in HCs, who presented higher median 

concentrations of butanal than LC patients.68 In contrast, Poli et al.8 observed butanal to 

be a reliable marker of NSCLC, and the mean butanal concentration was measured at 

0.026 nmol/L compared to the mean level measured in HCs at 0.011 nmol/L. 

Schallschmidt et al. found butanal to be significantly elevated in the EB of LC patients, 

with a median level 0.014 nmol/L relative to a median level in HCs of 0.007 nmol/L.83 Li 

et al. also recently reported butanal to be a biomarker of LC.95 Similar to the challenge of 

using propanal as a biomarker, the numerous exogenous sources of butanal complicate 

the characterization of butanal as a biomarker. Common ambient butanal sources include 

tobacco smoke109 and food.110 Butanal is a principal VOC emitted from municipal solid 

waste treatment plants.111 Whereas butanal was reported in only 25% of the studies 

reviewed, it was determined as a biomarker in 36% of those cases. 

1.6.3 Pentanal 

Pentanal is generated from ω-6 FAs. It was reported in 45% of the studies collected 

for this work, of which 40% noted significantly elevated levels in the EB of LC patients 

relative to HCs, making pentanal the second most reported aldehyde in this work. Fu et 

al. investigated both SCLC and NSCLC patients in comparison to patients with benign 

pulmonary nodules and HCs and found significantly higher pentanal levels only in SCLC 
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patients.56 In a follow-up study, the same group noted a statistically significant difference 

in pentanal levels between HCs, patients with benign pulmonary nodules, and those with 

LC, who had the highest levels of pentanal, with concentration thresholds ranging from 

1.1–1.315 nmol/L.79 Fuchs et al. observed the median pentanal concentration in LC 

patients to be 0.019 nmol/L relative to median levels in both HCs and smokers at 0.002 

and 0.000 nmol/L, respectively.67 Poli et al. reported a mean pentanal concentration in 

the breath of NSCLC patients of 19.1 pM in comparison to a mean concentration in HCs 

of 7.6 pM.8 Ulanowska et al. measured the average concentration of pentanal in LC 

patients at 5.9 ppb and found that the HCs, which included healthy smokers, non-

smokers, and past smokers, had an average concentration of 0.0 ppb.70 Gashimova et al. 

reported the pentanal/acetonitrile ratio as a biomarker.94 Three other groups reported 

pentanal as a biomarker of LC: Bajtarevic et al. in 2009,64 Shehada et al. in 2016,85 and Li 

et al. in 2021.95 Based on the differences in disease and control groups noted in these 

studies, there is good evidence that pentanal appears to be a breath biomarker of LC. 

1.6.4 Hexanal 

The LPO of both ω-6 and ω-7 FAs can lead to the formation of hexanal. It is the most 

widely reported LPO-derived aldehyde. Of the 44 reports collected for this work, 61% 

detected hexanal, of which 48% determined that hexanal is a biomarker of LC. Hexanal 

was observed using every reported technique of preconcentration and analysis method. 

Phillips et al. were the first to label hexanal as a biomarker of LC in EB in 1999.60 Fuchs et 

al. reported hexanal as an LC biomarker with an LC patient median concentration of 0.010 

nmol/L compared to a HC median concentration at 0.00 nmol/L.67 Ulanowska et al. 
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determined hexanal as a biomarker with an average LC patient concentration of 4.5 ppb, 

also compared to a HC average concentration of 0.0 ppb.70 Poli et al. reported hexanal in 

LC patients with a mean concentration of 0.037 nmol/L, significantly higher than the 

levels in HCs at 0.009 nmol/L.8 Poli’s findings were cited and corroborated by Li et al. in 

finding hexanal to be an EB biomarker of LC.95 Deng et al. found hexanal to be in the EB 

of LC patients but not in the EB of HCs.61 Handa et al. deemed hexanal a biomarker; their 

report was one of the few not to use a preconcentration method and the only report 

using ion mobility spectrometry to detect VOCs.76 In 2005, Chen et al. reported hexanal 

as a biomarker and were the only report to use a novel GC-SAW sensor for analysis.62 In 

2007, Chen et al. highlighted the VOCs present in the headspace, and in another, much 

larger, study with 160 LC patients in 2021, found hexanal to once again rise to the level 

of a biomarker of LC.93 Rudnicka et al.,77 Gashimova et al.,94 and Zou et al.100 also reported 

hexanal to be an EB biomarker of LC. Whereas Kischkel et al. measured hexanal to have 

a greater median concentration in the EB of LC patients (0.59 nmol/L) than that of healthy 

smokers (0.31 nmol/L), the concentration in LC patients was less than the median 

concentration they measured in HCs (0.63 nmol/L).68 Despite a few potential exogenous 

sources of hexanal,103,112 the number of reports detecting hexanal clearly suggest hexanal 

must be considered when evaluating for EB biomarkers of LC. Chen et al. reported that 

the headspace VOCs of stage I and II lung tumor tissue are the same as those in the 

headspace from stage III and IV lung tumor tissue. They found that hexanal is one of the 

headspace VOCs and subsequently determined hexanal to be a biomarker in the EB of LC 

patients.63
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1.6.5 Heptanal 

 Heptanal is a possible LPO product of both ω-6 and ω-7 FAs. It is the second most 

reported biomarker of LC from the papers collected for this study. Phillips et al. was the 

first to identify heptanal in exhaled breath as a biomarker of LC in 1999.60 Chen et al. 

reported heptanal as a biomarker of LC in 2005,62 stating that while heptanal is less likely 

to be present in the EB of LC patients than hexanal, differences in heptanal 

concentrations between LC and HCs are significant to signify heptanal as a biomarker of 

LC.63 Poli et al. reported a 13.9 pM median concentration of heptanal in the EB of LC 

patients compared to 6.1 pM in HCs, a significant difference that also identified heptanal 

as a biomarker of LC.8 Corradi et al. was the only group to identify heptanal as a biomarker 

of LC in EB without also noting hexanal as a biomarker.78 Deng et al. found heptanal in 

the EB of LC patients but not in the EB of HCs.61 Three other reports deemed heptanal to 

be a biomarker of LC in EB: Handa et al.76 in 2014 and Chen et al.93 and Li et al.,95 both in 

2021. Heptanal was reported in 39% of the papers collected for this work, and 53% of 

those studies considered heptanal to be biomarker of LC. 

1.6.6 Octanal 

Octanal is a possible LPO product of both ω-7 and ω-9 FAs. It was detected in the 

EB of LC patients in 36% of the papers collected for this study, 25% of which determined 

octanal to be a biomarker of LC. Fuchs et al. measured octanal as a biomarker in EB with 

a median concentration of 0.052 nmol/L in LC patients vs. a median concentration of 

0.011 nmol/L in HCs.67 Poli et al. reported similar results, with an octanal median 

concentration of 0.023 nmol/L in LC patients compared to a median concentration of 



24 

0.010 nmol/L in HCs.8 Jouyban et al. reported an average concentration of octanal in the 

EB of LC patients to be 7.8 nmol/L, while HCs and patients undergoing treatment had 

levels lower than the LoD for the analytical method used; thus, they deemed octanal to 

be a biomarker of LC.87 In 2021, Zou et al. also reported octanal as a biomarker of LC using 

a gradient boost decision trees algorithm on collected GC-MS data.97

1.6.7 Nonanal 

Nonanal, the third most detected aldehyde among the reports collected for this 

work, is formed by the LPO of ω-9 FAs. Fuchs et al. reported a median concentration of 

nonanal in the EB of LC patients of 0.239 nmol/L compared to a median concentration of 

0.033 nmol/L in HCs.67 Poli et al. reported somewhat lower nonanal median 

concentrations of 0.044 nmol/L in LC patients and 0.013 nmol/L in the EB of HCs.8 Based 

on these results, both groups considered nonanal to be a biomarker of LC. Handa et al. 

not only reported nonanal as an EB biomarker of LC but also stated that its EB 

concentration can be used to distinguish between adenocarcinoma and squamous cell 

carcinoma.76 More recently, Li et al.95 and Long et al.96 both identified nonanal as an EB 

biomarker of LC. Nonanal was reported in 41% of papers collected for this work, of which 

28% determined nonanal is a biomarker of LC in EB. 

1.6.8 Decanal 

Decanal is an LPO product of ω-9 FAs. It was the least reported saturated aldehyde, 

both overall (20%) and as a biomarker when observed (22%). Schallschmidt et al.83 and 

Long et al.96 were the only groups to identify decanal as a biomarker of LC. Schallschmidt 
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et al. reported a median concentration of decanal of 12.2 pmol/L in LC patients and 5.1 

pmol/L in HCs. The high boiling point of decanal at 207 °C does require particular 

attention when establishing protocols for analysis by GC. 

1.7  Unsaturated Aldehydes 

1.7.1 2-Propenal (Acrolein) and 2-Butenal (Crotonaldehyde) 

2-Propenal is the most reactive α,β-unsaturated aldehyde because it is 

unsubstituted in the β-position. Consequently, 2-propenal readily disrupts cell functions 

due to facile reactions with biological nucleophiles, such as DNA, proteins, glutathione, 

and others.113 2-Butenal is similar to 2-propenal in terms of associated toxicity and readily 

reacts with DNA and proteins.114 Both aldehydes were detected in the EB of LC patients 

by Kischkel et al.,68 and 2-propenal was determined by Rudnicka et al.69 to be a biomarker 

of LC. Whereas both of these aldehydes are known products of LPO, their merit as 

biomarkers is limited by the many other endogenous and exogenous sources.36,113,114 In 

particular, among the largest contributing sources is smoking tobacco. Given that more 

than 88% of people with lung cancer recently surveyed were, or currently are, smokers,115 

measurements of 2-propenal and 2-butenal in EB must be carefully considered in the 

context of patient history. 

1.7.2 2-Hexenal, 2-Heptenal and 2-Nonenal 

The only reports of 2-hexenal, 2-heptenal, and 2-nonenal in the EB of LC patients 

come from Corradi et al.,78 who used a Bio-VOC tube for EB collection. This approach 
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allowed for the targeted collection of alveolar breath, which helps to exclude many 

exogenous VOCs and environmental interferences. Only 4 of the 44 studies reviewed 

used Bio-VOC tubes for EB collection. Using this approach, Corradi et al. determined 2-

nonenal to be a biomarker of LC. 

1.7.3 2-Decenal 

2-Decenal was reported in association with LC only once, but not as a biomarker. 

Jouyban et al. detected aldehydes in the EB of LC patients by using a cold condensation 

tube and co-liquification protocol. As a result, they observed 2-decenal for the first time.87

1.7.4 4-Hydroxy-2-hexenal (4-HHE) 

4-HHE is a well-known product of LPO arising from the reaction of ω-3 FAs.116 

However, it has only been detected in the EB of LC patients by using one particular 

collection–analysis protocol, namely, derivatization to an oxime ether during 

preconcentration followed by analysis using FT-ICR-MS.56 Fu et al. disclosed 4-HHE as a 

breath biomarker of LC and that 4-HHE concentration thresholds could be used to 

distinguish squamous cell carcinoma from adenocarcinoma and other NSCLCs.56 

Bousamra et al. also reported 4-HHE as a breath biomarker of LC and noted that after 

tumor resection, levels of 4-HHE in EB are significantly reduced and returned to levels 

found in HCs.74 Li et al., in addition to reporting 4-HHE as an LC biomarker, reported that 

threshold concentrations of 4-HHE can be used to distinguish LC patients from patients 

with benign nodules (0.0073 nmol/L), smoking controls (0.0073 nmol/L), and non-

smoking controls (0.0067 nmol/L).79 In 2015, Schumer et al. reported a median 
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concentration of 4-HHE in HCs (0.001 nmol/L) compared to elevated concentrations of 4-

HHE in early-(0.007 nmol/L) and late-stage cancer patients (0.009 nmol/L).81 In 2016, 

Schumer et al. also determined that the 4-HHE concentration in EB is reduced after tumor 

resection, reporting no significant difference between median concentrations in post-

resection patients and HCs.84 Of the papers collected for this work, only 11% observed 4-

HHE in EB, but all those noted 4-HHE as a biomarker of LC. Though present in low 

concentrations, with proper preconcentration and analysis techniques, 4-HHE can be an 

excellent biomarker of LC due to its LPO origins and complete lack of environmental or 

other endogenous sources. 

1.7.5 4-Hydroxy-2-nonenal (4-HNE) 

4-HNE is derived from the LPO of ω-6 FAs.116 Li et al. reported 4-HNE as a breath 

biomarker of LC, reporting threshold concentrations to distinguish LC from benign 

pulmonary nodules.79 When comparing LC to patients with benign nodules, the threshold 

for LC is 0.00175 nmol/L, but when comparing LC to smoking controls or HCs, the 

thresholds are lower and at concentrations of 0.000285 and 0.000255 nmol/L, 

respectively.79 In another study, Fu et al. observed significant differences in the 4-HNE 

concentrations that distinguish between SCLC and NSCLC in patients.56 4-HNE was 

reported in two of the papers collected for this work (5%), only one of which determined 

it to be a LC biomarker. 
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1.7.6 Malondialdehyde (MDA) 

Tamura et al.51 and Kawai et al.52 both reported MDA as one of the many aldehydes 

produced during in vitro lipid peroxidation experiments, with its yield maximized when 

carried out at 37 °C.51 In 2015, Li et al. disclosed the only report on MDA detected in the 

EB of LC patients but did not determine it as a biomarker.79 In this study, MDA was 

detected by derivatization during preconcentration to a less reactive, cationic oxime 

ether analog, which may explain the ability of the researchers to detect this highly 

reactive enol-aldehyde. Interestingly, the large majority of studies reporting MDA in the 

EB of patients—patients with asthma,117 COPD,118,119 chronic airway inflammation,120 

pulmonary disease,121 occupational hazard exposure,122,123,124,125 and air pollution 

exposure126—or in the EB from healthy subjects127,128,129,130,131 relied on the chemical 

derivatization of MDA with either 2,4-dinitrophenylhydrazine (DNPH) or thiobarbituric 

acid (TBA) after the collection of exhaled breath condensate. Condensing MDA in this 

manner, converting it into more stable adducts, and then analyzing the adducts by LC-MS 

avoids the exposure of this highly reactive, thermally sensitive metabolite to heat. The 

thermal desorption step associated with SPME, the principal analytical technique 

employed in the Table 1.3 studies, likely precludes the detection of MDA, and possibly 

other unsaturated aldehyde metabolites, due to inducing reactions and/or 

decomposition. 

1.8 Conclusion 

Cancerous cells have increased metabolic activity and cellular dysfunction, leading 

to elevated levels of ROS. The excess ROS react with unsaturated lipids to form aldehyde 
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metabolites via LPO. On considering the principal unsaturated fatty acids present in lung 

tissue and lung surfactant, it is reasonable to expect a panel of LPO-derived aldehydes 

consisting of saturated C3-C10 aldehydes, hydroxyaldehydes, and α,β-unsaturated 

aldehydes. This chapter examined all reports of volatile aldehydes in the EB of LC patients 

to summarize the efficacy of using the LPO-derived aldehyde panel as biomarkers of LC. 

The incidence of saturated aldehydes correlated often with LC, particularly in the case of 

pentanal, hexanal, and heptanal, which exhibited statistically significant elevations in 

concentration relative to HCs in near 50% of the studies that reported them. In contrast, 

there is a dearth of articles reporting hydroxyaldehydes or α,β-unsaturated aldehydes in 

the EB of LC patients, even though their formation via the random LPO process is also 

likely. 4-HHE was the most reported α,β-unsaturated aldehyde and was deemed a 

biomarker of LC 100% of the times it was detected. The studies reporting 4-HHE, as well 

as the other unsaturated biomarkers 2-nonenal and 4-HNE, all used chemical 

derivatization during preconcentration and analysis. The methods of preconcentration 

and analysis clearly impact not only the concentration ranges measured for the aldehyde 

metabolites, but also which classes of aldehydes are detected. The quantification of 

reactive α,β-unsaturated aldehydes including MDA appears to require derivatization 

methods for accurate assessment as biomarkers. 

1.9 Hypothesis 

In the two decades that followed the first reported aldehyde in LC patient breath in 

1988, only four additional studies documented elevated levels of aldehydes in the EB of 
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LC patients. Since 2008, however, there have been 39 studies on the EB of LC patients 

showing the merit of exhaled aldehydes as biomarkers. To fully realize the potential in 

using this class of LPO-derived metabolites as biomarkers of LC, the integration of 

chemoselective capture technology specific to aldehyde functionality with methods of 

analysis that take into account the sensitive nature of the more reactive a,b-unsaturated 

aldehydes is needed.  This is the underlying concept that drove the research presented in 

this dissertation.   

We hypothesize that a method to enhance detection and quantification of the 

‘overlooked’ fraction of exhaled breath aldehydes, namely a,b-unsaturated aldehydes, 

will improve the accuracy of breath analysis for diagnosis of disease.  Lung cancer is not 

the only disease for which exhaled breath aldehydes can be used as biomarkers.  Many 

other respiratory diseases are associated with OS,132,133,134 and with the outbreak of SARS-

CoV-2, the global pandemic demands the innovation of a rapid non-invasive diagnostic 

test for this disease.  We expect that better methods for detection of unsaturated 

aldehydes in exhaled breath will improve the sensitivity and specificity associated with 

breath-based diagnostic tests.  

Abbreviations used in Chapter 1: 

AgNP silver nanoparticle 
ATM 2-aminooxy-N,N,N-trimethylethan-1-ammonium iodide 
CAR Carboxen 
CRDS cavity ring-down spectroscopy 
DNPH dinitrophenylhydrazine 
DVB divinylbenzene 
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EB exhaled breath 
e-nose electronic nose 
FA fatty acid 
FT-ICR-MS Fourier-transform ion cyclotron resonance mass spectrometry 
GC-MS gas chromatography-mass spectrometry 
HC healthy control 
4-HHE 4-hydroxy-2-hexenal 
4-HNE 4-hydroxy-2-nonenal 
IMS ion mobility spectrometry 
LC lung cancer 
LoD limit of detection 
LPO lipid peroxidation 
MDA malondialdehyde 
MUFA monounsaturated fatty acid 
NSCLC non-small cell lung cancer  
NR not reported 
OS oxidative stress 
PC phosphatidylcholine 
PDMS polydimethylsiloxane 
PE phosphatidylethanolamine 
PFBHA (pentafluorobenzyl)hydroxylamine 
PG phosphatidylglycerol 
PL phospholipid 
POSS polyhedral oligomeric silsesquioxane 
PS phosphatidylserine 
PTR-MS proton transfer reaction-mass spectrometry 
PUFA polyunsaturated fatty acid 
ROS reactive oxygen species 
SAW surface acoustic wave 
SCLC small cell lung cancer 
Sph sphingomyelin 
SPME solid-phase microextraction 
TBA thiobarbituric acid 
VOC volatile organic compound 
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CHAPTER 2 

DEVELOPMENT OF A GAS-TO-LIQUID PHASE TRANSFER 
APPARATUS FOR THIOL-MICHAEL DERIVATIZATION OF VOLATILE 

UNSATURATED CARBONYLS

2.0 Introduction 
2.1 A Different Method for Carbonyl Capture — Conjugate Addition 
2.2 Thiol Reagent Synthesis 
2.3 Investigation of the Thiol-Michael Approach Using MBA 
2.4 Summary 
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2.0 Introduction 

As discussed in Chapter 1, there is great interest in developing methods of breath 

analysis for disease diagnosis and to search for volatile biomarkers of disease. Some 

applications are already in use; for example, a urea breath test has been used to 

noninvasively predict the presence of Helicobacter pylori.1 Electronic nose technology has 

been used to detect nitric oxide in exhaled breath as a means to predict childhood 

asthma. 2 In 2015, the US Food and Drug Administration approved monitoring gastric 

emptying using a stable isotope breath test, an approach first reported in 2012 by 

Bharucha et al. 3 These are just a few of the many versatile applications of breath analysis 

for diagnosis of disease.  

In pursuit of a diagnostic technique for early detection of lung cancer, one that is 

noninvasive and relatively inexpensive, breath analysis has emerged as a potentially 

powerful diagnostic tool. 4 Lung cancer is one of the leading causes of cancer death, but 

early detection leads to higher survival rates. 5 Unfortunately, symptoms of lung cancer 

are usually not apparent until the cancer has already progressed to an advanced stage. 6 

The five-year survival rate after diagnosis and treatment is only 18% for patients with 

advanced stage lung cancer; thus, early detection is the key to increasing lung cancer 

survival rates.5 One means to detect lung cancer is screening by either computed 

tomography (CT scan) or chest X-ray analysis. However, the National Lung Screening Trial 

of 2011, in which persons at high risk for lung cancer were screened by either CT or X-ray, 

resulted in more than 95% false positive diagnosis.4 Patients with a positive screening 

result then required, often unnecessarily, secondary procedures with greater associated 
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risk to the patient. A diagnostic technique for accurate, early detection of lung cancer, 

one that ideally is noninvasive and relatively inexpensive, is still needed. 

The detection of lung cancer by measurement of biomarkers in exhaled breath is 

being widely studied.3,7 Though putative biomarker VOCs vary among the studies, 

researchers agree that cancerous cells are under oxidative stress and exposed to excess 

reactive oxygen species (ROS), leading to generation of VOCs. 8,9,10 In 2000, Khyshiktuev 

et al. reported unsaturated and polyunsaturated lipid deficiencies in malignant and 

tumor-adjacent lung tissue.11 This is a substantial finding — the deficiencies in 

unsaturated lipids can be attributed to ROS-mediated consumption of the lipids, generally 

constituents of cell membranes, via lipid peroxidation processes.  As outlined in Chapter 

1, the product lipid peroxides are unstable and form secondary products, principally 

saturated and a,b-unsaturated aldehydes. 12,13,14 These carbonyl VOCs tend to have low 

solubility in blood and, consequently, are exhaled in breath. 15,16,17     

Well known ATM-coated silicon microreactor-based breath analysis method is one 

ongoing approach to detect lung cancer by analyzing volatile, exhaled carbonyls. 18,19,20 

While ATM excels at oximating saturated carbonyls, its 1,2-addition reactions with a,b-

unsaturated carbonyls, an important subset of lipid peroxidation-derived VOCs, are 

relatively sluggish. 21 In an attempt to address this shortcoming, Ogunwale et al. 

developed a new hydrazine-based reagent, 2-hydrazinyl-N,N,N-trimethylethan-1-

ammonium iodide (HTM) that has a lower activation energy for capture of a,b-

unsaturated carbonyl VOCs compared to ATM.21 Work is ongoing to increase the capture 
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efficiency of volatile a,b-unsaturated carbonyls in breath, an important direction to 

further improve breath analysis as a diagnostic tool. 

2.1 A Different Method for Carbonyl Capture — Conjugate Addition 

With the insight that targeting (i.e., preconcentrating) a,b-unsaturated compounds 

via 1,2-addition, as in the ATM approach, was sluggish, we considered an alternate 

approach of isolating exhaled breath carbonyls. Since conjugated carbonyls can undergo 

both 1,2- and 1,4-additions by nucleophiles (Figure 2.1), we hypothesized that a 1,4-

selective approach might be more efficacious for trapping this important subset of VOCs. 

Scheme 2.1. Example of 1,2-addition of an aminooxy functionality to an a,b-unsaturated 
carbonyl and 1,4-addition of a thiol functionality to an a,b-unsaturated carbonyl. 

Thiol-Michael Addition.  The 1,4-conjugate addition of thiols is a well-known click 

chemistry reaction (Scheme 2.1), commonly referred to as the thiol-Michael addition, 

where a nucleophilic thiol attacks an electrophilic beta-carbon of an a,b-unsaturated 

carbonyl compound to form a b-sulfido-carbonyl adduct. 22   Exploiting the thiol-Michael 

addition reaction to chemoselectively target a,b-unsaturated aldehyde VOCs in exhaled 
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breath gave inspiration of a new cationic thiol reagent to exploit the 1,4-conjugate 

addition reaction.  

There are many examples of thiol Michael addition reactions found in the literature. 

For example, Senter et al. reported the facile coupling of cysteine from an antibody with 

maleimide-functionalized drugs. 23 Gopal et al. reported facile and high-yielding 1,4-

conjugate addition of thiols to a,b-unsaturated carbonyls in water without any catalyst,24  

a promising result considering exhaled breath is saturated with water.25    

Table 2.1. Selected entries from Gopal et al. on thiol reactions with a,b-unsaturated carbonyls.24 

An interesting observation from the work of Gopal et al. (see entry 3, Table 2.1) is 

that an electron-deficient thiol reacts faster than slightly more nucleophilic thiols (entry 

2). This observation is rather counterintuitive; textbook organic chemistry would suggest 

entry enone thiol rxn time (min) yield (%)

1

SH

5 90

2

SH

10 90

3

SH

5 90

NO2

O

O

O

6 10 95

O

SH
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nucleophiles with more thiol electron density should react faster. In another observation 

from Table 2.1, the alkyl thiol entry 4 is slightly higher yielding, but it too had a slower 

reaction rate relative to entries 1 and 3. As our breath analysis techniques have used 

cationic reagents for mass spectrometry analysis in the past, the data from Gopal et al. 

publication inspired us to prepare two cationic thiol reagents. First a cationic aryl thiol 

because the p-nitrothiophenol from Table 2.1 had a fast reaction time and second, a 

cationic alkyl thiol because the ethanethiol from Table 2.1 had the highest yield. The aryl 

cationic thiol reagent we decided to make was 4-mercapto-N,N,N-

trimethylbenzenammonium iodide (MBA) and the alkyl cationic thiol reagent was 2-

mercapto-N,N,N-trimethylethanammonium iodide (MTA), shown in Figure 2.1. 

Figure 2.1.  Cationic aryl thiol reagent MBA and cationic alkyl thiol reagent MTA. 

Thiol reagents had been tested previously as derivatization agents using the silicon 

microreactor technology in breath analysis for capture of unsaturated carbonyls.21 

However, the results showed that thiols captured no carbonyls in the solid phase–gas 

phase experiments — these qualitative results suggest that the thiol 1,4 addition has a 

slower reaction rate relative to aminooxy 1,2 additions. In addition to the new thiol 

derivatization reagent, a new method for breath preconcentration was developed. 

N SH
I

N SHI
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Bubbler apparatus. We developed a peristaltic pump-driven gas dispersion 

apparatus (Figure 2.2) to pass exhaled breath gas through a solution of cationic thiol 

reagent to derivatize and preconcentrate volatile a,b-unsaturated aldehydes. This gas-to-

liquid phase reaction proposes to deliver exhaled breath a,b-unsaturated aldehydes as 

non-volatile, charged compounds suitable for analysis by liquid chromatography and 

high-resolution mass spectrometry (LC-HRMS). This is a unique approach as we could find 

no reports using a thiol-Michael reaction to isolate VOCs from breath. The selectivity 

simplifies analysis because all other classes of VOCs are not derivatized.  Importantly, this 

subset of VOCs is mechanistically linked to cancer, thus, the method targets metabolites 

produced by the cancer ROS environment. The thiol reagent is far less likely to be 

contaminated by exogenous VOCs relative to reagents that rely on reactions with 

carbonyl VOCs, as a,b-unsaturated aldehydes are typically far less present in most 

environments. Furthermore, the gas-to-liquid approach allows the use of other reagents 

(e.g., catalysts) to improve capture efficiencies, while solid phase approaches (micro-

preconcentrators, or 2,4-DNPH on absorbents) cannot be aided in this way because of 

site isolation issues. There is also the possibility with this apparatus of looping the sample 

or using duplicate setups in series to maximize VOC capture. 
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Figure 2.2.  Experimental set-up used to capture a, b-unsaturated aldehydes 
from breath samples (not to scale; bubbler apparatus enlarged to show detail). 
Air flow indicated by red arrows. 

2.2 Thiol Reagent Synthesis 

The aryl ammonium thiol reagent MBA was prepared using a route different from 

that reported in the literature (Scheme 2.2). 26 Attempts were made to prepare MBA via 

the reported synthesis by DePamphilis et al.25 without success.  A balancing act between 

thiol alkylation vs. incomplete amine alkylation in the reported synthesis proved it to be 

unsuitable in our hands. A more straightforward synthesis route was developed from 

commercially available 4-(dimethylamino)thiophenol.  Thiol protection as a thioester was 

a high yielding reaction, followed by amine exhaustive alkylation and then ester hydrolysis 

afforded MBA. The N-exhaustive alkylation was the lowest yielding step with a 74% yield, 

also due of incomplete alkylation and thiol alkylation side products. The hydrolysis was 

high yielding at 94%. Figure 2.3 is a 1H NMR spectrum taken of MBA. The ammonium 
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methyl 9H singlet at d 3.56 ppm and the thiol proton at d 5.99 ppm in the 1H NMR 

spectrum confirms formation of MBA.  

Scheme 2.2.  Syntheses of MBA. 

Figure 2.3.  1H NMR spectrum. (DMSO, 400 MHz) of structure MBA. 
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To prepare MTA we used a similar strategy, starting with commercially available 

acetylthiocholine iodide. 2-Mercapto-N,N,N-trimethylethan-1-ammonium chloride 

(MTA) was prepared by refluxing acetylthiocholine with methanolic HCl (Scheme 2.3). 

Similar to MBA, MTA displays a prominent 9H singlet attributed to the 

trimethylammonium moiety at d 3.10 ppm and a thiol proton at d 5.29 ppm (Figure 2.4) 

support the structural assignment of MTA.  

Scheme 2.3.  Synthesis of MTA. 

Figure 2.4.  1H NMR spectrum. (DMSO, 400 MHz) of structure MTA.
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MBA was tested first using the bubbler apparatus because Gopal et al. reported both 

efficient solvent free thiol reactions with a,b-unsaturated aldehydes and faster reactions 

with aryl thiols.24 

2.3 Investigation of the Thiol-Michael Approach Using MBA 
 

 The setup of the pump driven dispersion apparatus required the purchase of 

commercially available equipment. After considering potential pump flow rates, the 

adjustable flow rate peristaltic pump seen in Figure 2.6A was purchased from Harvard 

Apparatus. In the search for gas dispersion tubes there were two requirements, small 

tube diameter to fit into capture reagent test tube and fine frit porosity of dispersion 

tube. Three dispersion tubes were purchased, all having dispersion tube frit porosity of 

4.5-5 µm. Two dispersion tubes purchased from Ace Glass were pencil like in shape but 

had different outer diameters of 5 and 7 mm. The other gas dispersion tube purchased 

from Safety Emporium had a similar outer diameter of 6 mm, however the frit end has a 

bell like shape. The image in Figure 2.5 shows the two dispersion tube shapes.  

 

 

 

 

 

 

 

Figure 2.5.  Image of gas dispersion tubes. 
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Initial testing demonstrated vial size was another variable to consider.  The vial 

diameter could not be too large, because the larger the vial diameter, the more shallow 

the capture reagent solution.  

Bubbler solvent was the next variable considered, as there is a need for the solvent 

to readily solubilize organic compounds, allowing for easy VOC gas to liquid phase 

transfer, but also needed to be rather polar to solubilize the cationic capture reagent. A 

predecessor of mine in the Nantz group, Dr. Stephanie Mattingly, published a study 

involving a cationic derivatizing agent to extract carbonyls from a complex mixture. 27 The 

process from Dr. Mattingly’s study required an extraction solvent for the cationic 

(quaternary ammonium) adducts.27 She examined chloroform, ethyl acetate and n-

butanol as extraction solvents and found that n-butanol was the most efficient 

solvent.27Consequently, we selected n-butanol as the solvent for our bubbler apparatus 

investigation. 

The peristaltic pump purchased had an adjustable flow rate allowing Tedlar bag 

evacuation at rates ranging from 3.5 to 17.5 mL/min.  Inspired by established protocols 

using the ATM silicon microreactor breath analysis method,18 and in order to be able to 

compare new thiol bubbler method results with those from a microreactor, a flow rate of 

7 mL/min for the bubbler apparatus was set. 

A test tube was charged with a solution of MBA iodide in n-butanol (0.5 mL).  To 

the solution was added ~5 mg of KHSO4•SiO2, (Das et al. reported that catalytic 

NaHSO4•SiO2 improved the 1,4-addition of thiols to ab-unsaturated carbonyls). 28   The 

tube was then sealed with a rubber septum, a gas dispersion tube and outlet needle were 
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introduced according to the set-up depicted in Figure 2.6A.  A 500 mL Tedlar bag 

containing argon was spiked with crotonaldehyde (12 mmol), with a resulting 

concentration of 24 mM. The bag was then connected to the peristaltic pump as shown 

in Figure 2.6A.  The gas sample was passed through the reaction suspension at a flow rate 

of roughly 7 mL/min. NOTE:  For this experiment, only one pass through the n-butanol 

solution was conducted.  Figure 2.6A shows the actual laboratory set-up of the apparatus 

and testing.  

Scheme 2.4.  Initial thiol-Michael attempt using the bubbler set-up with MBA. 

Figure 2.6A.  Image of laboratory set-up for the reaction of MBA with 
crotonaldehyde.   
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Figure 2.6B.  Close up image of gas dispersion into capture reagent solvent 
in test tube. 

To analyze for the expected thiol Michael adduct (Scheme 2.4), the reaction 

suspension was filtered (cotton plug in pipette) and then an aliquot was directly analyzed 

by HRMS.  The adduct was observed at the expected m/z (Figure 2.4C). Prominent signals 

from the mass spectrum at m/z 154 and 224 were determined to be due to an impurity 

in the early synthesis stages of MBA. The m/z signal at 154 is due to protonated starting 

material 4-(dimethylamino)benzenethiol with an expect m/z of 154.0685. The 

corresponding 4-(dimethylamino)benzenethiol–crotonaldehyde adduct is responsible for 

the m/z signal at 224.  
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Figure 2.6C.  HRMS data of the crude MBA-crotonaldehyde reaction in n-

butanol using the bubbler set-up shows that the thiol-Michael addition 

occurred. 

Subsequent research and development of this approach focused on many 

different factors that affect interaction between the gas to liquid phases, as described in 

Table 2.2. Initially considered were the optimization of the gas dispersion tube and the 

solvent vial, and how each effected the other. Different factors effect gas dispersion, such 

as dispersion tube shape, or diameter. The size and shape of the sample vial also effects 

how long the solution volume is exposed to gas bubbles, for example too narrow a vial or 

too wide a tube would cause the solvent/gas foam that is sometimes created to rise and 

leak from the top of the vial or needle outlet. If there is too large a gap between the vial 

walls and the dispersion tube, the bubbles quickly exit solution, minimizing gas to liquid 

phase exposure. We quickly moved away from the bell-shaped dispersion tube because 

the gas seemed to bubble out into solution in larger bubbles possibly due to a slight gap 

between the frit and glass dispersion tube. The gas dispersion tubes from Ace Glass 

N

S H
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Chemical Formula: C13H20NOS+
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worked well, distributing gas as the desired fine bubbles seen in Figure 2.6B. Also tested 

were different solvents, as there is a need to balance the desire for more viscous solvents 

and the need for polarity to dissolve the ionic capture reagents such as isopropanol or t-

butanol. A mixture of n-butanol and methanol was found to be best, encouraged by Dr. 

Mattingly’s findings with a minimal addition of methanol to increase capture reagent 

solubility.27 The addition of potential acid catalysts was considered, adding silica 

impregnated potassium hydrogen bisulfate, encouraged by Das et al. that reported silica 

supported acid catalyst increased complete reaction time to the order of minutes.28 The 

pKa of bisulfate is approximately 2.  Also, the catalytic acid adherence to silica allows for 

easy removal by filtration. Flow rate was another variable considered.  We found, 

however, that at flow rates faster than 10 mL/min resulted in rapid solvent loss. Captures 

efficiencies were attempted with a model a,b-unsaturated aldehyde, crotonaldehyde. 

The thiol reagents MBA•I and MTA•I were tested by spiking crotonaldehyde in the 

nanomolar range to Tedlar bags filled with Argon.  

Table 2.2.  Variables examined for bubble apparatus method. 

Item Issue Decision Ref. 
Gas dispersion 

tube 
length, diameter, bubble 

volume 
5 mm diameter tube commercially 

available and no loss of solution loss 
– 

Sample vial size length, diameter 8 mm diameter test tube commercially 
available  

narrow to maximize solvent depth 
without solution loss 

– 

Solvent solubility of reagent and target 
VOCs 

n-butanol:methanol (90:10) 27 

Catalyst acid to help catalyze rxn KHSO4•SiO2 being on silica is easy to 
remove 

28 

Flow rate a desire for rapid tests calls for 
faster flow rates 

flow rate of 7 mL/min to minimize 
solvent loss 
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While there was capture of crotonaldehyde when it was in the millimolar range, 

no crotonaldehyde was captured by MBA or MTA using the novel technique when the 

a,b-unsaturated aldehyde was in the nanomolar range, the range needed for breath 

analysis. Exhaled breath a,b-unsaturated aldehydes reports have been in the picomolar 

or low nanomolar range. Table 2.3 is a summary of the trials, attempts that were made 

with different thiol reagents and aldehyde concentrations.  

Table 2.3. Bubbler apparatus trial results. (All experiments were carried out in 
90:10 n-butanol:methanol and flow rate of 7 mL/min unless indicated 
otherwise.) a Trials 1-9 were run with MBA•I and trials 10-12 were run with 
MTA•I. 

Trial Crotonaldehyde nmol in 
500 mL Tedlar bag 

Experiment details Capture 
efficiency (%) 

1 0.182 one pass; no catalyst 0 
2 0.182 one pass; with catalyst 0 
3 0.182 multiple passes (3.5 hrs.); with catalyst 0 
4 18.2 one pass; no catalyst 0 
5 18.2 one pass; with catalyst 0 
6 18.2 multiple passes (3.5 hrs.); with catalyst 0 
7 181.5 one pass; no catalyst <1 
8 181.5 one pass; with catalyst <1 
9 181.5 one pass; with catalyst; flow rate 3.5 mL/min <1 

10 181.5 one pass; no catalyst 0 
11 181.5 one pass; with catalyst 0 
12 181.5 one pass; with catalyst; flow rate 3.5 mL/min 0 

2.4 Summary 

A few conclusions can be drawn. First, due to the need that capture solution volume 

remain small, to maximize the concentration for better instrument analysis, vial shape 

and size must be narrow allowing solution to pool and create sufficient submersion of 

dispersion tube into solution. The vial must also be long enough to avoid the foam of 

dispersion from climbing vial walls and leaking over the sides. Additionally, we speculate 
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that the kinetics of the 1,4-Michael addition are not fast enough at the gas/liquid 

interface, and/or there is minimal transfer of VOC from gas to liquid phase for sufficient 

VOC capture. Finally, the largest issue with aryl thiols is their tendency to form disulfides 

when in solution, and as a disulfide it is incapable of fulfilling a nucleophilic addition in 

the given conditions. Further research can be done in a few different directions. The 

introduction of sonication to the process may enhance the VOC transfer from gas to liquid 

phase. Perhaps a cooling of the solution could help with the transition of VOCs from the 

gaseous to liquid phase. Another possibility is to use a larger apparatus, larger solvent 

volume, and concentrate after capture, before analysis. To solve the disulfide problem, 

there is a need for a reducing agent that will not react with target VOCs or interfere in the 

analysis process. Ongoing work concurrent to this approach became more promising, so 

a decision was made to cease work on this route in favor of pursuing the other route, 

which is discussed in Chapter 3.  
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CHAPTER 3 

UV SPECTROSCOPY OF CHEMOSELECTIVELY PRECONCENTRATED 
EXHALED BREATH AS NOVEL COVID-19 SCREENING METHOD 

3.0 Introduction 
3.1 Example Carbonyl Absorbances 
3.2 Breath Analysis 
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3.0 Introduction 

Electronic Transitions.  The measure of absorption or emission of light by 

molecules is referred to as spectroscopy.1 Within the broad range of electromagnetic 

radiation are the adjacent ultraviolet (200-400nm) and visible (400-800nm) light spectra, 

which can be used for quantitative chemical analysis called ultraviolet-visible (UV-Vis) 

spectroscopy.1 Organic molecules have discrete energy levels associated with orbitals 

that electrons may occupy.  The occupied and most stable, lowest energy level of a 

molecule is called the ground state.  With the absorption of quantized energy, electrons 

move to a higher energy level called the excited state (Figure 3.1).1 These transitions, or 

absorptions, can be measured using a spectrophotometer. A spectrophotometer is an 

instrument that measures the amount of photons (the intensity of light) absorbed by a 

sample solution after a beam of light passes through it. 

Figure 3.1.  Illustration of electron excitation from ground state due to absorption of light. 

Some organic molecules have electrons in nonbonding or p-bonding orbitals, 

which are often the highest occupied molecular orbitals (HOMO) of these molecules.  As 

electrons in a HOMO absorb light, they are excited to the lowest unoccupied molecular 

orbital (LUMO) of the molecule.1 The energy gap between the HOMO and LUMO 
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determines the wavelength of light that can be absorbed. As molecular structure and 

bonding can be quite complex and diverse, multiple types of absorptions from a single 

molecule are possible.  Using a spectrophotometer, a sample is irradiated with different 

wavelengths of light from the UV-Vis spectrum, the instrument measures the percent 

transmittance of each wavelength of light that passes through the sample solution 

relative to a reference blank where most or all light was transmitted.1 The sample’s 

percent transmittance is often converted and reported as sample absorbance. 

Carbonyls are a good example of organic molecules with multiple absorptions, 

because they have non- and p-bonded electrons. When considering the absorption of UV-

Vis light by a carbonyl compound, two principal electron transitions are observed in the 

UV-Vis spectrum, nonbonded electrons moving to the p* orbital and p-bonded electrons 

moving to the p* orbital (see Figure 3.2 for a simplistic representation of relative orbital 

energies and these transitions).1  

Figure 3.2.    Relative orbital enegy levels and electron transitions from HOMOs n and p 

to LUMO p*. 

In the case of the nonbonded electrons (i.e., carbonyl lone pair electrons), the 

electrons are excited from the HOMO to the LUMO, which in this example is the p* 
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antibonding orbital.  In the case of the pi-bonded electrons, higher energy is required to 

excite the electrons to the LUMO relative to the energy required for n®p*. The 

relationship between energy and light is the higher the energy the shorter the 

wavelength, meaning higher energy transitions like p®p* will absorb shorter wavelengths 

of light. UV light-induced excitation of carbonyl non- and pi-bonded electrons to pi* 

orbitals is far more complex than depicted in Fig. 2 in that there are two sets of lone pair 

electrons in a carbonyl group, and these are not degenerate due to differences in oxygen 

hybridization.1,2,3

3.1 Example Carbonyl Absorbances 

Comparison of Saturated and a,b-Unsaturated Aldehyde Absorbances.  Shown 

in Figures 3.3 and 3.4 are plots of the UV absorption spectra of pentanal and 2-pentenal 

to illustrate some key differences to note when comparing UV light-induced transitions 

of a saturated carbonyl compound to an a,b-unsaturated carbonyl compound.  First, the 

lmax (maximum absorption for each type of absorption) observed for these compounds 

differ. The pentanal p®p* lmax is 207.5 nm, whereas the 2-pentenal p®p* lmax is 216.5 

nm (Fig. 3.3).  The pentanal n®p* lmax is 282.5 nm, whereas the 2-pentenal n®p* lmax is 

309 nm (Fig. 3.4).  2-Pentenal absorptions are shifted to longer wavelengths, or a 

bathochromic shift, because the a,b-unsaturation is in conjugation with the carbonyl p 

bond. Conjugation narrows the energy differences between HOMO and LUMO, thus 

requiring less energy for electron excitation in a conjugated system relative to a saturated 

system. Less energy corresponds to longer wavelengths. Another major difference is the 
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intensity of absorbance.  Note that the solutions of the two compounds being compared 

are at different concentrations, with the solution of 2-pentenal being 4,500-fold less 

concentrated, yet still absorbing more light than the solution of pentanal.  Unsaturated 

compounds absorb more light relative to saturated compounds at the same 

concentration; a phenomenon that is explained by the Beer-Lambert Law. 1 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.3.  Comparison of pentanal and 2-pentenal p®p* UV 
absorbance spectra, and their molecular structures. 2-pentenal 
and pentanal were dissolved in separate solutions with methanol 
at concentrations of 22.5 mM and 0.005 mM, respectively. 
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Figure 3.4. Comparison of pentanal (blue line) and 2-pentenal 
(yellow line) n®p* UV absorbance spectra. Pentanal and 2-
pentenal were dissolved in separate solutions with methanol at 
concentrations of 22.5 mM and 0.1 mM, respectively.   

The Beer-Lambert Law can be represented by the equation A=elC, where A is 

absorbance, e is molar absorptivity (sometimes referred to as the molar extinction 

coefficient, is directly related to probability of the electronic transition), l is length of 

sample cell and C is concentration of sample solution. As the equation implies, 

absorbance and concentration are directly proportional; an increase in concentration will 

cause an increase in absorbance. While organic functional groups have a common range 

of molar absorptivity, every compound will have a unique e as it is an inherent property. 

Although saturated and conjugated unsaturated aldehydes may have n®p* molar 

absorptivities in a similar range, the p®p* molar absorptivities of conjugated unsaturated 

aldehydes tend to be approximately eight to ten times larger than those of the 

corresponding saturated aldehydes (hence the greater absorbance difference in Fig. 3.3 



 

  56 

vs. Fig. 3.4).  Finally, the bathochromic shift due to conjugation results in absorption at 

wavelengths where a saturated counterpart has no absorption.   In this case, pentanal 

absorption at 335 nm is near zero whereas 2-pentenal still has measurable absorption at 

this wavelength.  This feature suggests that screening mixtures of aldehydes for 

absorptions at these higher wavelengths may be a rapid means of discerning whether 

unsaturated compounds are present in the mixture.  

 

3.2 Breath analysis 

 Background.  In 1971, Pauling et al. first reported quantitative determination of 

nearly 250 volatile organic compounds (VOCs) in exhaled breath by gas chromatography 

(GC).4  Technological and instrumentation advances since then have shown that breath 

contains a complex mixture of metabolites.5 In 1999, Phillips et al. reported more than 

3,400 different VOCs in exhaled breath.6  The presence of, or an increased or decreased 

concentration of certain VOCs, in exhaled breath can be an indicator of disease.7,8,9 Breath 

analysis for disease screening has long been of interest, with various exhaled VOCs being 

reported as biomarkers.10,11  Reviews of breast cancer VOC markers by Leemans et al.12 

and of lung cancer markers by Sutaria et al.13 list many examples of biomarkers in breath 

and point toward the potential of breath analysis for diagnosis of disease.  

Many spectroscopic techniques have been used for breath analysis. Selvaraj et al. 

recently reviewed mid-infrared sensing techniques for exhaled breath diagnostics of a 

wide range of diseases and detection of potential biomarkers.14 Nuclear magnetic 

resonance spectroscopy has been used to analyze exhaled breath condensate and was 



57 

able to differentiate between asthmatic and healthy patients.15 UV-Vis spectroscopy also 

has been applied to breath analysis. Kudo et al. demonstrate a method to measure the 

acetone concentration in exhaled breath using UV-Vis measurements.16 In the Kudo et al. 

protocol, breath was collected using an optical fiber glass cell coated with aluminum.16 

One way the method was validated was by comparing a breath sample UV absorbance 

spectrum to that of an acetone-spiked breath sample (Figure 3.5) to highlight the 

absorbances attributed to acetone.16

Figure 3.5.  UV absorbance spectra of breath sample vs acetone-spiked breath 
sample.16

In another example using UV-Vis spectroscopy, Iwata et al. report development of 

a method to measure the concentration of isoprene in exhaled breath.17 The authors state 

that UV measurements of exhaled breath have an advantage over that of mid-infrared 

spectroscopy because water has a strong absorption in the mid-infrared spectrum, and 

much less in the UV spectrum.17 In fact desiccants are often used with mid-infrared 

spectroscopy to remove water due to its interference, but the desiccant may also remove 

potential marker VOCs from exhaled breath in the drying process. Considering my 
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experience from both reading the literature and experimentation with exhaled breath, I 

cannot rule out the possibility other exhaled carbonyls could contribute to the principal 

absorbance seen by the Kudo et al. method. 

Established breath analysis protocol. Nantz and Fu have reported exhaled breath 

analysis using a silicon microreactor approach.19 The microreactor consists of 1000s of 

micro-pillars of silica oxide coated with 2-aminooxy-N,N,N-trimethylethan-1-ammonium 

iodide (ATM) for chemoselective preconcentration of carbonyl VOCs (Scheme 1).18  The 

chemoselectivity of this approach allows for the analysis of carbonyl biomarkers with far 

less interference from the many VOCs in exhaled breath samples, while the 

preconcentration allows for the accurate measure of carbonyl biomarkers in the nano- to 

pico-molar range.  Volatile carbonyl capture depends on the click chemistry reaction 

between an aldehyde or ketone carbonyl and the ATM aminooxy group, an oximation 

reaction. The ATM derivatization also serves the purpose of converting the carbonyl VOC 

to a charged (cationic) non-volatile salt, which makes the preconcentration process more 

efficient. The ATM-VOC adducts are collected from the microreactor by elution with 

methanol.  The methanol solutions are then analyzed by liquid chromatography and mass 

spectrometry (e.g., UHPLC-MS).  The cationic derivatization allows for easier analysis and 

quantification by MS, with little to no fragmentation.  These authors have reported 

biomarkers that predict lung cancer; specifically, butan-2-one, 2-hydroxyacetaldehyde, 3-

hydroxybutan-2-one, 4-hydroxyhex-2-enal, and 4-hydroxynon-2-enal.19,20,21,22,23,24,25 In 

the present work, we use the same silicon microreactor technology (Figure 3.6) to obtain 

methanol solutions for direct analysis by UV-Vis spectroscopy.  This new breath analysis 
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approach circumvents the need for adduct separation via chromatography as well as 

analysis by MS.   

New UV-Vis breath analysis approach.  The underlying principle of our new 

approach to breath analysis is to use UV-Vis spectroscopy to determine the presence of 

conjugated carbonyl compounds in breath.  We have previously reported that a,b-

unsaturated aldehydes are mechanistically expected in exhaled breath from lipid 

peroxidation.13  An increase in cellular oxidative stress, as happens in diseased cells, will 

result in even higher levels of aldehydes, both saturated and unsaturated, in exhaled 

breath.26  Indeed, increases in the levels of saturated aldehydes in breath as a 

consequence of lung cancer, for example, have been well documented.13  However, there 

is severe lack of detection and reporting of a,b-unsaturated aldehydes in the exhaled 

breath of lung cancer patients.13  Thus, a method to detect this expected class of 

metabolites within a complex mixture might prove useful as a tool for diagnosis of certain 

diseases. 

Coupling the established carbonyl breath capture technology with UV-Vis 

spectroscopy could result in a fast, inexpensive, and noninvasive analysis of disease.  For 

Figure 3.6.  A. Silicon micropreconcentrator featuring 1000s of micropillars. B. Oximation 
reaction on silica micropillars in microreactor. 
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the technique to succeed, however, the collective absorption of the unsaturated carbonyl 

VOC adducts, which can be expected to have a higher molar absorptivity relative to the 

saturated analogs, must exceed limits of detection thresholds.  While acetone has been 

reported to have exhaled breath concentrations in the nanomolar range,27 other 

saturated and specifically a,b-unsaturated aldehydes are reported to be in the picomolar 

concentration range.28 Corradi et al. searched for potential biomarkers in exhaled breath 

of non-small cell lung cancer patients, and reported 2-hexenal, 2-heptenal and 2-nonenal 

in exhaled breath ranging from 1.2 to 9.9 picomolar.28 An increase in the concentration 

of UV active compounds in a solution is reflected by an increase in UV absorbance, and if 

any of those are a,b-unsaturated, their contribution to the overall absorbance will be 

significant due to their much larger molar absorptivity values. Because UV spectroscopy 

absorbance is additive, the overall absorbance should increase.   Given below is an initial 

demonstration how UV detection of the fraction of a,b-unsaturated aldehydes in breath 

can be used to diagnose disease, in this case an infection by the SARS-CoV-2, a coronavirus 

that is known to cause COVID-19 illness.29  

Method Validation.  All UV-Vis spectra were taken in LC-grade methanol (³99.9%, 

VWR Chemicals BDH) using a VWR Cell Quartz 100 uL Z8.5mm cuvette and a Beckman 

Coulter DU 800 spectrophotometer.  Aldehydes and ketones were purchased from 

Millipore Sigma and Tokyo Chemical Industry.   

Figure 3.7 depicts the comparison of UV absorbances for a panel of saturated 

ATM-carbonyl adducts with one unsaturated ATM-carbonyl adduct, namely that of 4-

hydroxy-2-hexenal (4-HHE).  The carbonyls on the panel were chosen for a few different 
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reasons. First acetone was chosen because it is one of the most abundant exhaled breath 

carbonyls, with healthy breath concentrations ranging from 19.8 nmol/L to 79.4 nmol/L.27 

Other ketones and hydroxyacetaldehyde were chosen because they were reported as 

lung cancer markers in exhaled breath using the previously mentioned breath carbonyl 

collection protocol.24 Finally, 4-HHE was not only a reported a lung cancer marker in 

exhaled breath by Li et al.,24 but it is also identified in Table 1.2 as one of the 

mechanistically expected aldehyde metabolites of lipid peroxidation along with 2-

hydroxyheptanal. The ATM-4-HHE adduct (red line, Figure 3.7) clearly has a greater molar 

absorptivity relative to those of the saturated ATM-carbonyl adducts.   

Figure 3.7.  Molecular structures and UV absorbance spectra of select ATM-carbonyl adducts.  All 
spectra were acquired from 1 mM solutions in methanol. 
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Importantly, the UV absorbance of the ATM-4-HHE adduct extends well beyond the lmax 

absorbances of any of the saturated analogs (i.e., 205 nm). 

With regard to the use of ATM in the carbonyl derivatization step, other reagents 

can be used for chemoselective carbonyl derivatization to obtain adducts that have 

similar molar absorptivity distinctions as the ATM adducts. 4-(2-Aminooxyethyl)-

morpholin-4-ium chloride (AMAH) was developed by Dr. Ralph Knipp, a previous group 

member, for gas chromatography-mass spectrometry purposes.23 For example, AMAH 

was prepared using the published protocol and then reacted with hexanal and 2-hexenal 

to obtain the corresponding oxime ether adducts.  Two separate 1 mM solutions of these 

AMAH adducts were then examined by UV-Vis spectroscopy (Figures 3.8).  The a,b-

unsaturated AMAH adduct absorbance is similar to that of the closely related ATM 

adduct; conjugation causes a bathochromic shift in wavelengths absorbed as well as an 

increase in the molar absorptivity.  

Figure 3.8.  Molecular structures and UV absorbance spectra of AMAH-aldehyde adducts.  All 
spectra were acquired from 1 mM solutions in methanol. 
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Figure 3.9.  Molecular structures and UV absorbance spectra of AMP-aldehyde adducts.  All 
spectra were acquired from 1 mM solutions in methanol. 

Carbonyl adducts of a commercially available hydrazine similar to AMAH, 1-amino-

4-methylpiperazine (AMP), were also briefly examined by UV-Vis measurements.  In this 

case, AMP was of interest because the hydrazine functionality, unlike the aminooxy 

functionality of both ATM and AMAH, reacts with unsaturated aldehydes at a faster rate 

to form adducts called hydrazones.30 AMP was commercially available and purchased 

from Millipore Sigma. The AMP was then reacted with hexanal and 2-hexenal to obtain 

the corresponding hydrazone adducts.  Two separate 1 mM solutions of these AMP 

adducts were then examined by UV-Vis spectroscopy (Figures 3.9). The a,b-unsaturated 

AMP adduct has a bathochromic shift in absorbance relative to the saturated AMP adduct 

due to its conjugation. However, there does not seem to be as pronounced of a difference 

in molar absorptivity between the AMP saturated and a,b-unsaturated adducts. In 

comparing UV-Vis spectra of saturated and unsaturated adducts, the difference between 

ATM-pentanal and ATM-2-pentenal were relatively more pronounced than with any other 

adduct pair examined, so we pursued development of our method using this reagent. 
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Trace a,b-unsaturated aldehyde effect on UV spectrum. Most exhaled aldehydes 

tend to be lower in concentration; specifically, a,b-unsaturated aldehydes are present at 

the pmol/L range.24 To better understand the relationship between an increase in the 

concentration of an a,b-unsaturated aldehyde and the effect on the resultant UV 

spectrum, the UV absorbance of six solutions with a constant concentration of a saturated 

aldehyde and decreasing concentrations of an a,b-unsaturated aldehyde were examined 

(Figure 3.10). For these experiments, two ATM-aldehyde adducts were chosen, ATM-

pentanal to represent the saturated fraction of aldehydes in breath and ATM-2-pentenal 

to represent the a,b-unsaturated fraction. The solutions were constituted to be same 

volume (200 µL) as the silicon microreactor elution volume. Each of the six solutions had 

ATM-pentanal concentrations of 50 nmol/200µL, to represent the larger saturated 

fraction of exhaled breath aldehydes.  

Figure 3.10. Molecular structures and each absorbance spectrum shown has 50 nmol ATM–
pentanal and X nmol ATM-2-pentenal, dissolved in 200 µL methanol. 
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In order to mimic a slight increase of a,b-unsaturated aldehydes in exhaled breath 

concentration due to LPO and disease and determine a limit of detection relative to the 

ever-present larger concentration of saturated aldehydes, to each solution was added an 

increasing amount of ATM-2-pentenal, ranging from zero to 2 nmol, as indicated by the 

colors of the traces from Figure 3.10. 

While absorbances were recorded in the range 205-350 nm (not shown in Figure 

3.10), the absorbances at wavelengths between 237-252 nm show a linear relationship 

between an increase in the a,b-unsaturated ATM-2-pentenal adduct concentration and 

absorbance. Additionally, the increased absorbance due to 0.1 nmol of the a,b-

unsaturated ATM-2-pentenal adduct can be observed in the presence of 50 nmol of 

saturated ATM-pentanal adduct. These experiments suggest trace levels of unsaturated 

carbonyls in a mixture produce measurable differences in absorption spectra.  Thus, we 

set out to test the method in a pilot study involving patient breath. 

Protocol Development.  Lung cancer is not the only respiratory disease to be 

associated with oxidative stress.  SARS-CoV-2 infection, or COVID-19, is also a respiratory 

disease and there have been many reports linking COVID-19 with oxidative stress.31,32,33 

As discussed in Chapter 1, oxidative stress will lead to a greater amount of lipid 

peroxidation-derived aldehyde metabolites in exhaled breath, including a,b-unsaturated 

aldehydes. Due to the global pandemic, COVID-19 has put a spotlight on the dire need for 

an accurate, rapid, and noninvasive test because of the contagious nature and potential 

health effects of the disease. For these reasons and all of those previously mentioned, we 

launched a pilot study to examine the UV absorptions of the ATM-carbonyl adduct 
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mixtures obtained from the exhaled breath of healthy vs. symptomatic COVID-19-positive 

subjects.  

Collecting breath samples from human subjects, especially COVID-19 positive 

subjects, required that certain steps involving the ATM-coated silicon microreactor (e.g., 

elution of ATM-carbonyl adducts from the microreactor) be performed off-site and by 

others.  To ensure consistent sample handling, we first explored the development of an 

UV-active internal reference to serve as an indicator of proper sample collection. The 

ability to compare samples requires protocol consistency, and the UV-Vis approach 

provided the opportunity to integrate quality assurance procedure. Coating the 

microreactor with a reference compound (along with ATM) in a known, consistent 

amount could allow its use as an internal reference (IR) standard, as long as the lmax for 

this reference compound does not overlap with the ATM-adduct absorbance wavelength 

range of interest from 235-350 nm (Figure 3.13).  Of course, the reference compound also 

must not interfere with the oximation chemistry that is central to carbonyl capture by the 

microreactor.  After considering commercially available UV-Vis IR standards for those that 

were stable and unlikely to react with ATM, silica, or any breath component, 3-(2-

benzothiazolyl)-7-(diethylamino)coumarin was purchased from Chemodex. While the 

purchased UV-Vis IR standard has a lmax at 458 nm, other absorptions needed to be 

considered. Figure 3.11 shows the results of a necessary UV-Vis study to determine if the 

UV-Vis IR standard has an absorbance that would interfere with ATM-carbonyl adduct 

absorbances, by obtaining the absorbances at different known concentrations. The 

determination was that if the UV-Vis IR has a concentration less than 0.0001 mM then 
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there is no absorbance interference in the absorbance wavelength range of interest, 205-

350 nm. At the concentration of 0.0001 mM the benzothiazole UV-Vis IR absorbs from 

385 to 500 nm, with lmax at 458 nm. As shown in Figure 3.12, the R2 value indicates the 

absorbance response variable is well correlated to concentration.  

Figure 3.11. Benzothiazole UV-Vis IR standard structure and absorbance spectra at different 
concentrations. 

Figure 3.12. Benzothiazole UV-Vis IR standard lmax 458nm absorbance linearity. 
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Figure 3.13. UV-Vis spectral data from symptomatic COVID-19 positive samples HBA184 and 
HBA 185. 

Shown in Figure 3.13 are the UV-Vis spectra from exhaled breath samples of 

symptomatic COVID-19 positive patients, samples HBA184 and HBA185. The ATM-

carbonyl UV absorption range of interest as previously stated is 235-350nm. There is no 

interference from the benzothiazole UV-Vis IR standard absorptions from 390-500 nm 

with that of ATM-carbonyls from breath sample absorbance range of interest. 

Figure 3.14. UV-Vis spectral data from elution of silicon micro-reactor loaded with benzothiazole 
UV-Vis IR standard. 
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To ensure UV-Vis IR can be used with existing ATM carbonyl derivatization and 

preconcentration protocols, an elution study was carried out in duplicate. The 

microreactors were loaded with UV-Vis IR and subjected to normal drying procedures. 

The microreactors were eluted three separate times with a volume of 200µL of methanol 

to mimic typical microreactor elution protocol. The absorbance spectra of the three 

elutions from one microreactor are shown in Figure 3.14, other trials had similar results. 

The data from Figure 3.14 demonstrates nearly all the UV-Vis IR is eluted from the 

microreactor by the first elution of 200µL methanol. Shown in Figure 3.15 is the first 

elution of benzothiazole UV-Vis IR standard absorptions compared to symptomatic 

COVID-19 positive samples HBA184 and HBA185. The focus of Figure 3.15 is the 

nanometer range the IR standards lmax falls within. HBA184 absorbance value around lmax 

458 nm that is similar to the first elution test sample, indicating each were similarly loaded 

Figure 3.15. UV-Vis spectral data from first elution of silicon micro-reactor loaded with 
benzothiazole UV-Vis IR standard, and data from symptomatic COVID-19 positive samples HBA184 
and HBA185. 
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and eluted. However, the same comparison between the first elution test sample and 

HBA185, the UV-Vis IR standard lmax absorbance of sample HBA 185 is demonstrably 

higher and indicates there was an issue with microreactor loading, microreactor elution 

or sample handling.  

Pilot study. Institutional Review Board 20.1154 was approved by the University of 

Louisville to recruit subjects and process exhaled breath samples. The IRB was approved 

under Co-Principal Investigators Dr. Xiao-An Fu, PhD, and Dr. Jiapeng Huang, MD, PhD, 

Department of Anesthesiology, University of Louisville School of Medicine. With IRB 

approval, one-liter breath samples were collected from 10 symptomatic COVID-19 

patients in the clinic at the University of Louisville Hospital.  The breath samples were 

passed through the IR- and ATM-coated microreactors to preconcentrate the carbonyl 

fraction through ATM derivatization.19 The COVID-positive samples were collected, 

processed, and then transported to our labs by either Elizabeth Cooke, Subathra 

Marimuthu, Holly Aliesky, James D. Morris, or Zhenzhen Xie.  One-liter breath samples 

from 10 healthy control volunteers were obtained and subjected to the same protocol. 

Volunteer breath samples were taken between June 16th, 2022 and July 25th, 2022. 

According to SARS-CoV-2 variant tracking data from the Centers for Disease Control and 

Prevention, throughout the period that breath samples were taken, 99.9% of subvariants 

circulating in Health and Human Services Region 4 are the Omicron variant.34 At the 

beginning of the period the Omicron subvariant BA.2.12.1 was dominant, by the end of 

the period the Omicron subvariants BA.4 and BA.5 were dominant.34 
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Pilot study data is shown in Figure 3.16 where healthy patient data are plotted as 

green lines and symptomatic COVID-19 patient data are the red lines.  Before discussing 

the data further, the corresponding UV-Vis IR data must first be evaluated to ensure each 

sample was properly eluted from the microreactor, as shown in Figure 3.17. 

Figure 3.16. Pilot study samples full absorbance spectra. 

There are three COVID-19 positive traces in Figure 3.16 that are not solid lines. 

This is because upon looking are the UV-Vis IR wavelength region closely in Figure 3.17, 

there are three traces that are higher and not well grouped with the others at the UV-Vis 

IR lmax wavelength. 

Figure 3.17. Pilot study data UV-Vis IR Standard absorbance spectra. The dotted line traces were 
outside the range of one standard deviation of the mean absorption at lmax 458 nm. 
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The mean absorbance of all pilot study samples at lmax 458 nm is 0.03 with a 

standard deviation of 0.01, and plus or minus 1s about the mean is an absorbance range 

from 0.02 to 0.04. There are three samples from the pilot study that have a UV-Vis IR 

Standard lmax absorbance outside the plus or minus one standard deviation range, the 

three non-solid red traces in Figure 3.17. These are COVID-19 positive samples 

HBA182POS5, HBA185POS8 and HBA186POS9. There are several possible reasons for an 

increase in the UV-Vis IR lmax absorbance above the expected mean absorbance, such as 

the sample could have been eluted with a smaller volume than the standard 200 µL or 

perhaps the eluted sample was not properly sealed and there was some solvent 

evaporation. Whatever the reason, these three samples were removed from the data set 

because they were out of range. Figure 3.18 shows the pilot study data of 10 healthy 

Figure 3.18.  Absorbance spectra of final data set from pilot study on IR- and ATM-loaded 
microreactors for analysis of exhaled breath from healthy (green) vs. COVID-19 positive subjects 
(red). 
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patients and 10 symptomatic COVID-19 positive patients; the healthy and symptomatic 

COVID-19 positive data seem well grouped.   There is one overlapping COVID-19 positive 

trace in the range of the healthy subjects. These preliminary data groupings yield initial 

healthy and COVID-19 positive absorbance ranges, which were determined by plotting 

the mean traces for each group and using plus and minus standard deviations as error 

bars (Figure 3.19).   

Figure 3.19. Pilot study ATM-carbonyl healthy vs symptomatic COVID-19 positive absorbance 
means with plus and minus 1s error bars. 

While there is some variation, there are many candidate wavelengths to select for 

prospective studies, from 235 nm to 305 nm, where there is clear separation between the 

two groups and potential threshold absorbance intensities at certain wavelengths 

indicative of COVID-19. One of the largest gaps between the two means was at 240 nm. 

To compare the healthy and COVID positive means at 240 nm a two-tailed Welch’s t-test 

was performed. The mean of the absorbance of 10 healthy patients at 240 nm is 0.8 with 

a standard deviation of 0.1. The mean of the absorbance of 10 COVID positive patients at 
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240 nm is 1.2 with a standard deviation of 0.2. There is a significant difference between 

the healthy and COVID positive mean at 240 nm, t(12) = 5.6, p < 0.01. 

We also examined the data using the IR to normalize the data. All absorbance 

values from each patients’ spectra were divided by the 458 nm lmax absorbance of the IR 

from the same spectrum. In using the IR to normalize measurements, we no longer 

needed to disqualify the three samples that were originally removed. Again, to compare 

the healthy and COVID positive means at 240 nm a two tailed Welch’s t-test was 

performed because of the different variances between the two group. The mean of the 

absorbance of 10 healthy patients at 240 nm is 31 with a standard deviation of 8. The 

mean of the absorbance of 13 COVID positive patients at 240 nm is 47 with a standard 

deviation of 16. Once again, there is a significant difference between the healthy and 

COVID positive mean at 240 nm, t(18) = 3.21, p < 0.005. 

We noted an interesting detail from one of the healthy volunteers, a current 

cigarette smoker, whose exhaled breath sample absorbance fell within the one standard 

deviation of the healthy mean. This is interesting because smoking has been reported to 

contribute to exhaled breath VOC concentrations, aldehydes among them, so higher 

carbonyl levels would have been expected.35 Though smoking in the United States has 

declined from 21% in 2005 to 12.5% of the population in 2020,36 smoking status must be 

considered when conducting breath analysis, putting together a sample set and 

determining disease threshold. 

Other COVID-19 breath tests are being developed, like Chen et al., who combined 

chromatography, spectroscopy and machine learning for analyses.37 Grassin-Delyle et al. 
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carried out breath analysis of COVID-19 patients using Proton Transfer Reaction Mass 

Spectrometry (PTR-MS), and reported the aldehyde nonanal as significantly elevated in 

Acute Respiratory Distress Syndrome (ARDS) patients with COVID-19 relative to ARDS 

patients without COVID-19.38 Ruszkiewicz et al. using the common combination of 

chromatography and mass spectrometry, observed aldehydes propanal, heptanal, 

octanal and ketones acetone and butan-2-one all elevated in breath of COVID positive 

patients, and went on to use heptanal and octanal in their COVID-19 classification 

model.39 Also using PTR-MS, Liangou et al. identified heptanal as important to 

identification of COVID-19 from breath analysis.40 

Though promising that many attempts are being made to develop a rapid COVID-

19 breath test, none of these studies observed or reported any unbranched a,b-

unsaturated aldehydes, which are likely to be present in diseased breath. The mentioned 

studies have a few drawbacks as well. None of them used preconcentration techniques, 

leaving their sample analysis susceptible to signal to noise ratio issues and lack accuracy, 

or potential interference from the thousands of other VOCs present in exhaled breath 

with potential higher and/or unresolved signals. Also, each of these reported techniques 

use separation science, requiring expensive laboratory based chromatographic and 

analytical chemistry instruments.  

The use of UV-Vis spectrometry does not require extensive use of elution solvents 

or bulky tanks of inert gas, it only requires a sample and electricity to power the 

instrument. There are many portable UV-Vis spectrophotometers commercially available 

to easily integrate with the silicon microreactor methodology. The combination of silicon 
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micro-preconcentrator with ATM aminooxy derivatization and UV spectroscopy for 

breath analysis has not been examined prior to this work. Further clinical studies are 

necessary with large sample sets to properly determine the threshold above which a 

result is truly indicative of COVID-19. Research and development is ongoing by the Nantz 

and Fu groups to devise a method to reduce breath derivatization and preconcentration 

time from greater than two hours down to minutes.  There is great potential that this 

novel approach, outlined in step-by-step detail below, could be used for a variety of 

diseases, given proper clinical trials are completed to determine UV-Vis absorbance 

disease thresholds of exhaled breath.  

Protocol for Breath Analysis Using UV-Vis Spectroscopy to Diagnose COVID-19 
• Breath Collection (subject breathes into 1-L Tedlar bag)

• Breath Derivatization and Preconcentration (exhaled breath passed through IR-loaded

ATM-microreactor)

• Elution (microreactor is eluted using 200 µL methanol to afford sample solution)

• Sample Preparation (microcuvette is charged with 100 µL of sample solution)

• UV Measurement (absorbance measurement is recorded from 200-550 nm)

• Algorithm Application (value is checked to see if in range (1 std. dev.) of positive)

Figure 3.20. Breath analysis protocol using IR-ATM-microreactor, UV-Vis spectroscopy protocol. 
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SYNTHESIS OF (E,E)-MUCONALDEHYDE 
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4.5 Benzene Cardiovascular Toxicity Study 
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4.0 Introduction 

As a,b-unsaturated aldehydes are known to elicit harmful effects through alkylation 

of DNA, proteins and other biomacromolecule, we explored the toxic effects of a well-

known metabolite of benzene, muconaldehyde. Working with the University of Louisville 

Superfund Research Center,1 which focuses on the effects of harmful volatile organic 

compounds in the environment, led us to collaborate on a project involving (E, E)-

muconaldehyde (1, Figure 4.1).  Muconaldehyde (also known as muconic dialdehyde or 

(2E, 4E)-hexa-2,4-dienedial) is an open-ring metabolite of benzene2 that has become the 

subject of numerous investigations into the toxic effects of exposure to benzene.3,4,5  The 

presumed formation of muconaldehyde as a result of tropospheric oxidation of benzene 

in photochemical smog also has stimulated investigations on its formation in the 

atmosphere and resultant effects on pollution.6,7,8 Finally, muconaldehyde is of interest 

to synthetic chemists, particularly as a linking substrate for polyene synthesis9,10,11 and as 

a diene reactant for inverse electron-demand Diels-Alder reactions.12  Muconaldehyde is 

not commercially available.  Our interest in the toxicological studies of this widely 

investigated dialdehyde led us to examine its synthesis from the corresponding diacid, 

muconic acid (2).   

Figure 4.1.  Muconaldehyde and commercially available muconic acid. 

H H

O

O

muconaldehyde (1)

HO OH

O

O

muconic acid (2)



79 

Described below are the results of our studies on a new method for preparation of 

muconaldehyde. 

4.1 Prior Syntheses of Muconaldehyde 

Several syntheses of muconaldehyde have been reported (Figure 4.2),13,14,15,16,17,18 

spanning a wide variety of approaches from the first synthesis in 1949 by Karrer et al.13 

(3 steps, 32% overall yield) to the more recent reports in 2005 by Kurteva and Afonso17 (4 

steps, 27%) and in 2016 by Chen et al.18 (2 steps, 24%).  The double Wittig-Horner 

approach to the title compound by Kossmehl and Bohn14 appears most expeditious; 

however, while they reported a crude yield of 77%, a recent application of this route 

reports isolation of muconaldehyde in 22% yield.19 Murray et al. made the minor change 

of starting with glyoxal trimeric hydrate, instead of glyoxal as Kossmehl and Bohn did. Yet 

Murray et al. were not able to achieve the high crude yield reported by Kossmehl and 

Bohn, perhaps due to four column chromatography attempts at purification as opposed 

to the sublimation method originally reported.  Given the uncertainty involved in using 

the double Wittig-Horner approach, we opted to explore a different route to prepare 

muconaldehyde. 
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Figure 4.2.  Reported syntheses of muconaldehyde. 
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dienediamide 

Given that (E,E)-muconic acid is commercially available from Millipore Sigma and 

that there are multiple options for the reduction of carboxylic acid derivatives to 

aldehydes,20 such as the mono-reduction of acid chlorides,21 derived 

carboxymethyleniminium salts,22 or corresponding Weinreb amides,23 we postulated that 

the conversion of muconic acid to a bis-activated intermediate might provide an efficient 

route to 1.  We were motivated by the separate but synthetically connected reports of N, 

H H

N

N

Br Br
1. pyridine

60 °C, 5 min
2. p-ONC6H4NMe2

NaOH, H2O, EtOH

OAr

O Ar

3. HCl, H2O
Et2O

1

ref. 13

ref. 15

ref. 16

DMSO, H2O
72%

1

microbial OH

OH
H2O, 0 °C

68%

NaIO4
O

O

Et3N, CH3CN
reflux, 3h

54%

1
oxidation

ref. 14

OHC CHO +   2 OHC PPh3
DMF
80 °C

crude
(77%)

Et2O, reflux
80%

1
sublimation

OH

OH
ref. 17

(COCl)2, Et3N

O

O O

O

a. O3
CH2Cl2, –78 °C

CH2Cl2, 0 °C
      100%

b. Me2S
c. piperidinium•OAc

62%

12 steps
44%

O O
NBSNaOMe

O
Br

Br

2 steps
51%

O
OH

H
OH

O

ref. 18

+ OHC PPh3
CH2Cl2
reflux
35%

IBX (2.5 eq)
DMSO, CH3CN

68%

1

diphenyl-
prolinol (cat.)



81 

N’-diisopropylcarbodiimide (DIC) mediated coupling of carboxylic acids to 

oxazolidinones,24 and selective mono-reduction of a platform intermediate N-acyl 

oxazolidinone to aldehyde.25 

Figure 4.3.  DIC assisted coupling of carboxylic acid and oxazolidinone.24 (DMAP is 4-
dimethylaminopyridine). Mono-reduction of N-acyl oxazolidinone to aldehyde.25

Graham et al. showed that known stable intermediate N-acyl oxazolidinones can be 

formed in good yields without an additional step by using DIC activated carboxylic acids 

formed in situ.24 Though Bach et al. made their N-acyl oxazolidinone by acylation with an 

acid chloride, the subsequent mono-reduction to the corresponding aldehyde was 

achieved in high yield (Figure 4.4).25  This chemistry pointed us to consider preparing bis-

N-acyl oxazolidinone (2E,4E)-1,6-bis(5,5-dimethyl-2-oxooxazolidin-3-yl)hexa-2,4-diene-

1,6-dione as our proximal target for a new route to muconaldehyde (3, Scheme 4.1). 

Scheme 4.1. Proposed N-acyl oxazolidinone strategy. 
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The initial synthetic strategy was to prepare bis N-acyl oxazolidinone intermediate 

3 from muconic acid, then selectively mono-reduce each N-acyloxazolidinone using a 

hydride reagent, such as DIBAL-H as described in the work by Bach.25 However, we 

discovered that the reaction of muconic acid and DIC formed a high yielding, stable 

adduct, assigned initially as structure 4, (Scheme 4.2). The 13C NMR spectrum (Figure 4.4) 

and infrared spectroscopy data of the isolated adduct suggests the well-known 

rearrangement of bis-(O-acyl-N, N’-diisopropyl isourea) (4) to (2E,4E)-N1,N6-diisopropyl-

N1,N6-bis(isopropylcarbamoyl)hexa-2,4-dienediamide (5) had occurred. 

Scheme 4.2. Synthesis of O-acylisourea 4 and subsequent rearrangement to N-acylurea (5). 

   Analogous N-acylurea structures found and characterized in the literature 
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Scheme 4.3. O-acylisourea O®N migration forming N-acylurea 

Table 4.1. Comparison of 1H and 13C NMR shifts of bis N-acylurea 5 to literature values.a,26,27

a Chemical shifts (d, ppm) reported in CDCl3; b 13C NMR 100 MHz, 1H NMR 400 MHz; c 13C NMR 62.5 
MHz, 1H NMR 250 MHz; d 13C NMR 50.3 or 75 MHz, 1H NMR 200 MHz. 
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Table 4.1 provides a comparison of 1H and 13C NMR shifts of N-acylurea 5 to 

literature values of analogous N-acylureas and one O-acylisourea. Ramazani et al. 

reported a,b-unsaturated carboxylic acid with varying b-aryl substitutions as adducts with 

DIC, forming N-acylureas.27 The 1H NMR shifts of the two N-isopropyl groups and 13C NMR 

shifts of the two Csp2 carbons bonded to heteroatoms are quite like those of structure 5.  

Anglada et al. reported of N-acylurea acrolein and crotonaldehyde DIC adducts, as well as 

the crotonaldehyde DIC O-acylisourea.26 While there is some variation when comparing 

the 1H NMR shifts of the N-isopropyl groups, the 13C NMR shifts indicate structure 5 is the 

N-acylurea as its C1 and C2 signals align with the N-acylurea crotonaldehyde–DIC adduct 

and not the O-acylisourea crotonaldehyde–DIC adduct.  Finally, the IR data of analogs 7 

also support the determination that structure 5 is the N-acylurea. Anglada et al. reported 

the IR signal due to the carbonyl of O-acylisourea of crotonaldehyde–DIC to be at 1790 

cm-1, while the N-acylurea crotonaldehyde–DIC adduct carbonyl signal is at 1700 cm-1.26 

All the IR data from Ramazani et al. report N-acylurea carbonyls to be around 1700 cm-1 

as well, agreeing with that of structure 5.27 The proposed mechanism of the O to N 

transfer was reported by Eyley et al. (Scheme 4.4).28

Scheme 4.4. Proposed mechanism of O-acyl to N-acyl migration.28 
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Having confirmed the structure of our N-acyl urea intermediate, we began to 

consider that its similarity to a bis N-acyl oxazolidinone (e.g., our original proximal target 

3) might circumvent the need to actually prepare a bis N-acyl oxazolidinone.  Why not

examine bis mono-reduction of N-acyl urea 5 directly?  Although there are no reports of 

selective mono-reduction of N-acyl ureas, this consideration led us to explore the route 

that eventually led to a muconaldehyde synthesis.   

4.3 Selective Mono-Reduction of (2E,4E)-N1,N6-diisopropyl-N1,N6-

bis(isopropylcarbamoyl)hexa-2,4-dienediamide (5) 

To a stirring solution of compound 5, slow addition of diisobutylaluminum hydride 

(DIBAL-H) at low temperature followed by quenching the putative bis(mono-reduced) 

aluminum chelate [8] to yield muconaldehyde. Scheme 4.5 shows the full one-pot 

reaction forming muconaldehyde. The reaction is quenched by addition of acetic acid, 

followed by Rochelle’s salt work up, and extraction with diethyl ether to isolate 

muconaldehyde in 71% yield after chromatography. Attempts were made using a few 

different reagents for reaction quenching including addition of ethyl acetate, ethanol, and 

ammonium chloride, but all gave low yields. The extraction solvent was also a variable as 

DCM, THF or chloroform all led to hard-to-separate emulsions and low yields as well.  The 

specific combination of acetic acid quench and diethyl ether was key. 
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Scheme 4.5.  Hydride reduction of the bis N-acyl urea derivative of muconic 
acid.  DIC = N, N’-diisopropylcarbodiimide 

The characteristic 1H NMR vinyl signals at d 7.57 and 6.63 ppm coupled to the aldehydic 

proton at d 9.68 ppm clearly show the isolated product to be muconaldehyde (Figure 4.5). 

All characterization data for isolated compound 1 agree with reports from the 

literature.16,17 
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We briefly examined other coupling agents and reducing agents but were unable to 

improve upon these results.  For example, the use of N, N’-dicyclohexyl-carbodiimide or 

sodium bis(2-methoxyethoxy)aluminum hydride failed to deliver 1 as effectively as the 

one-pot DIC/DIBAL-H procedure.   

4.4 Extrapolation of the Method to Reduction of Other Carboxylic Acids 

Given that there have been no reports on selective mono-reduction of N-acyl ureas 

as a means for aldehyde synthesis, we wanted to explore if the DIC/DIBAL-H procedure 

could be extrapolated to transformation of other carboxylic acids to aldehydes.  Initially 

attempts were made using citraconic acid (Figure 4.6). Over the course of multiple 

attempts using different reaction solvents only over-reduced alcohol and some carboxylic 

acid starting material were recovered (Table 4.2). 

Figure 4.6. Molecular structures of select carboxylic acids. 

Table 4.2.  Reduction protocol trails on other carboxylic acid substrates. 

Trial Acid substrate DIC rxn solvent Yield/comments 
1 9 DCM over reduction 
2 9 chloroform over reduction 
3 9 THF over reduction 
4 10 DCM <5% 
5 10 chloroform <5% 
6 10 THF <5% 
7 11 DCM <5% 
8 11 chloroform <5% 
9 11 THF <5% 
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After the failures with substrate 9, the reduction protocol was attempted with aryl 

and alkyl carboxylic acids, benzoic acid, and cyclohexane carboxylic acid (Figure 4.6) 

Though aldehyde product was observed using substrates 10 and 11, yields were very low. 

Crude 1H NMR spectrum of benzoic acid reaction is shown in Figure 4.7, the labeled peaks 

are of the benzaldehyde product. 

 

With the lack of success of the reduction protocol on more than one substrate we decided 

to examine the DIC carboxylic acid precursor by looking at the benzoic acid reaction with 

DIC. When TLC analysis showed two major products, a column chromatography was 

carried out to separate and identify them. 1H NMR showed the two major products to be 

benzoic anhydride (Figure 4.8), and byproduct diisopropylurea. 

Figure 4.7.  1H NMR spectrum. (CDCl3, 400 MHz) and molecular structure of benzaldehyde.
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The isolation of the anhydride helped our understanding of why the method is not 

generally applicable to soluble carboxylic acids:  As the acid-DIC adduct is formed (the 

expected O-acyl isourea, intermediate 12, Scheme 4.6 below), it is susceptible to 

nucleophilic attack by neighboring unreacted benzoic acid (or carboxylate anion, since the 

initial mechanistic step in the reaction between benzoic acid and DIC (13) is deprotonation 

of the acid).  The O-acyl isourea adduct generally is formed next by nucleophilic attack of 

carboxylate anion onto DIC (e.g., 14 à 15). While this step occurs to form adduct 12, 14 

can also react with 12 to form the undesired product anhydride 16. This is undesirable for 

a few reasons. First, this reduces potential reaction yield by nearly half, as the carboxylate 

leaving group from an anhydride reduction cannot be selectivity reduced because it has 

no ability to form an aluminum chelate to prevent over-reduction. Second, the anhydride 

Figure 4.8.  1H NMR spectrum. (CDCl3, 400 MHz) of structure 16, benzoic anhydride.
-2-1012345678910111213

(ppm)

7.
26
	c
dc
l3

7.
5
0

7.
5
2

7.
5
4

7.
6
5

7.
6
6

7.
6
8

8
.1
4

8
.1
6



90 

Scheme 4.6. Reaction taking place in a mixture of benzoic acid (11) and DIC (13). 

itself may not form a strong chelate, and results in over-reduction to the benzyl alcohol. 

To avoid the formation of side product anhydride we tried many different 

conditions, slow addition of the carboxylic acid, cold temperatures, and different solvents. 

Looking to our successful model with selective reduction of muconic acid, the key to this 

protocol becomes apparent, it comes down to carboxylic acid substrate solubility. 

Muconic acid required overnight stirring with DIC to form adduct because muconic acid 

is insoluble in DCM and remains insoluble until both acid functionalities have reacted with 

DIC. This unique circumstance allowed for the bis-DIC activated carboxylic acid (5) to be 

in solution without the presence of a nucleophile (i.e., unreacted carboxylic acid or 

carboxylate anion) until we introduce DIBAL-H. Figure 4.9 is a breakdown of muconic acid, 

mono- and bis-adducts and their solubility in DCM. 
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Figure 4.9. Muconic acid, mono- and bis-muconic acid DIC adduct structures and their DCM 

solubility. 

4.5 Benzene Cardiovascular Toxicity Study 

When considering cardiovascular health, the endothelium is important for the 
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Research Center continues their studies on benzene toxicity, I have continued to provide 

muconaldehyde. In May of 2022, I successfully carried out the synthesis of 

muconaldehyde on gram scale, producing 1.14g in 65% yield, using the newly developed 

approach. 
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5.1 General Statement 

All chemicals (reagents, starting materials, and solvents) were purchased either 

from VWR Chemicals BDH, Beantown Chemical, Tokyo Chemical Industry, or 

MilliporeSigma.  CH2Cl2 was dried over activated molecular sieves. All purchased starting 

materials were used as delivered. Melting point data was determined on an SRS MPA160 

apparatus and is uncorrected. 1H and 13C NMR spectra were recorded at 400 MHz and 

100 MHz, respectively, using a Varian 400-MR spectrometer. DMSO-d6, CD3OD, CD3CN 

and CDCl3 were used as solvents for NMR spectra acquisition and their residual 

protonated solvent peak as the internal reference. The chemical shifts are reported in 

ppm values relative to the residual protonated solvent peak: DMSO (2.50 ppm for 1H NMR 

and 39.5 ppm for 13C NMR), CH3OH (3.31 ppm for 1H NMR and 49.0 ppm for 13C NMR), 

CD3CN (1.94 ppm for 1H NMR and 1.32 and 118.3 ppm for 13C NMR), CHCl3 (7.26 ppm for 

1H NMR and 77.2 ppm for 13C NMR).  Coupling constants are reported in hertz (Hz).  A Q 

Exactiveä Hybrid Quadrupole-Orbitrapä MS instruments was used for direct injection 

mass spectrometry of samples dissolved in methanol or n-butanol. A FreeZone 4.5 Liter 

Freeze Dry System was used to lyophilize frozen samples dissolved in water under a 

vacuum pressure of 0.285 mbar. 

The progress of reactions was monitored by thin-layer chromatography (TLC).  TLC 

was performed using glass plates coated with Merck Silica gel 60G F254.  TLC spots were 

examined using UV light (254 nm), then visualized by a p-anisaldehyde stain (2.5% p-

anisaldehyde acid/ethanol solution).  Column chromatography was conducted using 

RediSep Silica 40-60µ, 60Å or RediSep Rf Gold C18 aq. columns inserted in a Teledyne Isco 
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combiflash system.  Fraction collection was managed by combiflash UV measurements. 

Samples were dissolved in water and loaded onto a combiflash loading column packed 

with celite. Instrument method used for separation started 100% H2O with an increasing 

gradient until 100% methanol.   

Ultra high performance liquid chromatography-mass spectrometry (UHPLC-MS) was 

carried out using Thermo Fisher Vanquishä UHPLC and Q Exactiveä Hybrid Quadrupole-

Orbitrapä MS instruments. The UHPLC was fitted with a BEH phenyl Waters column and 

elutions generally were conducted using a mixed solvent system of acetonitrile and 0.1% 

formic acid.  UV-Vis data were collected using a Beckman Coulter DU 800 

spectrophotometer.  UV-Vis method parameters were as follows:  Abs. scan of 200-550 

nm, scan speed of 600 nm/min, and a wavelength interval of 0.5 nm. 

5.2  Experimental Procedures of Chapter 2 

5.2.1  Synthesis of MBA 

S-(4-(Dimethylamino)phenyl)ethanethioate.  Acetyl chloride (0.256 mL, 3.59 

mmol) was added dropwise to a stirred solution of 4-(dimethylamino)benzenethiol (0.510 

g, 3.33 mmol) and triethylamine (0.500 mL, 3.60 mmol) in dry DCM (16 mL) at 0 °C under 

nitrogen.  The solution was allowed to warm to room temperature and stirring was 

continued. After 4 h, the reaction mixture was transferred to a separatory funnel, the 

reaction flask was rinsed with 10 mL DCM and added to separatory funnel, then washed 

S
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with NaHCO3 (2 x 15 mL) and cold water (1 x 15 mL). The organic phase was dried with 

Na2SO4 and then filtered. The remaining organic solvent was removed in vacuo. The 

resulting yellow solid (0.598 g) was used directly in the next step without further 

purification; mp, 78-80 °C; 1HNMR (CDCl3) d 2.20 (s, 3H), 2.82 (s, 6H),6.55 (m, 2H), 7.08 

(m, 2H) ppm; 13C NMR (CDCl3) δ 29.9, 40.4, 112.9, 135.9, 151.2, 196.7 ppm. 

4-(Acetylthio)-N,N,N-trimethylbenzenammonium iodide. Methyl iodide (214 µL, 

3.44 mmol) was added to a stirred solution of crude S-(4-(dimethylamino)phenyl)ethane-

thioate (0.598 g, 3.06 mmol) in dry DCM (5 mL) at 0 °C overnight. DCM and unreacted 

methyl iodide then were removed in vacuo. The resultant crude yellow solid was purified 

by reverse phase column chromatography (C18, H2O/MeOH). The MeOH was removed 

from collected fractions in vacuo. The remaining aqueous solution was frozen, then 

lyophilized to remove H2O in vacuo to yield 4-(acetylthio)-N,N,N-trimethylbenzen-

ammonium iodide (0.619 g, 60%) as a white solid; 1H NMR (CD3CN) d 2.54 (s, 3H), 3.57 (s, 

9H), 7.68 (d, J = 8.0 Hz, 2H), 7.8 (d, J = 8.0 Hz, 2H) ppm; 13C NMR (CD3CN) δ 40.4, 58.1, 

122.2, 129.2, 132.4, 136.8, 193.5 ppm; HRMS calcd for C11H16NOS+ [M]+ m/z 210.0947, 

found 210.0944. 
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4-Mercapto-N,N,N-trimethylbenzenammonium iodide. 4-(Acetylthio)-N,N,N-

trimethylbenzenammonium iodide (0.750 g, 2.22 mmol) was added to a stirred solution 

of conc. HCl (0.85 mL, 10.3 mmol)  in MeOH (10 mL). The solution was heated to reflux 

for 1h. The solution was then allowed to cool and then put on ice and neutralized by slow 

addition of NaHCO3. The MeOH was removed in vacuo and the remaining aqueous 

solution was frozen, then lyophilized to remove H2O in vacuo. The crude white solid was 

purified by reverse phase column chromatography (C18, H2O/MeOH). The MeOH was 

removed from collected fractions in vacuo. The remaining aqueous solution was frozen, 

then lyophilized to remove H2O in vacuo to yield 4-mercapto-N,N,N-

trimethylbenzenammonium iodide (MBA, 0.615 g, 94%); mp, 165-167 °C; (lit. 167-168 

°C);1  1H NMR (DMSO) d 3.56 (s, 9H), 5.99 (bs, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.0 

Hz, 2H) ppm; HRMS calcd for C9H14NS+ [M]+ m/z 168.0842, found 168.0840. 

5.2.2 Synthesis of MTA 

MTA. Acetylthiocholine iodide (0.201 g, 0.695 mmol) was added to a stirred solution 

of conc. HCl (0.30 mL, 3.63 mmol) in MeOH (3.5 mL). The solution was heated to reflux 

for 1h. The solution was then allowed to cool, then put on ice and neutralized by slow 

addition of NaHCO3. The MeOH was removed in vacuo. The remaining aqueous solution 

was frozen, then lyophilized to remove H2O in vacuo. The crude white solid was purified 
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by reverse phase column chromatography (C18, H2O/MeOH). The MeOH was removed 

from collected fractions in vacuo. The remaining aqueous solution was frozen, then 

lyophilized to remove H2O in vacuo to yield 2-mercapto-N,N,N-trimethylethan-1-

ammonium (MTA, 0.168 g, 98%) a white solid; 1H NMR (DMSO) d 3.10 (s, 9H), 3.39 (t, J = 

6.0 Hz, 2H), 3.83 (m, 2H), 5.27 (t, J = 6.0 Hz, 1H) ppm; HRMS calcd for C5H14NS+ [M]+ m/z 

120.0842, found 120.0844. 

5.2.3  Gas-Solution Carbonyl Capture Experimentation 

General Protocol for Carbonyl Capture using Bubbler Apparatus.  A test tube was 

charged with a solution of thiol capture reagent (3.5 mM) in n-butanol (0.5 mL).  To the 

solution was added ~5 mg of KHSO4•SiO2 (KHSO4•SiO2 was prepared according to 

reported synthesis of the analogous NaHSO4•SiO2).2 The tube was then sealed with a 

rubber septum.  A gas dispersion tube and outlet needle were introduced according to 

the set-up diagram depicted above.  A 500 mL Tedlar bag containing inert air spiked with 

test tube

gas dispersion tube

extraction solvent
containing thiol reagent

septum seal

needle 
outlet

inert tubing

Tedlar® bag

flow
meter

peristaltic
pump

.1 0 3
needle 

inlet
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carbonyl compounds (to mimic a breath sample) was attached by silicone pump tubing to 

the peristaltic pump.  The gas sample was passed through the reaction suspension at a 

flow rate of roughly 7 mL/min.  After one hour and fifteen minutes the pump was stopped, 

and the reaction suspension was filtered (cotton plug in pipette) and then an aliquot was 

directly analyzed by HRMS.  To the filtrate N,N,N-trimethylhexan-1-ammonium iodide 

was added as an internal reference (IR) (the IR was prepared by Dr. Tirtha Sibakoti).3 The 

IR was added in an amount equal to the amount of mmoles of a,b-unsaturated aldehyde 

used in experiment. The sample was analyzed by HRMS, from the mass spectrum, adduct 

parent ion signal intensity can be used as a ratio to that of the IR parent ion signal intensity 

for quantification. 

 
5.3  Experimental Procedures of Chapter 3 
 
 5.3.1 Silicon Microreactor Fabrication 
 
 Silicon Microreactor Fabrication. All microreactor fabrications were completed in 

the Micro Nano Technology Center at the University of Louisville by James. D. Morris.  The 

fabrication steps to generate the ‘3x’ silicon microreactor followed the procedure 

published by the by Fu group at University of Louisville for generation of the ‘1x’ 

microreactor with the following exceptions.4 Two modifications were made: (a) 

microreactor length was increased — this change allowed for a faster flow rate (i.e., faster 

breath sample evacuation through the microreactor) to minimize breath carbonyl 

reactions within the Tedlar bag; (b) the micropillar shape was changed from circular 

columns to triangular pillars, also allowing for better flow through the microreactor. 
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5.3.2 ATM•OTf 

2-(Aminooxy)-N,N,N-trimethylethan-1-ammonium iodide.  ATM•I was prepared 

as reported by Biswas et al.5 

2-(Aminooxy)-N,N,N-trimethylethan-1-ammonium trifluoromethanesulfonate. To 

a stirred solution of ATM•I (0.575 g, 2.34 mmol) dissolved in methanol (11.5 mL) in a 50 

mL round bottom flask was added a solution of silver triflate (0.600 g, 2.34 mmol) 

dissolved in methanol (11.5 mL) under argon at room temperature. A methanol (2 mL) 

rinse of the silver triflate solution vial was added to the 50 mL round bottom flask. The 

reaction flask was wrapped with foil to protect from light and the stirring was continued. 

After 14 h, the grey, off-white precipitate was allowed to settle and then filtered inside 

an Atmos bag filled with argon using a long-stem fritted glass funnel to remove the AgI 

precipitate.  The filtrate was collected and the methanol was removed in vacuo followed 

by drying the solid under vacuum overnight to afford 2-(aminooxy)-N,N,N-

trimethylethan-1-ammonium trifluoromethanesulfonate (ATM•OTf,  0.614 g, 98%) as a 

white powder; 1H NMR (CD3OD) δ 3.19 (s, 9H), 3.62 (m, 2H), 4.07 (m, 2H) ppm; 13C NMR 

(CD3OD) δ 54.6, 65.6, 70.0 ppm; 19F NMR (CD3OD) 80.3 ppm.  
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5.3.3 Breath Preconcentration and Derivatization 

Silicon microreactor loading protocol.  3-(2-Benzothiazolyl)-7-(diethylamino)-

coumarin (IR) (2.7 mg, 0.008 mmol) was added to a 250 mL volumetric flask wrapped with 

foil to protect from light, which then was charged with methanol (220 mL) and stirred for 

2h.  The stir bar was removed, and methanol (~30 mL) added to fill the flask to its 

volumetric marking. Finally, the volumetric flask was stoppered, vortexed for 2 minutes 

then inverted and shaken (x3) to insure uniform mixing.  A 333 µL aliquot of the IR solution 

(1.03 x 10-3µmol) was then added to a stirred solution of ATM•OTf (13.4 mg, 0.050 mmol) 

in MeOH (667 µL).  A 35 µL aliquot of the resultant methanolic IR-ATM solution was 

subsequently introduced into the silicon microreactor via borosilicated tubing that is 

affixed to each of the two ports of the microreactor.  The microreactor was placed in a 

vacuum oven at 50 °C and dried overnight under vacuum.  The borosilicate glass ends of 

the microreactor were then capped and sealed in a vacuum seal bag for storage until the 

microreactor was used for breath preconcentration. 

Preconcentration protocol.  Breath preconcentration was accomplished by 

attaching the IR- and ATM•OTf-loaded microreactor to a vacuum pump and setting the 

flow rate expected through the microreactor to 7 mL/minute.  A 1L-Tedlar bag containing 

a breath sample was connected to microreactor and allowed to evacuate for 

approximately two hours and twenty-five minutes. The microreactor was then 

disconnected from the vacuum and Tedlar bag and eluted with 200 µL methanol to collect 

all ATM-carbonyl adducts and IR.  
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5.3.4 UV-Vis Absorbance Measurements 

UV-Vis spectral collection protocol. The deuterium and tungsten lamps of the 

Beckman Coulter DU 800 Spectrophotometer were turned on a minimum of thirty 

minutes before measuring any absorbance data.  The sample data are measured using a 

VWR Cell Quartz 100 µL Z8.5mm cuvette. 100 µL of sample was transferred to quartz 

cuvette with a pipette. The instrument is reference blanked using LC-grade methanol. The 

cuvette is rinsed with methanol (x3) between each sample. Samples are subjected to the 

UV-Vis method described in General Statement. 

5.3.5 AMAH•Cl 

4-(2-Aminooxyethyl)-morpholin-4-ium chloride. AMAH•Cl was prepared as 

reported by Knipp et al.6 

5.3.6 AMAH Derivatives 

AMAH-hexanal chloride. Hexanal (67 µL, 0.5445 mmol) was added to a 20 mL 

glass scintillation vial charged with AMAH (82.9 mg, 0.4538 mmol) in methanol (2 mL) 

under argon. The reaction was stirred overnight, then methanol solvent was removed in 

vacuo. The crude oil was purified by reverse phase column chromatography (C18, 
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H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The remaining 

aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield AMAH-

hexanal (97.3 mg, 81%) as a mixture of E- and Z-isomers. Characterization data for the 

major isomer is given: 1HNMR (CD3OD) δ 0.92 (t, 3H), 1.34 (m, 4H), 1.49 (m, 2H), 2.17 (m, 

2H), 2.55 (t, 4H), 2.66 (t, 2H), 3.70 (t, 4H), 4.14 (t, 2H), 7.40 (t, 1H) ppm; 13CNMR (CD3OD) 

δ 14.3, 23.4, 27.4, 30.3, 32.4, 55.1, 58.4, 67.5, 71.4, 152.7 ppm; HRMS calcd for 

C12H25N2O2
+ [M+H]+ m/z 229.1911, found 229.1905. 

AMAH-2-hexenal chloride. 2-Hexenal (65 µL, 0.5461 mmol) was added to a 20 mL 

glass scintillation vial charged with AMAH (83.1 mg, 0.4551 mmol) in methanol (2 mL) 

under argon. The reaction was stirred overnight, then methanol solvent was removed in 

vacuo. The crude oil was purified by reverse phase column chromatography (C18, 

H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The remaining 

aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield AMAH-2-

hexenal (94.5 mg, 79%) as a mixture of E- and Z-isomers. Characterization data for the 

major isomer is given: 1HNMR (CD3OD) δ 0.94 (t, 3H), 1.48 (m, 2H), 2.17 (m, 2H), 2.53 (t, 

4H), 2.67 (t, 2H), 3.70 (t, 4H), 4.17 (t, 2H), 6.10 (m, 2H), 7.73 (d, 1H) ppm; 13CNMR (CD3OD) 

δ 14.0, 23.0, 35.9, 55.1, 58.4, 67.5, 72.0, 125.1, 143.9, 152.1 ppm; HRMS calcd for 

C12H23N2O2
+ [M+H]+ m/z 227.1754, found 227.1749. 
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5.3.7 AMP Derivatives 

AMP-hexanal. Hexanal (67 µL, 0.545 mmol) was added to a 20 mL glass 

scintillation vial charged with AMP (57.6 mg, 0.500 mmol) in methanol (2 mL) under 

argon. The reaction was stirred overnight, then the solvent was removed in vacuo. The 

crude oil was purified by normal phase column chromatography (DCM/MeOH). The 

solvent was removed from collected fractions in vacuo to yield AMP-hexanal (87.8 mg, 

89%) as a mixture of E- and Z-isomers. Characterization data for the major isomer is given: 

1HNMR (CD3OD) δ 0.92 (t, 3H), 1.35 (m, 4H), 1.50 (m, 2H), 2.24 (m, 2H), 2.32 (s, 3H), 2.61 

(t, 4H), 2.97 (t, 4H), 7.06 (t, 1H) ppm; 13CNMR (CD3OD) δ 14.3, 23.5, 28.0, 32.5, 33.7, 45.8, 

52.4, 55.3, 145.9 ppm. 

AMP-2-hexenal. 2-Hexenal (65 µL, 0.546 mmol) was added to a 20 mL glass 

scintillation vial charged with AMP (57.6 mg, 0.500 mmol) in methanol (2 mL) under 

argon. The reaction was stirred overnight, then methanol solvent was removed in vacuo. 

The crude oil was purified by normal phase column chromatography (DCM/MeOH). The 

solvent was removed from collected fractions in vacuo to yield AMP-2-hexenal (81.1 mg, 

83%) as a mixture of E- and Z-isomers. Characterization data for the major isomer is given: 

1HNMR (CD3OD) δ 0.94 (t, 3H), 1.47 (m, 2H), 2.16 (m, 2H), 2.33 (s, 3H), 2.61 (t, 4H), 3.04 

(t, 4H), 6.03 (m, 1H), 6.16 (m, 1H), 7.41 (d, 1H) ppm; 13CNMR (CD3OD) δ 14.0, 23.2, 35.8, 

45.8, 51.9, 55.2, 129.4, 140.6, 143.0 ppm. 
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5.3.8 ATM Derivative Panel 

 

 
 

 ATM-acetone triflate.  Acetone (1 mL, 13.51 mmol) was added to a 20 mL glass 

scintillation vial charged with ATM (48.7 mg, 0.1815 mmol) under argon.  The reaction 

was stirred overnight, then excess acetone was removed in vacuo. The crude oil was 

purified by reverse phase column chromatography (C18, H2O/MeOH). The MeOH was 

removed from collected fractions in vacuo. The remaining aqueous solution was frozen, 

then lyophilized to remove H2O in vacuo to yield ATM-acetone triflate (49.8 mg, 89%); 1H 

(CD3OD) NMR (CD3OD) δ 1.89 (s, 6H), 3.69 (m, 2H), 4.45 (m, 2H) ppm; 13CNMR (CD3OD) δ 

21.8, 54.9, 66.3, 67.9, 158.7 ppm. 

 

 
 

 ATM-butan-2-one triflate. Butan-2-one (22.5 µL, 0.2516 mmol) was added to a 20 

mL glass scintillation vial charged with ATM•OTf (56.2 mg, 0.210 mmol) in methanol (1 

mL) under argon. The reaction was stirred overnight, then the solvent was removed in 

vacuo. The crude oil was purified by reverse phase column chromatography (C18, 

H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The remaining 

aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield ATM-

butan-2-one (60.8 mg, 90%); 1H NMR (CD3OD) δ minor isomer: 1.07 (t, J = 8.0, 3H), major 

isomer: 1.10 (d, J = 8.0, 3H), major isomer: 1.87 (s, 3H), minor isomer: 1.88 (s, 3H), major 
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isomer: 2.23 (q, J = 7.0 2H), minor isomer: 2.36 (q, J = 7.5 2H), 3.20 (s, 9H), 3.69 (m, 2H), 

4.46 (m, 2H); 13CNMR (CD3OD) δ 10.3, 14.3, 19.1, 23.5, 54.5, 66.3, 67.9, 162.5 ppm; HRMS 

calcd for C9H21N20+ [M]+ m/z 173.1648, found 173.1646. 

ATM-2-hydroxyacetaldehyde triflate. Glycolaldehyde dimer (23.67 mg, 0.1971 mmol) 

was added to a 20 mL glass scintillation vial charged with ATM (105.7 mg, 0.3940 mmol) 

in methanol (2 mL) under argon. The reaction was stirred overnight, then methanol 

solvent was removed in vacuo. The crude oil was purified by reverse phase column 

chromatography (C18, H2O/MeOH). The MeOH was removed from collected fractions in 

vacuo. The remaining aqueous solution was frozen, then lyophilized to remove H2O in 

vacuo to yield ATM-2-hydroxyacetaldehyde (100.3 mg, 82%); 1H (CD3OD) NMR (CD3OD) δ 

3.20 (s, 9H), 3.70 (m, 2H), major isomer: 4.16 (d, J = 5.5, 2H), minor isomer: 4.35 (d, J = 

4.0, 2H), 4.51 (m, 2H), minor isomer: 6.95 (t, J = 3.5, 1H), major isomer: 7.55 (t, J = 5.5, 

1H) ppm; 13CNMR (CD3OD) δ 54.6, 60.0, 68.4, 120.5, 153.0 ppm; HRMS calcd for 

C7H17N202
+ [M]+ m/z 161.1284, found 161.1281. 

ATM-3-hydroxybutan-2-one. 3-hydroxybutan-2-one (40.4 µL, 0.453 mmol) was added to 

a 20 mL glass scintillation vial charged with ATM (101.3 mg, 0.378 mmol) in methanol (2 
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mL) under argon. The reaction was stirred overnight, then methanol solvent was removed 

in vacuo. The crude oil was purified by reverse phase column chromatography (C18, 

H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The remaining 

aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield ATM-3-

hydroxybutan-2-one (102 mg, 0.323 mmol, 80%); 1H NMR (CD3OD) δ minor isomer: 1.25 

(d, J = 6.5, 3H), major isomer: 1.30 (d, J = 6.5, 3H), major isomer: 1.87 (s, 3H), minor isomer: 

1.88 (s, 3H), 3.21 (s, 9H), 3.71 (m, 2H), major isomer: 4.30 (q, J = 6.5, 1H), minor isomer: 

4.98 (q, J = 6.5, 1H), 4.49 (m, 2H); 13CNMR (CD3OD) δ 10.2, 20.7, 54.6, 66.1, 68.2, 69.7, 

163.2 ppm; HRMS calcd for C9H21N202
+ [M]+ m/z 189.1598, found 189.1594. 

ATM-4-hydroxyhex-2-enal triflate. 4-hydroxyhex-2-enal (50 mg, 0.44 mmol) was added 

to a 20 mL glass scintillation vial charged with ATM (141.0 mg, 0.5256 mmol) in methanol 

(2 mL) under argon. The reaction was stirred overnight, then methanol solvent was 

removed in vacuo. The crude oil was purified by reverse phase column chromatography 

(C18, H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The 

remaining aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield 

ATM-4-hydroxyhex-2-enal (129.7 mg, 81%); 1H NMR (CD3OD) δ 0.941 (t, J = 5.8 Hz, 3H), 

1.57 (m, 2H), 3.20 (s, 9H), 3.71 (m, 2H), 4.12 (m, 1H), major isomer: 4.51 (m, 2H), minor 

isomer: 4.55 (m, 2H), major isomer: 6.18 (dd, J = 5.5, 15.5 Hz, 1H), minor isomer: 6.28 (m, 

1H), major isomer: 6.31 (m, 1H), minor isomer: 6.81 (m, 1H), minor isomer: 7.23 (d, J = 8.0 
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Hz, 1H), major isomer: 7.88 (d, J = 8.0 Hz, 1H) ppm; 13CNMR (CD3OD) δ 10.0, 30.8, 54.7, 

66.2, 68.6, 73.6, 123.3, 147.1, 153.5 ppm; HRMS calcd for C11H23N202
+ [M]+ m/z 215.1754, 

found 215.1751. 

ATM-2-hydroxyheptanal triflate. Selective deprotection of primary silyl ether with 

HF•pyridine was carried out on 1,2-(di-((tert-Butyldimethylsilyl)oxy))heptane as reported 

by Baker et al.7 The primary alcohol was oxidized to with pyridinium chlorochromate to 

yield 2-((tert-Butyldimethylsilyl)oxy)heptanal as reported in literature.8 

2-((tert-Butyldimethylsilyl)oxy)heptanal (30.9 g, 0.126 mmol) was added to a 20 mL glass 

scintillation vial charged with ATM (41.0 mg, 0.153 mmol) in methanol (1 mL) under 

argon. The reaction was stirred overnight, then methanol solvent was removed in vacuo. 

The crude oil was dissolved in THF (1 mL), cooled to 0 °C. To the stirring cooled solution 

was added 1 M tetrabutylammonium fluoride solution (130µL). The THF solvent was 

removed in vacuo, and the crude oil purified by reverse phase column chromatography 

(C18, H2O/MeOH). The MeOH was removed from collected fractions in vacuo. The 

remaining aqueous solution was frozen, then lyophilized to remove H2O in vacuo to yield 

ATM-2-hydroxybutanal (33.6 mg, 70%); 1H NMR (CD3OD) δ 0.94 (t, J = 8.0 Hz, 3H), 1.37 

(m, 6H), 1.62 (m, 2H), 3.23 (s, 9H), 3.74 (m, 2H), major isomer: 4.17 (m, 1H), minor isomer: 

4.73 (m, 1H), 4.53 (m, 2H), minor isomer: 6.82 (d, J = 8.0 Hz, 1H), major isomer: 7.45 (d, J 

N O NO
S
O

F3C O

OH



109 

= 4 Hz, 1H) ppm; 13CNMR (CD3OD) δ 14.3, 23.5, 25.7, 32.7, 36.0, 54.7, 66.0, 68.3, 70.0, 

156.0 ppm; HRMS calcd for C9H21N202
+ [M]+ m/z 189.1598, found 189.1594. 

ATM-pentanal triflate. Pentanal (54 µL, 0.50 mmol) was added to a 20 mL glass 

scintillation vial charged with ATM (111.8 mg, 0.4167 mmol) in methanol (2 mL) under 

argon. The reaction was stirred overnight, then methanol solvent was removed in vacuo. 

The crude oil was purified by reverse phase column chromatography (C18, H2O/MeOH). 

The MeOH was removed from collected fractions in vacuo. The remaining aqueous 

solution was frozen, then lyophilized to remove H2O in vacuo to yield ATM-pentanal 

(121.9 mg, 87%); 1H NMR (CD3OD) δ 0.94 (t, J = 6.0 Hz, 3H), 1.36 (m, 2H), 1.49 (m, 2H), 

minor isomer: 2.22 (q, J = 6.7 Hz, 1H), major isomer: 2.35 (q, J = 6.7 Hz, 1H), 3.21 (s, 9H), 

3.76 (m, 2H), major isomer: 4.46 (m, 2H), minor isomer: 4.52 (m, 2H), minor isomer: 6.83 

(t, J = 4.0 Hz, 1H), major isomer: 7.52 (t, J = 4.0 Hz, 1H) ppm; 13CNMR (CD3OD) δ 14.1, 23.2, 

26.7, 29.6, 54.7, 66.1, 68.0, 155.3 ppm; HRMS calcd for C10H23N20+ [M]+ m/z 187.1805, 

found 187.1801. 

ATM-2-pentenal triflate.  2-Pentenal (52 µL, 0.50 mmol) was added to a 20 mL glass 

scintillation vial charged with ATM (106 mg, 0.394 mmol) in methanol (2 mL) under argon. 

The reaction was stirred overnight, then the solvent was removed in vacuo. The crude oil 
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was purified by reverse phase column chromatography (C18, H2O/MeOH). The MeOH was 

removed from collected fractions in vacuo. The remaining aqueous solution was frozen, 

then lyophilized to remove H2O in vacuo to yield ATM-2-pentanal (107.9 mg, 82%); 1H 

NMR (CD3OD) δ 1.06 (t, J = 8.0 Hz, 3H), 2.22 (m, 2H), 3.21 (s, 9H), 3.72 (m, 2H), major 

isomer: 4.49 (m, 2H), minor isomer: 4.54 (m, 2H), major isomer: 6.24 (m, 1H), minor 

isomer: 6.34 (m, 1H), major isomer: 6.13 (m, 1H), minor isomer: 6.63 (m, 1H), minor 

isomer: 7.17 (d, J = 12.0 Hz, 1H), major isomer: 7.83 (d, J = 8.0 Hz, 1H) ppm; 13CNMR 

(CD3OD) δ 13.1, 26.9, 54.7, 66.1, 68.4, 123.5, 147.1, 153.9 ppm; HRMS calcd for C10H21N20+ 

[M]+ m/z 185.1648, found 185.1647. 

5.4 Experimental Procedures of Chapter 4 

5.4.1 (2E,4E)-hexa-2,4-dienedial 

 (2E,4E)-N1,N6-diisopropyl-N1,N6-bis(isopropylcarbamoyl)hexa-2,4-dienediamide.  

To a stirred suspension of trans, trans-muconic acid (0.285 g, 2.01 mmol) in dry DCM (10 

mL) was added diisopropylcarbodiimide (0.519 g, 4.11 mmol) dropwise.  The reaction 

mixture was gradually warmed to room temperature and stirred overnight.  The organic 

solvent from the resulting clear brown solution was removed in vacuo. The pale brown 

solid was recrystallized in EtOH to yield the title compound (0.666 g, 84%) as a while solid; 

IR (neat) 3266, 1705, 1635 cm–1; 1H NMR (CDCl3): d 7.41 (2H, brs), 7.12 (2H, m), 6.36 (2H, 

N N

O

O

HN
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iPr

NH

O

iPr

iPr
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m), 4.48 (2H, m), 4.01 (2H, m), 1.34 (12H, d, J = 4.0Hz), 1.28 (12H, d, J = 4.0Hz) ppm; 13C 

NMR (CDCl3) d 165.0, 153.4, 140.1, 129.2, 47.5, 43.5, 22.5, 20.8 ppm.    

(2E, 4E)-hexa-2,4-dienedial.  To a stirred suspension of trans, trans-muconic acid 

(0.285 g, 2.01 mmol) in dry CH2Cl2 (10 mL) at 0 °C was added diisopropylcarbodiimide 

(0.519 g, 4.11 mmol) dropwise.  The reaction mixture was gradually warmed to room 

temperature and stirred overnight.  The resulting clear brown solution was diluted by 

addition of CH2Cl2 (10 mL) and then cooled to ca. –78 °C.  Diisobutylaluminum hydride 

(8.14 mL of a 1 M solution in CH2Cl2, 8.14 mmol) was added dropwise over 10 minutes via 

syringe.  The reaction was stirred 1 hour while maintaining the temperature near –78 °C.  

The reaction was quenched by slow addition of acetic acid (0.505 mL, 0.530 g, 8.83 mmol) 

via syringe. The solution was diluted with Et2O (60 mL) and added to a stirred solution of 

saturated potassium sodium tartrate tetrahydrate (30 mL) and water (30 mL).  After 

vigorous stirring for 30 min., the organic layer was separated, and the aqueous layer was 

extracted with Et2O (45 mL x 3).  The combined organic extract was dried (MgSO4), filtered 

and concentrated by rotary evaporation.  The crude product was purified by silica gel 

column chromatography, eluting with 3:7 v/v ethyl acetate:hexane, to afford (2E, 4E)-

hexa-2,4-dienedial (muconaldehyde, 0.157 g, 71%) as a pale-yellow solid; mp. 120–121 

°C, (lit. 120–121 °C)9; 1H NMR (DMSO) d 9.68 (2H, d, J = 7.6 Hz), d 7.56 (2H, m), d 6.62 (2H, 

m) ppm; 13C NMR (DMSO) d 194.19, d 147.82, d 137.80 ppm.

H H

O

O
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APPENDIX A 

SPECTRA 

A.1 Index of NMR Spectra 
A.2 Selected NMR Spectra from Chapter 2 
A.3 Selected NMR Spectra from Chapter 3 
A.4 Selected NMR Spectra from Chapter 4 
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A.1 Index of NMR Spectra 

Section 

A.2       1HNMR S-(4-(Dimethylamino)phenyl)ethanethioate 134 
13C NMR S-(4-(Dimethylamino)phenyl)ethanethioate 135 

             1H NMR 4-(Acetylthio)-N,N,N- 136 
trimethylbenzenammonium iodide 
13C NMR 4-(Acetylthio)-N,N,N- 137 
trimethylbenzenammonium iodide 

A.3      1H NMR ATM•OTf 138 
13C NMR ATM•OTf 139 
19F NMR ATM•OTf 140 

1H NMR AMAH-hexanal chloride 141 
13C NMR AMAH-hexanal chloride 142 

1H NMR AMAH-2-hexenal chloride 143 
13C NMR AMAH-2-hexenal chloride 144 

1H NMR AMP-hexanal 145 
13C NMR AMP-hexanal 146 

1H NMR AMP-2-hexenal 147 
13C NMR AMP-2-hexenal 148 

1H NMR ATM-acetone triflate 149 
13C NMR ATM-acetone triflate 150 

1H NMR ATM-butan-2-one triflate 151 
13C NMR ATM-butan-2-one triflate 152 

1H NMR ATM-2-hydroxyacetaldehyde triflate 153 
13C NMR ATM-2-hydroxyacetaldehyde triflate 154 

1H NMR ATM-3-hydroxybutan-2-one triflate 155 
13C NMR ATM-3-hydroxybutan-2-one triflate 156 

1H NMR ATM-4-hydroxyhex-2-enal triflate 157 
13C NMR ATM-4-hydroxyhex-2-enal triflate 158 

1H NMR ATM-2-hydroxyheptanal triflate 159 
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13C NMR ATM-2-hydroxyheptanal triflate 160 

1H NMR ATM-pentanal triflate 161 
13C NMR ATM-pentanal triflate 162 

1H NMR ATM-2-pentenal triflate 163 
13C NMR ATM-2-pentenal triflate 164 

A.4 1HNMR (2E,4E)-N1,N6-diisopropyl-N1,N6-bis(isopropylcarbamoyl) 165 
hexa-2,4-dienediamide.  

              13CNMR Muconaldehyde 166 
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1HNMR S-(4-(Dimethylamino)phenyl)ethanethioate 400 MHz (CDCl3) 
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13CNMR S-(4-(Dimethylamino)phenyl)ethanethioate 100 MHz (CDCl3) 
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1H NMR 4-(Acetylthio)-N,N,N-trimethylbenzenammonium iodide 400 MHz (CD3CN) 
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13C NMR 4-(Acetylthio)-N,N,N-trimethylbenzenammonium iodide 100 MHz (CD3CN)  
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1H NMR ATM•OTf 400 MHz (CD3OD) 
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13C NMR ATM•OTf 100 MHz (CD3OD) 
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19F NMR ATM•OTf 376 MHz (CD3OD) 
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1H NMR AMAH-hexanal chloride 400 MHz (CD3OD) 
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13C NMR AMAH-hexanal chloride 100 MHz (CD3OD) 
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1H NMR AMAH-2-hexenal chloride 400 MHz (CD3OD) 
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13C NMR AMAH-2-hexenal chloride 100 MHz (CD3OD) 
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1H NMR AMP-hexanal 400 MHz (CD3OD) 
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13C NMR AMP-hexanal 100 MHz (CD3OD) 
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1H NMR AMP-2-hexenal 400 MHz (CD3OD) 
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13C NMR AMP-2-hexenal 100 MHz (CD3OD) 

0
10

20
3
0

4
0

5
0

6
0

70
8
0

9
0

10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

(p
pm
)

N
N N



 

  149 

1H NMR ATM-acetone triflate 400 MHz (CD3OD) 
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13C NMR ATM-acetone triflate 100 MHz (CD3OD) 
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1H NMR ATM-butan-2-one triflate 400 MHz (CD3OD)
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13C NMR ATM-butan-2-one triflate 100 MHz (CD3OD) 
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1H NMR ATM-2-hydroxyacetaldehyde triflate 400 MHz (CD3OD) 
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13C NMR ATM-2-hydroxyacetaldehyde triflate 100 MHz (CD3OD) 
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1H NMR ATM-3-hydroxybutan-2-one triflate 400 MHz (CD3OD) 
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13C NMR ATM-3-hydroxybutan-2-one triflate 100 MHz (CD3OD) 
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1H NMR ATM-4-hydroxyhex-2-enal triflate 400 MHz (CD3OD) 
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13C NMR ATM-4-hydroxyhex-2-enal triflate 100 MHz (CD3OD) 
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1H NMR ATM-2-hydroxyheptanal triflate 400 MHz (CD3OD) 
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13C NMR ATM-2-hydroxyheptanal triflate 100 MHz (CD3OD) 
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1H NMR ATM-pentanal triflate 400 MHz (CD3OD) 
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13C NMR ATM-pentanal triflate 100 MHz (CD3OD) 
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1H NMR ATM-2-pentenal triflate 400 MHz (CD3OD) 
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13C NMR ATM-2-pentenal triflate 100 MHz (CD3OD) 
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1HNMR (2E,4E)-N1,N6-diisopropyl-N1,N6-bis(isopropylcarbamoyl)hexa-2,4-dienediamide.  
400 MHz (CDCl3) 
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13CNMR Muconaldehyde 100 MHz (DMSO) 
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