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ABSTRACT 

 

Previously our group identified that the dicatechol lignan nordihydroguaiaretic acid 

(NDGA) can undergo spontaneous autoxidation and intramolecular cyclization at pH 7.4 to form 

a dibenzocyclooctadiene (cNDGA). We also observed that autoxidation of NDGA or cNDGA was 

required for inhibition of -synuclein aggregation in vitro, a protein associated with Parkinson’s 

disease.  

A number of dicatechol ethanes have been shown to inhibit -synuclein aggregation in 

vitro and we propose that the anti-aggregation effects are the result of autoxidation/ intramolecular 

cyclization. My first goal was to determine if dicatechol ethanes could spontaneously autoxidize/ 

cyclize and inhibit -synuclein aggregation in vitro.  

In order to assess the formation of 6-membered ring dicatechols, I synthesized and 

characterized three diphenylethane analogs with 0, 2 or 4 methyl groups on the 2-carbon linker. I 

determined that all of the analogs spontaneously cyclize at pH 7.4 into the corresponding 

dibenzocyclohexadienes which were also oxidatively labile and formed additional oxidation 

products. The rate of cyclization to form dibenzocyclohexadienes is 10-30 times faster than for 

dibenzocyclooctadienes and both the diphenylethanes and dibenzocyclohexadienes inhibit -

synuclein aggregation in vitro. 

 A second goal of my project was to study the metabolism of quebecol, a triphenylethane 

natural product isolated from maple syrup production which is under investigation as a 

chemopreventive and chemotherapeutic, although there are no reports on the hepatic metabolism 

of quebecol. In order to assess hepatic metabolism, I synthesized and isolated quebecol and 

investigated its in vitro metabolism in rat liver microsomes (RLM) and human liver microsomes 
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(HLM). I anticipated that phase II metabolism would predominate, and I observed formation of 

three glucuronide metabolites in both RLM and HLM. To determine the hepatic contribution to 

first-pass glucuronidation, I validated an HPLC-UV method following FDA and EMA guidelines 

(selectivity, linearity, accuracy and precision) to quantify quebecol metabolism in microsomes. In 

vitro enzyme kinetics were performed for quebecol glucuronidation in HLM including 8 

concentrations from 5-30 M. I determined a Michaelis-Menten constant (KM) of 5.1 M, intrinsic 

clearance (Clint) of 0.04 mL/min/mg and maximum velocity (Vmax) of 0.22 mol/min/mg.  

In contrast I was unable to detect any P450 metabolites of quebecol in either RLM or HLM. 

In spite of the presence of three phenols that could form para-quinone methides, glutathione (GSH) 

trapping experiments provided no evidence for reactive intermediate formation. To confirm the 

absence of para-quinone methides I attempted to prepare standards using MnO2 as oxidant and 

trapping with GSH. Rather than observe the expected para-quinone methides, instead I observed 

ortho-quinone formation resulting from MnO2-mediated dealkylation. Together with extensive 

phase II glucuronidation, this suggests that the risk of reactive intermediate formation from 

quebecol is negligible. 
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1. Chapter 1: Literature Review 

1.1 Introduction 

Polyphenols are a widely distributed class of bioactive molecules with a number of 

biological activities reported in the literature [1]. One of the major groups of polyphenols are 

lignans, which represent a large class of secondary metabolites in plants. Nordihydroguaiaretic 

acid (NDGA) is a lignan from the creosote bush and has been used in traditional medicine for a 

wide range of ailments due to its suggested medicinal properties [2]. This natural polyphenol has 

been also associated with kidney and liver toxicity, when ingested at higher doses [3]. Studies have 

reported that NDGA can undergo in vitro biotransformation to form reactive ortho-quinones, 

which are likely responsible for toxicity in vivo, such as severe hepatic and renal injuries [4].  

In the absence of a trapping agent, NDGA can spontaneously cyclize at pH 7.4 to form a 

dibenzocyclooctadiene that may be responsible for the pharmacological properties [5] However, 

the mechanism of the intramolecular cyclization remains unknown. A series of NDGA analogs 

were synthesized by our group to investigate the structural features necessary for the 

intramolecular cyclization process and we determined that only compounds possessing a 

dicatechol could form dibenzocyclooctadienes [6]. In addition, the analogue having no methyl 

functional groups on the alkyl linker chain was observed to cyclize more rapidly than NDGA, in 

opposition to the anticipated Thorpe-Ingold effect. This would imply that additional methyl groups 

on the alkyl chain would slow intramolecular cyclization.  

The oxidative metabolism of NDGA suggests that an ortho-quinone (o-Q) is the only 

quinone intermediate formed which is responsible for the toxicities associated with NDGA use 

[4]. Interestingly, the lignan secoisolariciresinol (SECO) undergoes oxidative metabolism to a 
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para-quinone methide (p-QM) followed by an intramolecular cyclization to form lariciresinol [7]. 

There is no evidence that oral consumption of SECO causes serious toxic effects, suggesting the 

intramolecular cyclization minimizes any toxicity related to formation of the p-QM [8].  

While dicatechol cyclization of lignans to dibenzocyclooctadienes is facile at pH 7.4, it is 

unknown if 6 or 7 membered rings would also form easily. A series of substituted diphenylethane 

dicatechols (Figure 1.1) have been shown to inhibit -synuclein aggregation in vitro [9]. This led 

us to speculate that these compounds may also undergo autoxidative intramolecular cyclization to 

dibenzocyclohexadienes. We hypothesized that diphenyl in vitro autoxidation/ intramolecular 

cyclization of these dicatechols may be associated with their -synuclein anti-aggregation 

properties. 

 

 

Figure 1.1 Diphenylethane dicatechol compounds from patent literature that could potentially 

form dibenzohexadienes.  

Recently, a new polyphenolic compound, quebecol, was isolated from maple syrup and is 

under investigation for potential applications as a chemopreventive or chemotherapeutic agent 

[10]. Currently, the hepatic metabolism of quebecol has not been studied. Considering the lack of 
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information about phase I and phase II metabolism of quebecol, our group has an interest to 

investigate its metabolism in general. Quebecol could potentially undergo oxidative metabolism 

leading to 6-membered ring formation, and the cyclized form could be responsible for the 

biological activity.  

The primary interest for studying the intramolecular cyclization is that the NDGA-

dibenzocyclooctadiene has been reported to inhibit in vitro aggregation of α-synuclein, a protein 

associated with Parkinson’s disease [11]. This recent study also showed that cyclized NDGA 

reduced α-synuclein-driven neurodegeneration in a relevant animal model. Therefore, an 

investigation of the ability of other cyclized analogs to inhibit α-synuclein aggregation will allow 

the development of structure-activity relationships for this process and insight into α-synuclein 

misfolding. 

Therefore, the overall goals of this project are to synthesize and investigate the ability of 

diphenylethane dicatechols to undergo oxidative metabolism to form cyclized metabolites, and the 

ability of these forms to inhibit α-synuclein aggregation.  
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1.2 Lignans 

 Lignans are polyphenolic compounds found in plants as active secondary metabolites 

derived from the oxidative coupling of two phenylpropanoid units [12]. Similarly to other 

secondary metabolites, lignans serve as protection against microorganisms and herbivores for the 

plants that synthesize them [13]. Even though their molecular backbones are formed by two 

phenylpropane (C6–C3) units, lignans have a vast structural diversity consisting of different linkage 

patterns. Considering this, the classification of lignans is based on their general chemical structure.  

 The extensive analysis of the biological properties of lignans continues to attract 

investigation due to the wide pharmacological properties such as anti-cancerous, antiasthma anti-

inflammation, antioxidant, antimicrobial, antihypertensive and hypocholesterolemic activities 

[14,15].  

 

1.3 Nordihydroguaiaretic Acid (NDGA) 

1.3.1 Definition  

 NDGA (Figure 1.2) is a secondary metabolite found in the leaves of Creosote bush (Larrea 

tridentate), an evergreen shrub found in southwestern deserts of the United States and Southern 

Mexico [16]. Creosote bush extracts have been used by Native Americans to treat a variety of 

ailments including pain, inflammation, kidney stones and diabetes [17].  
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Figure 1.2. Structure of nordihydroguaiaretic acid (NDGA) 

 In terms of distribution of secondary phenolic compounds in Creosote bush, NDGA is 

found in flowers, leaves, green stems and small woody stems, with the highest concentrations 

found in leaves (38.3 mg/g) and green stems (32.5 mg/g) [18]. It has been reported that 5-10% of 

the leave’s dry weight consist of NDGA, being 80% of all phenolics in the resin.  

  

1.3.2 Metabolism and Autoxidation 

 NDGA is extensively metabolized by hepatic phase II enzymes, glucuronide conjugation 

being the major metabolic elimination pathway of this compound in vivo [19]. Mono- and di-

glucuronide conjugates of NDGA were reported in the plasma of mice after intravenous 

administration [3].  

 In aqueous solution at physiological pH (pH 7.4), NDGA can undergo an autoxidation 

reaction forming an o-Q which can be trapped as a glutathione (GSH) conjugate [4]. In the absence 

of a trapping agent, an oxidative cyclization leads to a schisandrin-like dibenzocyclooctadiene 

lignan that could be involved with the biological effects of NDGA (Figure 1.3). Naturally-

occurring schisandrins have been studied for various biological properties including anti-

inflammatory, anti-tumor activity and neuroprotective effect [20,21]. 
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Figure 1.3. Intramolecular cyclization of NDGA 

 Our group has determined how functional groups on the aromatic rings of NDGA lignan 

analogs can influence the formation of dibenzocyclooctadienes under physiologically relevant 

conditions [6]. Only compounds with a dicatechol-substituted ring could form 

dibenzocyclooctadienes, whereas a single catechol is not sufficient for dibenzocyclooctadiene 

formation. These studies suggest that intramolecular cyclization likely occurs via a radical-

mediated mechanism instead of an electrophilic substitution process (Figure 1.4).  

 

 

Figure 1.4 - Intramolecular cyclization of NDGA via radical-mediated process (adapted from 

[6])  
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As part of these studies, it was shown that the methyl functional groups on the alkyl linker 

chain would have an influence on the rate of intramolecular cyclization [6]. The desmethyl 

analogue de-Me-NDGA was synthesized and determined to cyclize more rapidly (pseudo 1st order 

rate 13.1 × 10-5 s-1) than NDGA (4.88 × 10-5 s-1). The Thorpe-Ingold effect would have predicted 

the removal of methyl groups of NDGA should have resulted in a slower rate of cyclization for 

de-Me-NDGA [22]. It is likely that the more rapid cyclization for de-Me-NDGA is a result of 

decreased steric interactions between the methyl groups during cyclization. Conformation II/III 

(NDGA) or V/VI (de-Me-NDGA) (Figure 1.5) are necessary in order for intramolecular 

cyclization to occur. The presence of additional steric interactions CH3-CH3 and CH3-CH2-Ar for 

NDGA indicates that conformations II/III are energetically less favourable as compared to V or 

VI, for de-Me-NDGA as shown in Figure 1.5.  
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Figure 1.5 – Newman projection for NDGA (I, II, III) and de-Me-NDGA (IV, V, VI). Most stable 

conformations are represented in I and IV. Conformers II or III, and V or VI are the required 

conformations for the intramolecular cyclization.   

This would imply that additional methyl groups on the alkyl chain would slow 

intramolecular cyclization. Preparation of the tetra-methyl NDGA would be necessary to confirm 

that the additional methyl groups will further slow cyclization and whether that may be sufficient 

to prevent cyclization.  
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1.3.3 Toxicological properties 

  In 1968, NDGA was reported to induce cystic nephrotoxicity by the Canadian Food and 

Drug Directorate, and since then its use as a food preservative has been banned in Canada [3]. A 

few years later, the Food and Drug Administration in the United States removed the “Generally 

Recognized As Safe” (GRAS) designation for NDGA. The use of extracts or decoctions of 

creosote bush have been used in traditional medicine for a wide variety of human ailments [23]. 

Marketed tablets and capsules of powdered leaves have been used as dietary supplements largely 

based on their antioxidant properties [24]. However, chronic consumption of tablets or capsules 

have been associated with drug-induced hepatitis and cystic renal disease [25].  In most of the 

cases, the discontinuation of these products led to a decrease of symptoms [18].  

 NDGA was found to act as a pro-oxidant in clone-9 rat hepatocyte cultures at higher 

concentrations triggering oxidative stress, oxidative cell injury and cytotoxicity [25]. At lower 

concentrations, however, NDGA has shown beneficial antioxidant effects. 

 

1.3.4 Biological properties of dibenzocyclooctadienes 

Naturally occurring and synthetic dibenzocyclooctadienes lignans have been reported to 

display biological properties including anticancer [26], antihepatocarcinogenesis [27], 

antihepatotoxic [28], anti-HIV [29], antioxidant [30] and anti-inflammatory activities [31].  

 Recently, NDGA dibenzocyclooctadiene was shown to interact with -synuclein, a major 

constituent of Lewy bodies, a pathological hallmark in Parkinson’s disease [11]. This interaction 

led to a decrease in -synuclein-driven neurodegeneration in Caenorhabditis elegans. However, 

it remains unknown how the NDGA dibenzocyclooctadiene prevents -synuclein aggregation. 
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Considering these findings, NDGA-derived dibenzocyclooctadienes could contribute as potential 

therapies for Parkinson’s disease.  

 

1.4 Parkinson’s Disease 

1.4.1 Definition 

Parkinson’s disease (PD) is a chronic, degenerative and progressive disease of the central 

nervous system (CNS) characterized by the loss or degeneration of dopaminergic neurons in the 

substantia nigra [32]. These cells are responsible for dopamine production and its loss in the brain 

leads to postural, gait and cognitive dysfunction [33].  

Parkinsonism is the umbrella term given to describe a group of clinical conditions that 

feature PD symptoms. While most Parkinsonism cases are due to PD, cases also result because of 

other neurological disorders, antidopaminergic drugs side effects, or exposure to toxins [34]. 

However, PD is different from Parkinsonism etiologically [35]. The presence of Lewy bodies 

(abnormal aggregates of -synuclein protein) in the substantia nigra is necessary for idiopathic PD 

diagnosis.  

In the early stages of PD, non-motor symptoms (NMS) are more prevalent such as olfactory 

dysfunction, cognitive impairment, psychiatric symptoms, sleep disorders and autonomic 

dysfunction [36]. On the other hand, the motor symptoms are present at the later stages of PD, 

which considerable impact on quality of life and patient disability [37]. In addition, NMS tend to 

progress together with motor symptoms and can occur with more frequency and more intensity in 

later disease stages. 
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1.4.2 Epidemiology 

PD is the second most prevalent neurodegenerative disease worldwide after Alzheimer's 

disease [38]. The worldwide incidence of PD ranges from 5 to 35 new cases per 100,000 

individuals every year [39]. Considering the growing and ageing population in Canada, it is 

estimated the number of Parkinsonism cases among Canadians will double between 2011 and 

2031, increasing the incidence by 50% [40].  

Studies suggested that mortality is not increased on the first 10 years of the disease, but 

after 20 years these numbers double compared with the general population [41]. It was also shown 

that there was an increased risk of PD patients dying from pneumonia and cardiovascular or 

cerebrovascular diseases, highlighting the importance of mobilization of these patients [42].  

Age is the greatest risk factor for PD, being 50-60 years the average age of onset [32]. The 

incidence of PD is rare before 50 years-old, however the incidence increases 5-10 fold from 60 to 

90 years of age [43]. Even though PD is rare before this age, 5-10% of people are diagnosed with 

young onset PD before 40 years of age, and 20% are under the age of 50 [44]. Nevertheless, PD 

progresses in a slow rate in younger people resulting in longer survival.  

In terms of gender, more men are diagnosed with PD compared to women by a ratio of 

approximately 2:1 [45]. Interestingly, some clinical characteristics are reported more often in men, 

such as rigidity and rapid eye movement; while in women, dyskinesias and depression are more 

common [46,47]. The sex-based difference in PD may be related with estrogen’s protective effect, 

but more studies need to be done to correlate the hormonal influence on PD [48]. 
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1.4.3 Pathology and Pathogenesis  

The neuropathological feature of PD is the association between the dopaminergic cell loss 

within the substantia nigra and the development of Lewy bodies, which are round protein-rich 

inclusions [49]. As the main component of Lewy bodies, -synuclein is a 140 amino acid, natively 

unfolded protein located in the presynaptic terminals of neurons [50]. Studies observed that 

the misfolding of -synuclein might lead to its aggregation and dissemination in certain 

sites, which triggers an inflammatory process involved in the pathogenic dysfunction of PD [51–

53]. These findings indicate that -synuclein is involved in the pathogenesis of PD.  

 

1.5 Secoisolariciresinol (SECO) 

Another lignan of interest due to its numerous pharmacological properties is the flaxseed 

lignan SECO (Figure 1.6). SECO is classified as a dibenzylbutane lignan and has a similar 

structure to NDGA [54].  

 

 

Figure 1.6. Structure of secoisolariciresinol 

SECO is biotransformed into the mammalian lignan, enterodiol (ED) via demethylation 

and dehydroxylation, followed by further oxidation to enterolactone (ENL) by the gut microbiota 

of humans (Figure 1.7) [55]. Enterodiol and enterolactone were observed to undergo extensive 
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first-pass metabolism, mainly by phase II processes to the glucuronide and sulfonate conjugates 

[56,57].  

 

 

Figure 1.7. Structures of enterolignans enterodiol and enterolactone 

In vitro, phase I metabolism of SECO in both rat and human hepatic microsomes leads to 

the oxidation to a p-QM [7]. Lariciresinol is the major metabolite of this process, which is believed 

to be formed as a product after intramolecular cyclization of SECO p-QM (Figure 1.8).   

 

 

Figure 1.8. Intramolecular cyclization of SECO to lariciresinol 

 The consumption of SECO among adult populations is well tolerated and there is no report 

of significant toxicity in humans, which might be related to the intramolecular cyclization after p-

QM formation that minimizes any toxicity by removing the reactive portion and the small 

contribution to overall metabolism [58]. In terms of pharmacological properties, SECO has been 
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observed to reduce serum LDL and total cholesterol levels, cardiovascular diseases, and breast and 

prostate cancers [7].  

 

1.6 Quebecol 

 Quebecol, 2,3,3-tri-(3-methoxy-4-hydroxyphenyl)-1-propanol (Figure 1.9) is a 

polyphenolic compound, which is formed during maple syrup production from Acer saccharum 

spp [59]. The name of quebecol was assigned because of the world’s premier producer of maple 

syrup, the Canadian province of Quebec. Structurally quebecol has some similarities with the 

chemotherapy drug tamoxifen, a cancer chemopreventive widely used for breast cancer, as both 

possesses three aromatic rings linked via a two-carbon chain although the compounds differ in the 

nature of the linker (saturated vs. unsaturated)[60]. 

 

   

Figure 1.9. Structure of quebecol and tamoxifen 

 The antiproliferative activity of quebecol was evaluated against a panel of cancer lines, and 

a cytotoxic effect was observed suggesting its potential as a cancer chemopreventive agent [61].  

Quebecol also showed anti-inflammatory activity in bioassays by inhibiting the secretion of two 
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pro-inflammatory cytokines: IL-6 and TNF-α [62]. There are no studies about quebecol 

metabolism or toxicity. Even though the concentration of quebecol present in maple syrup is not 

reported in literature, it is important to note that maple syrup has been consumed for a long time 

without showing toxicity. Since analogs of quebecol are being synthesized as potential drug leads, 

it will be important to identify the metabolites of quebecol [61]. 

 Based on other lignans metabolism, such as SECO, it is most likely that the main 

metabolism of quebecol is phase II by glucuronidation or sulfonation (Figure 1.10). However, 

because of the phenol groups, it is possible that quebecol may undergo P450 oxidation to a p-QM. 

Alternative pathways could be dealkylation of the methoxy groups to give a catechol which could 

undergo further oxidation to an o-Q [63].  
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Figure 1.10. Proposed metabolism of quebecol 
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Although it is unlikely that two dealkylation reactions would occur without having phase 

II metabolism (glucuronidation, sulfonation), it is important to verify whether a dicatechol 

metabolite of quebecol and its analogs could spontaneously cyclize to form a six membered ring 

(Figure 1.11). 

 

 

 

Figure 1.11 Potential dibenzocyclohexadiene formation from quebecol metabolite 

 

There are a variety of natural products reported in the literature, however in many cases 

their metabolism and stability are not well understood. Considering that there are numerous 

proposed biological applications for these compounds, we are inspired to better understand the 

metabolism of these naturally occurring phenolic compounds and wish to prepare analogs to better 

understand aspects of their metabolism and stability.  
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2. Chapter 2: Hypotheses and Objectives 

2.1 Hypotheses  

2.1.1 Diphenylethane dicatechols undergo oxidative metabolism to form 

dibenzocyclohexadienes. 

2.1.2 Quebecol will form glucuronide conjugates in vitro.   

2.1.3 Quebecol can be oxidized to form quinones and dibenzocyclohexadienes. 

2.1.4 Presence of additional functional groups on the side chain of NDGA slow the rate of 

oxidative dibenzocyclooctadiene formation. 

2.1.5 Dibenzocyclohexadienes can inhibit α-synuclein aggregation in vitro. 

2.2 Objectives 

Hypothesis 2.1.1 

2.2.1 Synthesize and characterize diphenylethane dicatechols with different numbers of methyl 

groups on the side chain.  

2.2.2 Evaluate the synthesized diphenylethane dicatechols for their potential to undergo 

autoxidative cyclization. 

Hypothesis 2.1.2 

2.2.3 Synthesize and characterize quebecol.  
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2.2.4 Assess contribution of glucuronidation to the phase II metabolism of quebecol 

Hypothesis 2.1.3 

2.2.5 Determine if quebecol can form quinones and dibenzocyclohexadienes in hepatic 

microsomes.  

Hypothesis 2.1.4 

2.2.6 Synthesize and characterize a tetramethyl-substitued NDGA with the intent of 

understanding the influence on rate of intramolecular cyclization of two quaternary 

carbons on the side chain.  

Hypothesis 2.1.5 

2.2.7 Evaluate the ability of different dibenzocyclohexadienes to inhibit α-synuclein 

aggregation using the Thioflavin-T assay.  
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3.1 Abstract 

The naturally-occurring dicatechol lignan nordihydroguaiaretic acid and an analog without 

methyl groups on the butyl linker both undergo intramolecular cyclization at pH 7.4 to form 

dibenzocyclooctadienes. These dibenzocyclooctadienes have been shown to prevent in vitro 

aggregation of -synuclein, an intrinsically disordered protein associated with Parkinson’s disease. 

Nordihydroguaiaretic acid possesses two vicinal methyl groups on the butyl linker and the 

presence of these methyl groups attenuates the rate of intramolecular cyclization versus the 

unsubstituted analog, in opposition to the anticipated Thorpe-Ingold effect, likely due to steric 

repulsions during cyclization.  

We are interested in developing a better understanding of the influence of methyl substituents 

on intramolecular cyclization of dicatechols. To further probe the generality of this reaction we 

prepared a series of 1,2-bis-ethane dicatechols with 0, 2 and 4 methyl substituents on the linker. 

We have confirmed that these compounds undergo intramolecular cyclization to form 

dibenzocyclohexadienes and that steric interactions between the methyl substituents leads to an 

increase in the rate of intramolecular cyclization, which is in contrast to what was observed for 

lignan dicatechols. The rate of cyclization to form six-membered rings is 10-30 times more rapid 

than formation of eight membered rings and the dibenzocyclohexadienes also prevent in vitro 

aggregation of -synuclein. 
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3.2 Introduction 

Many natural products with reported pharmacological activity in vivo have been studied in 

in vitro systems in an effort to better understand their mechanisms of action at the biochemical 

level and provide screening methods for carrying out structure-activity studies. A concern over 

this approach is the instability of many natural products when exposed to in vitro systems. 

Curcumin has been suggested to possess a range of pharmacological properties [64–69], yet it’s in 

vivo metabolic fate of reduction and phase 2 metabolism [70,71] is divergent from its known 

instability in vitro [72,73] which results in an oxidative rearrangement to produce a dioxygenated 

bicyclopentadione. Other natural products including flavonols  and catechins  have reported similar 

in vitro instabilities which differ from their in vivo metabolism [74,75]. We previously reported 

that the lignan nordihydroguaiaretic acid (NDGA, Figure 1.2) undergoes oxidative intramolecular 

cyclization to a dibenzocyclooctadiene in phosphate buffer [5], as does an analog which does not 

possess methyl groups on the alkyl linker (de-Me-NDGA), and that the presence of catechols on 

both aromatic rings is a requirement for intramolecular cyclization [6]. We recently showed that 

NDGA, de-Me-NDGA and their cyclized forms are able to prevent the in vitro aggregation of -

synuclein [11], an intrinsically misfolded protein whose aggregation has been associated with the 

pathophysiology of Parkinson’s disease [50,52]. Interestingly, the presence of reducing agents 

which prevent oxidation/ cyclization attenuate the anti-aggregation effect. There have been 

previous reports of the potential for NDGA to treat neurological conditions in vitro [76,77] and we 

hypothesize that this may be due to formation of the dibenzocyclooctadiene during in vitro 

incubation.  

A report on a series of substituted 1,2-bis-ethane dicatechols that were demonstrated to 
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inhibit -synuclein aggregation in vitro [9] led us to speculate that these compounds may undergo 

autoxidative intramolecular cyclization to dibenzocyclohexadienes. To address the question of the 

generality of this oxidative process led us to investigate whether dicatechols with shorter linker 

chains than NDGA would also undergo similar intramolecular cyclizations, specifically focusing 

on the formation of six-membered ring dibenzocyclohexadienes. We hypothesized that diphenyl 

in vitro autoxidation/ intramolecular cyclization of the 1,2-bis-ethane dicatechols may be 

associated with their -synuclein anti-aggregation properties. Although we found evidence in the 

literature of dibenzocyclohexadienes, they were formed through processes other than oxidative 

cyclization of a dicatechol [78]. In addition, we had previously noted that the rate of cyclization 

for de-Me-NDGA (Figure 3.1), which does not possess methyl groups on the linker is more rapid 

than for NDGA. We had originally anticipated that the presence of methyl groups on the linker 

would enhance cyclization as a result of a Thorpe-Ingold effect [22], however our results suggested 

that steric interactions between the vicinal methyl groups during cyclization may rather impede 

this process [6]. Our goals are to prepare a series of 1,2-bisethane dicatechols with 0, 2 or 4 methyl 

groups on the alkyl linker in order to probe intramolecular cyclization products, rate of cyclization 

and ability to inhibit in vitro -synuclein aggregation. 
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Figure 3.1. Structures of NDGA (2 methyl groups on the alkyl linker) and de-Me-NDGA (0 

methyl groups on the alkyl linker) and their respective dibenzocyclooctadienes formed via 

intramolecular cyclization. 

 

3.3 Materials and Methods 

3.3.1 Materials 

Reduced glutathione (GSH), Thioflavin T, phosphate buffered saline (PBS), and K2HPO4 were 

purchased from Sigma-Aldrich while 2,2-di-(3-methoxymethylphenyl)-1,3-propanediol 

(MMPPD) and cyclized NDGA (cNDGA) were prepared following literature procedures [6,79]. 
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Citric acid, HCl and MgSO4 were purchased from Fisher Scientific. All solvents, including formic 

acid were LC-MS grade. α-Synuclein (> 95% purity) was purchased from rPeptide (Watkinsville, 

GA, USA). Water was purified via a Millipore (Mississauga, ON) Milli-Q system with a Quantum 

EX Cartridge. Diphenyl ethanes were prepared by modifications of literature procedures. 

 

3.3.2 Instrumentation 

3.3.2.1 HPLC-UV Diode Array Analysis 

The autoxidation studies and reaction kinetics was performed on an Agilent 1200 high-

performance liquid chromatography (HPLC) system (Agilent Technologies; Mississauga, ON) 

equipped with a degasser (G1379A), quaternary pump (G1311A), autosampler (G1329A), and 

diode array detector (G1315D). The HPLC column was a ThermoFisher Hypersil GOLD™ C18 

(2.1 x 150 mm, 3µm), and the solvent system consisted of 0.1% LC-MS grade formic acid in water 

(solvent A) and 0.1% LC-MS grade formic acid in acetonitrile (solvent B) operating at a flow rate 

of 0.2 mL/min. Different methods were developed to ensure separation between the parent 

compounds and the oxidative metabolites. Method I: an initial isocratic condition at 90% solvent 

A for 5 minutes, decreased gradually to 60% solvent A over 5 minutes, then decreased to 10% 

over 15 minutes then returning to the initial conditions, with a 10 minute equilibration period prior 

to the next sample injection. Method II: an initial isocratic condition at 90% solvent A for 5 

minutes, decreased gradually to 50% solvent A over 25 minutes, then 10% over 4 minutes then 

returning to the initial conditions, with a 7 minute equilibration period prior to the next sample 

injection. Method III: an initial isocratic condition at 90% solvent A for 2.5 minutes, decreased 
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gradually to 10% solvent A over 22.5 minutes, then returning to the initial conditions, with a 10 

minute equilibration period prior to the next sample injection. HPLC data was exported from 

OpenLab CDS ChemStation Edition C.01.09 (Santa Clara, California, USA) to GraphPad Prism 

version 8.0 for data analysis (San Diego, California, USA). 

3.3.2.2 ESI-MS Analysis 

Mass spectroscopy analysis of intermediates was conducted using an AB SCIEX 4000 

QTRAP (Redwood City, CA, USA) quadrupole linear ion trap mass spectrometer. Final 

compounds were analyzed on an AB SCIEX QSTAR XL quadrupole orthogonal time-of-flight 

hybrid mass spectrometer (Q-TOF MS) equipped with an electrospray ionization (ESI) source (AB 

SCIEX, Redwood City, CA, USA). Samples were infused directly using a flow of 10 μL/min. Data 

acquisition and analyses were performed using Analyst 1.7 software from AB SCIEX.  

3.3.2.3 NMR Analysis 

All NMR experiments were performed on a Bruker AVANCE DPX-500 spectrometer 

(Karlsruhe, Germany) and data processed using MestRreNova 14.1. All compounds were drawn 

and named using ChemDraw 20.0. 
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3.3.3 Methods 

3.3.3.1 Synthesis and Characterization of Diphenyl Ethane Analogs 

3.3.3.1.1 Synthesis of 4,4'-(ethane-1,2-diyl)bis(benzene-1,2-diol) (DPE) 

 

Scheme 3.1. Synthesis of DPE. Reagents and Conditions: i) NBS, PPh3, K2CO3, toluene, reflux, 

37%; ii) H2, Pd/C, THF, rt, >99%; iii) BBr3/CH2Cl2, -78 °C, 88%.  

 

Synthesis of 1,2-bis(3,4-dimethoxyphenyl)ethene (1): To a stirred solution of 3,4-

Dimethoxybenzyl alcohol (0.5 g, 2.97 mmol) and triphenylphosphine (1.87 g, 7.13 mmol) in 

toluene (15 mL), N-bromosuccinimide (0.29 g, 1.63 mmol) was added. The reaction mixture was 

refluxed under N2 for 4 hours. After completion, the mixture was cooled to room temperature. At 

room temperature, 3,4-Dimethoxyaldehyde (0.49 g, 2.97 mmol) was added followed by K2CO3 

(4.1 g, 29.7 mmol) and then refluxed overnight. After cooling to room temperature, toluene was 

removed under reduced pressure. The residue was dissolved in ethyl acetate, and washed with 
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brine and dried over MgSO4. After evaporation of solvents, the residue was recrystallized using 

isopropanol to give yield alkene (Z)-1 as a white solid (0.4 g, 37%). 1H NMR (500 MHz, CDCl3) 

δ 7.06 (d, J = 2.0 Hz, 2H), 7.04 (dd, J = 8.2, 2.0 Hz, 2H), 6.93 (s, 2H), 6.86 (d, J = 8.2 Hz, 2H), 

3.95 (s, 6H), 3.91 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 149.25, 148.82, 130.80, 126.77, 119.70, 

111.36, 108.68, 56.10, 56.00. ESI-MS (m/z) 323.1 [M + Na]+. 

 

Synthesis of 1,2-bis(3,4-dimethoxyphenyl)ethane (2): Pd/C (10% w/w, 40 mg) was added to a 

reaction flask under N2. The flask was sealed, and dry THF (10 mL) was added. The alkene 1 (400 

mg, 1.33 mmol) in dry THF (2 mL) was added to the reaction dropwise. The flask was evacuated, 

then flushed with H2 gas. The reaction was left to stir under H2 overnight. The reaction mixture 

was filtered through a Celite pad and washed with MeOH. The solvent was removed under reduced 

pressure to give compound 2 as a white solid (0.4 g, 99%). 1H NMR (500 MHz, CDCl3) δ 6.79 (d, 

J = 8.1 Hz, 2H), 6.71 (dd, J = 8.0, 2.0 Hz, 2H), 6.66 (d, J = 2.0 Hz, 2H), 3.86 (s, 6H), 3.84 (s, 6H), 

2.85 (s, 4H). 13C NMR (126 MHz, CDCl3) δ 148.66, 147.24, 134.55, 120.47, 112.02, 111.27, 

56.07, 55.94, 37.88.  

 

Synthesis of 4,4'-(ethane-1,2-diyl)bis(benzene-1,2-diol) (DPE): To a solution of 2 (0.4 g, 1.32 

mmol) in dry CH2Cl2 (15 mL) at –78 °C under N2, BBr3 (5.3 mL, 5.28 mmol) was added dropwise. 

The reaction mixture was stirred and allowed to warm to room temperature overnight. After 

completion, the reaction mixture was poured onto crushed ice and extracted with ethyl acetate (3 

 15 mL). The organic layer was washed with water and brine and dried over Na2SO4 to give DPE 

as a purple solid (0.28 g, 88%). 1H NMR (500 MHz, CD3CN) δ 6.69 (d, J = 8.0 Hz, 2H), 6.64 (d, 
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J = 2.0 Hz, 2H), 6.54 (dd, J = 8.0, 2.0 Hz, 2H), 6.50 (s, 2H), 6.44 (s, 2H), 2.70 (s, 4H). 13C NMR 

(126 MHz, CD3CN) δ 145.10, 143.28, 135.18, 120.96, 116.32, 115.88, 37.85. HRMS (TOF ESI-

MS) calcd for C14H14O4 (M+CH3OH)+ 279.0892, found 279.0953.  

 

3.3.3.1.2 Synthesis of 2,3-Bis(3,4-dihydroxyphenyl)butane (M2-DPE) 

 

 

Scheme 3.2. Synthesis of M2-DPE. Reagents and Conditions: i) TiCl4, Zinc, THF, -78 °C, 43%; 

ii) H2, Pd/C, THF, rt, >99%; iii) BBr3/CH2Cl2, -78 °C, 88%.  

 

Synthesis of 4,4'-(but-2-ene-2,3-diyl)bis(1,2-dimethoxybenzene) (3): To a suspension of zinc 

powder (233.5 mg, 3.57 mmol) in dry THF (10 mL) at –78 °C under N2, TiCl4 (1.8 mL, 1.83 mmol) 

was added dropwise. Reaction was stirred at room temperature for 30 minutes and then refluxed. 
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To this refluxing mixture, a solution of 3,4-dimethoxyacetophenone (100 mg, 0.55 mmol) in dry 

THF (2 mL) was added, and the reaction mixture was refluxed overnight under N2. After cooling 

to room temperature, the mixture was cooled to 0 °C. HCl 1M (30 mL) was added and then ethyl 

acetate (30 mL). After stirring at room temperature for 30 minutes, the mixture was filtered through 

a Celite pad. The aqueous layer was extracted with ethyl acetate (3  15 mL) and the organic layer 

was dried over Na2SO4. Solvent was evaporated, and the residue was purified by flash column 

chromatography (1:1 CH2Cl2/EtOAc) to afford 3 as a yellow oil (70 mg, 43%). 1H NMR (500 

MHz, CDCl3) δ 6.65 (d, J = 8.3 Hz, 2H), 6.59 (dd, J = 8.2, 2.0 Hz, 2H), 6.46 (d, J = 2.0 Hz, 2H), 

3.80 (s, 6H), 3.58 (s, 6H), 2.15 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 148.77, 147.37, 121.13, 

119.67, 111.08, 110.96, 56.03, 55.74, 47.06, 20.88. ESI-MS (m/z) 351.0 [M + Na]+. 

 

Synthesis of 4,4'-(butane-2,3-diyl)bis(1,2-dimethoxybenzene) (4): Pd/C (10% w/w, 7 mg) was 

added to a reaction flask under N2. The flask was sealed, and dry THF (10 mL) was added. The 

alkene 3 (70 mg, 0.21 mmol) in dry THF (1 mL) was added to the reaction dropwise. The flask 

was evacuated, then flushed with H2 gas. Reaction was left to stir under H2 overnight. The reaction 

mixture was filtered through Celite pad and washed with MeOH (50 mL). The solvent was 

removed under pressure to give compound 4 as a white solid (66 mg, 60%). 1H NMR (500 MHz, 

CDCl3) δ 6.82 (d, J = 8.2 Hz, 2H), 6.74 (dd, J = 8.1, 2.0 Hz, 2H), 6.68 (d, J = 2.0 Hz, 2H), 3.88 (s, 

6H), 3.87 (s, 6H), 2.75 – 2.70 (m, 2H), 1.04 (d, J = 6.6 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 

148.79, 147.37, 139.14, 119.67, 111.08, 110.96, 56.03, 55.99, 47.07, 20.89. ESI-MS (m/z) 353.2 

[M + Na]+. 
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Synthesis of 4,4'-(butane-2,3-diyl)bis(benzene-1,2-diol) (M2-DPE): To a solution of 4 (66 mg, 

0.19 mmol) in dry CH2Cl2 (5 mL) at –78 °C under N2, BBr3 (0.8 mL, 0.79 mmol) was added 

dropwise. The reaction mixture was stirred and allowed to warm to room temperature overnight. 

After completion, reaction mixture was poured onto crushed ice and extracted with ethyl acetate 

(3  15 mL). The organic layer was washed with water (15 mL) and brine (15 mL) and dried over 

MgSO4 to give M2-DPE as a purple solid (11 mg, 20%). 1H NMR (500 MHz, CD3CN) δ 6.74 (d, 

J = 8.1 Hz, 2H), 6.70 (d, J = 2.0 Hz, 2H), 6.60 (dd, J = 8.1, 2.1 Hz, 2H), 6.49 (s, 2H), 6.47 (s, 2H), 

2.62 – 2.57 (m, 2H), 0.91 (d, J = 6.5 Hz, 6H).13C NMR (126 MHz, CD3CN) δ 145.18, 143.31, 

140.11, 120.09, 115.86, 115.23, 47.20, 21.51. HRMS (TOF ESI-MS) calcd for C16H18O4 (M-H)- 

273.1205, found 273.1130. 
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3.3.3.1.3 Synthesis of 4,4'-(2,3-dimethylbutane-2,3-diyl)bis(benzene-1,2-diol) (M4-DPE) 

 

  

Scheme 3.3. Synthesis of M4-DPE. Reagents and Conditions: i) MgCH3I, Et2O, rt, 41%; ii) 

TiCl4, Zinc, THF, -78 °C, 20%; iii) BBr3/CH2Cl2, -78 °C, 91%. 

 

Synthesis of 2-(3,4-dimethoxyphenyl)propan-2-ol (5): Magnesium turnings (31 mg, 1.27 mmol) 

were added to an oven-dried flask with 5 mL of ether. Iodomethane (181 mg, 1.27 mmol) was 

dissolved in ether (3 mL) and added dropwise to the reaction. Magnesium turnings were crushed 

with a glass rod, and the reaction initiated. After completion, the reaction mixture was cooled to 0 

°C and 3,4-dimethoxyacetophenone (91 mg, 0.5 mmol) were added dropwise under N2. After 

stirring overnight, the reaction mixture was cooled 0 °C and 2 M HCl (2 mL) was added dropwise, 

and the mixture extracted with ethyl acetate (3  15 mL). The organic layer was dried over MgSO4, 

and solvent evaporated. The residue was purified by flash column chromatography (2:1 

hexane/EtOAc) to afford 5 as a yellow oil (40 mg, 41%). 1H NMR (500 MHz, CDCl3) δ 7.09 (d, 



 

 

33 

 

J = 2.2 Hz, 1H), 6.98 (dd, J = 8.3, 2.2 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 3.91 (s, 4H), 3.88 (s, 3H), 

1.58 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 148.77, 147.85, 142.06, 116.46, 110.75, 108.34, 

72.51, 56.05, 56.01, 31.94. ESI-MS (m/z) 219.1 [M + Na]+. 

 

Synthesis of 4,4'-(2,3-dimethylbutane-2,3-diyl)bis(1,2-dimethoxybenzene) (6): To a 

suspension of zinc powder (87.6 mg, 1.34 mmol) in dry THF (10 mL) at –78 °C under N2, TiCl4 

(0.7 mL, 0.68 mmol) was added dropwise. The reaction was stirred at room temperature for 30 

minutes and then refluxed. To this refluxing mixture, a solution of the tertiary alcohol 5 (40 mg, 

0.2 mmol) in dry THF (1 mL) was added, and the reaction mixture was refluxed overnight under 

N2. After cooling to room temperature, the mixture was cooled to 0 °C. HCl 1 M (10 mL) was 

added and then ethyl acetate (15 mL). After stirring at room temperature for 30 minutes, the 

mixture was filtered through a Celite pad. The aqueous layer was extracted with ethyl acetate (3  

15 mL) and the organic layer was dried over MgSO4. The solvent was evaporated, and the residue 

was purified by flash column chromatography (4:1 hexane/EtOAc) to afford 6 as a yellow oil (17 

mg, 20 %). 1H NMR (500 MHz, CDCl3) δ 6.71 (d, J = 8.5 Hz, 1H), 6.64 (dd, J = 8.4, 2.2 Hz, 1H), 

6.39 (d, J = 2.2 Hz, 1H), 3.85 (s, 3H), 3.66 (s, 3H), 1.32 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 

146.97, 146.96, 139.73, 121.04, 113.04, 109.42, 55.93, 55.75, 43.71, 25.42. ESI-MS (m/z) 381.2 

[M + Na]+. 

 

Synthesis of 4,4'-(2,3-dimethylbutane-2,3-diyl)bis(benzene-1,2-diol) (M4-DPE): To a solution 

of 6 (17 mg, 0.04 mmol) in dry CH2Cl2 (5 mL) at –78 °C under N2, BBr3 (0.2 mL, 0.19 mmol) was 

added dropwise. The reaction mixture was stirred and allowed to warm to room temperature 
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overnight. After completion, the reaction mixture was poured onto crushed ice and extracted with 

ethyl acetate (3  15 mL). The organic layer was washed with water (15 mL) and brine (15 mL) 

and dried over MgSO4 to give M4-DPE as a purple solid (13 mg, 91 %). 1H NMR (500 MHz, 

CD3CN) δ 6.62 (d, J = 8.3 Hz, 2H), 6.53 (d, J = 2.3 Hz, 2H), 6.49 (dd, J = 8.4, 2.4 Hz, 2H), 1.20 

(s, 12H). 13C NMR (126 MHz, CD3CN) δ 143.46, 142.93, 140.26, 121.37, 117.14, 114.13, 43.74, 

25.88. HRMS (TOF ESI-MS) calcd for C18H22O4 (M-H)- 301.1518, found 301.1438. 

 

3.3.3.1.4 Synthesis of 2,3,6,7-tetrahydroxy-9,10-dihydrophenanthrene (o-DPE B) 

 

 

Scheme 3.4. Synthesis of o-DPE-B. Reagents and Conditions: i) BF3
.OEt2, PIFA, CH2Cl2, -20 

°C, 11%; ii) BBr3/ CH2Cl2, -78 °C, 92% 

 

Synthesis of 2,3,6,7-tetramethoxyphenanthrene (8): First, a solution of PIFA (365.5 mg, 0.85 

mmol) and BF3
.OEt2 (0.16 mL, 1.3 mmol) in CH2Cl2 (2 mL) was prepared and cooled at -20 °C. 

This solution was added dropwise over 15 minutes to another solution in CH2Cl2 (5 mL) containing 

7 (172.3 mg, 0.57 mmol) at -20 °C under nitrogen. The solution was stirred at -20 °C for 40 
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minutes. After completion, the solvent was removed under pressure, and the residue purified by 

flash column chromatography (1:2 EtOAc/hexane) to afford 8 as a yellow solid (86 mg, 51 %). 1H 

NMR (500 MHz, CDCl3) δ 7.81 (s, 1H), 7.56 (s, 1H), 7.23 (s, 1H), 4.13 (s, 3H), 4.04 (s, 3H). 

 

Synthesis of phenanthrene-2,3,6,7-tetraol (o-DPE B): To a solution of 8 (20 mg, 0.067 mmol) 

in dry CH2Cl2 (2 mL) at –78 °C under N2, BBr3 (0.26 mL, 0.268 mmol) was added dropwise. The 

reaction mixture was stirred and allowed to warm to room temperature overnight. After 

completion, reaction mixture was poured onto crushed ice and extracted with ethyl acetate (3  15 

mL). The organic layer was washed with water (15 mL) and brine (15 mL) and dried over MgSO4 

to give o-DPE B as a brown solid (15 mg, 92%). 1H NMR (500 MHz, MeOD) δ 7.77 (s, 1H), 7.29 

(s, 1H), 7.11 (s, 1H). 13C NMR (126 MHz, MeOD) δ 147.06, 146.26, 127.41, 125.75, 124.29, 

112.73, 107.40. ESI-MS (m/z) 241.02 [M - H]-. 
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3.3.3.2 Chemical Stability and Reaction Kinetics 

Test compounds in CH3CN (20 mM) were incubated in phosphate-citric acid buffer (0.5 

M, pH 7.4) at 37 °C to yield a final concentrations of 0.5 mM each [4]. Before adding the 

compound, buffer was treated under three conditions: nitrogen purged, oxygen purged or ambient 

conditions (no purging). The mixture was then incubated at 37 ºC using an orbital shaker (VWR). 

Aliquots (90 µL) were taken at different times and quenched by adding 2M HCl (30 µL) spiked 

with internal standard 2,2-di-(3-methoxymethylphenyl)-1,3-propanediol (MMPPD). The samples 

were analyzed directly by HPLC-UV. The kinetics of the loss of the diphenylethanes were 

established from the concentration that remained in the buffer solution over time [4]. The loss of 

diphenylethanes in buffer at pH 7.4 follows apparent first-order kinetics. Therefore, the rate of loss 

can be described by: 

𝑙𝑛
𝐶

𝐶𝑜
=  −𝑘𝑑𝑒𝑝                  (3.1) 

where C0 and C are initial concentration and concentration at time t respectively; kdep is the reaction 

rate for loss of starting material and t is time. kdep was obtained as the gradient from a plot of ln 

(
𝐶

𝐶𝑜
) as a function of time t. 

3.3.3.3 Quantification of DPEs and autoxidation products  

Standard curves were prepared in triplicates for the DPEs (DPE, M2-DPE, and M4-DPE) 

ranging from 10 to 500 M at a wavelength of 280 nm, and for o-DPE B ranging from 10 to 100 

M at a wavelength of 254 nm. Calibration curves were calculated by using linear regression 

analysis using GraphPad Prism version 8.0 (San Diego, California, USA).  
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3.3.3.4 Thioflavin T Assay  

The protein α-synuclein (AS) was diluted in phosphate buffered saline (PBS) at a 

concentration of 2 mg/mL. Experiments were performed in triplicate with or without test 

compounds at final concentrations of 100 and 500 µM in PBS at pH 7.4. Both drug and protein 

were added to a microcentrifuge tube producing 1.5 mg/mL of AS. The mixture was incubated for 

5 days at 37 °C shaking at 1400 rpm using a Thermomixer R (Eppendorf, Hamburg, Germany). 

Upon completion, 10 μL of each mixture was pipetted in triplicate onto a 96-well plate containing 

144 μL of Thioflavin-T (ThT) solution (26 μM). The fluorescence was measured with a plate 

reader at excitation of 444 nm and emission of 484 nm. Data analysis was performed by averaging 

the readings per tube and comparing with control and/or different concentrations using one-way 

ANOVA followed by Dunnett’s test.  
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3.4 Results 

3.4.1 Synthesis and characterization of diphenylethane analogs 

We prepared three diphenylethane analogs (DPE, M2-DPE, M4-DPE, Figure 3.2), all three 

were prepared through coupling reactions involving 3,4-dimethoxyphenyl derivatives.  

 

Figure 3.2. Proposed diphenylethanes with 0 (DPE), 2 (M2-DPE), and 4 (M4-DPE) methyl 

groups on the side chain.  

The diphenylethane derivative with no substituents on the alkyl linker chain(DPE) was 

prepared using a literature procedure for the preparation of the tetramethoxy precursor (Scheme 

3.1) [78]. We employed a Wittig reaction between 3,4-dimethoxybenzyl alcohol and 3,4-

dimethoxybenzaldehyde in the first step to yield the tetramethoxyalkene intermediate as a white 

solid in 37% yield. The alkene was hydrogenated over Pd/C under H2 atmosphere to give the 

corresponding saturated compound in 99% yield. We obtained the final compound, DPE, through 

boron tribromide demethylation of the tetramethoxyalkane intermediate in DCM at -78 °C in 88% 

yield for a 32% overall yield. We confirmed that we had DPE through high-resolution time-of-

flight electrospray mass spectrometry (negative mode) which yielded an m/z of 279.0953. In our 

1H NMR we observed aromatic C-H signals at 6.69, 6.64 and 6.54, aromatic OH signals at 6.50 

and 6.44 and a benzyl H signal at 2.70. Due to the symmetry of DPE, the benzyl protons appear 

as a singlet corresponding to 4H. 
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We prepared 2,3-bis(3,4-dihydroxyphenyl)butane (M2-DPE) by first carrying out a 

McMurray coupling using Zn and TiCl4 to combine 2 molecules of 3,4-dimethoxyacetophenone 

to produce the alkene intermediate in 43 % yield (Scheme 3.2) [80]. We isolated the Z-isomer 

based on comparison with the literature coupling constants, but we observed a negligible amount 

of E-isomer and therefore did not collect it. We subsequently reduced the alkene to a mixture of 

alkane isomers (meso and racemic) via hydrogenation over Pd/C in 60% yield and the methoxy 

groups were removed with boron tribromide to give M2-DPE (20% yield) to give 23% overall 

yield. We confirmed the structure of M2-DPE through high-resolution time-of-flight electrospray 

mass spectrometry (negative mode) which gave an m/z of 273.1130. We further confirmed the 

structure from observed NMR signals at 6.74, 6.70, 6.60 (aromatic C-H), 6.49, 6.47 (aromatic 

OH), 2.57-2.62 (benzyl H) and 0.91 (CH3). Unlike DPE, the benzyl protons of M2-DPE appear 

as a multiplet from 2.57-2.62 due to coupling with the adjacent methyl protons (0.91) and the 

mixture of meso and racemic isomers.  

The starting material needed for M4-DPE, 2-(3,4-dimethoxyphenyl)propan-2-ol, was 

prepared via methylmagnesium iodide methylation of 3,4-dimethoxyacetophenone in 41% yield 

(Scheme 3.5) [81]. We then coupled two 2-(3,4-dimethoxyphenyl)propan-2-ol units by treatment 

with Zn and TiCl4 at -78 °C in dry THF to produce the tetramethoxyalkane-linked product (20% 

yield). The dicatechol was realized via boron tribromide deprotection of the methoxy groups (91% 

yield) for an overall yield of 7%. We confirmed the structure of M4-DPE through high-resolution 

time-of-flight electrospray mass spectrometry (negative mode) which gave an m/z of 301.1438. 

Similar to DPE, M4-DPE is symmetrical so that the methyl groups appear as a singlet of 12H at 

1.20. 
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DPE and M4-DPE exist as single entities however M2-DPE is likely present as a mixture 

of the meso compound and a racemic mixture; we could not separate the isomers so the isomeric 

mixture was used for the autoxidation experiments. 

 

3.4.2 Autoxidation of diphenylethane analogs 

3.4.2.1 Rates of autoxidation of diphenylethanes at pH 7.4 

 The three dicatechol diphenylethanes, DPE, M2-DPE, and M4-DPE, were investigated for 

their ability to autoxidize to their corresponding dibenzocyclohexadienes. The spontaneous 

cyclization in buffer was carried out using a protocol already established in our group [4]. DPE, 

M2-DPE, or M4-DPE and internal standard (MMPPD) were incubated in phosphate-citric acid 

buffer (0.5 M, pH 7.4) at 37 °C to a final concentration of 0.5 mM each. Aliquots were taken at 

different times for DPE, M2-DPE, and M4-DPE (Table S1). The reaction was stopped by 

acidifying to pH 1.5 with HCl. Samples were analyzed by HPLC using Method I (DPE and M4-

DPE) or Method II (M2-DPE) (Table S2). Each compound was investigated under three 

conditions: (i) N2 purged, (ii) O2 purged and (iii) ambient conditions to confirm that loss of starting 

material was an autoxidative process.  

The autoxidation kinetics were determined by following the loss of starting compound in 

phosphate-citric acid buffer over time, which was calculated using peak area ratio of starting 

compound and internal standard. The rate of loss (kdep) of DPE, M2-DPE and M4-DPE followed 

pseudo first-order kinetics. Figure 3.3 shows the results for the loss of starting dicatechol 

diphenylethane against time.  
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Figure 3.3. Plot of ln C/C0 vs time of DPE (n=3), M2-DPE (n=3), and M4-DPE (n=3) in 

phosphate-citric buffer (pH 7.4) at 37 ºC using different experimental conditions.  

For all three compounds, the loss of diphenylethane starting material occurs most rapidly 

for the O2 purged sample; the rate of loss for the N2 purged samples was the slowest although the 

difference compared to the ambient conditions is small (Table 3.1). The ratio of the O2 purged 

versus the N2 purged rates (kdep(O2)/kdep (N2)) is: 1.55 (DPE); 2.33 (M2-DPE); 4.48 (M4-DPE).  

Our data show that the rate of loss is dependent on the number of methyl groups on the alkyl linker 

as the rate of decomposition increases with the number of methyl groups for all three experimental 

conditions. 
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Table 3.1. Autoxidation rate of DPE (n=3), M2-DPE (n=3), and M4-DPE (n=3) in phosphate-citric acid buffer (pH 7.4) at 37 ºC using 

different experimental conditions.  

Compound Ambient Nitrogen Oxygen 

kdep (min-1) t1/2 (min) kdep (min-1) t1/2 (min) kdep (min-1) t1/2 (min) 

DPE 2.87 x 10-2  0.0006 

 

24.14 2.84 x 10-2   0.0012 24.4 4.4 x 10-2  0.0011 15.75 

M2-DPE 6.16 x 10-2  0.0016 11.25 4.93 x 10-2  0.0033 14.05 1.15 x 10-1  0.0057 6.02 

 

M4-DPE 9.0 x 10-2  0.012 7.7 6.53 x 10-2  0.0061 10.61 2.93 x 10-1  0.0173 2.36 
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3.4.2.2 Products of diphenylethane autoxidation at pH 7.4 

 We hypothesized that the dicatechol diphenylethane derivatives would undergo intramolecular 

cyclization to dibenzocyclohexadienes at pH 7.4. We determined that for DPE three distinct products 

resulted from autoxidation (Figure 3.4), whereas two distinct products were formed for each of M2-DPE 

(Figure 3.5) and M4-DPE (Figure 3.6).  

 

Figure 3.4. HPLC chromatogram for DPE incubation (pH 7.4) at 37 ºC at time 0 (i) and 20 minutes (ii). 

DPE retention time was observed at 16.3 minutes, while for its oxidized products were 15.1 minutes (o-

DPE A), 15.6 minutes (o-DPE B), and 16.6 minutes (o-DPE C). IS is the internal standard (MMPPD) at 

21.7 minutes.   
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Figure 3.5. HPLC chromatogram for M2-DPE incubation (pH 7.4) at 37 ºC at time 0 (i) and 10 minutes 

(ii). M2-DPE retention time was observed at 26.9 minutes, while for its oxidized products were 26.1 

minutes (o-M2-DPE A) and 29.1 minutes (o-M2-DPE B). IS is the internal standard (MMPPD) at 34.1 

minutes.   
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Figure 3.6. HPLC chromatogram for M4-DPE incubation (pH 7.4) at 37 ºC at time 0 (i) and 7.5 minutes 

(ii). M4-DPE retention time was observed at 20.2 minutes, while for its oxidized products were 19.6 

minutes (o-M4-DPE A) and 21.1 minutes (o-M4-DPE B). IS is the internal standard (MMPPD) at 22.1 

minutes.   

 For our dicatechol diphenylethanes, we isolated the product peaks through reverse-phase 

preparative chromatography and analyzed the isolated products via HPLC, NMR and mass spectrometry. 

Several of the decomposition products displayed poor solubility in typical NMR solvents (chloroform, 

acetonitrile, methanol, DMSO) so we used a mixed solvent system consisting of D2O, CD3CN and DCl. 

All of our compounds were soluble in this mixed system allowing us to compare NMR spectra across 

the DPE derivatives and their autoxidation products. Since the compounds were stable in an acidic 
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environment (HCl was used to quench the autoxidation reaction) we observed no stability issues with the 

D2O/ CD3CN/ DCl solvent system. However, products o-M2-DPE A and o-M4-DPE A still displayed 

limited solubility in the solvent system, and due to the low concentration we were unable to generate 

satisfactory 13C NMR.  

 

3.4.2.2.1 Autoxidation products of DPE 

DPE formed three autoxidation products (Figure 3.7), two were formed directly from DPE (o-

DPE-A and o-DPE-C). When we subsequently exposed isolated o-DPE-A and o-DPE-C to our 

autoxidation conditions we observed that o-DPE-A formed o-DPE-B, whereas o-DPE-C formed an 

additional product which was trapped as a GSH adduct (see section 3.4.2.4). o-DPE-A had an ESI (-) m/z 

242.9 corresponding to a MW of 244, and the 1H NMR showed aromatic singlets at 6.60 and 7.02 each 

representing one proton and a singlet at 2.61 of four protons. This was consistent with intramolecular 

cyclization to form the dibenzocyclohexadiene 2,3,6,7-tetrahydroxy-9,10-dihydrophenanthrene. o-DPE-

B had an ESI (-) m/z of 241.02 corresponding to a MW of 242 and a 1H NMR showing three aromatic 

singlets at 7.11, 7.29 and 7.77 consistent with aromatization of the cyclohexadiene ring to form 

2,3,6,7-tetrahydroxy-phenanthrene. This was confirmed through formation of the phenanthrene using the 

method of Zeng & Chemler (2008) [82] which was identical to o-DPE-B (Scheme 3.4).  
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Figure 3.7. DPE and its oxidized products formed in phosphate buffer (pH 7.4) at 37 ºC. Exact mass 

and m/z (ESI negative ion mode) are shown for each product. 

Finally, we investigated o-DPE-C which was formed directly from DPE. We determined that o-

DPE-C had an ESI (-) m/z of 243.05 corresponding to a MW of 244 and 1H NMR that in the aromatic 

region showed a pair of doublets at 7.15 and 7.21 of one proton each and singlets at 7.25 and 8.44 

of one proton each and a multiplet at 3.13 of four protons corresponding to the CH2 protons. This 

suggested to us that intramolecular cyclization had occurred, but that substitution had occurred at 

different positions on the aromatic rings. Our HSQC and COSY results supported this observation 

leading us to conclude that o-DPE-C is 2,3,5,6-tetrahydroxy-9,10-dihydrophenanthrene. Unlike o-DPE-

A, we did not observe formation of a corresponding aromatized product derived from o-DPE-C. 

 

3.4.2.2.2 Autoxidation products of M2-DPE 

 The two HPLC peaks observed for the M2-DPE autoxidation elute at 26.1 min (o-M2-DPE-A) 

and 29.1 min (o-M2-DPE-B), whereas M2-DPE elutes at 26.9 min. For o-M2-DPE-A we observed an 

ESI (-) m/z 269.0 corresponding to a MW of 270 and for o-M2-DPE-B we observed an ESI (-) m/z 271.07, 
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corresponding to a MW of 272. For o-M2-DPE-A we observed that the 1H NMR was similar to o-DPE-

B as there were two aromatic singlets (7.38 and 7.79) each integrating to one proton, a singlet at 2.49 

integrating to three protons and a singlet at 8.12 (1H). Together these results in addition to the lack of 

aliphatic C-H signals suggested to us the o-M2-DPE-A is 2,3,6,7-tetrahydroxy-9,10-

dimethylphenanthrene. In contrast, we observed that o-M2-DPE-B displayed 1H NMR characteristics 

similar to o-DPE-C with doublets at 6.57 and 6.67 integrating to one proton each and singlets at 6.68 

and 7.85 or 8.25 integrating to one proton each. In addition, multiplets at 1.2-1.29 (3H),  2.61-2.65 

(1H) and 2.7-2.73 (3H) correspond to CH3 and CH. From this data we concluded that o-M2-DPE-B is 

2,3,5,6-tetrahydroxy-9,10-dimethylphenanthrene (Figure 3.8). 

 

Figure 3.8. M2-DPE and its oxidized products formed in phosphate buffer (pH 7.4) at 37 ºC. Exact 

mass and m/z (ESI negative ion mode) are shown for each product. 

These results are consistent with intramolecular cyclization and formation of a new C-C bond 

between the aromatic rings. Our 1H NMR analysis was complicated by the potential presence of both 

meso and racemic M2-DPE starting material. In the cyclized products loss of free rotation of the alkyl 

linker may be anticipated to result in different chemical shifts and coupling constants for meso and 
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racemic o-M2-DPEs. The methyl groups of the meso o-M2-DPE-B would be in axial/equatorial positions 

leading to the benzyl protons adopting dihedral torsion angles of approximately 45°; the racemic o-M2-

DPE-B would likely place the methyl groups in a di-axial position with the dihedral torsion angles of the 

benzyl protons closer to 60°. From the Karplus equation we would anticipate a coupling constant for the 

benzyl protons of approximately 6-10 Hz for the potential products. In the chemical shift range 2.6-2.7 

we can observe overlapping doublets of quartets, but we were unable to calculate the coupling constant 

due to the presence of the mixture of diastereomers.  

3.4.2.2.3 Autoxidation products of M4-DPE 

 Since the alkyl linker of M4-DPE already possesses adjacent dimethyl substituted carbons we 

anticipate that a fully aromatized cyclic product analogous to o-DPE-B and o-M2-DPE A could not be 

formed. We observed two HPLC peaks for M4-DPE autoxidation that elute at 19.6 min (o-M4-DPE-A) 

and 21.1 min (o-M4-DPE-B), whereas M4-DPE elutes at 20.2 min. For o-M4-DPE-A we observed an 

ESI (-) m/z 299.08 (MW 300) and for o-M4-DPE-B we observed an ESI (-) m/z 299.1 (MW 300). This 

suggested that both autoxidation products are consistent with intramolecular cyclization and formation 

of a new C-C bond between the aromatic rings. Our 1H NMR for o-M4-DPE-A displayed aromatic 

singlets at 6.82 (1H) and 7.03 (1H) and singlets at 3.23 (3H) and 8.12 (1H). For o-M4-DPE-B the 

1H NMR displayed doublets at 6.67 (1H) and 6.73 (1H) and a singlet at 6.83 (1H) in the aromatic 

region, and singlets at 7.87 (1H) and 8.12 (1H). We observed singlets at 0.72, 0.76, 1.29 and 1.30 

each integrating to three protons that correspond to the four CH3 groups. Together these results suggested 

to us that o-M4-DPE-A is 2,3,6,7-tetrahydroxy-9,9,10,10-tetramethylphenanthrene and o-M4-DPE-B is 

2,3,5,6-tetrahydroxy-9,9,10,10-tetramethylphenanthrene (Figure 3.9).  
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Figure 3.9. M4-DPE and its oxidized products formed in phosphate buffer (pH 7.4) at 37 ºC. Exact 

mass and m/z (ESI negative ion mode) are shown for each product. 

 We compared the HPLC-UV absorption spectra of our diphenylethane autoxidation products and 

observed that the spectra for o-DPE-A and o-M4-DPE-A are similar in appearance ( 276, 328 nm and 

 280, 325 nm respectively) corresponding to the 2,3,6,7-tetrahydroxy phenanthrene structure, whereas 

the spectra for  o-DPE-C, o-M2-DPE-B, and o-M4-DPE-B are also similar in appearance ( 279, 304 

nm,  280, 304 nm and  280, 306 nm respectively) corresponding to the 2,3,5,6-tetrahydroxy 

phenanthrene structure. Finally, the UV spectra for o-DPE-B and o-M2-DPE-A are similar in appearance 

( 254, 289, 305 nm and  256, 291, 308 nm respectively) corresponding to the aromatized 2,3,6,7-

tetrahydroxy phenanthrene structure (Figure 3.10). 
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Figure 3.10. UV absorption extracted from HPLC chromatogram for all the oxidized products grouped 

in three panels (A, B, C) according to their structure similarity. Panel A contains cyclized symmetrical 

o-DPE A and o-M4-DPE A; Panel B contains cyclized fully aromatized o-DPE B and o-M2-DPE A; 

Panel C contains asymmetrical cyclized o-DPE C, o-M2-DPE B, and o-M4-DPE B.  

3.4.2.3 Quantification of DPEs and autoxidation products in the incubation mixture  

The concentration of each DPE and their autoxidation products were determined from the 

standard curves prepared (Figure S13). We extrapolated the standard curves from each DPE to their 

respective autoxidative metabolite with the exception of o-DPE B and o-M2-DPE A. We prepared a 

standard curve for o-DPE B at 254 nm, and extrapolated to o-M2-DPE A given the same UV absorption 

profile. We observed that for both DPE and M2-DPE symmetric cyclization predominated, whereas for 

M4-DPE asymmetric cyclization was greater. 
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Table 3.2. Concentration of DPEs and their autoxidative products at 10 minutes of incubation 

Compound Concentration (µM) % 

DPE 220.8 44 

o-DPE A 120.3 24 

o-DPE B 45.5 9 

o-DPE C 110.7 22 

M2-DPE 148.9 30 

M2-DPE A 200.5 40 

M2-DPE B 140.5 28 

M4-DPE 41.3 8 

o-M4-DPE A 170.5 34 

o-M4-DPE B 285.1 57 

 

3.4.2.4 Stability of diphenylethane autoxidation products and reactivity with glutathione 

 After isolation of the autoxidation products for DPE, M2-DPE and M4-DPE we investigated the 

ability of the compounds to react with reduced glutathione (GSH). GSH is commonly used for trapping 

of quinones and this experiment was designed to confirm which of the autoxidation products could form 

reactive quinones via autoxidation. GSH formed adducts with o-DPE-A, o-DPE-C, o-M2-DPE-B, o-M4-

DPE-A and o-M4-DPE-B, but not with the fully aromatized compounds o-DPE B and o-M2-DPE-A 

(Figure S14).  

ESI (+) MS fragmentation of GSH adducts shows a neutral loss of 129 corresponding to 
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pyroglutamic acid, which was observed for all of the GSH adducts. Since there is no exocyclic position 

for the GSH to react with the quinones, the GSH adducts should form on the ring which subsequently re-

aromatizes [83]. ESI (-) MS fragmentation of ring-adducted GSH produces a diagnostic fragment ion at 

m/z 272 indicating scission of the S-CH2 bond of GSH; this diagnostic fragment ion was present for all 

of the adducts. 

 Additionally, we also determined that the cyclized diphenylethanes were unstable in the 

phosphate buffer over time (Table 3.3), except for the fully aromatized compounds o-DPE B and o-M2-

DPE-A. Both fully aromatized compounds were stable in phosphate buffer up to 24 hours. It was also 

observed that o-DPE A oxidizes to o-DPE B. 

 

Table 3.3. Oxidation rates of cyclized diphenylethanes (n=3) in phosphate-citric acid buffer (pH 7.4) at 

37 ºC 

Compound kdep (min-1) t1/2 (min) 

o-DPE A 1.3 x 10-2  0.0010 50 

o-DPE C 3.2 x 10-2  0.0038 21 

o-M2-DPE B 8.9 x 10-3  0.0004 77 

o-M4-DPE A 5.4 x 10-3  0.0003 128 

o-M4-DPE B 4.9 x 10-3  0.0004 141 
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3.4.2.5 Inhibition of in vitro -synuclein aggregation  

 The Thioflavin T (ThT) assay was used to determine the effect of the diphenylethanes and their 

oxidized products on the aggregation of -synuclein. We measured the fluorescence at a single time point 

by incubating the test compounds with the protein for 5 days. Negative controls containing no drug were 

used to obtain an aggregated fluorescent response and were normalized to 100% of ThT fluorescence. 

We used  cyclized nordihydroguaiaretic acid (cNDGA) as our positive control as it has been shown to 

inhibit the aggregation of -synuclein in ThT assays [11]. Graphs containing ThT fluorescence results 

of different diphenylethanes and oxidized products are presented in Figure 3.11, and we normalized the 

readings averages and compared to controls/concentrations in Table 3.4.  
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Figure 3.11. -Synuclein aggregation represented as thioflavin T fluorescence percentage of positive 

control. Compounds are grouped in three panels according to their structures: DPE and o-DPEs (panel 

A), M2-DPE and o-M2-DPEs (panel B), and M4-DPE and o-M4-DPEs (panel C). All compounds were 

run in triplicate. 
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Table 3.4. In vitro activity of diphenylethanes (n=3) and their oxidized products (n=3) on -synuclein 

aggregation.  

 -Synuclein aggregation (%) 

Compound 100 M 500 M 

Control - (no drug) 100 b 100 b 

Control + (cNDGA) 28.6  3.6 a 13.6  2.3 a 

DPE 35.6  8.5 a 8.1  1.8 a 

o-DPE A 22.2  3.4 a 16.8  1.4 a 

o-DPE B 33.6  2.3 a 25.9  1.3 a 

o-DPE C 27.8  3.5 a 10.7  0.5 a 

M2-DPE 31.8  1.3 a 6.1  0.3 a,c 

o-M2-DPE A 47.3  4.8 a,b 19.3  3 a 

o-M2-DPE B 66.1  5.8 a,b 45.6  5.3 a,b,c 

M4-DPE 44.4  11 a 9.2  1.9 a 

o-M4-DPE A 56.1  1.5 a,b 39.8  1.6 a 

o-M4-DPE B 36.1  3.9 a 15.5  4.9 a 

 

a indicates a compound is statistically significant (p<0.05) compared to the control – 
b indicates a compound is statistically significant (p<0.05) compared to the positive control at the same 

concentration 
c indicates a compound is statistically significant (p<0.05) compared both concentrations 100 M and 

500 M 

Data analyzed using a one-way ANOVA with Dunnett’s t-test. 
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3.5 Discussion 

The formation of intramolecular cyclized lignans such as cNDGA forming as a result of 

autoxidation in aqueous solution was previously discovered by our group [5] although many examples 

of similar cyclized lignans, for example the schisandrins [84], are known to occur in plants. In the case 

of NDGA, many in vitro studies have been carried out under conditions that would be expected to result 

in autoxidation occurring on a time scale shorter than the in vitro experiment, potentially confounding 

the results. Indeed, we have demonstrated that oxidation of NDGA or cNDGA is responsible for the 

inhibition of -synuclein aggregation in vitro [11]. The intriguing observation that methyl substitution 

on the alkyl linker of NDGA decreased the rate of intramolecular cyclization [6], which is opposite to 

that predicted for a vicinal dimethyl effect [85], led us to speculate whether dicatechol intramolecular 

autoxidative cyclizations occurred for other alkyl linker lengths and if this reversed vicinal dimethyl 

effect also occurred in diphenyl ethane-type dicatechols.  

In our study we determined that our dicatechol substituted diphenylethane analogs underwent 

autoxidation to form dibenzocyclohexadienes 10-30 times more rapidly than dibenzocyclooctadienes 

formed from NDGA and contrary to NDGA cyclization, the diphenylethanes autoxidized to 

intramolecular cyclization products at a rate that was proportional to the number of methyl substituents 

on the alkyl linker. The increase in rate of cyclization from DPE to M2-DPE (rate increase of 2.6 fold 

for O2 purged) and from M2-DPE to M4-DPE (rate increase of 2.6 fold for O2 purged) follows the same 

trend as observations of a vicinal dimethyl effect reported for lactone cyclization [85]. The authors 

observed that addition of vicinal methyl groups at the 3,4 positions to ethyl 4-hydroxybutanoate resulted 

in an increase in cyclization rate of at least 5.3 and addition of gem dimethyl groups at the 3,3' position 

resulted in an increase in cyclization rate of 4.4. Our results indicate that both vicinal and gem dimethyl 
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effects may contribute to enhanced cyclization for the diphenylethanes. 

We had previously proposed that the NDGA autoxidative cyclization was likely the result of a 

radical-mediated process [5] which was supported through subsequent in silico studies by Galano [86]. 

The dependence of cyclization in this study on oxygen in the buffer solution would indicate a similar 

radical mechanism. In our autoxidation study of NDGA, C-C bond formation occurred exclusively para 

to the 3-hydroxy group of the catechol. We observed however that for all of our diphenylethane analogs 

a mixture of regioisomers was formed. In addition to C-C bond formation occurring para to the 3-

hydroxy group (o-DPE-A, o-DPE-B, o-M2-DPE-A, o-M4-DPE-A), we also observed C-C bond 

formation between the position para to the 3-hydroxy group of one ring with the position ortho to the 3-

hydroxy group of the second ring (o-DPE-C, o-M2-DPE-B, o-M4-DPE-B), presumably occurring 

through a process as outlined in Figure 3.12 for o-DPE-C.  It is possible that a small amount of the ortho 

3-hydroxy regioisomer was formed however we were unable to detect this product. Additionally, we 

have determined that the relative amount of symmetrical cyclization was higher for DPE and M2-DPE, 

whereas relative amounts of asymmetrical cyclization was higher for M4-DPE (Table 3.2) although these 

differences are not large. 
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Figure 3.12. Proposed autoxidation mechanism of DPE to yield symmetrical (o-DPE A) and 

asymmetrical (o-DPE C) products  

  Our results led us to wonder why do we not observe an additional regioisomer for C-C bond 

formation between the positions ortho to the 3-hydroxy groups and why is the mixed product not 

observed for NDGA cyclization. The aromatic rings are free to rotate in both NDGA and the 

diphenyethanes although the closer proximity of the rings in the diphenylethanes may result in H-bonding 

interactions although that may be anticipated to favour the ortho-ortho product which we did not observe. 

Alsoufi et al [87] carried out a DFT study which determined that biphenyl compounds resulting from 

phenoxyl radical coupling of catechols occurred preferentially in the order para-para followed by the 

mixed para-ortho and finally the ortho-ortho product, which is in agreement with our observations for 

the DPE and M2-DPE autoxidation products. The results reported by Alsoufi et al depicted the biphenyls 

in the lowest energy conformation with OH or C=O groups on opposite sides of the rings as shown for 

the keto-enol forms of the biphenyls (Figure 3.13). It should be noted that for our cyclized compounds 

the lowest energy conformations described by Alsoufi et al (Figure 3.13) cannot be attained as the 
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biphenyl bond cannot rotate the OH and C=O groups in the same manner due to the alkyl linker. The 10-

30 fold slower rate of NDGA oxidation compared to DPE leading to greater selectivity for the more 

stable para-para cyclization product observed exclusively with NDGA is in line with the observations 

of Alsoufi et al. Curiously, we were unable to observe an aromatic autoxidation product for the 

asymmetric cyclization products o-DPE C and o-M2-DPE B however, we were also unable to find 

evidence of this structure in the literature. 

  

 

Figure 3.13. From the lowest to the highest energy conformation of biphenols resulting from phenoxyl 

radical coupling of catechols 

We had previously observed that the rate of autoxidation of the cyclized NDGA compounds was 

more rapid than the initial autoxidation to the cyclized species [6]. For the DPE’s however we observed 

that the cyclized products underwent further autoxidation at a slower rate than formation of the initial 

cyclized product and the para-ortho compounds o-M2-DPE-B and o-M4-DPE-B autoxidized slower than 

the corresponding para-para compounds. The only exception was the precursor of o-M2-DPE-A, which 

we assume to be the cyclized, non-aromatized compound that we were unable to observe or isolate as it 

autoxidized to the aromatic species nearly instantaneously. The influence of methyl substituents on 

autoxidation rate of the cyclized compounds is variable, suggesting an electron-donating effect is 
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unlikely. 

While we were able to detect and isolate both the cyclized para-para non-aromatized product 

arising from DPE (o-DPE-A) and the cyclized para-para aromatized product (o-DPE-B), we were unable 

to detect or isolate the cyclized para-para, non-aromatized product arising from M2-DPE, instead only 

observing the cyclized para-para aromatized product (o-M2-DPE-A). Evidently the cyclized para-para, 

non-aromatized M2-DPE product is highly unstable under these autoxidative conditions although it is 

not abundantly clear why. For the meso isomer of M2-DPE the gain in stabilization going from the 

twisted 6-membered ring with eclipsed vicinal methyl groups to the planar aromatic species may drive 

the reaction. For the racemic isomers the methyl groups could be in either a di-axial or di-equatorial 

conformation, but only the higher energy di-equatorial conformation may be expected to benefit from 

stabilization derived from aromatization. This suggests to us that M2-DPE may be the meso isomer which 

agrees with our observation that the alkene precursor was the E-isomer and hydrogenation could yield 

the meso isomer exclusively.  

Previously we have reported that NDGA and two cyclized analogs of NDGA inhibited -

synuclein aggregation [11] and others have reported that ethane dicatechol analogs inhibited -synuclein 

aggregation in vitro. Based on these observations, we expected that our DPEs and their cyclized products 

would also show the same effect. Indeed, we observed a significant reduction (p<0.05) in -synuclein 

aggregation at both 100 and 500 M. Even though only M2-DPE and o-M2-DPE B are statistically 

significant (p<0.05) between the two concentrations tested, we observed a trend of concentration-

dependent inhibition of -synuclein for all compounds tested. Interestingly, both cyclized products of 

M2-DPE and one cyclized product of M4-DPE (o-M4-DPE A) significantly reduced (p<0.05) the 

aggregation as compared to cNDGA at the same concentration. Our NDGA study indicated that the 
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autoxidation process is required for the anti-aggregation effect and our DPE experiments agree with the 

earlier study. 

In this study, we have prepared a series of 1,2-bis-ethane dicatechols to probe the influence of 

methyl substituents on intramolecular cyclization of dicatechols. We have determined that these 

compounds undergo intramolecular cyclization to form dibenzocyclohexadienes and that steric 

interactions between the methyl substituents increased the rate of intramolecular cyclization. The 

cyclization of six-membered rings occurred 10-30 times more rapid than formation of eight membered 

rings and both the DPEs and the dibenzocyclohexadienes prevent in vitro aggregation of -synuclein. 

Our results strongly suggest that previously reported DPE analogs developed for the treatment of 

Parkinson’s Disease likely owe their in vitro -synuclein anti-aggregation activity to autoxidative 

processes.  
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4. Chapter 4: In Vitro Hepatic Metabolism of the Natural Product Quebecol 

 

Gabriel Bernardes & Ed S. Krol 

Drug Discovery and Development Research Group, College of Pharmacy and Nutrition, University of 

Saskatchewan, Saskatoon, SK 

 

Transitioning rationale: In the last chapter, we reported that diphenylethane dicatechol compounds 

can spontaneously cyclize at pH 7.4 to form dibenzocyclohexadienes. We became curious if the same 

process would occur in quebecol, a new polyphenolic compound isolated from maple syrup. Since a 

dicatechol is required for the cyclization process, phase I metabolism of quebecol could lead to 

dealkylation of the methoxy groups, and form dicatechols. In this chapter, we assess the metabolic fate 

of the natural product quebecol using liver microsomes.  
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4.1 Abstract 

Quebecol (2,3,3-tri-(3-methoxy-4-hydroxyphenyl)-1-propanol) is a polyphenolic compound, 

which is formed during maple syrup production from Acer saccharum spp. Quebecol is similar in 

structure to the chemotherapy drug tamoxifen, which has led to synthesis of structural analogs and 

investigations into their pharmacological properties. However, there are no reports on the hepatic 

metabolism of quebecol. This interest in therapeutic properties spurred us to investigate the in vitro Phase 

I and II metabolism of quebecol. We were unable to detect any P450 metabolites for quebecol in either 

human liver microsomes (HLM) or rat liver microsomes (RLM). In contrast we observed marked 

formation of three glucuronide metabolites in both RLM and HLM, suggesting that clearance via Phase 

II pathways is likely to predominate. To further understand the hepatic contribution to first-pass 

glucuronidation we have validated an HPLC method following FDA and EMA guidelines (selectivity, 

linearity, accuracy, and precision) to quantify quebecol in microsomes. In vitro enzyme kinetics were 

performed for quebecol glucuronidation by HLM including 8 concentrations from 5-30 µM. We 

determined a Michaelis-Menten constant (KM) of 5.1 µM, intrinsic clearance (Clint) of 0.04 mL/min/mg, 

and maximum velocity (Vmax) of 0.22 µmol/min/mg. 
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4.2 Introduction 

 

Maple syrup is produced by concentrating the sap from Acer maple tree species via thermal 

evaporation [88]. During this process, the intensive heating facilitates the formation of distinct bioactive 

compounds that are not naturally present in the xylem sap [89]. Maple syrup has shown a wide range of 

biological effects including antiproliferative [90–92], anti-inflammatory [93–95], and antioxidant [96–

98]. Recently there has been an interest in the isolation, identification, and biological investigation of 

phenolic compounds from maple syrup products [98–100]. As part of these investigations, a novel 

phenolic compound quebecol was isolated and characterized [59].  

Quebecol (Figure 4.1) is a triphenyl propanol and shares the triphenyl feature of therapeutics such 

as tamoxifen [60]. The potential therapeutic properties of maple syrup has led others to the synthesis of 

quebecol analogs in an effort to probe it’s pharmacological activity [101–103]. 

 

 

Figure 4.1. Structure of quebecol and tamoxifen 

 Despite the great interest in the biological effects of quebecol and the development of analogs of 

quebecol as potential drug leads, there are no studies regarding quebecol’s hepatic metabolism. The 

presence of three phenolic OH groups and an alcohol suggest that phase 2 processes likely predominate 
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the hepatic metabolism of quebecol. Our goal in this study is to investigate the in vitro hepatic metabolism 

of quebecol in both human and rat liver microsomes, and to measure UGT-mediated microsomal 

metabolism kinetics parameters in human liver microsomes.   
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4.3 Materials and Methods 

4.3.1 Materials 

Dipotassium orthophosphate (K2HPO4), potassium dihydrogen orthophosphate (KH2PO4), magnesium 

sulfate (MgSO4), chlorzoxazone, enterolactone, acetonitrile (LC-MS grade), methanol (HPLC grade), 

formic acid (LC-MS grade) were purchased from Sigma-Aldrich (St. Louis, MO). Magnesium chloride 

(MgCl2), sodium pyrophosphate decahydrate (SPP), D-saccharic acid 1,4-lactone monohydrate, uridine 

5’-diphosphoglucuronic acid trisodium salt (UDP) were purchased from Fisher Scientific (Ottawa, ON). 

Reduced nicotinamide adenine dinucleotide (NADPH) were obtained from Roche Diagnostics 

(Indianapolis, IN). Water was purified via a Millipore (Mississauga, ON) Milli-Q system with a Quantum 

EX Cartridge. Pooled human liver microsomes and rat liver microsomes were purchased from Gibco 

(Waltham, MA). 2,2-di-(3-methoxymethylphenyl)-1,3-propanediol (MMPPD) was prepared following 

literature procedures [104]. 

 

4.3.2 Instrumentation 

4.3.2.1 HPLC-UV Diode Array Analysis 

The autoxidation studies and reaction kinetics were performed on an Agilent 1200 high-

performance liquid chromatograph (HPLC) (Agilent Technologies; Mississauga, ON) equipped with a 

degasser (G1379A), quaternary pump (G1311A), autosampler (G1329A), and diode array detector 

(G1315D). The HPLC column was a Waters Symmetry C18 (2.1 x 150 mm, 3.5 μm) and the solvent 

system consisted of 0.1% LC-MS grade formic acid in water (solvent A) and 0.1% LC-MS grade formic 

acid in acetonitrile (solvent B) operating at a flow rate of 0.2 mL/min. The gradient method consisted of 
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an initial isocratic phase at 90% solvent A for 2.5 minutes, decreased gradually to 10% solvent A over 

12.5 minutes, and holding for 5 minutes before returning to the initial conditions and equilibrating for 10 

minutes.  

 

4.3.2.2 ESI-MS Analysis 

Mass spectroscopy analysis of quebecol and its intermediates was conducted using an AB SCIEX 

4000 QTRAP (Redwood City, CA, USA) quadrupole linear ion trap mass spectrometer. Samples were 

infused directly using a flow of 10 μL/min. Phase I and Phase II metabolism investigations were 

conducted using LC-MS which consisted of an Agilent 1100 high-performance liquid chromatography 

(HPLC) (Agilent technologies; Mississauga, ON) coupled with the AB SCIEX 4000 QTRAP (Redwood 

City, CA, USA) quadrupole linear ion trap mass spectrometer. The reverse phase column and gradient 

method was the same as for the HPLC-UV analysis. The mass spectroscopy analysis was performed in 

negative ion mode, and fragmentation patterns were studied by tandem ESI-MS/MS operated in negative 

ion mode. Data acquisition and analyses were performed using Analyst 1.7 software from AB SCIEX.  

 

4.3.2.3 NMR Analysis 

All NMR experiments were performed on a Bruker AVANCE DPX-500 spectrometer (Karlsruhe, 

Germany) and data processed by MestreNova 14.1. All compounds were drawn and named using 

ChemDraw 20.0. 
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4.3.3 Methods 

4.3.3.1 Synthesis and Characterization of Quebecol 

 

 

Scheme 4.1. Synthesis of Quebecol. Reagents and Conditions: i) n-BuLi, THF, -78 °C, 35%; ii) 

CH3COBr, THF, r.t., 91%; iii) LDA, THF, -78 °C, 30%; iv) LiAlH4, THF, 0 °C, 49%; v) Pd/C, H2, 

THF, r.t., 94% (adapted from [61]) 

Synthesis of 1-(benzyloxy)-4-bromo-2-methoxybenzene (9) 

K2CO3 (1.3 g, 9.85 mmol) and MeOH (20 mL) were added to a reaction flask, and the mixture 

was stirred at 0 °C under N2. 4-Bromo-2-methoxyphenol (1 g, 4.92 mmol) was dissolved in MeOH (3 

mL) and added dropwise to the reaction. After 5 minutes, benzyl bromide (1.6 g, 9.85 mmol) was added 

dropwise to the mixture. The reaction was refluxed at 85 °C, and the loss of starting material was 

monitored by TLC. After 4 hours, the reaction was cooled to room temperature, and solvent evaporated. 
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The residue was dissolved in chloroform (80 mL) and washed with water (3  15 mL). The organic layer 

was dried over MgSO4, and evaporated to afford 9 as a yellow solid (1.3 g, 91 %). 1H NMR (500 MHz, 

CDCl3) δ 7.45 – 7.40 (m, 2H), 7.38 – 7.34 (m, 2H), 7.32 – 7.29 (m, 1H), 7.00 (d, J = 2.3 Hz, 1H), 6.95 

(dd, J = 8.5, 2.3 Hz, 1H), 6.74 (d, J = 8.5 Hz, 1H), 5.12 (s, 2H), 3.87 (s, 3H). 

 

Synthesis of 4-(benzyloxy)-3-methoxybenzaldehyde (10) 

K2CO3 (0.9 g, 6.56 mmol) and MeOH (20 mL) were added to a reaction flask, and the mixture 

was stirred at 0 °C under N2. Vanillin (0.5 g, 3.28 mmol) was dissolved in MeOH (3 mL) and added 

dropwise to the reaction. After 5 minutes, benzyl bromide (1.1 g, 6.56 mmol) was added dropwise to the 

mixture, and the reaction was refluxed at 85 °C for 4 hours. On completion, the reaction was cooled to 

room temperature, and solvent evaporated. The residue was dissolved in chloroform (80 mL) and washed 

with water (3  15 mL). The organic layer was dried over MgSO4, and evaporated to afford 10 as a 

yellow oil (0.53 g, 70%). 1H NMR (500 MHz, CDCl3) δ 9.84 (s, 1H), 7.46 – 7.42 (m, 3H), 7.41 – 7.37 

(m, 3H), 7.35 – 7.31 (m, 1H), 6.99 (d, J = 8.2 Hz, 1H), 5.25 (s, 2H), 3.95 (s, 3H). 

 

Synthesis of bis(4-(benzyloxy)-3-methoxyphenyl)methanol (11)  

Bromobenzene 9 (0.87 g, 2.98 mmol) and THF (10 mL) were added to a reaction flask at –78 °C 

under N2. After 10 minutes, n-BuLi (1.25 mL, 3.13 mmol) was slowly added to the reaction, and stirred 

for 30 minutes at the same temperature. Aldehyde 10 (0.84 g, 3.27 mmol) in THF (2 mL) was added 

dropwise slowly to the reaction. Reaction was stirred for 30 minutes at –78 °C, and the loss of starting 

material was monitored by TLC. After completion, the reaction was allowed to warm to 0 °C, and 
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quenched with saturated NH4Cl solution, followed by an extraction with ethyl acetate (3  15 mL). The 

organic layer was dried over MgSO4, and the solvent evaporated. The residue was purified by flash 

column chromatography (2:1 hexane/EtOAc) to afford alcohol 11 as an off-white solid (0.46 g, 35%). 

1H NMR (500 MHz, CDCl3) δ 7.44 – 7.40 (m, 4H), 7.38 – 7.33 (m, 4H), 7.32 – 7.27 (m, 2H), 6.94 (d, J 

= 1.9 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 6.79 (dd, J = 8.3, 1.9 Hz, 2H), 5.73 (d, J = 3.1 Hz, 1H), 5.14 (s, 

4H), 3.86 (s, 6H), 2.11 (d, J = 3.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 149.64, 147.65, 137.34, 

135.47, 128.68, 127.97, 127.38, 119.80, 118.98, 113.60, 111.09, 110.36, 71.13, 56.11. 

 

Synthesis of 4,4’-(bromomethylene)bis(1-(benzyloxy)-2 methoxybenzene) (12) 

Acetyl bromide (64 mg, 0.52 mmol) was added to a stirred solution of alcohol 11 (80 mg, 0.17 

mmol) in THF (5 mL) at room temperature under N2. The mixture was stirred for 5 h. The solvent was 

evaporated, and the residue was washed multiple times with hexane to remove traces of acetic acid. Then, 

the residue was dried under vacuo to afford 12 as a pink solid (0.1 g, 91%). Compound 12 was carried 

to the next step without further purification due to it’s instability as reported by Pericherla et al. [61].  

 

Synthesis of methyl 2-(4-(benzyloxy)-3-methoxyphenyl)acetate (13) 

K2CO3 (0.65 g, 4.75 mmol) and MeOH (20 mL) were added to a reaction flask, and the mixture 

was stirred at 0 °C under N2. Ethyl homovanillate (0.5 g, 2.37 mmol) was dissolved in MeOH (3 mL) 

and added dropwise to the reaction. After 5 minutes, benzyl bromide (0.8 g, 4.75 mmol) was added 

dropwise to the mixture, and the reaction was refluxed at 85 °C overnight. After completion, the reaction 

was cooled to room temperature and solvents evaporated. The residue was dissolved in chloroform (80 

mL) and washed with water (3  15 mL). The organic layer was dried over MgSO4, and evaporated to 
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afford 13 as a white solid (0.37 g, 55%). 1H NMR (500 MHz, CDCl3) δ 7.46 – 7.40 (m, 2H), 7.40 – 7.33 

(m, 2H), 7.33 – 7.26 (m, 1H), 6.83 (d, J = 2.1 Hz, 1H), 6.82 (d, J = 8.2 Hz, 1H), 6.74 (dd, J = 8.2, 2.0 

Hz, 1H), 5.14 (s, 2H), 3.89 (s, 3H), 3.69 (s, 3H), 3.55 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 172.42, 

149.70, 147.43, 137.30, 128.68, 127.95, 127.36, 127.09, 121.49, 114.06, 112.99, 71.14, 56.12, 52.21, 

40.88. ESI-MS (m/z) 304.1 [M + H2O]+. 

 

Synthesis of methyl 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propanoate (14) 

LDA (0.18 mL, 0.37 mmol) and THF (5 mL) were added to a reaction flask under N2 at –78 °C. 

After 10 minutes, the ester 13 (90 mg, 0.31 mmol) in THF (2 mL) was slowly added to the stirred solution. 

The mixture was stirred for 30 min at the same temperature. Then, the bromo compound 12 (179 mg, 

0.34 mmol) in THF (1 mL) was added. The mixture was stirred at -78 °C for 2 hours. The reaction 

mixture was allowed to warm to 0 °C, quenched with cold water and extracted into ethyl acetate (3  15 

mL). The organic layer was dried over MgSO4 and the solvents were evaporated. The residue was 

purified on silica gel column (7:3 hexane/EtOAc) to afford ester 14 as a yellow solid (70 mg, 30%). 1H 

NMR (500 MHz, CDCl3) δ 7.43 – 7.30 (m, 15H), 6.86 (dd, J = 6.7, 2.0 Hz, 2H), 6.82 (d, J = 8.8 Hz, 1H), 

6.77 (d, J = 1.7 Hz, 1H), 6.70 – 6.69 (m, 2H), 6.59 (d, J = 8.1 Hz, 1H), 6.47 – 6.43 (m, 2H), 5.11 (s, 2H), 

5.07 (s, 1H), 5.00 (s, 2H), 4.47 (d, J = 12.0 Hz, 1H), 4.18 (d, J = 12.0 Hz, 1H), 3.86 (s, 3H), 3.77 (s, 3H), 

3.64 (s, 3H), 3.49 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.23, 162.49, 149.63, 149.46, 147.54, 147.00, 

146.62, 137.39, 137.34, 136.15, 135.13, 130.24, 128.67, 128.65, 128.61, 127.97, 127.90, 127.45, 127.39, 

127.36, 121.08, 120.46, 119.34, 114.03, 113.65, 112.55, 112.31, 112.01, 71.15, 71.03, 56.90, 56.17, 

56.12, 56.02, 54.24, 52.15. ESI-MS (m/z) 742.3 [M + H2O]+, 747.3 [M + Na]+. 
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Synthesis of 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propan-1-ol (15) 

To a solution of ester 14 (70 mg, 0.09 mmol) in THF (5 mL) was added portion wise LiAlH4 (8 

mg, 0.21 mmol). The reaction was refluxed overnight (18 hours) under N2. The mixture was cooled to 0 

oC and quenched with water (added slowly) followed by saturated NH4Cl solution (5 mL). Ethyl acetate 

(15 mL) was added and the solution was stirred for 30 minutes. The organic layer was collected, and the 

aqueous layer extracted with ethyl acetate (3  15 mL). The combined organic layers were dried over 

MgSO4, filtered and evaporated under reduced pressure. The residue was purified on a silica gel column 

(3:2 Hexanes/EtOAc) to give the alcohol 15 as a white solid (33 mg, 49 %). 1H NMR (500 MHz, CDCl3) 

δ 7.44 – 7.29 (m, 15H), 6.88 – 6.85 (m, 2H), 6.82 (d, J = 8.0 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 6.73 – 

6.69 (m, 1H), 6.69 – 6.66 (m, 2H), 6.62 – 6.59 (m, 2H), 5.12 (s, 2H), 5.07 (s, 2H), 5.00 (s, 2H), 4.09 (d, 

J = 11.5 Hz, 1H), 3.87 (s, 3H), 3.77 (s, 3H), 3.69 (s, 3H), 3.68 (d, J = 3.8 Hz, 1H), 3.63 (dd, J = 11.0, 7.5 

Hz, 2H), 3.46 (ddt, J = 11.5, 7.5, 3.7 Hz, 1H).13C NMR (126 MHz, CDCl3) δ 149.80, 149.62, 149.12, 

147.01, 146.42, 137.41, 137.30, 136.68, 136.46, 133.96, 128.68, 128.66, 128.60, 127.96, 127.87, 127.43, 

127.38, 120.79, 120.43, 120.02, 114.24, 114.06, 113.76, 112.79, 112.63, 111.97, 71.19, 71.12, 71.07, 

66.06, 60.56, 56.20, 56.14, 56.07, 53.18, 52.54. ESI-MS (m/z) 759.6 [M + Cl]- 

 

Synthesis of 4,4’,4’’-(3-hydroxypropane-1,1,2-triyl)tris(2-methoxyphenol) (Quebecol) 

Pd/C (10% w/w, 2.8 mg) was added to a reaction flask under N2. The flask was sealed, and dry 

THF (5 mL) was added. The alcohol 15 (28 mg) in dry THF (2 mL) was added to the reaction dropwise. 

The flask was evacuated, then flushed with H2 gas. The reaction was left to stir under H2 overnight. The 

reaction mixture was filtered through a Celite pad and washed with MeOH. The solvent was removed 

under reduced pressure to give racemic quebecol as a dark solid (16 mg, 94%). 1H NMR (500 MHz, 
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CDCl3) δ 6.90 (dd, J = 8.3, 1.9 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 6.82 (d, J = 1.9 Hz, 1H), 6.80 (d, J = 

8.1 Hz, 1H), 6.76 (dd, J = 8.1, 1.9 Hz, 1H), 6.66 (d, J = 0.8 Hz, 2H), 6.61 (d, J = 1.9 Hz, 1H), 6.52 (s, 

1H), 5.50 (s, 1H), 5.44 (s, 1H), 5.32 (s, 1H), 4.35 (q, J = 6.6, 6.1 Hz, 1H), 4.07 (d, J = 11.7 Hz, 1H), 3.88 

(s, 3H), 3.78 (s, 3H), 3.71 (s, 3H), 3.67 – 3.62 (m, 2H), 3.46 (ddd, J = 11.6, 7.6, 4.2 Hz, 1H). 13C NMR 

(126 MHz, CDCl3) δ 146.58, 146.22, 146.12, 144.37, 143.66, 135.64, 135.47, 132.82, 121.23, 120.83, 

120.58, 114.63, 114.53, 114.14, 111.72, 111.33, 110.57, 66.14, 56.03, 55.91, 53.43, 52.61. HRMS (TOF 

ESI-MS) calcd for C24H26O7 (M-H)- 425.1606, found 425.1597. 

 

4.3.3.2 Validation of HPLC-UV Method 

The analytical method using HPLC-UV was validated following the U.S. Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) guidelines [105,106]. In the method 

validation selectivity, linearity, accuracy, and precision were assessed.  

Working standards were prepared in methanol by serial dilution, with concentrations ranging 

from 0.5 mM to 6 mM. Quality controls were prepared likewise, with concentrations of: 1.5 mM for low-

quality control (LQC), 3 mM for medium-quality control (MQC), and 4 mM for high-quality control 

(HQC). All working standards were prepared on the day of analysis.  

The matrix consisted of inactivated HLM (0.5 mg/mL), 5 mM MgCl2, 5 mM D-saccharic acid 

1,4-lactone monohydrate, 5 mM uridine 5’-diphosphoglucuronic acid trisodium salt and 100 mM 

potassium phosphate buffer (pH 7.4). The standard curves were prepared with final concentrations 

ranging from 2.5 to 30 µM. Quality controls followed the same procedure, with final concentrations of 

7.5 µM LQC, 15 µM MQC, and 20 µM HQC. 

For sample processing, acetonitrile spiked with internal standard MMPPD was added for protein 
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precipitation. Samples were vortex-mixed for one minute and centrifuged at 14,000 x g for 10 minutes 

at room temperature. Supernatant was collected and transferred to a LC vial and injected into the HPLC 

for analysis. 

The lower limit of detection (LOD) and the lowest limit of quantification (LLOQ) were used to 

determine the sensitivity of the analytical method developed. For LOD, it was considered the lowest 

detectable concentration based on a signal-to-noise ratio of 3. LLOQ was defined as the lowest 

concentration that could be reliably quantified at least 5 times the signal of a blank sample.  

Accuracy was expressed as percentage with mean concentrations within acceptable limits of 15%, 

except for LLOQ that should be within 20% of nominal value. Similarly, precision was expressed as 

percentage with acceptable level within 15% of the coefficient of variation (CV), except for LLOQ, 

where the limit should be within 20% of CV.  

Additionally, intra-day accuracy and precision were also determined by analyzing six replicates 

of each quality control (LQC, MQC, HQC) on a single day. At least five samples should be within the 

CV of 15%, and CV of 20% for LLOQ. Between-run (or inter-day) accuracy and precision were 

determined using the same quality control samples in three runs on at least two different days as per 

EMA guidelines. Similarly to the intra-day analysis, at least five samples should be within the CV of 

15%, and CV of 20% for LLOQ. 

Linearity was assessed by processing 8-point standard curve ranging from 2.5 to 30 µM on 

different days. The peak area ratio (quebecol/internal standard) was plotted against the nominal 

concentrations of quebecol. A linear regression analysis was performed to determine slope (k), intercept, 

and coefficient of determination (r2) to check the linearity of standard curves.  
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4.3.3.3 Microsomal incubations 

4.3.3.3.1 P450-mediated microsomal incubation 

A previous method was developed and optimized to investigate P450-mediated microsomal 

metabolism using liver microsomes [79]. Positive control (chlorzoxazone) was used to determine the 

human liver microsomes viability, and to evaluate if the method is working as expected.  

The incubation mixture consisted of 5 mM MgCl2, 10 mM SPP, 0.5 mg/mL human or rat liver 

microsomes, 30 µM of quebecol, and 100 mM potassium phosphate buffer at pH 7.4. This mixture was 

pre-incubated for 5 minutes at 37 °C in a shaking water bath, and 10 µL of 20 mM NADPH was added 

to initiate the reaction. Metabolism reactions were prepared in duplicate along with two negative controls: 

without the NADPH mixture and heated inactivated human or rat liver microsomes.  

The reaction was stopped after 1 hour by adding 200 µL of ice-cold acetonitrile containing 

internal standard MMPPD (100 µM) for protein precipitation. Samples were vortex mixed for 1 minute, 

and centrifuged at 14,000  g for 10 minutes at room temperature. Supernatant (200 µL) was collected 

and transferred to a LC vial and injected into HPLC for analysis. 

 

4.3.3.3.2 UGT-mediated microsomal metabolism 

A previous method developed to assess glucuronidation using hepatic microsomal fractions from 

humans was optimized [56]. Positive control (enterolactone) was used to determine the human or rat liver 

microsomes viability, and to evaluate if the method is working as expected. 

The incubation mixture consisted of 5 mM MgCl2, 5 mM D-saccharic acid 1,4-lactone 

monohydrate, 0.5 mg/mL human or rat liver microsomes, 30 µM of quebecol, and 100 mM potassium 

phosphate buffer at pH 7.4. This mixture was pre-incubated for 5 minutes at 37 °C in a shaking water 
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bath, and 10 µL of 5 mM uridine 5’-diphosphoglucuronic acid trisodium salt was added to initiate the 

reaction. Metabolism reactions were prepared in duplicate along with two negative controls: without the 

UDP mixture and heated inactivated human or rat liver microsomes.  

The reaction was stopped after 1 hour by adding 200 µL of ice-cold acetonitrile containing 

internal standard MMPPD (100 µM) for protein precipitation. Samples were vortex mixed for 1 minute, 

and centrifuged at 14,000  g for 10 minutes at room temperature. Supernatant (200 µL) was collected 

and transferred to a LC vial and injected into HPLC for analysis. 

 

4.3.3.4 UGT-mediated Microsomal Metabolism Kinetics 

The incubation mixture for the metabolism kinetics had the same components as listed in the 

previous section. A range of final concentration of quebecol (5-30 µM) was incubated in HLM. A total 

of 7 timepoints were chosen for the kinetics: 0, 4, 8, 12, 16, 20, and 25 minutes.  

Incubation mixtures (200 µL) were prepared for each timepoint in different Eppendorf tubes and 

placed in a shaking water bath at 37 °C. Reaction was initiated by the addition of UDP (pre-incubated at 

37 °C). Samples were removed from the shaking water bath at their respective timepoints and 200 µL of 

ice-cold acetonitrile containing internal standard MMPPD (100 µM) was added for protein precipitation. 

Samples were vortex mixed for 1 minute and centrifuged at 14,000  g for 10 minutes at room 

temperature. Supernatant (200 µL) was collected and transferred to a LC vial and injected into HPLC for 

analysis. 
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4.3.3.5 Data Analysis 

To calculate the kinetic parameters, the substrate depletion approach was used [107–110]. The peak area 

ratio (quebecol/internal standard) was normalized to the ratio obtained at t = 0 as 100%. Then, the natural 

log of quebecol percentage was determined and plotted against time. A linear regression was performed 

to calculate the substrate depletion rate (kdep) for each quebecol concentration. For each concentration, 

kdep was expressed as the mean ± standard deviation (SD) of replicate determinations.  

 Next, the kdep obtained were plotted against the different quebecol concentrations using a 

nonlinear least squares regression analysis with GraphPad Prism 8.0. To calculate KM and kdep([S]→0), the 

following equation was used:  

𝒌𝐝𝐞𝐩 = 𝒌𝐝𝐞𝐩([ 𝐒 ]→𝟎)  𝐱 (𝟏 −
[𝑺]

[𝑺]+𝑲𝒎
 )         (4.1) 

In the equation 4.2, [S] represents the substrate concentration, kdep([S]→0) is defined as the depletion 

rate constant at infinitesimal substrate concentrations, and KM the Michaelis-Menten constant. Other 

kinetics parameters, such as intrinsic clearance at an infinitesimally low substrate concentration (Clint, 

dep([S]→0)) was calculated by dividing the acquired kdep([S]→0) in the last step by the human microsomal 

protein concentration (0.5 mg/mL). Lastly, the maximum velocity (Vmax) was obtained from KM and Clint, 

dep([S]→0) [111]. 

 

  



 

 

79 

4.4 Results 

4.4.1 Synthesis and characterization of Quebecol 

 We accomplished the synthesis of quebecol by modifying existing literature procedures as shown 

in Scheme 4.1 [101]. First, we carried out a benzylation on the commercially available 4-bromo-2-

methoxyphenol and 4-hydroxy-3-methoxybenzaldehyde (vanillin) using benzyl bromide and potassium 

carbonate in methanol achieving good yields (91 and 70%, respectively). We used the benzylated 

products for the next step in which we performed a lithiation of 1-(benzyloxy)-4-bromo-2-

methoxybenzene (9) using n-BuLi and subsequent reaction with the 4-(benzyloxy)-3-

methoxybenzaldehyde (10) to yield the biphenyl alcohol (11). 

 Bromination of the biphenyl alcohol (11) was performed using acetyl bromide in THF. Due to 

the instability of the brominated product, we were unable to purify the brominated biphenyl compound 

(12). Therefore, we dried the resultant crude under high vacuum and carried over to the next step without 

further purification.  

 LDA was used to treat the ester (13) followed by the addition of the bromo intermediate (12) at -

78 °C. We achieved the coupled product (14) with reasonable yield (30%) and we confirmed its structure 

by NMR and MS. In our 1H NMR we observed the presence of two doublets at δ 4.47 (d, J = 12.0 Hz, 

1H) and δ 4.18 (d, J = 12.0 Hz, 1H) in addition to ESI-MS (m/z) of 742.3 [M + H2O]+ and 747.3 [M + 

Na]+ which allowed us to confirm formation of the coupled product. 

 Reduction of the coupled product was achieved using lithium aluminum hydride in THF. We 

observed reasonable yields (49%) for this step when the reaction was allowed to proceed longer than 16 

hours. We recovered the unreacted ester after silica gel column purification, and we repeated the 

reduction reaction. For the last step, we performed a hydrogenolysis of 15 to remove the benzyl protecting 
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groups by using Pd/C under H2 atmosphere to yield quebecol with excellent yield (94%).  

We obtained quebecol with an overall yield of 4.4%. We have confirmed quebecol through ESI-

MS (negative mode) which yielded an m/z of 425.0. Additionally, we used 1H and 13C NMR for the 

characterization and comparison with literature (Supporting Information). 

 

4.4.2 HPLC-UV Method Validation 

We have successfully validated an HPLC-UV method using FDA and EMA guidelines to 

measure the concentration of quebecol accurately and precisely in human liver microsomes. We did not 

find any endogenous substance in the matrix that could interfere with quebecol or MMPPD (internal 

standard) retention times (Figure 4.2). Under the chromatographic conditions we used, the retention time 

for quebecol and MMPPD was 13.8 minutes and 17.5 minutes, respectively. 
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Figure 4.2. Specificity of the method. HPLC-UV chromatograms of HLM without quebecol and 

MMPPD (A) and HLM spiked with quebecol and MMPPD (B).  

The calibration curve was prepared in the same biological matrix (human liver microsomes) as 

the samples for this study. A total of 8 calibration points were used, including the LLOQ and the ULOQ.  

The chromatographic method was linear between 2.5 and 30 µM with r2 values ≥ 0.998 (n = 3).  

We determined an LLOQ of 2.5 µM with signal to noise ratio of 7. Full validation parameters are 

presented for intra-day ( 

Table 4.1) and inter-day (Table 4.2). Intra-day accuracy varied from 90.5 to 107.1%, precision 

from 2.92 to 13.7% for all quality controls and LLOQ, with the observed ranges compliant with both 

FDA and EMA guidelines. Similarly, inter-day accuracy and precision varied from 97.8 to 103.9%, and 

from 4.01 to 11.58% respectively. Overall, the intra- and inter-day precision and accuracy were within 

the acceptable limits as per the guidelines. 

 



 

 

82 

 

Table 4.1. Intra-day assay precision and accuracy for quebecol in human liver microsomes  

Quality 

control 
Replicates 

Analysis day 

(#) 

Observed 

concentration (mean 

± SD; µM) 

Precision 

(RSD%) 

Accuracy 

(%) 

LLOQ  5 1 2.26 ± 0.20 8.06 90.5 

(2.5 µM) 6 2 2.37 ± 0.15 5.95 95.0 
 6 3 2.60 ± 0.34 13.7 104.1 

LQC  5 1 6.76 ± 0.59 8.5 96.6 

(7 µM) 6 2 6.99 ± 0.36 5.23 100.0 
 6 3 7.33 ± 0.24 3.46 104.8 

MQC  5 1 16.06 ± 1.47 9.8 107.1 

(15 µM) 5 2 14.43 ± 1.32 8.85 96.3 
 5 3 15.18 ± 1.60 10.71 101.2 

HQC  5 1 20.86 ± 0.83 4.17 104.3 

(20 µM) 6 2 20.13 ± 0.58 2.92 100.7 
 6 3 21.37 ± 0.62 3.11 106.9 

SD = standard deviation, RSD = relative standard deviation 

Table 4.2. Inter-day assay precision and accuracy for quebecol in human liver microsomes 

Quality 

control Replicates 

Observed 

concentration 

(mean ± SD; µM) 

Precision 

(RSD%) Accuracy (%) 

LLOQ (2.5 µM) 17 2.44 ± 0.28 11.58 97.8 

LQC (7 µM) 17 7.04 ± 0.45 6.43 100.7 

MQC (15 µM) 15 15.22 ± 1.52 10.02 101.5 

HQC (20 µM) 17 20.78 ± 0.83 4.01 103.9 

SD = standard deviation, RSD = relative standard deviation 

 

 

4.4.3 In vitro Metabolism of Quebecol in HLM 

 We assessed the in vitro P450-mediated metabolism of quebecol in both human and rat liver 



 

 

83 

microsomes using NADPH as a cofactor. We were unable to detect any P450 metabolites in either 

incubation and could not measure any change in quebecol after the 1 h incubation (Figure 4.3). Due to 

the sensitivity of the HPLC-UV method, we confirmed no metabolite formation by analyzing our samples 

using LC/MS. 

 

 

 

 

Figure 4.3. HPLC-UV chromatogram of 20 µL injection of 30 µM samples from in vitro metabolism 

in human liver microsomes of quebecol containing NADPH as a cofactor. Quebecol and MMPPD were 

detected at 13.8 and 17.5 minutes, respectively.  

 

 We investigated whether quebecol was a substrate for uridine diphosphate glucuronosyl 

transferase (UGT) (i.e. phase II metabolism) by carrying out in vitro incubations in the presence of the 

cofactor UDP-glucuronic acid in both human and rat liver microsomes. Under these incubation 

conditions we detected the formation of three glucuronides of quebecol (Figure 4.4) with human and rat 

liver microsomes both showing the same glucuronides (rat liver microsomes data not shown). 
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Figure 4.4. HPLC-UV chromatogram of 20 µL injection of 30 µM samples from in vitro 

glucuronidation in human liver microsomes of quebecol. Three glucuronide metabolites Glu-1, Glu-2, 

and Glu-3 were detected at 12.5, 12.9, and 13.1 minutes, respectively.  

 After the detection of the three metabolites, we performed LC-MS analysis for metabolite 

identification. Samples were diluted (1:100) in LC-MS mobile phase grade (acetonitrile:water) and 

injected (5 µL) for LC-MS analysis using ESI-MS. All three quebecol glucuronides have the same m/z 

of 601.2 in negative mode (Figure 4.5).  
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Figure 4.5. A) LC-MS extracted ion chromatogram (XIC) for glucuronides adducts at m/z 601.2 ± 0.5 

(blue) and for quebecol at m/z 425.0 ± 0.5 (red). B) Corresponding mass spectrum for one of the 

glucuronides.  

 Tandem mass spectrometry (LC-MS/MS) was used to further identify and confirm the formation 

of the glucuronides, with substitution most likely occurring at the three phenolic groups. Cleavage of the 

anomeric C-O bond of the glucuronide conjugate has been previously reported leading to fragmentation 

as shown in Figure 4.6D producing the diagnostic ion at m/z 425. [112]. Additionally, the ions at m/z 113 

and 85 are coming from the glucuronide conjugate by losing water and carbon dioxide, and water, carbon 

dioxide, and carbon monoxide respectively [112,113].  
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Figure 4.6. ESI-MS/MS enhanced product ion (EPI) spectrum for Glu-1 (A), Glu-2 (B), and Glu-3 (C) 

performed in negative mode. Fragmentation of one of the proposed quebecol glucuronides (D). 
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4.4.4 UGT-mediated Microsomal Metabolism Kinetics 

 We calculated the kinetics parameters to assess the extent of glucuronidation of quebecol in 

human liver microsomes using the substrate depletion approach to determine the in vitro parameter 

values [111]. Negative controls consisted of incubation mixtures containing heat inactivated microsomes 

and no UDP, which showed no loss of starting material over time.  

 The substrate depletion rate (kdep) was extracted from the linear regression plot of the natural log 

of percentage quebecol against time (Figures S13, S14). For nonlinearity samples (r2<0.98), we only used 

the initial points with linearity to determine kdep. For each concentration, we reported the kdep as the mean 

± standard deviation (SD) of replicate determinations (Table S3).  

We performed nonlinear least squares regression analysis in a plot containing the kdep values and 

the quebecol concentrations as shown in Figure 4.7. The in vitro Clint values of quebecol glucuronidation 

and other kinetics parameters were determined, and we reported them in Table 4.3.  

 

Figure 4.7. Plot of in vitro depletion rate (kdep) (min-1) versus quebecol concentrations (μM) for quebecol 

glucuronidation in human liver microsomes 

 

 



 

 

88 

Table 4.3. Clint and Michaelis-Menten constants of quebecol glucuronidation by human liver 

microsomes 

Clint 

(mL/min/mg) 

95% CI for 

Clint 

KM 

(µM) 

95% CI for 

KM 

Vmax 

(µmol/min/mg) 

0.04 0.03 to 0.06 5.1 2.9 to 8.3 0.22 

 

 

4.5 Discussion 

We hypothesized that due to the presence of multiple OH groups on quebecol, phase 2 metabolic 

processes such as glucuronidation and sulfonation would predominate in vitro. In order to test this 

hypothesis we synthesized quebecol adapting literature methods for our studies [61]. As quebecol is not 

found naturally in maple sap, rather it is produced during heating and concentration of maple sap to 

maple syrup, quebecol is present as a racemic mixture and we did not attempt an enantiomeric separation 

on our synthetic product (Figure 4.8).  

 

Figure 4.8. Possible enantiomers of quebecol. 

Our microsomal Phase 1 experiments demonstrated that no cytochrome P450 metabolites of 

quebecol were formed at detectable levels. Minimal P450-mediated metabolism has been previously 
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observed for polyphenolics such as the lignan nordihydroguaiaretic acid which also predominantly 

undergoes phase 2 glucuronidation which concurs with our results [19]. We were able to detect three 

phase 2 glucuronide metabolites in our microsomal incubations. The glucuronide metabolites appear to 

be the result of reaction at the phenolic OH groups and the HPLC UV peaks suggest that the three 

glucuronides are formed in similar amounts. Although the 3-position of the propanol substituted with the 

3-methoxy, 4-hydroxy phenyl groups is not chiral, glucuronide substitution of either phenol would create 

a chiral center and therefore a novel stereoisomer. This results in the potential formation of six 

glucuronides consisting of three enantiomeric pairs (Figure 4.9. R and S, R,R and S,S, R,S and S,R) 

producing three distinct glucuronide signals in the HPLC (Figure 4.4) although we note that enzymatic 

selectivity for the formation of specific glucuronide isomers remains a possibility. However, the ESI-

MS/MS fragmentation did not allow us to distinguish between the stereoisomers as loss of the 

glucuronide (176.2) occurred for all three metabolites. 

 

Figure 4.9. Proposed phenol-substituted glucuronides. Enantiomeric pairs are: R and S; R,R and S,S; 
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R,S and S,R. 

 The identification of the metabolites and the elucidation of the disposition pathways provide an 

understanding into the extent of metabolism. Another important concept for drug metabolism consists of 

the rate of metabolism which can be measured by the kinetics of depletion of substrates and/or formation 

of metabolites [114]. Monitoring kinetics by metabolite formation requires authentic metabolite 

standards to prepare calibration curves in the analytical method, whereas the substrate depletion approach 

is a reliable alternative to calculate the kinetic parameters by monitoring the depletion of the substrate as 

a function of time [107–110]. We have previously used the substrate depletion approach to follow UGT 

metabolism [56] and for this study, we have validated an HPLC-UV method to measure the phase 2 

glucuronidation using the substrate depletion approach.  

 Normally, the use of this approach can lead to an overestimation of the intrinsic clearance (Clint) 

and KM values since the formation of individual metabolites are potentially missed. In this case, the 

calculated values would represent an accumulation of kinetic parameters for different metabolic 

pathways [107]. However, this is of least concern for quebecol since no cytochrome P450 metabolites 

were formed at detectable levels, and only glucuronides were formed.  

 Glucuronidation is a well-known metabolism and detoxification pathway of drugs in humans 

which takes place predominantly in the liver [115]. We determined the in vitro hepatic glucuronidation 

kinetic parameters of quebecol in pooled HLM (Table 4.3) to generate accurate data to predict in vivo 

human clearance. The Michaelis-Menten constant (KM) is one of the pharmacokinetic parameters that 

allows understanding the role of the metabolizing enzymes. Lower KM values indicate a greater affinity 

of the substrate to the enzyme, which can lead to the saturation of the clearance pathway. We calculated 

a KM value for quebecol of 5.1 µM. Similarly, the major elimination mechanism of tamoxifen is via 
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glucuronidation of its major active metabolites, 4-hydroxytamoxifen (4-OH-TAM) and endoxifen [116]. 

In vitro kinetics showed that UGT1A7 (KM = 7.4  µM) and UGT2B7 (KM = 3.7  µM) are the main hepatic 

enzymes responsible for the O-glucuronidation of the cis- and trans-4-OH-TAM respectively [117] 

which is comparable to KM values we determined for quebecol and for glucuronidation of the lignan 

enterolactone (KM 8.91 µM) [56]. We also determined that quebecol had a Clint = 0.04 mL/mg/min which 

is ca. 29 times less than observed for enterolactone (Clint = 1.18 mL/mg/min), suggesting slower 

clearance of quebecol [56]. The analogs reported by Pericherla et. al. with greater antiproliferative 

activity than quebecol (Figure 4.10) all have two para-phenols and would be anticipated to undergo 

glucuronidation at a similar rate to quebecol [61].  

 

 

Figure 4.10. Structures of antiproliferative quebecol analogs from Pericherla et. al. [101] 

 

In summary, we have investigated the metabolic fate of the natural product quebecol in both 

human and rat liver microsomes. We were unable to detect any P450 metabolites, but did observe 

formation of glucuronide conjugates, although the Clint we determined suggests quebecol glucuronidation 

occurs at only a moderate rate. We did not assess sulfonate conjugation but anticipate that it may also 

contribute to phase 2 metabolic clearance of quebecol. Our work also highlighted the method 

development and validation of an HPLC-UV method to measure UGT-mediated microsomal metabolism 
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kinetics parameters in human liver microsomes.  



 

 

93 

5. Chapter 5: The Natural Product Quebecol is Resistant to Bioactivation in 

Hepatic Microsomes 

 

Gabriel Bernardes & Ed S. Krol 

Drug Discovery and Development Research Group, College of Pharmacy and Nutrition, University of 

Saskatchewan, Saskatoon, SK 

 

Transitioning rationale: In the last chapter, we did not detect any P450 metabolites for quebecol rather, 

we found extensive glucuronide formation. There are many phenol-containing drugs that are similar to 

quebecol known to form quinone metabolites. Even though phase 2 metabolism of quebecol is likely the 

main clearance pathway, it is important to investigate metabolic formation of p-QM. In this chapter, we 

assess quinone formation using GSH trapping in RLM and HLM and using chemical oxidants. 

 

Contribution statement: Gabriel Bernardes contributed to the experimental design, conducted the 

experimental work and data analysis, and drafted the manuscript. Dr Ed Krol supervised the work and 

revised the manuscript. 
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5.1 Abstract 

Quebecol (2,3,3-tri-(3-methoxy-4-hydroxyphenyl)-1-propanol) is a polyphenolic compound, 

which is formed during maple syrup production from Acer saccharum spp. Quebecol is similar in 

structure to the chemotherapy drug tamoxifen, which has led to synthesis of structural analogs and 

investigations into their pharmacological properties. Previously, we were unable to detect any P450 

metabolites in either RLM or HLM. In this study, we found no evidence of reactive intermediate 

formation by performing glutathione (GSH) trapping experiments. We prepared standards of the 

quebecol para-quinone methide (p-QM) using manganese dioxide, trapped as GSH adducts. In an effort 

to confirm whether or not quebecol could form a p-QM we synthesized a series of diphenylethane analogs 

to probe p-QM reactivity. We determined that quebecol was resistant to p-QM formation, even when 

oxidized by MnO2 and instead formed ortho-quinones. A combination of steric and electronic factors 

likely contribute to resistance to p-QM formation. 
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5.2 Introduction 

The polyphenol quebecol is a product of maple syrup production and has reported 

pharmacological properties [59,101,102,118] and analogs of quebecol are currently under investigation 

for their pharmacological properties [101–103,119]. The presence of three phenol groups and a primary 

alcohol make quebecol susceptible to hepatic phase 2 processes and we have reported that quebecol 

predominantly forms three glucuronide metabolites in human liver microsomes (HLM) (manuscript in 

preparation). Surprisingly, we were unable to detect any metabolites associated with P450-mediated 

processes such as de-methylation, aromatic hydroxylation or para-quinone methide (p-QM) formation. 

We were especially concerned with the potential for formation of p-QMs (Figure 5.1) which are 

electrophilic reactive intermediates capable of toxicity as a result of covalent modification of biological 

nucleophiles [120,121]. Quebecol is racemic so the possible p-QMs include three distinct mono-p-QMs 

and two possible di-p-QMs (Figure 5.1).  

 

Figure 5.1. Quebecol and potential para-quinone methides (p-QMs). 
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Numerous phenol-containing compounds such as raloxifene [122] and 4-hydroxylated 

metabolites of tamoxifen and toremifene [123] are known to form quinone metabolites, including p-QMs, 

and numerous drugs have associated warnings due to the formation of reactive metabolites [124,125]. 

The low levels of quebecol present in maple syrup (~0.04 ppm) [59] and its clearance mainly via phase 

2 metabolism as reported by our group suggest p-QM formation is unlikely to be a concern. However 

due to interest in the biological properties of quebecol analogs [101–103,119], metabolic formation of p-

QMs requires further examination. We hypothesize that quebecol can form electrophilic p-QMs and in 

order to study this we will assess quinone formation in HLM in vitro and using chemical oxidants and 

trap the resulting p-QMs as glutathione (GSH) adducts. 

 

5.3 Materials and Methods 

5.3.1 Materials 

Sigma-Aldrich (St. Louis, MO): dipotassium orthophosphate (K2HPO4), potassium dihydrogen 

orthophosphate (KH2PO4), magnesium sulfate (MgSO4), silver nitrate (AgNO3), potassium 

permanganate (KMnO4), Reduced glutathione (GSH), acetonitrile (LC-MS grade), methanol (HPLC 

grade), formic acid (LC-MS grade). Fisher Scientific (Fairlawn, NJ): magnesium chloride (MgCl2), 

potassium hydroxide (KOH), sodium pyrophosphate decahydrate (SPP). Anachemia (Quebec, CA): 

manganese sulfate (MnSO4). Roche Diagnostics (Indianapolis, IN): reduced nicotinamide adenine 

dinucleotide (NADPH). Water was purified via a Millipore (Mississauga, ON) Milli-Q system with a 

Quantum EX Cartridge. Gibco (Waltham, MA): pooled human liver microsomes were purchased from 

Fisher Scientific (Ottawa, ON). Quebecol, 2,2-di-(3-methoxymethylphenyl)-1,3-propanediol (MMPPD), 

silver oxide and manganese dioxide were prepared following literature procedures [101,104,122,126]. 
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5.3.2 Instrumentation 

5.3.2.1 HPLC-UV Diode Array Analysis 

Analysis of the autoxidation studies and reaction kinetics were performed on an Agilent 1200 

high-performance liquid chromatography (HPLC) (Agilent Technologies; Mississauga, ON) equipped 

with a degasser (G1379A), quaternary pump (G1311A), autosampler (G1329A), and diode array detector 

(G1315D). The HPLC column was a Restek Ultra Biphenyl (2.1 x 100 mm, 5 μm) and the solvent system 

consisted of 0.1% LC-MS grade formic acid in water (solvent A) and 0.1% LC-MS grade formic acid in 

acetonitrile (solvent B) operating at a flow rate of 0.2 mL/min. The gradient method consisted of an 

initial isocratic phase at 90% solvent A for 2.5 minutes, decreased gradually to 10% solvent A over 12.5 

minutes, and holding for 5 minutes before returning to the initial conditions, equilibrating for 10 minutes.  

5.3.2.2 ESI-MS Analysis 

Mass spectrometric analysis of quebecol and its intermediates was conducted using an AB SCIEX 

4000 QTRAP (AB SCIEX, Redwood City, CA, USA) quadrupole linear ion trap mass spectrometer. 

Samples were infused directly using a flow of 10 μL/min. Phase I metabolite formation of reactive 

intermediates was conducted using LC-MS which consisted of an Agilent 1100 high-performance liquid 

chromatography (HPLC) (Agilent technologies, Mississauga, ON) coupled to an AB SCIEX 4000 

QTRAP (AB SCIEX, Redwood City, CA, USA) quadrupole linear ion trap mass spectrometer. The 

reverse phase column and gradient method was the same as the HPLC-UV analysis. The mass 

spectrometric analysis was performed in negative ion mode, and fragmentation patterns were studied by 

tandem ESI-MS/MS operated in the negative ion mode. Data acquisition and analyses were performed 

using Analyst 1.7 software from AB SCIEX.  
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5.3.2.3 NMR Analysis 

All NMR experiments were performed on a Bruker AVANCE DPX-500 spectrometer (Karlsruhe, 

Germany) and data processed by MestreNova 14.1. All compounds were drawn and named using 

ChemDraw 20.0. 

 

5.3.3 Methods 

5.3.3.1 Synthesis and Characterization of 4,4'-(ethane-1,2-diyl)bis(2-methoxyphenol) ((MeO)2-DPE) 

 

 

Scheme 5.1. Synthesis of (MeO)2-DPE. Reagents and Conditions: i) BnBr, K2CO3, MeOH, reflux, 4h, 

70%; ii) NaBH4, THF, r.t, 18h, 97%; iii) NBS, PPh3, K2CO3, toluene, reflux, 18h, 7%; iv) Pd/C, H2, THF, 

r.t., 99%. 
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Synthesis of 4-(benzyloxy)-3-methoxybenzaldehyde (16) 

K2CO3 (1.8 g, 13.1 mmol) and MeOH (20 mL) were added to a reaction flask, and the mixture 

was stirred at 0 °C under N2. Vanillin (1 g, 6.57 mmol) was dissolved in MeOH (5 mL) and added 

dropwise to the reaction. After 5 minutes, benzyl bromide (2.2 g, 13.1 mmol) was added dropwise to the 

mixture, and reaction was refluxed at 85 °C for 4 hours. On completion, the reaction was cooled to room 

temperature, and solvent evaporated. The residue was dissolved in chloroform (80 mL) and washed with 

water. The organic layer was dried over MgSO4, and evaporated to afford 16 as a yellow oil (1.1 g, 70%). 

1H NMR (500 MHz, CDCl3) δ 9.84 (s, 1H), 7.46 – 7.42 (m, 3H), 7.41 – 7.37 (m, 3H), 7.35 – 7.31 (m, 

1H), 6.99 (d, J = 8.2 Hz, 1H), 5.25 (s, 2H), 3.95 (s, 3H). 

 

Synthesis of (4-(benzyloxy)-3-methoxyphenyl)methanol (17)  

NaBH4 (0.2 g, 6.1 mmol) was added into a flask containing THF (10 mL). Mixture was stirred at 

0 °C under N2. Compound 16 (1 g, 4.1 mmol) in THF was added dropwise to the mixture. Reaction was 

warmed to room temperature and stirred under N2 overnight. Mixture was poured slowly into cold water 

(20 mL), extracted with chloroform (3  20 mL). The organic layer was dried over MgSO4, and 

evaporated to afford 17 as a white powder (0.97 g, 97%). 1H NMR (500 MHz, CDCl3) δ 7.46 – 7.40 (m, 

2H), 7.38 – 7.34 (m, 2H), 7.32 – 7.28 (m, 1H), 6.95 (d, J = 1.9 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.82 

(dd, J = 8.1, 1.9 Hz, 1H), 5.16 (s, 2H), 4.61 (s, 2H), 3.91 (s, 3H), 3.39 (s, 1H). 

 

Synthesis of (E)-1,2-bis(4-(benzyloxy)-3-methoxyphenyl)ethene (18)  

To a stirred solution of 17 (0.2 g, 0.81 mmol) and triphenylphosphine (0.53 g, 2.04 mmol) in 

toluene (10 mL), N-Bromosuccinimide (0.14 g, 0.81 mmol) was added. The reaction mixture was 
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refluxed under N2 for 4 hours. After completion, the mixture was cooled to room temperature. At room 

temperature, a solution of 16 (0.19 g, 0.81 mmol) was added followed by K2CO3 (1.11 g, 8.1 mmol) and 

then refluxed overnight. After cooling to room temperature, toluene was removed under reduced 

pressure. The residue was dissolved in ethyl acetate, and washed with brine and dried over MgSO4. After 

evaporation of solvents, the residue was purified on silica gel column (3:2 Hexanes/EtOAc) to give 

alkene (Z)-18 as a white solid (27 mg, 7%).1H NMR (500 MHz, CDCl3) δ 7.46 – 7.43 (m, 2H), 7.40 – 

7.34 (m, 2H), 7.33 – 7.28 (m, 1H), 7.06 (d, J = 2.0 Hz, 1H), 6.96 (dd, J = 8.3, 2.0 Hz, 1H), 6.90 (s, 1H), 

6.85 (d, J = 8.3 Hz, 1H), 5.18 (s, 2H), 3.95 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 149.89, 137.22, 

131.27, 128.71, 128.00, 127.39, 126.89, 119.58, 114.11, 109.29, 71.15, 56.13. ESI-MS (m/z) 453.2 [M 

+ H]+, 470.0 [M + H2O]+. 

 

Synthesis of 4,4'-(ethane-1,2-diyl)bis(2-methoxyphenol) ((MeO)2-DPE)  

Pd/C (10% w/w, 2.6 mg) was added to a reaction flask under N2. The flask was sealed, and dry 

THF (5 mL) was added. The compound 18 (26 mg) in dry THF (2 mL) was added to the reaction 

dropwise. The flask was evacuated, then flushed with H2 gas. The reaction was left to stir under H2 

overnight. The reaction mixture was filtered through a Celite pad and washed with MeOH. The solvent 

was removed under reduced pressure to give (MeO)2-DPE as a dark solid (16.2 mg, 99%). 1H NMR (500 

MHz, CDCl3) δ 6.83 (d, J = 8.0 Hz, 1H), 6.67 (dd, J = 8.0, 2.0 Hz, 1H), 6.61 (d, J = 1.9 Hz, 1H), 5.46 (s, 

1H), 3.84 (s, 3H), 2.81 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 146.34, 143.84, 133.88, 121.17, 114.27, 

111.31, 55.98, 38.09. ESI-MS (m/z) 275.1 [M + H]+. 
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5.3.3.2 Preparation of Silver Oxide  

A solution of potassium hydroxide (0.36g in 10 mL of water) was added to a silver nitrate solution 

(1g in 10 mL of water) [122]. The mixture was stirred at room temperature for 15 minutes. The precipitate 

was filtered, washed with water, and dried to yield a fine black powder (0.5g).  

5.3.3.3 Preparation of Manganese Dioxide  

To a solution of potassium permanganate (0.43g in 8 mL of water) stirring at 60 °C, a solution of 

manganese sulfate (0.62 g in 12 mL of water) was added [126]. The suspension was stirred at 60 °C for 

1 h, the suspension was filtered, and the precipitate washed several times with water. The precipitated 

was dried under high vacuum to yield a dark-brown powder (0.4 g). 

5.3.3.4 Cytochrome P450 Oxidation Studies   

A previous method was developed and optimized to investigate P450-mediated oxidation of 

quebecol [79]. Reduced glutathione (GSH) was added either at the beginning of the incubation (method 

A) or after the incubation (method B). All experiments were performed in triplicate. Negative controls 

were incubated with no NADPH and using heat inactivated liver microsomes.  Positive control 

(chlorzoxazone) was used to determine the human liver microsomes viability.  

The incubation mixture of method A consisted of 5 mM MgCl2, 10 mM SPP, 0.5 mg/mL human 

or rat liver microsomes, 30 µM of quebecol and 100 mM potassium phosphate buffer at pH 7.4 containing 

GSH (0.3 mM). This mixture was pre-incubated for 5 minutes at 37 °C in a shaking water bath, and 10 

µL of 20 mM NADPH was added to start the reaction. The reaction was stopped after 1 hour by addition 

of ice-cold acetonitrile containing internal standard MMPPD (100 µM) for protein precipitation. Samples 

were vortex mixed for 1 minute, and centrifuged at 14,000  g for 10 minutes at room temperature. 

Supernatant (200 µL) was collected and transferred to a LC vial and injected into HPLC for analysis. 
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The incubation mixture of method B consisted of 5 mM MgCl2, 10 mM SPP, 0.5 mg/mL human 

or rat liver microsomes, 30 µM of quebecol and 100 mM potassium phosphate buffer at pH 7.4. This 

mixture was pre-incubated for 5 minutes at 37 °C in a shaking water bath, and 10 µL of 20 mM NADPH 

was added to start the reaction. The reaction was stopped after placing it on an ice bath, and a 20-fold 

excess of GSH was added, as well as addition of ice-cold acetonitrile containing internal standard 

MMPPD (100 µM) for protein precipitation. Samples were vortex mixed for 1 minute, and centrifuged 

at 14,000  g for 10 minutes at room temperature. Supernatant (200 µL) was collected and transferred to 

a LC vial and injected into HPLC for analysis. 

 

5.3.3.5 Preparation of p-QM standards  

Quebecol or (MeO)2-DPE was added to 100 mM potassium phosphate buffer at pH 7.4 to give a 

final concentration of 0.5 mM and the mixture was stirred at 0 °C [6]. Freshly prepared manganese 

dioxide (5 mg) was carefully added to the solution [126]. The suspension was stirred for 1 h at 0 °C, and 

filtered using 0.2 μM PVDF 13 mm syringe filter (GE Healthcare Life Sciences, NJ, USA). The filtrate 

was added to potassium phosphate buffer at pH 7.4 containing GSH to a final concentration of 1:10 

substrate-GSH. The samples were diluted in mobile phase (1:1 acetonitrile/water) and analyzed by LC-

MS. All experiments were performed in triplicate. Control experiments contained eugenol as a test 

compound to validate the oxidation and the analytical method.  
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5.4 Results  

5.4.1 Cytochrome P450 Oxidation Studies   

We assessed the formation of quebecol p-QMs by incubating quebecol in human liver 

microsomes with glutathione (GSH). This experiment was designed to confirm whether quebecol could 

form reactive quinones via P450-mediated in vitro metabolism and use GSH as a nucleophilic trapping 

agent. HPLC was used to follow the possible loss of starting material and GSH adduct formation.  

We observed no significant loss of quebecol after the microsomal metabolism incubation and no 

GSH adduct was detected. Due to the moderate sensitivity of HPLC-UV, we used a more sensitive 

method, LC/MS, to further analyze our sample for GSH adducts by scanning for neutral loss (NL) of m/z 

129 and 307 in positive mode, or product ion (PI) m/z 272 in negative mode [83]. In spite of this more 

sensitive technique, we were unable to detect any quebecol metabolites or GSH adducts. Since we found 

no evidence of p-QM formation in the microsomal incubation, we proposed to synthetically prepare p-

QM standards of quebecol for characterization and to confirm the absence of a p-QM in the microsomal 

incubation.  

 

5.4.2 Preparation of p-QM standard  

5.4.2.1 Silver Oxide (Ag2O) as oxidant  

Control experiments were employed with silver oxide using eugenol to validate the method. GSH 

adducts of eugenol were detected by NL m/z 307 in ESI (positive mode). The m/z of 470.2 found was 

consistent with GSH adduct of eugenol.  

Initially, we attempted to prepare the p-QM of quebecol using silver oxide. We observed a 
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significant loss of quebecol after the incubation with silver oxide followed by an increased column 

backpressure in the HPLC which potentially indicated that a polymerization was occurring. No peaks 

corresponding to GSH adducts were observed. To further assess this observation, we prepared a 

diphenylethane model compound (MeO)2-DPE (Scheme 5.1).  

 

5.4.2.2 Synthesis and characterization of (MeO)2-DPE 

  We confirmed (MeO)2-DPE through ESI (negative mode) which yielded an m/z of 275.1. In our 

1H NMR we observed aromatic C-H signals at 6.83, 6.67 and 6.61, aromatic OH signals at 5.46 and a 

benzyl H signal at 2.81. Due to the symmetry of this compound, the benzyl protons appear as a singlet 

corresponding to 2H. 

As with quebecol however, after incubation with silver oxide, we observed a significant loss of 

this substrate with an increased backpressure in the HPLC and no evidence of the formation of GSH 

adducts. 

 

5.4.2.3 Preparation of p-QM using Manganese dioxide (MnO2) 

In an attempt to find an alternative oxidation system to form a p-QM we tried MnO2 as an oxidant 

based on the observation that 4-hydroxy-tamoxifen treated with MnO2 can produce p-QMs [123]. 

Considering the structural similarity between tamoxifen and quebecol, we prepared fresh MnO2 

following literature procedures [126] and used it to oxidize (MeO)2-DPE and quebecol.  The same 

LC/MS method from the P450 oxidation studies was used to detect the GSH adducts by scanning for 

neutral loss (NL) of m/z 129 and 307 in positive mode, or product ion (PI) m/z 272 in negative mode. 
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 Incubation of (MeO)2-DPE with MnO2 yielded GSH trapped products. Two GSH-adducts were 

observed in ESI (positive mode): m/z 580.2 and 885.3 (Figure 5.2). The adduct at m/z 580.5 is a mono-

GSH, while the m/z 885.4 is consistent with two GSH added to the molecule producing a di-GSH 

conjugate. Both mono and di-GSH adducts were detected by NL m/z 129 in positive mode, but only the 

di-GSH detected a precursor ion (PI) m/z 272 in negative mode, indicating that at least one GSH formed 

an adduct on an aromatic ring [83].  
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Figure 5.2. ESI-MS/MS enhanced product ion (EPI) mass spectra of (MeO)2-DPE di-GSH m/z 885.3 

(A) and mono-GSH m/z 580.2 (B). (C) LC-MS extracted ion chromatogram (XIC) in positive mode for 

mono-GSH adduct (9.3 minutes) at m/z 580.5 ± 0.5 and di-GSH (11.1 minutes) at m/z 885.4 ± 0.5 in 

(MeO)2-DPE incubation mixture with MnO2 followed by GSH trapping. 

Considering the successful MnO2-catalyzed oxidation of (MeO)2-DPE that formed two p-QMs 

trapped by GSH, we then attempted to use MnO2 to prepare p-QMs of quebecol. Incubation of quebecol 

with MnO2 produced three products that were trapped with GSH. We expected that in positive mode we 
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would observe a quebecol mono-GSH of m/z 732.1 and/or a di-GSH of m/z 1,037.1. However, we 

detected GSH adducts with m/z 1,007.6, 1,007.7, and 716.5 in positive mode (Figure 5.3). 

 

 

Figure 5.3. LC-MS extracted ion chromatogram (XIC) in positive mode at m/z 1,007.6 ± 0.5 (red) and 

at m/z 716.5 ± 0.5 (blue) of quebecol incubation mixture with MnO2 followed by GSH trapping.  

 The product of m/z 716.5 was consistent with formation of a mono-GSH adduct of quebecol in 

which one demethylation reaction had occurred followed by intramolecular cyclization of the primary 

alcohol to form either a five or a six-membered ring (Figure 5.4).  
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Figure 5.4. Possible m/z 716.5, GSH trapped MnO2 oxidation products of quebecol. 

The products of m/z 1,007.6 and 1,007.7 were consistent with formation of a di-GSH adduct of 

quebecol with two demethylation reactions followed by the intramolecular cyclization of either the 

primary alcohol forming either a five- or six-membered ring, or C-C bond formation resulting from 

intramolecular cyclization of the catechol rings to form either dibenzocyclopentadienes or 

dibenzocyclohexadienes (Figure 5.5). 
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Figure 5.5 Proposed di-GSH conjugates of quebecol. Structures are depicted only and have not been 

fully characterized to determine which methoxy group was dealkylated or the position of the GSH adduct.  

 

In an effort to determine whether the GSH adducts were formed on the aromatic ring or at the 

benzyl position, we utilized previously established mass spectrometric diagnostics for aromatic adducts 

(ESI(-) m/z 272) and benzyl adducts (ESI(+) neutral loss 307) [83]. All GSH adducts are expected to 

show a neutral loss of 129 in ESI(+) resulting from formation of pyroglutamic acid regardless of the site 

of adduction. We confirmed that all three quebecol GSH conjugates showed a NL m/z 129 in positive 

mode, but only the mono-GSH conjugate showed a m/z 272 in negative mode indicative of adduction 

directly on the aromatic ring.  
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Figure 5.6. ESI-MS/MS enhanced product ion (EPI) mass spectra of quebecol di-GSH m/z 1,007.6 (A) 

and m/z 1,007.7 (B); quebecol mono-GSH m/z 716.4 (C). 

5.5 Discussion 

Metabolic formation of electrophilic reactive intermediates prevent the advancement of drug 

candidates and several pharmaceutical companies have reported on screening methods to identify 

potential reactive metabolites. These methods include in vitro hepatic metabolism and forming adducts 

with a variety of trapping agents [127] and also assessing the relative contribution to overall metabolism 

of the reactive intermediate [128]. para-Quinone methide formation in phenols with an alkyl group 

possessing at least one H-atom in the para-position has been previously observed although quinone 
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formation occurs most rapidly when the alkyl group is substituted with an alkene [129] as is the case in 

hydroxy tamoxifen or eugenol [130,131]. The benzyl positions of quebecol each have one H-atom and 

should be capable of p-QM formation, however we were unable to observe any p-QMs in hepatic 

microsomes or when using typical chemical oxidants such as Ag2O or MnO2. Ag2O resulted in loss of 

quebecol and a distinct color change in the reaction solution consistent with oxidation, although given 

the high backpressure seen upon injection of the mixture on HPLC, suggests to us that formation of a 

poorly soluble polymer may have occurred. The steric bulk present at the benzyl positions of the phenols 

in quebecol likely contributes to the lack of p-QM formation. When we used MnO2 we were able to 

identify GSH adducts, but demethylation of the methoxy groups also appears to have occurred, resulting 

in the formation of catechols which apparently underwent oxidation to ortho-quinones which were 

subsequently trapped as GSH adducts. Our results suggest that MnO2 may catalyze dealkylation and 

although we could not find evidence in the literature of MnO2-mediated O-dealkylation, there are reports 

of MnO2-mediated N-methyl dealkylation [132].  

The subsequent metabolites of MnO2-catalyzed oxidation detected by LC/MS indicate that in 

addition to GSH adduct formation, an intramolecular cyclization has likely occurred for both the mono 

and di-GSH adducts as determined by the loss of two additional H-atoms. There are several possible 

reaction pathways which could rationalize these results. First, dealkylation would lead to catechol 

formation which would readily undergo oxidation to an ortho-quinone. Intramolecular cyclization of the 

alcohol could lead to either a 5 or 6-membered ring which subsequently re-oxidizes to an ortho-quinone 

and is trapped by GSH (Scheme 5.2-A, B respectively). Ito et. al. reported that GSH addition to 

rhododendrol during tyrosinase-catalyzed oxidation was more rapid than intramolecular cyclization of 

an alcohol [133], but our system differs in that GSH is not added until the oxidant (MnO2) has been 
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removed, so would likely proceed in the manner shown in Scheme 5.2. Although only shown for the 

mono-dealkylated species in Scheme 5.2, these reactions could also occur for the di-dealkylated 

compounds. 

 

Scheme 5.2. Proposed intramolecular cyclization and GSH adduct formation reaction pathways for (A) 

5-membered C-O ring formation, (B) 6-membered C-O ring formation.  

A second potential intramolecular cyclization is the formation of a C-C bond between two 

aromatic rings as described previously by us in which catechols linked by a 2-carbon alkyl chain can 

each undergo one-electron oxidation and subsequent radical recombination to form a 

dibenzocyclohexadiene (Scheme 5.3A) (This thesis, chapter 3) or a dibenzocyclopentadiene (Scheme 

5.3B) [134].  
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Scheme 5.3. Proposed intramolecular cyclization and GSH adduct formation reaction pathways for (A) 

6-membered C-C ring formation, (B) 5-membered C-C ring formation. 

We determined that cyclization to form dibenzocyclohexadienes from substituted 
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diphenylethanes occurs at pH 7.4 with a half-life of ca. 8-24 minutes depending on linker substitution 

(This thesis, chapter 3). Under the same conditions, however, we have identified formation of an 

intramolecular C-O cyclization product with a half-life of 9 hours for a catechol analog of 

secoisolariciresinol (Scheme 5.4) resulting in either a 5 or 6-membered ring [135]. Together these results 

suggest to us that the C-C intramolecular cyclizations likely predominate over the C-O intramolecular 

cyclizations. 

 

Scheme 5.4. Possible C-O intramolecular cyclization products for pH 7.4 oxidation of a 

secoisolariciresinol mono-catechol analog. Half-life for loss of starting material is ca. 9 hours [135]. 

5.6 Conclusion 

The formation of electrophilic reactive intermediates such as p-QMs formed via hepatic 

metabolism is a concern for para-methyl phenols. We have observed that the natural product quebecol, 

with 3 para-methyl phenols in its structure, is resistant to P450-mediated metabolism to p-QMs or any 

other P450 metabolic products. Furthermore, we were unable to prepare p-QMs using standard chemical 

oxidative methods as the only quinones we could prepare were the result of apparent MnO2-catalyzed 

demethylation and oxidation, presumably leading to ortho-quinones. This resistance to P450-mediated 

metabolism and the predominant clearance via glucuronidation suggests to us that any potential 

formation of electrophilic metabolites of quebecol is unlikely. We are currently attempting to identify 

the exact structures of the quebecol GSH adducts we prepared from MnO2. 

  



 

 

115 

6. Chapter 6: Attempt to Prepare the Tetra-Methyl NDGA Analogue to 

investigate the Formation of Dibenzocyclooctadienes 

 

Gabriel Bernardes, Taylor Koshtyshyn, Bryan M. Hill, Ed S. Krol 

 

Drug Discovery and Development Research Group, College of Pharmacy and Nutrition, University of 

Saskatchewan, Saskatoon, SK 

 

 

Transitioning rationale: In the previous chapters, we have investigated the stability and metabolism of 

polyphenols. In Chapter 3, we determined that the number of methyl groups in a diphenylethane 

dicatechol increases the rate of intramolecular cyclization to form dibenzocyclohexadienes. In contrast, 

our group reported that this rate for NDGA to form a dibenzocyclooctadiene is slower when compared 

to its analogue without a methyl substituents. This would imply that additional methyl groups would 

decrease or prevent the intramolecular cyclization. Therefore, in this chapter we aim to prepare the tetra-

methyl NDGA and investigate its stability in vitro.  

 

Contribution statement: Gabriel Bernardes contributed to the experimental design, conducted the 

experimental work and data analysis, and drafted the chapter. Taylor Koshtyshyn contributed to the 

optimization of the first steps of the chemical synthesis. Dr Bryan Hill (Brandon University) co-

supervised the work. Dr Ed Krol supervised the work and revised the manuscript. 
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6.1 Introduction 

Nordihydroguaiaretic acid (NDGA) is a lignan found in the leaves of the creosote bush [2]. The 

aqueous extract of creosote bush, also referred to as Chaparral tea, has been used in traditional medicine 

for a wide range of ailments due to its suggested medicinal properties [17]. Despite the proposed 

biological activity, this natural polyphenol has been also associated with kidney and liver toxicity when 

ingested at higher doses [3]. Previously, our group have reported that NDGA can undergo in vitro 

biotransformation to form reactive ortho-quinones, which are likely responsible for toxicity in vivo, such 

as severe hepatic and renal injuries [4]. In addition,we reported that NDGA can spontaneously cyclize at 

pH 7.4 to form a dibenzocyclooctadiene that may be responsible for the pharmacological properties in 

vitro [5]. The intramolecular cyclization process was investigated by synthesizing a series of NDGA 

analogs to determine the structural features required for cyclization [6]. The two major findings were the 

requirement of a dicatechol and the methyl groups on the alkyl linker influenced the rate of intramolecular 

cyclization [6]. The NDGA analogue without methyl groups (1) was determined to cyclize more rapidly 

(13.1  10-5 s-1) than NDGA (4.88  10-5 s-1). It is likely that the more rapid cyclization for 1 is a result 

of decreased steric interactions between the methyl groups during cyclization. This would imply that 

additional methyl groups on the alkyl chain would slow intramolecular cyclization. Therefore, we 

propose the preparation of 2 to confirm that the additional methyl groups will further slow cyclization 

and whether that may be sufficient to prevent cyclization  
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Figure 6.1. Structure of NDGA analogs 1 and 2 
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6.2 Materials and Methods 

6.2.1 Materials 

Sigma-Aldrich (St. Louis, MO): 3,4- Dimethoxybenzyl alcohol, phosphorus tribromide (PBr3), sodium 

hydride (NaH), 1,1,2,2-ethane tetracarboxylate, lithium aluminum hydride (LiAlH4), mesyl chloride 

(MsCl). Organic solvents were obtained from Fisher Scientific (Fairlawn, NJ). 

 

6.2.2 Instrumentation 

6.2.2.1 ESI-MS Analysis 

Mass spectroscopy analysis of intermediates was conducted using an AB SCIEX 4000 QTRAP 

(AB SCIEX instruments, Farmingham, MA) quadrupole linear ion trap mass spectrometer. Samples were 

infused directly using a flow of 10 μL/min. Data acquisition and analyses were performed using Analyst 

1.7 software from AB SCIEX.  

6.2.2.2 NMR Analysis 

All NMR experiments were performed on a Bruker AVANCE DPX-500 spectrometer (Karlsruhe, 

Germany) and data processed using MestRreNova 14.1. All compounds were drawn and named using 

ChemDraw 20.0. 
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6.2.3 Methods  

6.2.3.1 Synthesis and Characterization of Tetra-Methyl NDGA 

 

Scheme 6.1. Proposed synthesis of tetra-methyl NDGA analogue starting from tetraethyl 1,1,2,2-

ethanetetracarboxylate. 

 

Synthesis of 4-(bromomethyl)-1,2-dimethoxybenzene (19) 

 3,4-Dimethoxybenzyl alcohol (500 mg, 4.16 mmol) and diethyl ether (7 mL) were added into the 

reaction flask under N2 gas at 0 C. After 10 minutes, phosphorus tribromide (0.47mL, 4.99 mmol) was 
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added dropwise to the stirring mixture. The reaction was stirred at 0 C for one hour, and then stirred at 

room temperature for four hours. The mixture was poured into ice water and extracted with ethyl acetate 

(4  15 mL). The organic layer was washed with cold water, dried over MgSO4, filtered, and concentrated 

in vacuo to give 1 as a white solid (447 mg, 65%). 1H NMR (500Hz, CDCl3):  (ppm) 6.96 (dd, 1H), 

6.94 (d, 1H), 6.91 (d, 1H), 4.5 (s, 2H), 3.89 (s, 3H), 3.88 (s, 3H). 

 

Synthesis of tetraethyl 1,4-bis(3,4-dimethoxyphenyl)butane-2,2,3,3-tetracarboxylate (20) 

 A suspension of sodium hydride (60% in mineral oil, 153 mg, 6.38 mmol) and anhydrous THF 

(10 mL) was stirred under N2 and cooled to 0 °C. The 1,1,2,2-ethane tetracarboxylate (203 mg, 0.638 

mmol) was slowly added. The mixture was stirred for 20 minutes at 0oC. Bromo compound 19 (323 mg, 

1.4 mmol) was dissolved in 1 mL of ether, and added dropwise to the reaction. The reaction was refluxed 

for 24 hours under N2. The mixture was cooled to 0 °C and saturated ammonium chloride solution was 

added. The aqueous layer was extracted with ethyl acetate (4  15 mL), and the organic layer washed 

with brine, dried over MgSO4, filtered and concentrated in vacuo. Flash chromatography over silica (3:2 

Hexane/Ethyl Acetate) gave dialkylated 20 as yellowish oil (266 mg, 35%). 1H NMR (500Hz, CDCl3): 

 (ppm) 6.95 (d, 1H), 6.86 (dd, 1H), 6.73 (d, 1H), 4.10 (m, 6H), 3.25 (s, 3H), 3.24 (s, 3H), 1.26 (t, 6H). 

 

Synthesis of 2,3-bis(3,4-dimethoxybenzyl)-2,3-bis(hydroxymethyl)butane-1,4-diol (21) 

 To a solution of dialkylated 20 (115 mg, 0.185 mmol) in THF (10 mL) was added portion wise 

lithium aluminum hydride (70.5 mg, 1.85 mmol). The reaction was refluxed for 48 hours under N2. The 

mixture was cooled to 0 °C and the mixture was diluted with ether (10 mL). Water (1 mL) was carefully 
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added via syringe, followed with 10% NaOH (1 mL). Water (3 mL) was added after allowing the mixture 

to warm up to room temperature. Ethyl acetate (20 mL) and MgSO4 were added and stirred for 30 

minutes. The mixture was filtered and evaporated in vacuo. Flash chromatography over silica (3:1:1 

Ethyl Acetate/Hexane/Methanol) gave tetra-alcohol 21 as a white powder (19 mg, 30 %). 1H NMR 

(500Hz, DMSO-d6):  (ppm) 6.91 (d, 1H), 6.84 (dd, 1H), 6.79 (d, 1H), 5.5 (s, 2H), 3.72 (s, 6H), 3.4 (s, 

4H), 2.89 (s, 2H). ESI-MS (m/z) 449.3 [M - H]-. 

 

Synthesis of 1,4-bis(3,4-dimethoxyphenyl)butane-2,2,3,3-tetrayl tetramethanesulfonate (22) 

 The 2,3-bis(3,4-dimethoxybenzyl)-2,3-bis(hydroxymethyl)butane-1,4-diol (90 mg, 0.2 mmol) 

was added in DCM (5 mL) under N2. DMAP (7.3 mg, 0.06 mmol) was added. The reaction was placed 

on an ice bath, and TEA (0.08 mL, 0.6 mmol) was added dropwise. After 10 minutes, mesyl chloride 

(0.09 mL, 1.2 mmol) was added dropwise at 0 °C. The reaction was stirred for 3 hours under N2 at 0 °C. 

Methanol (5 mL) and water (10 mL) were added to quench the reaction and the aqueous layer was 

extracted with ethyl acetate (3  15 mL). The organic layer was washed with 1M HCl solution, brine, 

saturated ammonium chloride solution and saturated sodium bicarbonate solution, and dried over MgSO4 

to give a brown oil. The product was used in the next step without purification. 

 

6.3 Results and Discussion 

 The synthesis of tetra-methyl NDGA is a challenge essentially because of the presence of two 

adjacent quaternary carbons in the alkyl chain. Unsuccessful prior attempts to prepare this compound 

using different routes by our group suffered from low yields, cost of starting materials and poor reactivity. 



 

 

122 

We have adapted a synthetic pathway (Scheme 6.2) using tetraethyl 1,1,2,2-ethanetetracarboxylate as 

starting material that has better reported yields and low cost of starting materials [136]. 

 The first step involves the conversion of the benzyl alcohol to benzyl bromide 19 using 

phosphorus tribromide (PBr3). The reaction with PBr3 proceeded smoothly, but the purification was 

found challenging due to the labile nature of the bromo compound towards moisture. Therefore, 

compound 19 was isolated and used as is in the second step to react with the di-malonate using sodium 

hydride to yield the dialkylated product 20. Using the reducing agent lithium aluminum hydride, the four 

esters are reduced to give tetra-ol 21. Treatment of 21 with methanesulfonyl chloride in DCM yielded 

the tetra-mesyl compound 22. Purification of compound 22 was found to be tricky, and several attempts 

were made to use this compound without purification in the next step. Bromination of compound 22 

using lithium bromide to yield 23, or a direct reduction of 22 using sodium borohydride to give 24 were 

also carried out without success. Additionally, tosylation of compound 21 was also attempted without 

success.  

 An alternative attempt to make the tetra-methyl NDGA was made using a similar synthetic route 

previously reported for the preparation of a diphenylethane M4-DPE (Chapter 3) by preparing a tertiary 

alcohol which underwent TiCl4-mediated coupling [81]. Treatment of compound 3,4-dimethoxyphenyl 

acetophenone with the Grignard reagent which was generated in situ did not yield the proposed tertiary 

alcohol (Scheme 6.2). However, we could not find an example in the literature to prepare this alcohol via 

a Grignard. It is likely that this reaction is not favorable for benzyl alcohols, and the -proton abstraction 

competed with nucleophilic addition. 
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Scheme 6.2 Attempt to make a tertiary alcohol from 3,4-Dimethoxyphenyl acetophenone 

 Remarkably, the preparation of the tetramethyl NDGA has been extremely challenging. It is likely 

that steric hindrance contributes significantly to the difficulty in incorporation of the methyl groups. The 

approach used in this synthetic route consisted of forming a basic lignan skeleton. Once the skeleton was 

formed, the side chains of the intermediates were bulky and could be responsible for the poor reactivity.  

 A new procedure has been identified as a potential synthetic approach to prepare tetra-methyl 

NDGA (Scheme 6.3), with precedent in the literature [137]. The original procedure was designed to 

synthesize 1,2-diphenyl-3,3,4,4-tetramethylcyclobutene which has a similar chemical structure to the 

proposed tetra-methyl NDGA, except for the absence of phenol groups. One of the reasons that makes 

this synthetic scheme more appealing is the fact that the starting material is an intermediate for the 

synthesis of the diphenylethane DPE reported in chapter 3. Key steps in this proposed synthesis are 

alkyne formation from the dibromide, photochemical formation of the tetra-methyl substituted 

cyclobutene and ozonolysis of the cyclobutene. We have not performed these three reactions although 

we have experience with all of the other transformations shown. 
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Scheme 6.3. Potential synthetic approach for the synthesis of tetra-methyl NDGA  
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 The successful preparation of the tetra-methyl NDGA will be required to provide an 

understanding of how additional methyl groups influence the rate of oxidative cyclization.  
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7. Chapter 7: General Discussion 

Historically, natural products have been used to treat many diseases and illnesses [138]. Natural 

products possess a range of pharmacological properties in vivo, yet their metabolic fate can differ from 

their metabolism in vitro due to their instability when exposed to aqueous buffers used in in vitro 

incubation systems [72–75]. Some well-understood examples include curcumin [72,73] and numerous 

flavonols and catechins [74,75]. Previously we have reported that the natural polyphenol NDGA is not 

stable in aqueous solution at pH 7.4 and cyclizes to form a dibenzocyclooctadiene (cNDGA) [5]. Similar 

cyclized lignans, the schisandrins (Figure 7.1) are naturally-occurring metabolites in plants, and have 

been extensively studied for various pharmacological properties [84] 

 

 

Figure 7.1 Chemical structures of dibenzocyclooctadienes. Schisandrins (schisandrin A and gomisin J) 

isolated from Schisandra chinensis and cNDGA formed from the autoxidation of NDGA.  

NDGA has been used in traditional medicine, and many in vitro experiments have been done 

under these conditions to investigate its biological properties [139]. It is important to determine whether 

the oxidation product cNDGA is responsible for the biological activity reported in vitro. Both NDGA 

and cNDGA were found to inhibit -synuclein aggregation in vitro and the activity was abolished when 
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reducing agents were present preventing oxidation of either NDGA or cNDGA [11]. Whether the 

oxidation process alone or oxidation and NDGA/cNDGA are required to prevent -synuclein 

aggregation is unknown. 

Similarly to dibenzocyclooctadienes, six-membered rings are also naturally-occurring 

metabolites found in plants with biological properties reported (Figure 7.2), such as lusianthridin [140], 

confusarin [141], and flavanthrinin [142]. Additionally, we found a series of substituted diphenylethane 

dicatechols in the patent literature reported to inhibit -synuclein aggregation in vitro [9]. This led us to 

speculate whether the observed autoxidation-intramolecular cyclization process for NDGA also occurs 

to dicatechols containing shorter alkyl linkers, and whether the autoxidation product is responsible for 

the biological activity seen in vitro. Therefore, we designed and synthesized a series of diphenylethanes 

(DPE, M2-DPE, and M4-DPE) to evaluate their autoxidative potential in buffer at pH 7.4.  

 

 

Figure 7.2. Naturally-occurring dibenzocyclohexadienes. Lusianthridin, metabolite from Dendrobium 

venustum. Confusarin and flavanthrinin are found in the orchids Eria confusa and Bulbophyllum 

reptans. 

The DPEs underwent autoxidation to form dibenzocyclohexadienes, although 10-30 times more 

rapidly than NDGA formed dibenzocyclooctadienes. We have also verified that the presence of oxygen 



 

 

128 

increases the oxidation rate, whereas nitrogen and ambient conditions are comparable at a slower rate. 

Interestingly, the intramolecular cyclization rate increased with the number of methyl substituents on the 

alkyl linker in the DPEs, in agreement with the vicinal dimethyl effect reported for lactone cyclization 

[85]. It would be interesting to see if the opposite trend observed for NDGA holds with tetra-methyl 

NDGA. As opposed to NDGA, we observed the formation of a mixture of regioisomers for all of our 

diphenylethane analogs (Figure 7.3). 

 

Figure 7.3. Autoxidative products of DPE (o-DPE A, o-DPE-B, o-DPE C), M2-DPE (o-M2-DPE A, o-

M2-DPE B), and M4-DPE (o-M4-DPE A, o-M4-DPE B).  

The DPEs and their cyclized products from autoxidation were found to significantly inhibit -

synuclein aggregation at two concentrations of 100 and 500 µM. In fact, M2-DPE cyclized products and 

o-M4-DPE A significantly reduced (p < 0.05) the aggregation as compared to cNDGA at the same 

concentration. Even though for the other compounds this difference was not statistically significant, we 
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were able to observe a concentration-dependent inhibition of -synuclein aggregation.  

As discussed previously, besides the known pharmacological properties of NDGA there are 

toxicological effects reported possibly mediated by reactive metabolite formation [143]. Our group have 

reported that cNDGA and other dibenzocyclooctadiene derivatives are not stable in aqueous solution 

over time, and the resulting product was trapped with GSH indicating reactive quinone formation [6]. 

We anticipated that the autoxidation products for DPE, M2-DPE and M4-DPE would also decompose to 

reactive quinone species. Indeed, we were able to trap quinones using GSH for o-DPE-A, o-DPE-C, o-

M2-DPE-B, o-M4-DPE-A and o-M4-DPE-B, but not with the fully aromatized compounds o-DPE B and 

o-M2-DPE-A (stable up to 24 hours). 

Considering our interest in studying the stability of natural products, we were interested in the 

polyphenol quebecol which has been isolated from maple syrup and has reported chemopreventive and 

chemotherapeutic properties [61]. Quebecol analogs have been prepared as potential drug leads, and yet 

no hepatic metabolism data is available. Phase I metabolism could lead to dealkylation of the methoxy 

groups, and formation of dicatechols. Since we have determined that substituted diphenylethane 

dicatechols can undergo intramolecular cyclization to dibenzocyclohexadienes, we speculated that a 

quebecol dicatechol produced by dealkylation could undergo intramolecular cyclization to form 5 or 6-

membered rings. At the same time, quebecol could extensively undergo phase 2 metabolism given the 

number of phenols in its structure. We were also concerned with the possibility that quebecol could 

undergo oxidation to a p-QM which could have toxicological implications. 

The results from our in vitro metabolism studies have demonstrated that no cytochrome P450 

metabolites were detected using rat, mouse, and human liver microsomes. In contrast, extensive phase 2 

glucuronidation was observed with the formation of three glucuronide conjugates in similar amounts. 
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This is not the first study to demonstrate a minimal phase 1 metabolism for polyphenol natural products. 

In agreement with our results, the polyphenols NDGA and enterolactone predominantly undergo phase 

2 glucuronidation and minor P450-mediated metabolism [19,56]. It is important to note that we would 

also expect contributions to phase 2 metabolism by sulfotransferases, however we did not determine 

quebecol sulfonation in this study.  

Since phase 2 glucuronidation was detected as the major in vitro metabolic route, we carried out 

in vitro enzyme kinetic studies to estimate the relative contribution of the liver to presystemic 

glucuronidation of quebecol by determining Clint and KM. Monitoring kinetics using the substrate 

depletion approach is an alternative to the traditional method by monitoring product formation [111]. By 

using this approach, the calibration curves in the analytical method are prepared based on the parent 

compound instead of the metabolite standards [107–110]. It has been determined that kinetics parameters 

obtained using the substrate depletion approach are comparable with those studies obtained by measuring 

product formation [111]. Previously, we used the substrate depletion approach to follow UGT 

metabolism [56] and herein, we have validated an HPLC-UV method to measure the phase 2 

glucuronidation using the substrate depletion approach. 

We have determined that the Michaelis constant (KM) value for quebecol is 5.1 µM. This is an 

important pharmacokinetic parameter to understand the role of the metabolizing enzyme, and the 

potential of a substrate’s ability to saturate a specific enzyme in the metabolism. As a comparison, 4-

hydroxy tamoxifen is a tamoxifen phase 1 metabolite and its major elimination route is via 

glucuronidation. The KM values of this metabolite in UGT1A7 (KM = 7.4  µM) and UGT2B7 (KM = 3.7  

µM) are comparable to the value we determined for quebecol glucuronidation [117]. 

The metabolite 4-hydroxy tamoxifen is formed via cytochrome P450-mediated hydroxylation, 
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which can further oxidize to generate a p-QM leading to potential toxicological effects due to the 

formation of DNA adducts [120,121]. Due to the structural similarity between tamoxifen and quebecol, 

in this study we also investigated whether quebecol could form P450 reactive intermediates in liver 

microsomes. However, we were unable to detect any p-QMs in hepatic microsomes. 

We then attempted to prepare quebecol para-quinone methide (p-QM) standards by chemical 

oxidation using Ag2O. Incubation of quebecol with Ag2O led to a color change compatible with 

oxidation, however resulted in loss of quebecol and an increase in the backpressure on HPLC. This 

suggested to us the formation of an insoluble polymer. Another chemical oxidant, MnO2, was used to 

prepare tamoxifen quinone methides. We used MnO2, and we were able to trap quinones as GSH adducts. 

However, we observed demethylation of the methoxy groups in quebecol, leading to further oxidation 

and o-quinone formation. O-Demethylation by MnO2 was not found in literature, but we were able to 

locate reports of MnO2-mediated N-methyl dealkylation [132]. Our results suggest formation of a p-QM 

from quebecol is unlikely to occur as a result of steric crowding para to the phenolic OH and rapid phase 

2 metabolism. 

Our initial hypothesis was that P450-mediated dealkylation products of quebecol could undergo 

intramolecular cyclization to form 6-membered rings. We were able to demonstrate intramolecular 

cyclization in our DPE model compounds but were unable to confirm if this was the result of C-C bond 

formation or C-O bond formation. For quebecol P450-mediated metabolism did not occur, although we 

reported that an intramolecular cyclization has likely occurred after MnO2 incubation. Based on our data, 

intramolecular cyclization of the alcohol could have occurred, and it is unknown whether it results 

preferentially in a 5 or 6-membered ring. 

8.  
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Chapter 8: Future Directions 

   We have attempted to make the tetra-methyl NDGA without success. The successful synthesis of 

the tetra-methyl NDGA and its autoxidation potential at pH 7.4 will provide an understanding of how 

additional methyl groups influence the rate of oxidative cyclization. A new synthetic scheme has been 

proposed in Chapter 6. 

 Similar to cNDGA, we have reported that cyclized DPEs can inhibit α-synuclein. It is unclear 

how this interaction occurs. Photoaffinity labeling is one of the techniques that may be useful to 

determine how the cyclized DPEs interact with α-synuclein. Currently, there is a student in our group 

who will be exploring this pathway by preparing cyclized DPEs labeled with diazirines.  

 One of our hypotheses was that quebecol could form a p-QM, however we were unable to find 

evidence of its formation in microsomes and using chemical oxidation procedures. To better understand 

this process, three compounds (Figure 8.1) could serve as models to study p-QM formation. Compound 

26 is a (MeO)2-DPE analogue (Chapter 3) with only one ring substituted, and 27 is a diphenylmethane. 

Compound 28 is a quebecol analogue with only one ring substituted and without the presence of the 

alcohol. 

 

 

Figure 8.1. Proposed model compounds to study p-QM reactivity 
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 Another important experiment that could be done is to prepare a series of compounds (Figure 8.2) 

to understand whether the oxidized quebecol cyclizes through a C-C or C-O bond (Chapter 5). Using the 

same approach as the DPEs, measuring the stability of 30 and 31 at pH 7.4 would provide important 

information whether the alcohol prefers to attack one position or the other by determining the products 

of autoxidation at pH 7.4 and determining the in vitro kinetics. Preparation of standards by oxidizing the 

catechols into quinones is necessary for NMR characterization and to confirm the 5- or 6-membered ring 

formed at pH 7.4. In addition, if no cyclized product is formed it would suggest that C-C formation in 

quebecol likely predominates. 

 

 

Figure 8.3. Proposed model compounds to probe ring closure  

Preparing quebecol analogs with only one ring substituted to direct the 5- or 6-membered ether 

ring formation can serve as another strategy (Figure 8.4). 
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Figure 8.5. Proposed quebecol analogs to study 5- or 6-membered ring formation. 
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Autoxidation of diphenylethane analogs 

 

Table S1. Different timepoints for autoxidation kinetics 

Timepoints (minutes) 

DPE M2-DPE M4-DPE 

0 0 0 

5 2.5 2.5 

10 5 5 

15 7.5 7.5 

20 10 10 

25 12.5 12.5 

30 15 15 

35 17.5 17.5 

40 20 20 

    

 

 

 

Table S2. Reverse phase column gradient elution conditions 

Method I  Method II  Method III 

Time 

(min) 
A (%) B (%) 

 

Time 

(min) 
A (%) B (%) 

 

Time 

(min) 
A (%) B (%) 

0 90 10  0 90 10  0 90 10 

5 90 10  5 90 10  2.5 90 10 

10 60 40  30 50 50  25 10 90 

25 10 90  34 10 90  26 90 10 

26 90 10  35 90 10  36 90 10 

36 90 10  42 90 10  
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Autoxidation products of DPE 

  

Figure S1. 1H NMR for o-DPE A  
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Figure S2. 13C NMR for o-DPE A 
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Figure S3. 1H NMR for o-DPE B  
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Figure S4. 13C NMR for o-DPE B 

 



 

 

149 

 

Figure S5. 1H NMR for o-DPE C  
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Figure S6. 13C NMR for o-DPE C 
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Figure S7. 1H NMR for o-M2-DPE A 
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Figure S8. 13C NMR for o-M2-DPE A 
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Figure S9. 1H NMR for o-M2-DPE B 
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Figure S10. 1H NMR for o-M4-DPE A 
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Figure S11. 1H NMR for o-M4-DPE B 
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Figure S12. 13C NMR for o-M4-DPE B 
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Figure S13. Standard curves of DPE, o-DPE B, M2-DPE, and M4-DPE  
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Figure S14. ESI-MS in positive mode scan for neutral loss (NL) of m/z 129 for the detection of GSH 

conjugates for o-DPE-A (A), o-DPE-C (B), o-M2-DPE-B (C), o-M4-DPE-A (D) and o-M4-DPE-B (E).  
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Figure S15. 1H NMR for compound 1-(benzyloxy)-4-bromo-2-methoxybenzene (9)  
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Figure S16. 1H NMR for compound 4-(benzyloxy)-3-methoxybenzaldehyde (10)  
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Figure S17. 1H NMR for compound bis(4-(benzyloxy)-3-methoxyphenyl)methanol (11). 
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Figure S18. 13C NMR for compound bis(4-(benzyloxy)-3-methoxyphenyl)methanol (11)  
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Figure S19. 1H NMR for compound methyl 2-(4-(benzyloxy)-3-methoxyphenyl)acetate (13) 

 



 

 

164 

 

Figure S20. 13C NMR for compound methyl 2-(4-(benzyloxy)-3-methoxyphenyl)acetate (13)  

 

 



 

 

165 

 

Figure S21. 1H NMR for compound methyl 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propanoate 

(14) 
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Figure S22. 13C NMR for compound methyl 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propanoate (14) 
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Figure S23.. 1H NMR for compound 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propan-1-ol (15) 
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Figure S24. 13C NMR for compound 2,3,3-tris(4-(benzyloxy)-3-methoxyphenyl)propan-1-ol (15) 
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Figure S25. 1H NMR for 4,4',4''-(3-hydroxypropane-1,1,2-triyl)tris(2-methoxyphenol) (Quebecol) 
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Figure S26. 13C NMR for 4,4',4''-(3-hydroxypropane-1,1,2-triyl)tris(2-methoxyphenol) (Quebecol) 
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Figure S27. HRMS (TOF ESI-MS) of Quebecol in negative ion mode. Calcd for C24H26O7 (M-H)- 

425.1606, found 425.1597. 

 

 

 

 

Figure S28. A plot of natural log percent remaining versus time at a low concentration (5µM) 
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Figure S29. A plot of natural log percent remaining versus time at a higher concentration (30 µM) 

 

Table S3. Various quebecol concentrations (5-30 µM) versus percent remaining for human liver 

microsomal kinetic study 

Quebecol Concentration (µM) Final percent remaining (%) kdep (min-1) 

5 76.6 0.0112 

7 78.9 0.0089 

9 84.3 0.0069 

13 85.2 0.0060 

15 87.5 0.0055 

17 92.3 0.0053 

20 93.8 0.0052 

30 92.1 0.0049 
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Figure S30. 1H NMR for compound 16  
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Figure S31. 1H NMR for compound 17 
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Figure S32. 1H NMR for compound 18 
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Figure S33.  13C NMR for compound 18 
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Figure S34. 1H NMR for (MeO)2-DPE 
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Figure S35. 13C NMR for (MeO)2-DPE 
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