
 

ABSTRACT 

Targeting Tumor Hypoxia with Small-Molecule Anticancer Agents 

Evelyn D. Le 

Director: Kevin G. Pinney, Ph.D. 

 

A vascular network delivers nutrients and oxygen to solid tumors, therefore 
selectively targeting tumor vasculature with anticancer agents represents a potentially 
promising therapeutic strategy. Small-molecule anticancer compounds that interact at the 
colchicine-binding site on beta-tubulin and inhibit microtubule formation can function as 
cytotoxic agents. In addition, a sub-set of these inhibitors of tubulin polymerization 
selectively disrupt blood flow to tumors and are referred to as vascular disrupting agents 
(VDAs). Through their ability to inhibit tubulin polymerization, VDAs induce 
morphology changes in the endothelial cells lining tumor vasculature, leading to vessel 
damage and ultimately precluding blood flow to the tumor. A variety of solid tumor 
cancers contain pronounced regions of low oxygen (hypoxia). In order to selectively 
target tumor hypoxia, small-molecule tubulin-binding agents (both antiproliferative 
agents and VDAs) can be synthetically linked to bioreductive triggers such as 
monomethyl or dimethyl nitrothiophenes, forming bioreductively activatable prodrug 
conjugates (BAPCs) that are designed to selectively release the anticancer agent in 
regions of hypoxia. The natural product combretastatin A-1 (CA1) and a synthetic 
analogue, phenstatin, are potent inhibitors of tubulin polymerization (IC50 = 1.9 µM and 
1.0 µM, respectively) and CA1 functions as a VDA. The focus of this study centers on 
the synthesis of CA1 BAPCs that incorporate a monomethyl trigger and a phenstatin 
BAPC bearing a dimethyl trigger. 
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CHAPTER ONE 

  Introduction 
 
 

The Vascular Network of Tumor Tissue 
 
 
 

A normal, healthy vascular network is hierarchically organized, and driven by metabolic 

demand and blood supply (Figure 1).1 Tumors are proficient in recruiting a sufficient blood 

supply to support their pronounced growth. Therefore, the vasculature that feeds tumors 

forms rapidly and tends to be inherently unstable and disorganized. The blood vessels 

including arterioles, capillaries, and venules are inconsistent in shape and diameter. Thus, 

nutrients are not delivered sufficiently and waste products are not removed via the 

lymphatic system effectively. The unique characteristics of tumor vasculature create new 

opportunities for selective vascular targeting strategies.1  

 

 

Figure 1: The vascular network of normal tissue versus tumor tissue [directly reproduced 

from reference 2].2  
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Vascular Targeting Agents 
 

 

Vascular targeting agents (VTAs) are divided into two groups: angiogenesis 

inhibiting agents (AIAs) and vascular disrupting agents (VDAs) (Figure 2).3–5 Their 

mechanisms of action are very distinct.  The AIAs inhibit the formation of new vessels 

while the VDAs destroy existing tumor vasculature.3 An example of an AIA is 

bevacizumab (AvastinTM), which is a recombinant humanized monoclonal antibody.6 

Bevacizumab binds to vascular endothelial growth factor (VEGF) and inhibits the 

interaction between VEGF and its corresponding receptors.5 The mechanism of small 

molecule VDAs involves the interaction with the tubulin-microtubule protein systems.7 

 

 

Figure 2: AIA and VDA [directly reproduced from reference 8].8 
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VDA Mechanism of Action 
 

 
 

The tubulin-microtubule protein system has several small-molecule binding sites 

such as vinca alkaloid, colchicine, taxoid binding domain on the microtubule, etc.9 They 

are located on the αβ- tubulin heterodimer and interact with a binding domain on the 

microtubule.7 Microtubule-destabilizing agents, which inhibit microtubule 

polymerization, bind to either vinca alkaloid or colchicine binding sites.10 Microtubule-

stabilizing agents, which enhance microtubule polymerization, bind to taxoid binding 

domain.11 This study centers on combretstatin, which is one of the microtubule-

destabilizing VDAs.   

The mechanism by which VDAs induce changes in the endothelial morphology of 

cells is by binding to the colchicine site on β-tubulin. VDAs disrupt mitotic spindles, 

induce cell cycle arrest at G2/M stage of the cell cycle and promote cell death.12 Even 

though arrested cells may escape from the spindle checkpoints, this event results in 

abnormal chromatid segregation, followed by cell death.12 As a result, microtubule 

disassembly leads to cell rounding and detachment, resulting in a rapid collapse in tumor 

blood flow.13  

In their collaborative (Pinney and Trawick Groups Baylor University) 2016 

article, these researchers proposed a mechanism of VDA’s effects on the endothelial 

cells.14 As depicted in Figure 3, a phosphatase enzyme will cleave  the phosphate from an 

inactive VDA prodrug, resulting in a release of the active VDA. Once the active VDAs 

enter the endothelial cell membrane via simple diffusion, they bind to the colchicine site 

on the tubulin heterodimer and prevent microtubule formation.14 As a result, tubulin 
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depolymerization occurs and subsequently, a guanidine diphosphatase (RhoA-GDP) is 

phosphorylated into a guanidine triphosphatase (RhoA-GTP) that activates Rho kinase 

(ROCK) and regulates a cytoskeleton reorganization. This includes an increase in cell 

contractility, formation of focal adhesion and membrane blebbing.15,16 ROCK has three 

routes of effect that occur simultaneously. Via a FAK pathway, ROCK phosphorylates 

the super assemblies of integrins, cytoskeletal and signaling proteins such as talin, α-

actinin, vinculin, paxilin, and focal adhesion kinase (FAK), increasing a focal adhesion 

formation and an actin-myosin contractility, leading to a significant detachment of 

endothelial cells.17,18 ROCK also phosphorylates a myosin light chain (MLC), which 

directly activates actin bundling, stress fiber formation, cell-extracellular matrix 

interactions, and disrupts cell-cell junctions, resulting in an increase in permeability.19 At 

the same time, ROCK inactivates the MLC phosphatase (MP), leading to the same 

effects.20  
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Figure 3: Proposed mechanism of action of VDA prodrug in activated endothelial cells 

[directly reproduced from reference 14]. 14 

 

In the  article published in 2005 by the Tozer group, they proposed a mechnism of 

action of the small molecule VDAs, which changes the endothelial cells into a blebbing 

shape.21 In vivo, this would increase the “vascular resistance to blood flow,”21 causing an 

increase in tumor vascular permeability and protein leakage.21 The leakage results in a 

retention of fluid, which generates a high interstitial fluid pressure upon the vasculature, 

causing  active vasoconstriction and vascular shutdown.21    
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Figure 4: Proposed mechanism of rapid tumor vascular shutdown after treatment with 

VDAs [directly reproduced from reference 21]. 21 

 

In short,  small molecule VDAs inhibit the assembly of tubulin into microtubules 

at the colchicine binding site of  tubulin, leading to microtubule depolymerization that 

results in cell retraction, rounding and detachment.5 Without sufficient oxygen and 

nutrients, the vascular damage due to VDA treatment leads to cell death.5 

 

Targeting Hypoxia and Bioreductively Activatable Prodrug Conjugates 
 

 
 
Small-molecule tubulin-binding VDAs can be synthetically linked to bioreductive 

triggers, forming bioreductively activatable prodrug conjugates (BAPCs) that are 

designed to selectively release the anticancer agent in the hypoxic regions.22 Bioreductive 

prodrugs are biologically inactive molecules that use enzymatic reduction to convert to an 

active form.23 Enzymatic reduction mechanisms can involve a one-electron reduction or a 
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two-electron reduction.22 One electron reductases catalyze an oxygen-sensitive activation 

of bioreductive prodrugs in which one electron reductases generate prodrug free radical 

species  under hypoxic conditions.24 They then can undergo further fragmentaion and 

disproportionation and become cytotoxic agents.24 Under normoxic conditions however, 

due to the redox cycle, the free radical species can reoxidize back to their parent 

compound and generate superoxide radicals.25 Thus, no futher fragmentation or cytotoxic 

agents can occur. The two-electron reductase bypasses the formation of an intemediate 

radical prodrug step, leading to a formation of active toxic drug.25 This irreversible 

pathway catalyzes an insensitive oxygen activation of bioreductive prodrugs.24 There are 

numerous chemical classes of BAPCs including: nitro groups, quinones, aromatic N-

oxides, aliphatic N-oxides and transition metals.22 

 
Clinical Experience of VDAs 

 
PR-104, is the first hypoxia-activated prodrug compound that entered clinical 

trials.26 It has currently undergone a phase I/II study experimenting on leukemia27 and is 

still active in clinical trials.22,25 Its mechanism of action involves the one-electron 

reductase enzyme known as NADPH:cytochrome P450 oxidoreductase (P450), which 

catalyzes the transfer of electrons to microsomal cytochrome P450.28 The endogenous 

nitroreductases [Figure 5] in the tumor activate the reactive center of PR-104, producing 

an oxygen-sensitive free radical intermediate, thus generating an activated nitrogen 

mustard that has more reactive leaving groups such as bromide and mesylate.29 PR-104 

prodrug functions as a hypoxia-selective DNA cross-linking agent.         
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Figure 5: Mechanism of action of PR-104 [directly reproduced from reference 30].30 

 

Tirapazamine is a bioreductive prodrug, which belongs to the aromatic N-oxide 

chemical class.22 In Figure 6, the one-electron reductase activates tirapazamine and split it 

into one of two active radical forms.31 The trigger becomes a Michael acceptor, which 

binds to nucleophilic bases, damaging DNA by breaking its double strand.32 In 2010, the 

Kenny Group (Peter MacCallum Cancer Center, Australia) conducted a phase III clinical 

trial study of tirapazamine (TPZ), cisplatin (CIS), and radiation versus cisplatin and 

radiation of advanced head and neck cancer cells over 2 years.33 The study recruited 

patients from 89 sites in 16 countries and used a randomized trial.27 As a result, there is 

no evidence that shows a significant improvement when adding tirapazamine to cisplatin 

and radiation (65.7% for CIS and 66.2% for TPZ/CIS).33 Therefore, its current clinical 

status is closed.22 

Figure 6: Mechanism of action of Tirapazamine [directly reproduced from reference 31].31 
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 Combretastatin A-1 (CA1)34 and combretastatin A-4 (CA4)35 [Fig. 7] are both 

natural products that are isolated from the South African tree Combretum caffrum. They 

are both strong inhibitors of tubulin polymerization that can be synthetically linked to 

bioreductive triggers, forming BAPCs.36 CA1 and CA4 share nearly identical stillbene 

structures except that CA1 has an additional hydroxyl group at the C-2’ position.37 A 

monophosphate group attached to the C-3’ position of CA4 has proven to be water 

soluble (referred to as CA4P); and morover successful in phase I clinical trials.38 In 2015, 

OXiGENE has announced that CA4P will undergo phase II/III randomized studies in 

ovarian cancer. As a result, the study will be started in May, 2016 focussing on 

PCC/bevacizumab/CA4P against PCC/bevacizumab/placebo, in which phase II recruits 

80 subjects and phase III recruits 356 subjects.39 Meanwhile, a water-soluble diphosphate 

prodrug derivative of CA1 (referred to as CA1P) has undergone phase I clinical trials 

experimenting on acute myelogeneous leukemia (AML), myelodysplastic syndromes 

(MDS) and hepatic tumors.40,41 

Structure activity relationship (SAR) studies related to CA4 analogues and 

derivatives led to an effort to prepare an epoxide moiety as a replacement for the ethylene 

bridge. Interestingly, a Jacobsen epoxidation reaction did not yield the intended CA4-

epoxide bur rather formed an interesting diaryl ketone referred to as phenstatin.42 The 

epoxide of CA4 was eventually prepared by sulfur ylide mediated epoxiation of silyl-

protected isovanillin.43 This new vascular discrupting agent was synthesized by the Pettit 

group in 1998.42 Phenstatin and phenstatin prodrug have not yet entered clinical trials.  
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Figure 7: Combretastatin A-1 34, combretastatin A-4 35 , phenstatin 44 

 

The sulforhodamine B (SRB) assay is used for cytotoxicity determination, 

including GI50 values at 50% growth inhibition and IC50 values at 50% inhibitory 

concentration, based on the measurement of cellular protein content. Compounds are 

adherent to a 96-well format and incubated. The monolayer is fixed with 10% 

trichloroacetic acid and stained for 30 minutes. 10 mM Tris base is used to dissolve the 

protein-bound dye. The excess dye is washed by 1% acetic acid. A microplate reader is 

used to determine the cytotoxicity at 510nm.45   

Cytotoxicity (GI50 values at 50% growth inhibition) of the three stilbenes in three 

different cancer cell lines (Table 1), ranks them from highest to lowest as CA1, 

phenstatin, and CA4 respectively.42,46 In order to achieve 50% reduction in proliferation 

of cancer cell growth, a higher concentration of CA1 is needed to achieve the same result 

as phenstatin and CA4 at lower concentrations. Thus, CA4 is better than CA1 and 

phenstatin in term of 50% reduction of proliferation of cancer cell growth.42  

CA4 and phenstatin (Table 2) have almost equivalent effectiveness in inhibiting 

the tubulin polymerization (IC50  = 1.2 µM and 1.0 µM, respectively), which are better 

than CA1 (IC50 = 1.9 µM).42,46,47  
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 GI50 (nM)  
DU-145 
Prostate 

GI50 (nM) 
SK-OV-3 
Ovarian 

GI50 (nM)  
NCI-H460  
Lung  

CA4a 6.02 ± 0.66  5.06 ± 0.145  5.00 ± 0.359  

CA1a 33.0   ± 17.3 38.4 ± 24.2  15.3 ± 15.8  

Phenstatinb  ND 10.4  17.9  

Table 1: SRB cytotoxicity assay data for combretastatin A-1, combretastatin A-4, and 

phenstatin against human cancer cell lines [DU-145 (prostate), SK-OV-3 (ovarian), and 

NCI-H460 (lung)] 

a Data from Ref. 44 

b Data from Ref. 40 

 

 Combretastatin A-4a Combretastatin A-1b Phenstatinc

IC50 (µM) ± SD 
Tubulin polymerization 
inhibition 

1.2 ± 0.1  1.9  1.0 ± 0.2  

Table 2: Inhibition of tubulin polymerization of combretastatin A-1, combretastatin A-4, 

and phenstatin.  

a  Data from Ref. 44 

b Data from Ref. 45 

c Data from Ref. 40 

 
Bioreductive Nitrothiophene Triggers 

 
 
 

In 2006, Peter Davis and co-workers synthesized three nitropthiophene triggers 

that were synthetically attached to CA4.48 The geminal dimethyl trigger (Figure 8) was 
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the most effective because it displayed the most resistance to aerobic metabolism.48 This 

means that CA4 with the trigger attached would target the hypoxic region specifically 

without affecting the normal oxygen environment or other related normal cells.48  

Moreover, the sterically bulky geminal methyl groups helped stabilize the compounds 

without releasing the anti-cancer agent early due to enzymatic processes.48 Furthermore, 

less metabolic oxidation occured due to a lack of a hydrogen atom at the α position to the 

aromatic group.48 The normethyl trigger has two hydrogens at the α position and the 

monomethyl trigger has one while the geminal dimethyl has none. Different range of 

oxigen (hypoxia or normoxia) would oxidize the hydrogen and cleave the drug. Thus, the 

CA4 with geminal dimethyl or monomethyl triggers attached would not likely cleave in 

different range of oxygen.48  

 

 

Figure 8: Nitrothiophene triggers [directly reproduced from reference 48]. 48   

 

The reduction mechanism (Fig 9) for CA4 with the geminal-dimethyl 

nitrothiophene trigger attached was carried out via cytochrome P450 reductase, releasing 

the active CA4.48 Thus, the CA4 BAPC functions as an inactivated produg that needs the 

Cyt P450 reductase to activate and cleave off the trigger to release CA4. CA4 becomes an 

active agent that goes through the signal pathways as described in Figure 3 and 4. 
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Figure 9: CA4 BAPC reduction mechanism [directly reproduced from reference 48].48 

 

The general concept in this study is taking potent inhibitors of tubulin 

polymerization and preparing them as BAPCs to selectively target hypoxia. Particularly, 

in this study, a selective protection strategy is used to synthesize CA1 based on the work 

from the Pinney Group (Baylor University)49,50 in order to attach the synthesized 

monomethyl nitrothiophene trigger to the C-2 or C-3 position. The synthesis of phenstatin 

will also be performed in order to attach the geminal-dimethyl nitrothiophene trigger to 

the C-3 position.  
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CHAPTER TWO 

Results and Discussions 
  
 

Scheme 1 focuses on the synthesis of the nitrothienyl bioreductive triggers. 

Scheme 2 highlights the synthesis of protected CA1 analogs using the Wittig reaction, 

which produced both E- and Z- isomers, but favors the Z-isomer of CA1.30, 31 Scheme 3 

displays the synthesis of phenstatin analogs. 

 

Scheme 1: Synthesis of Nitrothiophene Bioreductive Triggers 48 

 

 The mono-methyl trigger 2 was generated by reacting ketone 1 with methyl 

lithium (CH3Li) and titanium tetrachloride (TiCl4) in diethyl ether.48 The mono-methyl 

trigger was then oxidized using Dess-Martin Oxidation (DMP) in dichloromethane to 

yield 3. The resultant ketone 3 was methylated using methyl lithium (CH3Li) and 

titanium tetrachloride (TiCl4) in diethyl ether to yield gem-dimethyl thiophene 4.48  
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Scheme 2: Synthesis of CA1 BAPCs 49,50 

 

The tert-butyldimethylsilyl ether (TBS) protecting group was used to synthesize 

the mono-trigger CA1, as shown in scheme 2.50 Boron chloride was used to selectively 

demethylate the aldehyde 5 to generate the diol required for CA1, yielding aldehyde 

6.49,50 Only the C-2 and C-3 methyl groups are cleaved, leaving C-4 methoxy 

unchanged.30,31 TBS groups were used to protect the phenolic alcohols of aldehyde 6 by 

treatment with triethylamine (Et3N), 4-dimethylaminopyridine (DMAP), and two 

equivalents of TBSCl to generate aldehyde 7.49,50 Phosphonium salt 8 in the Wittig 

reaction was used to react with aldehyde 7 to produce the Z- and E- isomers 9, favoring 

the Z-isomer.49 The stillbene 9 was deprotected using tetra-N-butylammonium fluoride 

(TBAF), yielding mono-protected stillbene 10 at C-2 and 11 at C-3.49  Stillbene 10 or 11, 

mono-methyl trigger 2, and triphenylphosphine were mixed using a Mitsunobu reaction 

to generate CA1 mono-methyl BAPC 12 or 13.49 Acetic acid (AcOH) and hydrochloric 

acid (HCl) were used to deprotect CA1 mono-methyl BAPC  14 and 15.49 
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Scheme 3: Synthesis of Phenstatin BAPCs 35 

 

The synthetic route for the phenstatin BAPCs is illustrated in Scheme 3.35 

Isovanilin 16 was reacted with TBSCl, DMAP, and Et3N to form a protected aldehyde 

17.35 The secondary alcohol 19 was formed by reacting the protected aldehyde 17 into a 

halogen-metal exchange with compound 18.35 The alcohol 19 was oxidized to the ketone 

20 using pyridinium chlorochromate (PCC) and K2CO3.
35 TBAF was used to deprotect 

the ketone 20, yielding phenstatin 21. The phenstatin-gem-dimethyl BAPC 22 was 

formed by mixing phenstatin 21, geminal-dimethyl trigger 3, ADDP, tributylphosphine in 

the Mitsunobu reaction.35 
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CHAPTER THREE 

Experimental Sections 
 
 
 

General Experimental Procedures.49,50 Dichloromethane [CH2Cl2] and tetrahydrofuran 

[THF] were used in their anhydrous forms. Reactions were, unless specified, performed 

under an inert atmosphere using nitrogen gas. Thin-layer chromatography (TLC) plates 

(precoated glass plates with silica gel 60 F254, 0.25 mm thickness) were used to monitor 

reactions. Purification of intermediates and products were carried out with a flash 

purification system using silica gel (200-400 mesh, 60 Å) or RP-18 prepacked columns. 

Intermediates and products synthesized were characterized on the basis of their 1H NMR 

(500 MHz) and 13C NMR (125 MHz) spectroscopic data. TMS was used as an internal 

standard for spectra recorded in CDCl3. All the chemical shifts are expressed in ppm (δ), 

coupling constants (J) are presented in Hz, and peak patterns are reported as broad (br), 

singlet (s), doublet (d), doublet of doublets (dd) triplet (t), quartet (q), septet (sept), and 

multiplet (m). Purity of the final compounds was further analyzed at 25 °C using an 

Agilent 1200 HPLC system with a diode-array detector (λ = 190-400 nm), a Zorbax 

XDB-C18 HPLC column (4.6 mm x 150 mm, 5 μm), and a Zorbax reliance cartridge 

guard-column; eluents, solvent A, 0.1% TFA in H2O, solvent B, 0.08% TFA in 

acetonitrile-H2O (80:20 (v/v) ratio); gradient, 80% A/20% B over 0 to 5 min; 80% 

A/20% Bf5% A/ 95% B over 5 to 35 min; 5% A/95% B over 35 to 45 min; post-time 15 

min; flow rate 1.0 mL/min; injection volume 20 μL; monitored at wavelengths of 254, 

264, 280, and 300 nm. [Note: 4-dimethylaminopyridine is abbreviated DMAP, sodium 

bicarbonate is abbreviate NaHCO3, hydrochloric acid is abbreviated HCl, ethyl acetate is 
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abbreviated EtOAc, N,N-dimethylformamide is abbreviated DMF, chloroform-d is 

abbreviated CDCl3]  

 

1-(5-Nitrothiophen-2-yl)ethanol (2):32 In a dry ice bath at -78oC, TiCl4 (1.84 mL) was 

added dropwise in diethyl ether (70 mL). CH3Li (10.4 mL) was subsequently added 

dropwise to the solution and the reaction mixture was stirred for 1.5 h.  5-Nitrothiophene-

2-carboxaldehyde (1) (1.900 g, 12.09 mmol) was dissolved in Et2O (140 mL) and the 

solution was added dropwise to the previous TiCl4, CH3Li, and diethyl ether reaction 

using a drop funnel. The reaction was subsequently stirred for 12 h. The solution was 

then extracted with ethyl acetate, dried with sodium sulfate, and evaporated under 

reduced pressure. Flash chromatography of the crude product using a prepacked 100 g 

silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 10% A/90% B 

over 1.19 min (1 CV), 10% A/90% B  64% A/36% B over 13.12 min (10 CV), 64% 

A/36% B over 2.38 min (2 CV); flow rate 100.0 mL/min; monitored at λ 254 and 280 

nm] yielded 1-(5-nitrothiophen-2-yl)ethanol (2) (0.932 g, 5.38 mmol, 81%) as a brown 

oil, 1H NMR (500 MHz, CDCl3)  δ 7.81 (1H, d, J = 4 Hz), 6.90 (1H, d, J = 4 Hz), 5.15 

(1H, dq, J = 6 Hz, J = 5 Hz), 2.23 (1H, d, J = 5 Hz), 1.63 (3H, d, J = 6 Hz). 13C NMR 

(125 MHz, CDCl3) δ 160.0, 149.9, 129.1, 122.2, 66.3, 25.1.  

 

2-Acetyl-5-nitrothiophene (3):32 1-(5-Nitrothiophen-2-yl)ethanol (2) (4.700 g, 27.11 

mmol) was dissolved in CH2Cl2 (240 mL). DMP (14.20 g, 33.48 mmol) was added to the 

reaction, which was subsequently stirred for 1 h.  The reaction was then quenched with 

saturated Na2S2O3, then further quenched with NaHCO3. The solution was extracted with 
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ethyl acetate (3 x 30 mL), washed with 2 x H2O/brine, dried with Ns2SO4, and evaporated 

under reduced pressure. Flash chromatography of the crude product using a prepacked 

100 g silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 10% 

A/90% B over 1.19 min (1 CV), 10% A/90% B  80% A/20% B over 13.12 min (10 

CV), 80% A/20% B over 2.38 min (2 CV); flow rate 100.0 mL/min; monitored at λ 254 

and 280 nm] yielded 2-Acetyl-5-nitrothiophene (3) (4.437 g, 25.75 mmol, 95%) as a 

brown oil, 1H NMR (500 MHz, CDCl3)  δ 7.81 (1H, d, J = 4 Hz), 6.90 (1H, d, J = 4 Hz), 

5.15 (1H, dq, J = 6 Hz, J = 5 Hz), 2.23 (1H, d, J = 5 Hz), 1.63 (3H, d, J = 6 Hz). 13C 

NMR (125 MHz, CDCl3) δ 160.0, 149.9, 129.1, 122.2, 66.3, 25.1.  

 

2-(5-Nitrothien-2-yl)Propan-2-ol (4):32 In a dry ice bath at -78oC, TiCl4 (1.84 mL) was 

added dropwise in diethyl ether (70 mL). CH3Li (10.4 mL) was then added dropwise to 

the solution, which was subsequently stirred for 1.5 h. 2-Acetyl-5-nitrothiophene (3) 

(1.900 g, 11.02 mmol) was dissolved in Et2O (140 mL) and the solution was added 

dropwise to the previous TiCl4, CH3Li, and diethyl ether reaction using a drop funnel. The 

reaction was subsequently stirred for 12 h. The solution was then extracted with ethyl 

acetate, dried with sodium sulfate, and evaporated under reduced pressure. Flash 

chromatography of the crude product using a prepacked 100 g silica column [eluents: 

solvent A, EtOAc; solvent B, hexanes; gradient, 10% A/90% B over 1.19 min (1 CV), 

10% A/90% B  80% A/20% B over 13.12 min (10 CV), 80% A/20% B over 2.38 min 

(2 CV); flow rate 100.0 mL/min; monitored at λ 254 and 280 nm] yielded 1-(5-

Nitrothiophen-2-yl)Propan-2-ol (4) (2.037 g, 10.82 mmol, 42%) as a brown oil, 1H NMR 
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(60 MHz, CDCl3) ᵟ 1.67 (s, 6H), 2.1 (br, 1H), 6.88 (d, J = 4 Hz, 1H), 7.8 (d, J = 4 Hz, 1H) 

ppm. 

 

2,3-Dihydroxy-4-methoxybenzaldehyde (6):49,50 2,3,4-Trimethoxybenzaldehyde (5) 

(4.000 g, 20.30 mmol) was added to dry CH2Cl2 (80 mL) in a 0oC ice bath. Boron 

trichloride (45 mL, 45 mmol, 1.0 M) was added dropwise to the reaction and the solution 

was stirred for 18 h. The reaction was then quenched with NaHCO3 and acidified with 

HCl to pH 2. Ethyl acetate was used to extract the product, which was then dried with 

sodium sulfate, and evaporated under reduced pressure. Flash chromatography of the 

crude product using a prepacked 100 g silica column [eluents: solvent A, EtOAc; solvent 

B, hexanes; gradient, 10% A/90% B over 1.19 min (1 CV), 10% A/90% B  69% 

A/31% B over 13.12 min (10 CV), 69% A/31% B over 2.38 min (2 CV); flow rate 50.0 

mL/min; monitored at λ 254 and 280 nm] yielded 2,3-dihydroxy-4-methoxybenzaldehyde 

(6) (2.64 g, 15.7 mmol, 87%) as a yellow solid, 1H NMR (500 MHz, CDCl3) δ 11.12 (1H, 

s), 9.76 (1H, s), 7.15 (1H, d, J = 8.5 Hz), 6.63 (1H, d, J = 8.5 Hz), 5.46 (1H, s), 3.99 (3H, 

s). 13C NMR (125 MHz, CDCl3) δ 195.2, 153.0, 149.0, 133.0, 126.1, 116.1, 103.6, 56.4.    

 

2,3-bis((tert-Butyldimethylsilyl)oxy)-4-methoxybenzaldehyde (7):49,50 2,3-Dihydroxy-

4-methoxybenzaldehyde (6) (1.000 g, 5.950 mmol), triethylamine (2.000 mL, 14.30 

mmol) and DMAP (0.025 g, 0.200 mmol) were dissolved in dry CH2Cl2 (30 mL). Tert-

butyldimethylsilyl chloride [TBSCl] (2.100 g, 13.90 mmol) was added to the reaction, 

which was then stirred for 18 h. Sodium bicarbonate was used to quench the reaction, 

which was then extracted with dicholomethane, dried with sodium sulfate, and 
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evaporated under reduced pressure. Flash chromatography of the crude product using a 

prepacked 100 g silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 

7% A/93% B over 1.19 min (1 CV), 7% A/93% B  60% A/40% B over 13.12 min (10 

CV), 60% A/40% B over 2.38 min (2 CV); flow rate 50.0 mL/min; monitored at λ 254 

and 280 nm] yielded 2,3-bis((tert-butyldimethylsilyl)oxy)-4-methoxybenzaldehyde (7) 

(1.53 g, 3.86 mmol, 65%) as a white solid, 1H NMR (500 MHz, CDCl3) δ 10.23 (1H, s), 

7.50 (1H, d, J = 9 Hz), 6.63 (1H, d, J = 8.5 Hz), 3.84 (3H, s), 1.05 (9H, s), 0.99 (9H, s), 

0.14 (12H, s). 13C NMR (125 MHz, CDCl3) δ 188.9, 157.4, 150.8, 136.7, 123.3, 121.4, 

105.4, 55.1, 26.1, 26.0, 18.7, 18.5, -3.9, -3.9.  

 

(Z)-((3-Methoxy-6-(3,4,5-trimethoxystyryl)-1,2-phenylene)-bis(oxy))-bis(tert-

butyldimethylsilane) (9):49,50 Triphenyl(3,4,5-trimethoxybenzyl)phosphonium bromide 

(8) (3.20 g, 6.11 mmol) was dissolved in dry THF (100 mL) in a -10oC ice/salt bath. N-

butyllithium (2.6 mL, 6.5 mmol, 2.5 M) was added dropwise to the reaction and the 

solution was subsequently stirred for 30 minutes. 2,3-bis((tert-Butyldimethylsilyl)oxy)-4-

methoxybenzaldehyde (7) (2.000 g, 5.040 mmol) was dissolved in dry THF (10 mL)  and 

the solution was added dropwise to the reaction, which was subsequently stirred for 5 h. 

Water was used to quench the reaction. Then, the reaction was then evaporated under 

reduced pressure. Diethyl ether was used to extract the product, which was then dried 

with sodium sulfate and evaporated under reduced pressure. Flash chromatography of the 

crude product using a prepacked 100 g silica column [eluents: solvent A, EtOAc; solvent 

B, hexanes; gradient, 7% A/93% B over 1.19 min (1 CV), 7% A/93% B  40% A/60% 

B over 13.12 min (10 CV), 40% A/60% B over 2.38 min (2 CV); flow rate 40.0 mL/min; 
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monitored at λ 254 and 280 nm] yielded (Z)-((3-methoxy-6-(3,4,5-trimethoxystyryl)-1,2-

phenylene)-bis(oxy))-bis(tert-butyldimethylsilane) (9) (1.440 g, 2.570 mmol, 70%) of the 

Z- isomer as a white solid, 1H NMR (500 MHz, CDCl3) δ 6.92 (1H, d, J = 9 Hz), 6.62 

(2H, s), 6.60 (1H, d, J = 12 Hz), 6.37 (1H, d, J = 9 Hz), 6.37 (1H, d, J = 12 Hz), 3.83 

(3H, s), 3.74 (3H, s), 3.67 (6H, s), 1.04 (9H, s), 1.00 (9H, s), 0.19 (6H, s), 0.11 (6H, s). 

13C NMR (125 MHz, CDCl3) δ 152.7, 151.7, 136.8, 132.8, 127.7, 127.3, 123.2, 122.2, 

105.9, 104.1, 60.9, 55.8, 54.9, 26.4, 26.1, 18.7, 18.6, -3.2, -3.9. 

 

(Z)-2-Hydroxy-3-Methoxy-6-(3,4,5-trimethoxystyryl)benzene-1-tert-

butyldimethylsilane (10) and (Z)-1-Hydroxy-3-Methoxy-6-(3,4,5-

trimethoxystyryl)benzene-2-tert-butyldimethylsilane (11):51 (Z)-((3-Methoxy-6-(3,4,5-

trimethoxystyryl)-1,2-phenylene)-bis(oxy))-bis(tert-butyldimethylsilane) (5) (1.01 g, 1.79 

mmol) was dissolved in dry THF (40 mL). Tetrabutylammonium fluoride trihydrate 

(1.700 g, 5.400 mmol) was added to the reaction, which was subsequently stirred for 15 

min. Water was used to quench the reaction, which was then acidified with 3M HCl to 

pH 7, extracted with ethyl acetate, dried with sodium sulfate, and evaporated under 

reduced pressure. Flash chromatography of the crude product using a prepacked 100 g 

silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 12% A/88% B 

over 1.19 min (1 CV), 12% A/88% B  82% A/18% B over 13.12 min (10 CV), 82% 

A/18% B over 2.38 min (2 CV); flow rate 35.0 mL/min; monitored at λ 254 and 280 nm] 

yielded (Z)-2- Hydroxy-3-Methoxy-6-(3,4,5-trimethoxystyryl)benzene-1-tert-

butyldimethylsilane (10) and (Z)-1-Hydroxy-3-Methoxy-6-(3,4,5-

trimethoxystyryl)benzene-2-tert-butyldimethylsilane (11) (0.429 g, 0.882 mmol, 60%) as 



23 
 

a dark green solid, 1H NMR (500 MHz, CDCl3)  δ 7.83 (2H, d, J = 9 Hz), 7.32 (2H, d, J = 

8.5 Hz), 7.04 (1H, d, J = 9 Hz), 6.59 (1H, d, J = 12.5 Hz), 6.56 (1H, d, J = 12 Hz), 6.46 

(2H, s), 6.27 (1H, d, J = 8.5 Hz), 3.82 (3H, s), 3.67 (6H, s), 3.50 (3H, s), 2.44 (3H, s). 13C 

NMR (125 MHz, CDCl3) δ 152.7, 147.4, 145.3, 139.3, 137.1, 135.3, 133.5, 132.1, 131.3, 

129.6, 128.5, 125.7, 124.2, 120.8, 109.2, 106.1, 60.9, 56.4, 55.9, 21.7.  

 

(Z)-3-Methoxy-2-(2-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-

trimethoxystyryl)phenyl-1-tert-butyldimethylsilane (12) or (Z)-3-Methoxy-1-(2-(5-

nitrothiophen-2-yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenyl-2-tert-

butyldimethylsilane (13):32  The combination of 10 and 11 (0.200 g, 0.411 mmol), 

DIAD (0.100 g, 0.495 mmol), and 1-(5-Nitrothiophen-2-yl)ethanol (2) (0.059 g, 0.34 

mmol) were dissolved in dry CH2Cl2 (25 mL). Triphenylphosphine (0.216 g, 0.822 

mmol) was added and the reaction was stirred for two days. The reaction was quenched 

with water, extracted with ethyl acetate, dried with sodium sulfate, and evaporated under 

reduced pressure. Flash chromatography of the crude product using a prepacked 100 g 

silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 7% A/93% B 

over 1.19 min (1 CV), 7% A/93% B  41% A/59% B over 8.21 min (6.9 CV), 65% 

A/35% B  80%A/20%B over 1.19 min (1 CV), 80% A/10% B  90% A/ 10% B, 90% 

A/ 10% B; flow rate 90.0 mL/min; monitored at λ 254 and 280 nm] yielded (Z)-3-

Methoxy-2-(2-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenyl-1-tert-

butyldimethylsilane (12) and (Z)-3-Methoxy-1-(2-(5-nitrothiophen-2-yl)propoxy)-6-

(3,4,5-trimethoxystyryl)phenyl-2-tert-butyldimethylsilane (13) (0.160 g, 0.249 mmol, 

61%) as a yellow solid, 1H NMR (500 MHz, CDCl3)  δ 7.84 (2H, d, J = 8.5 Hz), 7.72 
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(1H, d, J = 4 Hz), 7.25 (2H, d, J = 8 Hz), 6.94 (1H, d, J = 8.5 Hz), 6.75 (1H, d, J = 4.5 

Hz), 6.66 (1H, d, J = 8.5 Hz), 6.48 (2H, s), 6.48 (1H, d, J = 10.5 Hz), 6.42 (1H, d, J = 12 

Hz), 5.32 (1H, q, J = 6 Hz), 3.83 (3H, s), 3.80 (3H, s), 3.67 (6H, s), 1.42 (3H, d, J = 6.5 

Hz). 13C NMR (125 MHz, CDCl3) δ 154.0, 152.8, 152.5, 145.1, 138.8, 134.5, 132.1, 

131.7, 129.5, 128.4, 127.8, 126.1, 126.0, 124.2, 123.8, 110.3, 106.2, 75.4, 60.9, 56.1, 

55.9, 21.9, 21.6, 21.5. 

 

(Z)-3-Methoxy-2-(2-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenol 

(14):32 (Z)-3-Methoxy-2-(2-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-

trimethoxystyryl)phenyl-1-tert-butyldimethylsilane (12) (1.000 g, 1.659 mmol) and 

AcOH were dissolved in THF (100 mL). 2M HCl was added and the reaction was stirred 

for 24 h. The reaction was quenched with water, extracted with ethyl acetate, dried with 

sodium sulfate, and evaporated under reduced pressure. Flash chromatography of the 

crude product using a prepacked 100g silica column. [eluent: solvent A, EtOAc; solvent 

B, hexanes; gradient, 10% A/90% B over 1.19 min (1 CV), 10% A/90% B  80% 

A/20% B over 13.12 min (10 CV), 80% A/20% B over 2.38 min (2 CV); flow rate 100.0 

mL/min; monitored at λ 254 and 280 nm] yielded (Z)-3-Methoxy-2-(2-(5-nitrothiophen-

2-yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenol (14) ( 0.004 g, 0.105 mmol, 42%) as a 

yellow solid. 1H NMR (600 MHz, CDCl3) ᵟ 7.78 (1H, s, J=4.2 Hz), 6.95 (1H, d, J=8.7 

Hz), 6.92 (1H, d, J=4.2 Hz), 6.58 (2H, s), 6.36 (1H, d, J=8.8 Hz), 5.71 (1H, s), 5.56 (1H, 

q, J=6.5 Hz), 3.83 (3H, s), 3.82 (3H, s), 3.67 (6H, s), 1.72 (3H, d, J=6.5Hz). 13C NMR 

(126 MHz, CDCl3) ᵟ 153.6, 152.8, 151.4, 147.5, 132.6, 132.2, 130.2, 128.2, 125.3, 123.8, 

123.7, 117.5, 110.0, 105.8, 103.4, 103.3, 75.2, 60.9, 55.9, 55.8, 21.7.   
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Z)-3-Methoxy-2-(1-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenol 

(15):32 (Z)-3-Methoxy-1-(2-(5-nitrothiophen-2-yl)propoxy)-6-(3,4,5-

trimethoxystyryl)phenyl-2-tert-butyldimethylsilane (13) (1.000 g, 1.659 mmol) and 

AcOH were dissolved in THF (100 mL). 2M HCl was added and the reaction was stirred 

for 24 h. The reaction was quenched with water, extracted with ethyl acetate, dried with 

sodium sulfate, and evaporated under reduced pressure. Flash chromatography of the 

crude product using a prepacked 100g silica column. [eluent: solvent A, EtOAc; solvent 

B, hexanes; gradient, 15% A/85% B over 1.19 min (1 CV), 15% A/85% B  100% 

A/0% B over 13.12 min (10 CV), 100% A/0% B over 2.38 min (2 CV); flow rate 25.0 

mL/min; monitored at λ 254 and 280 nm] yielded Z)-3-Methoxy-2-(1-(5-nitrothiophen-2-

yl)propoxy)-6-(3,4,5-trimethoxystyryl)phenol (15) (0.004 g, 0.105 mmol, 42%) as a 

yellow solid. 1H NMR (600MHz, CDCl3) ᵟ 7.74 (1H, d, J=4.2 Hz), 6.80 (1H, d, J=8.2 

Hz), 6.55 (1H, d, J=8.6 Hz), 6.54 (1H, d, J=12.4Hz), 6.47 (2H, s), 6.45 (1H, d, J=12.3 

Hz), 5.71 (1H, q, J= 6.4Hz), 5.65 (1H, s), 3.87 (3H, s), 3.84 (3H, s), 3.66 (6H, s), 1.71 

(3H, d, J=6.5 Hz). 13C NMR (126 MHz, CDCl3) ᵟ 154.5, 152.7, 146.9, 141.6, 138.5, 

137.2, 132.3, 130.2, 128.1, 125.0, 124.5, 123.7, 110.0, 106.4, 74.9, 60.9, 56.3, 55.8, 22.2. 

 

3-((tert-Butyldimethylsilyl)oxy)-4-methoxybenzaldehyde (17):44 Isovanillin (2.010 g, 

13.20 mmol), triethylamine (4.00 mL, 28.50 mmol), and DMAP (0.045 g, 0.370 mmol) 

were dissolved in dry CH2Cl2 (60 mL). tert-Butyldimethylsilyl chloride (2.214 g, 14.70 

mmol) was added to the reaction, which was subsequently stirred for 12 h. The reaction 

was quenched with water, extracted with diethyl ether, washed with water and brine, 
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dried with sodium sulfate, and evaporated under reduced pressure. Flash chromatography 

of the crude product using a prepacked 100 g silica column [eluents: solvent A, EtOAc; 

solvent B, hexanes; gradient, 10% A/90% B over 1.19 min (1 CV), 10% A/90% B  

27% A/73% B over 13.12 min (10 CV), 27% A/73% B over 2.38 min (2 CV); flow rate 

40.0 mL/min; monitored at λ 254 and 280 nm] yielded 3-((tert-butyldimethylsilyl)oxy)-4-

methoxybenzaldehyde (17) (3.17 g, 11.9 mmol, 90%) as a yellow oil, 1H NMR (500 

MHz, CDCl3) δ 9.82 (1H, s), 7.49 (1H, dd, J = 8.5 Hz, J = 2 Hz), 7.37 (1H, d, J = 2 Hz), 

6.96 (1H, d, J = 8.5 Hz), 3.90 (3H, s), 1.00 (9H, s), 0.17 (6H, s). 13C NMR (125 MHz, 

CDCl3) δ 190.9, 156.6, 130.2, 126.3, 120.0, 111.1, 55.6, 25.6, 18.4, -4.6.  

 

(3-((tert-Butyldimethylsilyl)oxy)-4-methoxyphenyl)(3,4,5-

trimethoxyphenyl)methanol (19):44 1-Bromo-3,4,5-trimethoxybenzene (1.810 g, 7.310 

mmol) was dissolved in dry THF (60 mL) in a dry ice/acetone bath at -78 °C. N-

butyllithium (2.8 mL, 7.0 mmol, 2.5 M) was added dropwise to the reaction, which was 

subsequently stirred for 30 minutes. 3-((tert-Butyldimethylsilyl)oxy)-4-

methoxybenzaldehyde (2.000 g, 7.500 mmol) was dissolved in dry THF (20 mL) and the 

solution was added dropwise. The reaction was subsequently stirred for 5 h. The reaction 

was quenched with water, acidified to pH 7 with 3 M HCl, extracted with diethyl ether, 

washed with water and brine, dried with sodium sulfate, and evaporated under reduced 

pressure. Flash chromatography of the crude product using a prepacked 100 g silica 

column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 10% A/90% B over 

1.19 min (1 CV), 10% A/90% B  80% A/20% B over 13.12 min (10 CV), 80% A/20% 

B over 2.38 min (2 CV); flow rate 40.0 mL/min; monitored at λ 254 and 280 nm] yielded 
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(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)(3,4,5-trimethoxyphenyl)methanol 

(19) (2.02 g, 4.65 mmol, 62%) as a pale yellow oil, 1H NMR (500 MHz, CDCl3)  δ 6.89 

(2H, m), 6.80 (1H, d, J = 8.5 Hz), 6.57 (2H, d, J = 4.5 Hz), 5.24 (1H, d, J = 4.5 Hz), 3.81 

(3H, s), 3.77 (9H, s), 0.94 (9H, d, J = 3.5 Hz), 0.11 (6H, d, J = 2.5 Hz). 13C (125 MHz, 

CDCl3) δ 153.0, 150.3, 144.7, 140.0, 136.5, 119.9, 119.4, 111.8, 103.4, 75.5, 60.7, 55.9, 

55.5, 25.7, 18.4, -4.6. 

 

(3-((tert-Butyldimethylsilyl)oxy)-4-methoxyphenyl)(3,4,5-

trimethoxyphenyl)methanone (20):44 (3-((tert-Butyldimethylsilyl)oxy)-4-

methoxyphenyl)(3,4,5-trimethoxyphenyl)methanol (19) (3.000 g, 6.900 mmol), Celite 

(2.450 g, 0.00004 mmol), and  potassium carbonate [K2CO3] (2.460 g, 17.80 mmol) were 

dissolved in dry CH2Cl2 (130 mL) in an ice bath at 0 °C. Pyridinium chlorochromate 

[PCC] (1.52 g, 7.04 mmol) was added in small increments and the reaction was stirred for 

18 h. The reaction was filtered with CH2Cl2 in a frit funnel containing a 50/50 mixture of 

Celite and silica gel then evaporated under reduced pressure. Flash chromatography of 

the crude product using a prepacked 100 g silica column [eluents: solvent A, EtOAc; 

solvent B, hexanes; gradient, 10% A/90% B over 1.19 min (1 CV), 10% A/90% B  

45% A/55% B over 13.12 min (10 CV), 45% A/55% B over 2.38 min (2 CV); flow rate 

40.0 mL/min; monitored at λ 254 and 280 nm] yielded (3-((tert-butyldimethylsilyl)oxy)-

4-methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (20) (1.790 g, 4.140 mmol, 60%) 

as a yellow oil, 1H NMR (500 MHz, CDCl3)  δ 7.40 (1H, d, J = 8 Hz), 7.33 (1H, s), 6.99 

(2H, s), 6.87 (1H, d, J = 8.5 Hz), 3.88 (3H, s), 3.84 (3H, s), 3,83 (6H, s), 0.96 (9H, s), 
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0.14 (6H, s). 13C NMR (125 MHz, CDCl3) δ 194.5, 154.9, 152.7, 144.6, 141.5, 133.3, 

130.4, 125.3, 110.7, 107.4, 60.9, 56.2, 55.5, 25.6, 18.4, -4.6.  

 

Phenstatin (21):44 (3-((tert-Butyldimethylsilyl)oxy)-4-methoxyphenyl)(3,4,5-

trimethoxyphenyl)methanone (20) (3.590 g, 8.310 mmol) was dissolved in dry THF (100 

mL). Tetrabutylammonium fluoride trihydrate (3.930 g, 12.50 mmol) was added and the 

reaction was stirred for 18 h. The reaction was quenched with water, acidified to pH 7 

with 3 M HCl, extracted with ethyl acetate, dried with sodium sulfate, and evaporated 

under reduced pressure. Flash chromatography of the crude product using a prepacked 

100 g silica column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 12% 

A/88% B over 1.19 min (1 CV), 12% A/88% B  99% A/1% B over 13.12 min (10 CV), 

99% A/1% B over 2.38 min (2 CV); flow rate 40.0 mL/min; monitored at λ 254 and 280 

nm] yielded phenstatin (21) (2.06 g, 6.47 mmol, 71%) as a white solid, 1H NMR (500 

MHz, CDCl3) δ 7.42 (1H, s), 7.37 (1H, d, J = 8.5 Hz). 7.01 (2H, s), 6.90 (1H, d, J = 8 

Hz), 3.94 (3H, s), 3.90 (3H, s), 3.85 (6H, s). 13C NMR (125 MHz, CDCl3) δ 194.7, 152.8, 

150.2, 145.3, 141.6, 133.1, 131.0, 123.7, 116.2, 110.0, 109.7, 107.5, 61.0, 56.3, 56.1.   

 

(4-Methoxy-3-((2-(5-nitrothiophen-2-yl)propan-2-yl)oxy)phenyl)(3,4,5-

trimethoxyphenyl)methanone (22):44 Phenstatin (0.405 g, 1.270 mmol), ADDP (0.289 

g, 1.430 mmol), and  1-(5-Nitrothiophen-2-yl)Propan-2-ol (4) (0.454 g, 2.850 mmol) 

were dissolved in dry CH2Cl2 (40 mL). Tributylphosphine (0.574 g, 2.190 mmol) was 

added and the reaction was stirred for two days. The reaction was quenched with water, 

extracted with ethyl acetate, dried with sodium sulfate, and evaporated under reduced 
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pressure. Flash chromatography of the crude product using a prepacked 25 g silica 

column [eluents: solvent A, EtOAc; solvent B, hexanes; gradient, 10% A/90% B over 

1.19 min (1 CV), 10% A/90% B  80% A/20% B over 13.12 min (10 CV), 80% A/20% 

B over 2.38 min (2 CV); flow rate 50.0 mL/min; monitored at λ 254 and 280 nm] yielded 

(4-methoxy-3-((5-nitrothiophen-2-yl)methoxy)phenyl)(3,4,5-

trimethoxyphenyl)methanone (43) (0.198 g, 0.431 mmol, 34%) as a brown solid, 1H 

NMR (500 MHz, CDCl3)  δ 7.83 (1H, d, J = 4.5 Hz), 7.51 (1H, d, J = 1.5 Hz), 7.49 (1H, 

dd, J = 8 Hz, J = 1.5 Hz), 7.06 (1H, d, J = 4.5), 6.99 (2H, s), 6.97 (1H, d, J = 8.5 Hz), 

5.33 (2H, s), 3.98 (3H, s), 3.93 (3H, s), 3.87 (6H, s). 13C NMR (125 MHz, CDCl3) δ 

194.3, 153.7, 152.8, 147.7, 146.9, 141.7, 133.0, 130.2, 128.4, 126.6, 125.2, 115.5, 110.6, 

107.4, 66.3, 61.0, 56.3, 56.2.  
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CHAPTER FOUR 

Conclusions 
 
 
 

 This study has achieved the synthesis of CA1 BAPCs with the monomethyl 

trigger attached and a phenstatin BAPC with the geminal-dimethyl trigger attached. Tert-

butyldimethylsilyl chloride [TBSCl] has shown to be a good protecting group at either 

the C-2 or C-3 position of CA1 and at the C-3 position of phenstatin in order to mask the 

polar characteristic of the hydroxyl group so that it does not interfere with the Wittig and 

halogen-metal exchange reactions, or the Mitsunobu reaction on CA1. Therefore, the 

monomethyl trigger was attached either at the C-2 or C-3 position of the protected CA1. 

Tetra-N-butylammonium fluoride [TBAF] is a good deprotecting method for CA1 and 

phenstatin. The Z-isomer of CA1 has shown to be difficult to isolate because of the 

marked similarity in polarity to the E isomer. Usually, the Mitsunobu reaction occurs in 

the order of adding alcohol 1, ADDP, and alcohol 2.52 However, that order gives a low 

yield in this study. Thus, an alternative order has been performed such that alcohol 1, 

ADDP, and alcohol 2 were mixed together first, then the tributylphosphine was added 

second. As a result, the phenstatin and CA1 BAPCs were obtained in better yields. The 

future of this research would be to synthesize CA1 BAPCs with dimethyl triggers and 

phenstatin BAPCs with monomethyl trigger, and to evaluate their cytotoxicity against 

cancer cell lines under normoxic and hypoxic conditions in collaboration with the 

Trawick Laboratory.     
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