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Abstract

Cancer is the uncontrolled proliferation of abnormal cells that affects millions of people.

Due to the important role microtubules play in cell division, drugs-targeting microtubules can

initiate apoptosis, preventing further proliferation of cancer cells, and thus, are often used in

chemotherapy. While extensive research has been done to develop anti-cancer drugs targeting

taxanes and vinca alkaloid binding sites of microtubules, there are currently no Food and Drug

Administration approved colchicine-binding site inhibitors (CBSIs) that have been approved for

cancer treatment. Due to the preliminary promising results of CBSIs, a series of electronically

varied stilbene analogues targeting the colchicine-binding site of microtubules was synthesized

using green chemistry principles. The characterizations of the products via GC-MS and NMR

indicated there was a disproportionately large amount of byproduct relative to the desired target

compounds. Due to COVID-19 restrictions, solely computational docking studies were used to

compare the effectiveness of the molecule with various electron donating and withdrawing

groups (EDGs and EWGs) added to the stilbene scaffold at different positions and in different

combinations. The docking poses suggest stilbene analogues may not bind to the colchicine

domain, and the docking scores reflected more EWGs than EDGs had equivalent or higher

binding affinities compared to past intended CBSIs, but were not statistically significant. Further

studies need to be conducted to assess actual binding and cytotoxicity.

Introduction

Cancer is a disease characterized by uncontrollable cell division that ultimately spreads,

destroying surrounding tissue, and can result in death if left unrestrained. In 2020, approximately

1.8 million new cancer cases and 600,000 cancer deaths were projected to occur in the United

States.1-3 The leading types by cancer death are breast cancer, lung and bronchus cancer, prostate



cancer, colorectal cancer, and pancreatic cancer with pancreatic coming in third.1,4 Finding more

effective treatments are crucial to reducing these deaths.

Over time, the mammalian cell cycle has evolved to include checkpoints G1, G2, and

spindle assembly, creating a highly regulated process that ensures the proper replication of

genetic material and cell division. Mutations in genes encoding these checkpoints or cellular

damage to them can lead to uncontrolled cell division, cancer. Due to the major changes the cell

undergoes during mitosis, it is the most susceptible phase for disruption of cancer. Microtubules

specifically play a large role in mitosis as they form the spindle fibers necessary for

chromosomal alignment and segregation. Any interference with microtubule formation or

organization will activate the spindle assembly checkpoint, arresting the cell in mitosis,

preventing further proliferation.5, 6 As such, microtubule-targeting drugs have been particularly

successful in treating various human cancers.7-9

These drugs can be classified as microtubule-stabilizers (e.g., taxanes and epothilones) or

microtubule-destabilizers (e.g., vinca alkaloids and colchicine).10 Microtubule-acting drugs

function by binding and inhibiting one of the three major binding sites on these α,β-tubulin

subunits: the taxanes domain, the vinca alkaloid domain, and the colchicine domain.11 Inhibition

of the binding site prevents association of its subunits, and depending on the binding site, may

even promote dissociation, resulting in the degradation of the microtubule. While extensive

research has been done to develop drugs targeting taxanes and vinca alkaloid sites for cancer

treatment, currently no drugs targeting the colchicine binding site have been approved by the

Food and Drug Administration (FDA) for cancer treatment.8,9,12 Although colchicine-binding site

agents (CBSIs) are still being developed, they have preliminarily demonstrated high potency,



easy optimization, selective toxicity for cancer cells, and promise to overcome P-glycoprotein

(P-gp) efflux pump mediated multidrug resistance.13

When designing CBSIs or any drug, the process begins by identifying a suitable drug

target (e.g., receptor or enzyme) for the disease of interest. A lead compound, which is a

compound that exhibits the desired biological activity, is then developed and modified to

optimize binding interactions. The central body of the lead compound is known as the scaffold,

and the off-branching arms are functional groups (substituents).14 The type of substituents added

and their location on the scaffold will affect how the compound binds to the target of interest. In

this experiment, the stilbene structure served as the scaffold, and a variety of electron-donating

and electron-withdrawing groups positioned at different locations and in different combinations

were used to see which substituents would enhance binding and thus effectiveness as an

anticancer agent. Stilbene was selected as the scaffold since it is a natural product that exhibits a

multitude of biological activities, including anti-inflammatory, antioxidant, and anti-cancer

properties. Stilbenes can be synthesized via a wittig reaction as seen below.

Scheme 1. Representative mechanism of action for wittig synthesis with an aryl aldehyde



The type, location, and combination of electron-donating or electron-withdrawing groups were

selected based on the structure of molecules that have previously demonstrated functioning as an

anticancer agent by inhibiting the colchicine binding site.15-17

Instead of synthesizing these analogues using any means, this study utilized green

chemistry, which is an important, up-and-coming field that focuses on creating safer,

economically and environmentally beneficial processes. This often includes preventing waste,

designing or using safer chemicals, and performing less hazardous synthesis relative to the

reactants, intermediates, and products.18 While there are 12 green chemistry principles, this study

focused on design for energy efficiency, waste prevention, safer solvent use, and safe chemistry

for accident prevention. All reactions were performed on a microscale, reducing waste, and in a

monowave, allowing for rapid, more efficient heating and containment if an explosion were to

occur from gas buildup. Furthermore, sodium hydroxide was used for deprotonation of the wittig

reagent as opposed to harsher, toxic bases such as diisopropylethylamine (DIPEA) used in

typical protocols.19

Based on previous experiments and cost limitations, this study intended to only use

human embryonic kidney cells and pancreatic cancer cells (PANC-1) to assess the safety and

effectiveness of a novel antimitotic agent series with different electronics. However, due to

COVID-19 restrictions and setbacks, only computational docking studies were used to compare

the effectiveness.



Method

Representative Synthesis Procedure 20

0.5 mmol of the aryl aldehyde or ketone and 0.55 mmol of the wittig reagent,

benzyltriphenylphosphonium bromide, was mixed with 5mL of 10N sodium hydroxide. For the

baseline comparison (only done for 3-hydroxy-4-methoxybenzaldehyde), the sample was stirred

in a 25mL beaker for 30 minutes. For the greener synthesis, the sample was monowaved for 5

minutes at 150oC. Each product was vacuum filtered with water and then recrystallized in

ethanol. Water was added dropwise until cloudy to help initiate recrystallization if the product

did not precipitate after 30 minutes of cooling in an ice bath. Products were analyzed with

13C-NMR, 1H-NMR and GC-MS to confirm structure and purity. Products with hydroxyl groups

underwent an additional protonation step after heating. 10% hydrochloric acid was added

dropwise and pH checked until the product was no longer basic. The following aryl aldehydes or

ketones with electron donating groups were used: p-anisaldehyde (P-anisa), o-anisaldehyde

(O-anisa), 3-hydroxy-4-methoxybenzaldehyde (3H4MBA), 3,4-dihydroxybenzaldehyde

(3,4-DHBA), 4-methoxyacetophenone (4-MAP), 4-hydroxyacetophenone (4-HAP). The

following for electron withdrawing groups were used: 4-bromobenzaldehyde (4-BBA),

4-bromoacetophenone (4-BAP), 4- chloroacetophenone (4-CAP), 4-nitrobenzaldehyde (4-NBA).

The specific amount, hazards, and safety precautions for each compound is listed below in Table

1.

Table 1. Reagent Table 21, 22

Chemical Properties Amount Major Hazard &
Precautions

Benzyltriphenylphosph
onium bromide

MW =  433.3 g/mol
MP = 295-298oC

0.55 mmol
(0.2383g)

Skin, eye, and respiratory
irritant; corrosive; wear



gloves and goggles and use
in hood.

3-hydroxy-4-methoxyb
enzaldehyde

MW = 152.15 g/mol
MP = 113-115oC
BP = 179oC

0.5 mmol
(0.0761g)

Skin, eye, and respiratory
irritant; wear gloves and
goggles.

4-methoxyacetopheno
ne

MW= 150.17 g/mol
MP= 36-38oC
BP= 152-154°C

0.5 mmol
(0.075085

g)

Skin and eye irritant; wear
gloves and goggles.

4-nitrobenzaldehyde MW= 151.12 g/mol
MP = 103-106oC

0.07556g Skin, eye, and respiratory
irritant; wear gloves and
goggles and use in hood.

4-hydroxyacetophenon
e

MW= 136.15 g
MP= 109-111oC
BP= 147-148oC

0.5 mmol
(0.068075g)

Skin, eye, and respiratory
irritant; wear gloves and
goggles and use in hood.

4-bromo-acetophenone MW= 199.04 g/mol
MP= 49-51oC
BP= 255oC

0.5 mmol
(0.09952g)

Skin, eye, and respiratory
irritant; wear gloves and
goggles and use in hood.

4-bromobenzaldehyde MW= 185.02 g/mol
MP= 55-58oC
BP= 123-125oC
Density = 1.85g/mL

0.5 mmol
(0.09251g)

Skin, eye, and respiratory
irritant; wear gloves and
goggles and use in hood.

4-chloroacetophenone MW = 154.59 g/mol
MP = 14-18oC
BP = 232oC
Density = 1.192 g/mL

0.5 mmol
(0.077295 g;
0.06485mL

)

Skin, eye, and respiratory
irritant. Corrosive; wear
gloves and goggles and use
in hood

O-anisaldehyde MW=  136.15 g/mol
MP = 34-40oC
BP= 238oC
Density = 1.127 g/mL

0.5 mmol
(0.068075g) Skin and eye irritant; wear

gloves and goggles.



P-anisaldehyde MW=  136.15 g/mol
MP = 1oC
BP= 248oC
Density = 1.12 g/mL

0.5 mmol
(0.068075g,
0.06078mL)

Skin and eye irritant; wear
gloves and goggles.

3,4-dihydroxybenzalde
hyde

MW = 138.12 g/mol
MP = 150-157oC

0.5 mmol
(0.06906g)

Skin, eye, and respiratory
irritant; wear gloves and
goggles and use in hood.

Sodium hydroxide MW = 39.997 g/mol 5 mL per
reaction

Corrosive; wear gloves and
goggles and use in hood.

Ethanol MW = 46.07 g/mol
MP = 114oC
BP = 78oC

As needed
for

recrystalliz
ation

Skin irritant and highly
flammable; wear gloves
and goggles and avoid
open flames or direct
heat sources.

Ethyl Acetate MW=88.11 g/mol
BP = 77.1°C
Density = 0.90 g/mL

As needed
for LLE

and GC-MS

Skin irritant, wear gloves
and goggles. Flammable
and volatile, keep away
from heat and flames.

Evaluation of Effectiveness as Anticancer Agents

The cytotoxicity of the 10 products were supposed to be tested in human embryonic

kidney cells (HEK-293) to ensure they are not harmful to healthy cells and in pancreatic cancer

cells (PANC-1) to compare the effectiveness of each compound as anticancer agents based on the

different type and location of substituent. However, due to COVID-19, Autodock Vina, a

molecular docking program, was used to predict the binding affinities of the synthesized

structures and compared to an average of binding affinities based on molecules that previously

showed anticancer properties. Only the four most energetically favorable binding conformations

were expressed as the docking score for each compound with tubulin.23



Results

Product 1 using 3H4MBA:  2-methoxy-5-[(E)-2-phenylethenyl]phenol

MS (EI) m/z 226 amu [M] , mass calcd for C15H 14O2 226.2736 amu; 13C-NMR (300 MHz,

CDCl3): 128.538ppm (C=C, sp2, D), 128.701ppm (C=C, sp2, C), 132.124ppm (C=C, sp2, B),

132.258ppm (C=C, sp2, A); 1HNMR (300 MHz, CDCl3): δ ppm 7.465 (t, 6H, CH), 7.552 (d,

2.85H, CH), 7.674 (t, 5.98H, CH).

Table 2. GC-MS Retention and Relative Areas of product 1 ran at room temperature.

Retention Time (min) Relative Area (%) Identity

14.603 2.32 Z isomer

15.154 71.5 E isomer

22.942 1.36 BP- triphenylphosphine oxide

Table 3. GC-MS Retention and Relative Areas of product 1 heated via monowave.

Retention Time (min) Relative Area (%) Identity

14.578 0.2 Z isomer

15.099 0.44 E isomer

22.890 81 TPPO

Product 2 using 4-MAP: 1-methoxy-4-[(1E)-1-phenylprop-1-en-2-yl]benzene



MS (EI) m/z 224.1 amu [M], mass calcd for C16H 16O 224.3014 amu; 13C-NMR (300 MHz,

CDCl3):  132.248ppm (C=C, sp2, A), 132.085ppm (C=C, sp2, B), 128.701ppm (C=C, sp2, C),

128.538ppm (C=C, sp2, D), 1HNMR (300 MHz, CDCl3): δ ppm 1.997 (s, product), 2.557 (s,

product), 3.871 (s, CH3, product), 6.992-6.952 (product), 7.462 (t, 6H, CH), 7.570 (d, 2.85H,

CH), 7.674 (t, 5.98H, CH), 7.928-7.958 (product).

Table 4. GC-MS Retention and Relative Areas of product 2 heated via monowave.

Retention Time (min) Relative Area (%) Identity

16.275 0.03 Z isomer

16.945 0.08 E isomer

22.867 86.82 TPPO

Product 3 using 4-HAP: 4-[(1E)-1-phenylprop-1-en-2-yl]phenol

MS (EI) m/z 212.2 amu [M], mass calcd for C15H 14O 210.2746 amu; 13C-NMR (300 MHz,

CDCl3): 128.538ppm (C=C, sp2, D), 128.701ppm (C=C, sp2, C), 132.095ppm (C=C, sp2, B),

132.248ppm (C=C, sp2, A); 1HNMR (300 MHz, CDCl3): δ ppm 7.458 (t, 6H, CH), 7.551 (d, 3H,

CH), 7.672 (t, 5.98H, CH).

Table 5. GC-MS Retention and Relative Areas of product 3 heated via monowave.

Retention Time (min) Relative Area (%) Identity

14.568 0.18 Z isomer



15.085 0.40 E isomer

22.867 94.39 TPPO

Product 4 using P-anisa: 1-methoxy-4-[(E)-2-phenylethenyl]benzene

MS (EI) m/z 210.1 amu [M], mass calcd for C15H 14O 210.2746 amu; 13C-NMR (300 MHz,

CDCl3): 99.990ppm; 1HNMR (300 MHz, CDCl3): δ ppm 5.001 (s)*

Table 6. GC-MS Retention and Relative Areas of product 4 heated via monowave.

Retention Time (min) Relative Area (%) Identity

15.962 0.30 Z isomer

17.996 23.53 E isomer

22.941 2.72 TPPO

Product 5 using O-anisa: 1-methoxy-2-[(E)-2-phenylethenyl]benzene

MS (EI) m/z 210.1 amu [M], mass calcd for C15H 14O 210.2746 amu; 13C-NMR (300 MHz,

CDCl3): 128.538ppm (C=C, sp2, D), 128.701ppm (C=C, sp2, C), 132.114ppm (C=C, sp2, B),

132.248ppm (C=C, sp2, A).*

Table 7. GC-MS Retention and Relative Areas of product 5 heated via monowave.

Retention Time (min) Relative Area (%) Identity

15.292 7.96 Z isomer



17.466 5.43 E isomer

22.873 66.07 TPPO

Product 6 using 3,4-DHBA: 4-[(E)-2-phenylethenyl]benzene-1,2-diol

MS (EI) m/z 212.1 amu [M], mass calcd for C14H 12O 212.2468 amu; 13C-NMR (300 MHz,

CDCl3): 128.529ppm (C=C, sp2, D), 128.682ppm (C=C, sp2, C), 132.124ppm (C=C, sp2, B),

132.258ppm (C=C, sp2, A); 1H-NMR (300 MHz, CDCl3): δ ppm 7.458 (t, 6H, CH), 7.551 (d,

3H, CH), 7.672 (t, 5.98H, CH).

Table 8. GC-MS Retention and Relative Areas of product 6 heated via monowave.

Retention Time (min) Relative Area (%) Identity

14.557 0.05 Z isomer

15.078 0.08 E isomer

22.870 87.67 TPPO

Product 7 using 4-NBA: 1-nitro-4-[(E)-2-phenylethenyl]benzene

MS (EI) m/z 225.1 amu [M], mass calcd for C14H 11NO2 225.2459 amu*

Table 9. GC-MS Retention and Relative Areas of product 7 heated via monowave.

Retention Time (min) Relative Area (%) Identity

18.139 0.72 Z isomer



20.826 1.84 E isomer

22.890 81.13 TPPO

Product 8 using 4-BAP: 1-bromo-4-[(E)-2-phenylethenyl]benzene

MS (EI) m/z 272, 274 amu [M], mass calcd for C15H 13Br 273.1717 amu; 13C-NMR (300 MHz,

CDCl3): 128.538ppm (C=C, sp2, D), 128.691ppm (C=C, sp2, C), 132.124ppm (C=C, sp2, B),

132.248ppm (C=C, sp2, A); 1H-NMR (300 MHz, CDCl3): δ ppm 7.471 (t, 6H, CH), 7.553 (d,

3H, CH), 7.674 (t, 5.98H, CH).

Table 10. GC-MS Retention and Relative Areas of product 8 heated via monowave.

Retention Time (min) Relative Area (%) Identity

16.561 0.05 Z isomer

18.323 0.07 E isomer

22.877 78.92 TPPO

Product 9 using 4-BBA: 1-bromo-4-[(E)-2-phenylethenyl]benzene

MS (EI) m/z 258 amu [M], mass calcd for C14H 13Br 261.1607 amu; 13C-NMR (300 MHz,

CDCl3): 126.617 (product), 128.491ppm (C=C, sp2, D), 128.653ppm (C=C, sp2, C), 128.844

(product) 132.076ppm (C=C, sp2, B), 132.210ppm (C=C, sp2, A); 1H-NMR (300 MHz, CDCl3):

δ ppm 6.523, 6.613, 7.055 (product), 7.465 (t, 6H, CH), 7.531 (d, 3H, CH), 7.681 (t, 6H, CH).

Table 11. GC-MS Retention and Relative Areas of product 9 heated via monowave.



Retention Time (min) Relative Area (%) Identity

16.241 4.38 Z isomer

18.309 14.43 E isomer

18.404 39.03 TPPO

Product 10 using 4-CAP: 1-chloro-4-[(1E)-1-phenylprop-1-en-2-yl]benzene

MS (EI) m/z 228.1 amu [M], mass calcd for C15H 13O 228.7207 amu; 13C-NMR (300 MHz,

CDCl3): 13C-NMR (300 MHz, CDCl3): 26.574 (product), 128.510ppm (C=C, sp2, D), 128.672

ppm (C=C, sp2, C), 128.892 (product), 129.781 (product), 132.038ppm (C=C, sp2, B),

132.172ppm (C=C, sp2, A); 1H-NMR (300 MHz, CDCl3): δ ppm 7.299 (t, 6H, CH), 7.567 (d,

3H, CH), 7.754 (t, 6H, CH).

Table 11. GC-MS Retention and Relative Areas of product 9 heated via monowave.

Retention Time (min) Relative Area (%) Identity

15.483 3.01 Z isomer

17.241 6.39 E isomer

22.873 35.68 TPPO



Table 12. Observations and Crude Percent Yield

Aryl Reagent After Monowave Crude Percent Yield

3H4MBA Red precipitate on top of red solution RT: 98.34%

Monowave: 98.21%

4-MAP White precipitate after cooling (initially a liquid) 66.95%

4-HAP Yellow precipitate on top of white suspension 113.54%

P-Anisa Dark red precipitate over two layered solution 79.05%

O-Anisa Yellow liquid on top of clear solution, but

gradually solidified into orange precipitate

80.94%

3,4-DHBA Precipitate on top of dark orangish red solution 44.02%

4-BAP Red precipitate on top of clear solution 64.21%

4-BBA Red precipitate on top of clear solution 43.12%

4-NBA Brownish-black precipitate on top of murky
orange-brown suspension

3.53%

4-CAP Goldish liquid on top of whitish-clear
suspension, but some other liquid in it after LLE

102.06%

Table 13. Docking scores corresponding to binding affinities for baseline comparison.

3,5,4- OCH3 3,4,5,4’- OCH3 Average

Pose 1 - 6.3 - 6.3 - 6.3

Pose 2 - 5.6 - 6.1 - 5.85



Pose 3 - 5.4 - 6.0 - 5.7

Pose 4 - 5.4 - 5.9 - 5.65

Table 14. Docking scores corresponding to binding affinities for stilbene analog series.

Discussion

Analysis via GC-MS and NMR revealed there were significant amounts of the byproduct,

triphenylphosphine oxide (TPPO), present making it difficult to characterize the spectra. TPPO is

highly soluble in organic solvents, but insoluble in water. Removal of TPPO with solely polar

organic solvents as was used for recrystallization according to protocol has yet to be achieved,

which is likely why crystal formation did not occur until slight water was added. To be able to

assess the target products, TPPO was intended to be removed with ZnCl2 in ethanol followed by

filtration and a final step of recrystallization,24 but unfortunately could not be due to quarantine.

For GC-MS, all 10 products reflected a peak with the largest relative area around 22.9

minutes, corresponding to the byproduct TPPO. However, they also showed 2 tiny peaks

between 14-18 minutes, corresponding to their target E and Z isomers with parent peaks

respective to their molecular weights. The E isomer should come off later and have a larger



relative area due to the greater stability provided by the trans-conformation. Fragmentation

according to the substituents added to the scaffold was observed with loss of approximately 15

m/z corresponding to methyl groups, 17 m/z to hydroxyls, 32 m/z to methoxy groups, 35 m/z to

chlorine, and 80 m/z to bromine (Spectra 1-21). Products 8 and 9 were also confirmed by 1:1

relative intensity of the parent peak, M, and M+2 for isotopes, which is indicative of bromine

(Spectra 19). Similarly, product 10 reflected a 3:1 ratio indicative of chlorine (Spectra 20).25 This

confirmed the target products were formed, but a greater amount of TPPO is present when the

ratio should be a 1:1, suggesting the product may have lost during purification.

Furthermore for the first reaction with 3H4MBA, the end product should have been

relatively the same on GC-MS regardless of the heating method (room temperature or

monowave). However, the room temperature reaction had significantly more of the target

product (71.5%), 2-methoxy-5-[(E)-2- phenylethenyl]phenol, and less of the byproduct (1.36%)

than the monowaved reaction with 81% of the byproduct (Table 2, Table 3, Spectra 1-3). This

discrepancy was likely due to part of the product dissolving and washing away with the

purification step as reflected in Figure 1. None of products were supposed to be soluble in water,

suggesting that the hydroxyl group was deprotonated, allowing for greater interaction and thus

solubility in water as well as formation of a basic salt with the sodium ions from the base, which

is indicated by the red coloration of the solution. Phenol red sodium salt is a pH indicator that

results in red solution at a pH above 8.2 and yellow below 6.4.26 To prevent the product from

dissolving in the water and bypassing collection in the filter paper, 10% hydrochloric acid was

added slowly dropwise until no longer basic. Achievement of an acceptable pH was confirmed

by pH paper and accompanied potentially by a color change to yellow (Figure 1).



For NMR, almost only TPPO was visualized on the 13C-NMR (except for product 10) and

miniscule amounts were reflected on 1H-NMR with greater visibility aligning with a smaller

difference between product and TPPO’s relative areas (Table 2-11, Spectra 22-39). Additionally,

Product 7 using 4-NBA: 1-nitro-4-[(E)-2-phenylethenyl]benzene, did not run due to

instrumentation error. Similarly, 1H-NMR for Product 5 using O-anisa was saved in an

incompatible format and could not be processed. These samples would need to be rerun.

However, the following spectra should have been observed. For target product 1,

2-methoxy-5-[(E)-2-phenylethenyl]phenol, (Spectra 22-24), 15 different carbon signals should

have been observed with the methoxy C-O between 50-100 ppm and the aryl C=C connected to

an oxygen showing up between 100-150 ppm, but likely on the higher side more downfield due

to the electronegative pull from oxygen. The other sp2 C=C would fall between 100-150 ppm.

Since all carbons are CH or CH3, DEPT-135 would reflect all upward peaks and show

disappearances corresponding to sp3 C’s. For 1H-NMR, 10 H’s corresponding to those coming off

the aryl ring and double bond would fall between 6.5 and 8 ppm. The three hydrogens from the

methoxy group would correspond to an alkyl C-H between 3-4 ppm, which is more downfield

due to oxygen. An additional signal for hydroxyl hydrogen would also be seen around 9-11 ppm.

For target product 2, 1-methoxy-4-[(1E)-1-phenylprop- 1-en-2-yl]benzene, (Spectra 25, 26),

there should be 10 different C environments with the methoxy carbon between 50-100 ppm, but

on the lower end. The other sp3 C would fall between 0-50 ppm and the rest, which are sp2 C’s,

between 100-150 ppm. Since the situation is the same as product 1, DEPT-135 would follow the

same peak guidelines.  For 1H-NMR, 10 H’s corresponding to those coming off the aromatic ring

and double bond would fall between 6.5 and 8 ppm. Again, three hydrogens from the methoxy

group would correspond to an alkyl C-H between 3-4 ppm, but an additional three hydrogens



from the methyl group off the double bond would fall on the lower side of 0-4 ppm. For any

product with only a para-positioned substituent (target products 3, 4, 7-10), the spectra should be

similar, just more downfield depending on how much more deshielding the group is (Spectra

27-30, 34-39). Target product 5, 1-methoxy-2-[(E)-2-phenylethenyl] benzene, (Spectra 31) with

the ortho-methoxy, should have 13 different carbon environments and have the C=C between the

rings more downfield, but otherwise, the carbon and proton signals would be similar to target

product 4 (Spectra 29, 30) with the para-methoxy. Target product 6 (Spectra 32, 33) would also

be similar to target product 1, but shifted slightly with 1 less C and 2 less H due to having two

hydroxyls instead of a hydroxyl and methoxy.

The wide range of crude percent yields reflects the greener wittig synthesis route does not

produce consistent results. Products with percent yields greater than 100 indicate impurities are

present or the sample may have not been dried sufficiently while low percent yields indicate the

synthesis is not very effective, which aligns with GC-MS and NMR data (Table 12).

For docking studies, Autodock Vina was utilized due to its accessibility, cost, and

reliability as it ranked second in a review of 10 programs.27 According to program, the more

negative the docking score, the higher the binding affinity the molecule has for that particular

ligand (binding domain) with the highest binding affinity of the first docking pose holding the

most significance. To normalize the docking scores, the average scores for

(E)-3,5,4'-trimethoxystilbene and (E)-3,4,5,4’-tetramethoxystilbene, which previously showed

cancer inhibition,15 were analyzed by the program and used for comparison relative to binding to

anywhere on tubulin since the colchicine binding site specifically was not in their database

(Table 13). Despite previous anticancer molecules containing multiple hydroxyl and methoxy

groups, only one of the electron-donating groups, methoxy in the ortho position, exhibited an



almost equivalent binding affinity to the previous drugs. The para bromide and nitro groups,

which are electron-withdrawing groups (EWGs), actually exhibited the same or a slightly greater

binding affinity (Table 14). Although the increase was not statistically significant, it may be

worth exploring more EWGs since only four were evaluated in this study.

Furthermore, although literature reflected these molecules as CBSIs, docking poses

seemed to be oriented mostly based on interaction with phenylalanine 208 (Figure 2-11). This

suggests that stilbene derivatives may have a higher binding affinity for a different domain than

colchicine, which would show greater emphasis on the interaction with leucine 248 and

asparagine 249.28 However, this may not be entirely accurate since the tubulin conformation may

be less rigid than depicted, which potentially could allow for more favorable binding at the

colchicine site. This would need to be determined experimentally by exposing cancer cells to

these analogues and running x-ray crystallography once bound.

Conclusions

Overall, the synthesized stilbene products could not be accurately characterized via

GC-MS and NMR due to a disproportionately large amount of TPPO; further steps would need

to be taken to remove the byproduct, so the wittig synthesis should be modified. According to the

docking studies, an EDG at the ortho position and EWGs at the para position, bromine and a

nitro group, showed equivalent or greater binding affinities than previous cancer drugs, but the

increase was not statistically significant. This may be due to the small sample size, and thus,

more EWGs should be explored. The docking studies indicated stilbene analogues may have a

higher binding affinity for an alternative site than the colchicine domain. This should be



determined experimentally on cancer cells along with a cytotoxicity test in healthy human cells

to assess safety since some of the EWGs are more reactive, such as the halogens and nitro group.
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Appendix

Figure 1. Reflection of the deprotonated (red) and protonated (yellow) forms of product 1,

2-methoxy-5-[(E)-2- phenylethenyl]phenol. The image on the right shows when the product

dissolved in water.
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Spectra 1. Gas Chromatogram of product 1 monwaved.



Spectra 2. Mass Spectra of E (right) and Z (left) isomers of target product 1, 2-methoxy-5-[(E)-

2-phenylethenyl]phenol.

Spectra 3. Mass Spectra of triphenylphosphine oxide.

Spectra 4. Gas Chromatogram of product 2.



Spectra 5. Mass Spectra of E (right) and Z (left) isomers of target product 2,

1-methoxy-4-[(1E)-1-phenylprop-1-en-2-yl]benzene.

Spectra 6. Gas Chromatogram of product 3.



Spectra 7. Mass Spectra of E (right) and Z (left) isomers of target product 3, 4-[(1E)-1-

phenylprop-1-en-2-yl]phenol.

Spectra 8. Gas Chromatogram of product 4.



Spectra 9. Mass Spectra of E (right) and Z (left) isomers of target product 4, 1-methoxy-4-[(E)-

2-phenylethenyl]benzene.

Spectra 10. Gas Chromatogram of product 5.



Spectra 11. Mass Spectra of E (right) and Z (left) isomers of target product 5, 1-methoxy-2-[(E)-

2-phenylethenyl]benzene.



Spectra 12. Gas Chromatogram of product 6.

Spectra 13. Mass Spectra of E (right) and Z (left) isomers of target product 6, 4-[(E)-2-

phenylethenyl]benzene-1,2-diol.



Spectra 14. Gas Chromatogram of product 7.

Spectra 15. Mass Spectra of E (right) and Z (left) isomers of target product 7, 1-nitro-4-[(E)-2-

phenylethenyl]benzene.



Spectra 16. Gas Chromatogram of product 8.

Spectra 17. Mass Spectra of E (right) and Z (left) isomers of target product 8, 1-bromo-4-[(E)-2-

phenylethenyl]benzene.



Spectra 18. Gas Chromatogram of product 9.



Spectra 19. Mass Spectra of E (right) and Z (left) isomers of target product 9, 1-bromo-4-[(E)-2-

phenylethenyl]benzene.

Spectra 20. Gas Chromatogram of product 10.



Spectra 21. Mass Spectra of E (right) and Z (left) isomers of target product 10, 1-chloro-4-

[(1E)-1-phenylprop-1-en-2-yl]benzene.

Spectra 22. 13C-NMR (top) & DEPT-135 (bottom) spectra of product 1 using 3H4MBA:

2-methoxy-5-[(E)-2-phenylethenyl]phenol labeled corresponding to triphenylphosphine oxide.



Spectra 23. 1H-NMR Spectrum of product 1 using 3H4MBA, 2-methoxy-5-[(E)-2-

phenylethenyl]phenol, labeled corresponding to triphenylphosphine oxide.

Spectra 24. Zoomed in 1H-NMR Spectrum of product 1 using 3H4MBA: 2-methoxy-5-[(E)-2-

phenylethenyl]phenol.



Spectra 25. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 2 using 4-MAP.



Spectra 26. 1H-NMR Spectrum of Product 2 using 4-MAP: 1-methoxy-4-[(1E)-1

-phenylprop-1-en-2-yl]benzene, with zoomed in below.

Spectra 27. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 3 using 4-HAP.



Spectra 28. 1H-NMR Spectrum of 4-HAP: 4-[(1E)-1-phenylprop-1-en-2-yl]phenol, with

magnification of target product below.



Spectra 29. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 4 using P-anisa.



Spectra 30. 1H-NMR Spectrum of Product 4 using P-anisa: 1-methoxy-4-[(E)-2-

phenylethenyl]benzene, with magnification of target product below.



Spectra 31. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 5 using O-anisa.

Spectra 32. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 6 using 3,4-DHBA.



Spectra 33. 1H-NMR Spectrum of Product 6 using 3,4-DHBA: 4-[(E)-2-

phenylethenyl]benzene-1,2-diol, with magnification of target product below.

Spectra 34. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 8 using 4-BAP.



Spectra 35. 1H-NMR Spectrum of Product 8 using 4-BAP: 1-bromo-4-[(E)-2-

phenylethenyl]benzene, with magnification of target product below.



Spectra 36. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 9 using 4-BBA.



Spectra 37. 1H-NMR Spectrum of Product 9 using 4-BBA: 1-bromo-4-[(E)-2-

phenylethenyl]benzene, with magnification of target product below.



Spectra 38. 13C-NMR (top) & DEPT-135 (bottom) spectra of Product 10 using 4-CAP.



Spectra 39. 1H-NMR Spectrum of Product 10 using 4-CAP: 1-chloro-4-[(1E)-1-phenylprop-

1-en-2-yl]benzene, with magnification of target product below.



Figure 2. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 2-methoxy-5-[(E)-2- phenylethenyl]phenol to tubulin.

Figure 3. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-methoxy-4-[(1E)-1-phenylprop-1-en-2-yl]benzene to tubulin.



Figure 4. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 4-[(1E)-1-phenylprop-1-en-2-yl]phenol to tubulin.

Figure 5. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-methoxy-4-[(E)-2-phenylethenyl]benzene to tubulin.



Figure 6. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-methoxy-2-[(E)-2-phenylethenyl]benzene to tubulin.



Figure 7. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 4-[(E)-2-phenylethenyl]benzene-1,2-diol to tubulin.

Figure 8. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-nitro-4-[(E)-2-phenylethenyl]benzene to tubulin.



Figure 9. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-bromo-4-[(E)-2-phenylethenyl]benzene to tubulin.



Figure 10. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-bromo-4-[(E)-2-phenylethenyl]benzene to a tubulin.



Figure 11. Docking poses for the four highest binding affinities (ordered highest to lowest from

left to right) of 1-chloro-4-[(1E)-1-phenylprop-1-en-2-yl]benzene to a tubulin.


