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Abstract 

Cancer is the second leading cause of human mortality in the United States, with the 

standard treatment options being surgery, cytotoxic chemotherapy, and radiation therapy.  

Recently, there has been strong emphasis in developing targeted small molecule therapies 

which has led to the development of numerous anticancer drugs.  However, many of the 

current cancer chemotherapeutic options are burdened with toxicity and treatment 

resistance and hence novel therapies with reduced side effects are urgently needed.  In the 

current work, a structurally diverse library of Baylis-Hillman reaction derived 2-

(alkoxycarbonyl)-allyl esters have been synthesized, evaluated for their in vitro cell 

proliferation inhibition properties, in vitro cellular and molecular mechanisms of action, 

in vivo systemic toxicity study in CD-1 mice, and in vivo anticancer efficacy study in a 

triple negative breast cancer MDA-MB-231 xenograft model in NOD SCID mice.  

Several of the synthesized compounds exhibit promising in vitro anticancer properties. 

Further, the lead candidate compound is well tolerated in healthy mice as indicated by 

normal body weight changes, and exhibits similar if not slightly better tumor growth 

inhibition properties than clinically available cancer drug doxorubicin. 
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Introduction 

 Cancer is the second leading cause of human mortality behind heart disease in the 

United States.
1
 In fact, it is estimated that in coming years, cancer will become the 

number one cause of death overtaking heart diseases.  According to the 2017 American 

Cancer Society statistics, ~1.7 million new cases of cancer have been reported with 

around 600,000 of these cases resulting in mortality this year.  Across both genders lung 

cancer is the highest in terms of incidence followed by prostate and breast cancer 

respectively and colorectal cancer being the third highest among both.
1
 The standard 

treatment options for cancer involve surgery, cytotoxic chemotherapy and radiation 

therapy.  Recently, there has been a strong emphasis on developing targeted therapies 

including small molecules, monoclonal antibodies, and immuno-therapeutics to deal with 

aggressive solid tumors and improve the overall therapeutic outcome.
2-23

 Classic 

chemotherapy involves treating the patients with cytotoxic agents that target cellular 

DNA, tubulin/microtubules, and antimetabolites.  DNA is a critical cellular component 

with well-defined primary, secondary, and tertiary structures. The genetic information 

encoded in DNA is critical for cell survival and proliferation. Since cancer cells are 

highly proliferative, they need heightened levels of DNA replication, transcription, and 

translation.  Hence, targeting DNA is an attractive choice for anticancer therapy.
24-31

 The 

presence of nucleophilic nitrogen atoms in DNA (i.e., N7-guanidine) also makes it an 

ideal target for designing electrophilic alkylators.  Drug molecules that target DNA can 

be subdivided into DNA alkylators (crosslinkers), DNA topoisomerase inhibitors, DNA-

double and single strand breakers and DNA code reading agents (Figure 1.1). 
32
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Figure 1.1: Different reactive modes of DNA-interaction with DNA-targeting drugs. 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1A.Classical Alkylating Agents 

Classical alkylating agents introduce alkyl groups onto the nucleophilic DNA.  

Some of the clinically used examples are listed in (Figure 1.2).  

 

Figure 1.2: Examples of nitrogen mustard based DNA alkylating agents. 

The mechanism of action of nitrogen mustards involves conversion of 

chloroethylamine group in to a reactive cyclic aziridinium intermediate which acts as an 

electrophile for interaction with nucleophilic DNA in covalent fashion.  The presence of a 

second chloroethyl group leads to covalent interlinkage of two strands of DNA (Figure 

1.3).  The nucleophilic N7 nitrogen atom of guanine (G) reacts with the aziridinium to 

form G-G linkages resulting in DNA damage leading to cellular apoptosis.
33-36
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Figure 1.3: General mechanism of action of nitrogen mustard based DNA alkylating 

agents. 

A second class of classical alkylating agents includes N-nitrosoureas, which 

similarly add an alkyl group to nucleophilic N7 of guanine, but differ in mechanism 

(Figure 1.4). For example, N-nitrosourea in carmustine undergoes extensive metabolic 

degradation to generate the reactive chloroethyl cation intermediate and 

chloroethylisocyanate. Chloroethyl cation causes crosslinks in DNA and the isocyanate 

intermediate carbamoylates protein components both resulting in cell death pathways 

(Figure 1.5).
37-39
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Figure 1.4: Examples of nitrosourea containing DNA alkylating agents. 
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Figure 1.5: General mechanism of action of N-nitrosourea based DNA alkylators. 
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Another example of a classical DNA alkylating agent used for cancer therapy is 

busulfan which is a dimesylate derivative of 1,4-butanediol (Figure 1.6).   

 

Figure 1.6: Structure of busulfan. 

In the presence of a strong nucleophilic atom such as the N7 nitrogen atom of 

guanine, the mesylate leaving group can be nucle.ophilicly displaced in SN2 fashion to 

form a covalent linkage.  The presence of two mesylate leaving groups causes 

crosslinking of the two DNA strands resulting in damage to DNA and cell death 

pathways (Figure 1.7).
40-43
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Figure 1.7: General mechanism of action of busulfan. 

1B. Platinum based alkylating-like DNA interacting agents 

Alkylating-like agents, including platinum based drugs interact with DNA to 

make covalent bonds, however these drugs do not have any alkyl groups to alkylate DNA 

in a classical way. Some of the examples of platinum based clinical and pre-clinical 

anticancer agents are listed in (Figure 1.8). 

 

Figure 1.8: Examples of platinum based DNA interacting agents. 

Cisplatin has two leaving groups in the form of chlorines.  One of the chlorides is 

replaced by H2O in vivo to provide the aqua-complex [PtCl(NH3)2H2O]
+
 (Figure 1.9).  

This species undergoes further nucleophilic displacement by two guanine nucleobases on 

the same strand of DNA to form [PtCl(guanine-DNA)2(NH3)2]
+
 (Figure 1.9).

44
  Although 

many types of cisplatin-DNA adducts are reported, the predominant one involves 1,2-

intrastrand crosslinks with guanine bases d(GpG).  The mechanisms of action of other 
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platinum drugs are similar to that of cisplatin.  In these cases, the reactive chloride ions 

are replaced with more stable Pt-O bonds (Figure 1.9).
44

 

 

Figure 1.9: General mechanism of action of platinum based DNA interacting agents. 

1C. Non-classical DNA interacting agents 

Non-classical alkylating agents include hydrazine based procarbazene and 

triazene based dacarbazine and temozolomide (Figure 1.10).  Again, these drugs act as 

electrophiles for the alkylation with nucleophilic DNA.  However, the mechanism of 
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action and metabolic activation are different from that of classical alkylating nitrogen 

mustards and platinum agents.  Hence, they are listed as non-classical alkylating agents. 

Figure 1.10: Examples of non-classical DNA alkylating agents. 

Temozolomide is a lipophilic prodrug of dacarbazine.  It is highly orally 

bioavailable and due to its small size and high lipophilicity it crosses the blood-brain-

barrier with high efficiency (30% brain versus blood plasma). It undergoes metabolic 

activation to reactive methyl triazino imidazole carboxamide (MTIC) (Figure 1.11).  

This species further generates reactive electrophilic units which alkylate at N7 and O6 

positions of guanine residues, and N3 of adenine (Figure 1.12).
45-46

 This results in 

cellular apoptosis due to the failure of cellular repair mechanisms due to alkylated DNA. 

 

Figure 1.11: General mechanism of action of temozolomide. 
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Figure 1.12: Sites of alkylation of temozolomide. 

1D. DNA topoisomerase inhibitors 

 Other classes of antineoplastic agents that do not directly alkylate or bind to 

nitrogenous bases, but interact with and disrupt DNA functions include topoisomerase 1 

and 2 inhibitors (Figure 1.13 and 1.14).  In these cases, the flat topology of the molecule 

helps intercalate with the DNA strands, and the polar functional groups form a tight 

hydrogen bonding with phosphodiester backbone of DNA. 

 

Figure 1.13: Examples of topoisomerase 1 inhibitors. 
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Figure 1.14: Examples of topoisomerase 2 inhibitors. 

During DNA replication and transcription, DNA coding machinery causes an 

over-winding ahead of the replication fork that needs to be relaxed in order to release the 

torsional strain of the supercoiled DNA strand.  Topoisomerase 1 and 2 are responsible 

for the unwinding of DNA by cutting either one or both strands respectively. Inhibitors of 

such action cause high levels of genomic instability due to high strain near DNA 

replication and transcription machinery, and further leading to DNA damage and cell 

death pathways. 
47-48

 

Introduction of above mentioned DNA alkylators and other DNA interacting 

agents has tremendously improved the therapeutic outcome for a wide variety of cancers.  
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However, due to their non-selectivity they suffer from significant side effects including 

teratogenicity, severe myelosuppression, and permanent damage to the immune system. 

Hence, the development of novel DNA alkylators with high structural tunability and 

different mode of action with fewer side effects are highly required.  In this regard, we 

chose to explore the potential of an important C-C bond forming Baylis-Hillman (BH) 

reaction.  This reaction is very simple to perform, and by mixing an aldehyde with 

electron withdrawing group substituted ethylenes such as methyl acrylate, methyl vinyl 

ketone, and acrylonitrile in the presence of a nucleophilic base 1,4-

diazabicyclo[2.2.2]octane (DABCO) provides functionalized allyl alcohols in one step 

(Scheme 1.1). 
49-58

 

 

Scheme 1.1: Baylis-Hillman reaction. 

This reaction is highly atom efficient and typically requires no solvent and can be 

performed at room temperature.  The acetates of product BH alcohols can be isomerized 

with various nucleophiles in SN2’ fashion to provide further functionalized structural 

synthons (Scheme 1.2).  
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Scheme 1.2: SN2’ capability of BH acetates. 

The BH alcohols can also be converted into allyl bromides by reacting them with 

HBr/H2SO4 or PBr3 (Scheme 1.3). 

 

Scheme 1.3: Synthesis of BH-Bromide 

The BH bromide 1 is an intriguing structural intermediate and provides three 

opportunities for nucleophilic substitutions.  BH bromide 1 can undergo a direct 

nucleophilic substitution in SN2 fashion, allylic rearrangement in SN2’ mode, and 1,4 

addition reaction (Figure 1.15). 
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 Figure 1.15: SN2, SN2’, and 1,4 addition capabilities of BH bromide 1. 

 

1E. Utilization of BH bromides in organic synthesis 

The formaldehyde derived BH bromide 1 and the benzaldehyde derived BH 

bromide 2 (Figure 1.16) have been extensively utilized for indium, zinc, and titanium 

and other metal based nucleophilic Barbier type allylation reactions to obtain allyl 

alcohol 3 (Scheme 1.4).
59-68

   

 

Figure 1.16: BH Bromides 

 

Scheme 1.4: Barbier allylation of carbonyl compounds with BH bromides. 
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Conversely, they have also been used as electrophiles for nucleophilic C, N, O 

and S alkylations for a wide variety of structurally interesting natural and unnatural 

products.  They have also been explored for making a wide variety of medicinally 

important small molecules as anticancer, antibacterial, and pharmacological probes.  

Some of the applications of BH bromides 1 and 2 have been delineated below. 

 

1E.1.Diastereoselective alkylation of aspartic acids with BH bromides 

Hanessain et al. reported an anti-steroselective (85%) alkylation of N-CBz 

aspartic acid 4 using BH bromide 1 to provide the corresponding alkylated product 5 and 

6 (85%:15%) in 87% yield (Scheme 1.5).
69

 

 

Scheme 1.5: Diastereoselective alkylation of aspartic acids with BH bromides 
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1E.2. Synthesis of BC-ring system of natural alkaloid tuberostemoninol using BH 

bromide 

Williams and Jia reported the utilization of BH bromide 1 in the BC-ring system 

of natural alkaloid tuberostemoninol 6 (Figure 17). Alkylation of diphenyl morpholine 7 

with BH bromide 1 in the presence of potassium bicarbonate in DMF provides the SN2 

substituted N-alkylated product 8.  Subsequently, 8 was converted into the BC-ring 

synthon of tuberostemoninol 9 in several steps (Scheme 1.6).
70

  

 

Figure 1.17: Structure of tuberstemoninol. 
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Scheme 1.6: Synthesis of BC-ring system of natural alkaloid tuberostemoninol using BH 

bromide 1  

1E.4. Synthesis of substituted quinoziline-4-ones with BH bromide 

 Spring et al. utilized BH bromide for N-alkylation of 6-bromo-2-pyridone to 

provide the N-alkylated product 11.  Bromide in 11 was coupled under Stille conditions 

using Pd2(dba)3 and allyl or methallyl tin reagents (12 or 13) to afford the diene products 

14 or 15.  These products were cyclized using ring closing metathesis reaction with 

Grubb’s second generation catalyst to obtain substituted quinoziline-4-ones 16 or 17 

(Scheme 1.7).
71

  

 

Scheme 1.7: Synthesis of substituted quinoziline-4-ones with BH bromide 1. 
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1E.5. Synthesis of polycyclic γ-lactams utilizing BH bromide 

 Synthesis of polycyclic γ-lactams was achieved under metal free conditions via 

radical cyclization of 1,6-eneynes.  The required eneynes were conveniently synthesized 

via alkylation of tosylamides with BH bromide followed by DCC mediated coupling with 

propargylic acids (Scheme 1.8). 
72

  

 

 

Scheme 1.8: Synthesis of polycyclic γ-lactams utilizing BH bromide 1. 

1E.6. Synthesis of (S)-(3-benzyl-3-methyl-2,3-dihydrobenzofuran-6-yl)-piperidin-1-

yl-methanone utilizing BH bromide 

 Naguib and Luo synthesized piperidinyl methanone via O-alkylation of piperidine 

amide 18 with BH bromide 1 under basic conditions to obtain compound 19.  19 was 

subsequently converted to (S)-(3-benzyl-3-methyl-2,3-dihydrobenzofuran-6-yl)-

piperidin-1-yl-methanone 20 via a series of steps (Scheme 1.9).
73
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Scheme 1.9: Synthesis of (S)-(3-benzyl-3-methyl-2,3-dihydrobenzofuran-6-yl)-piperidin-

1-yl-methanone using BH bromide 1. 

1E.7. Synthesis of BH bromide derived peptidomimetics  

Ostaszewski et al. reported the synthesis of novel peptidomimetic inhibitors of 

thioredoxin−thioredoxin reductase system via O-alkylation of substituted cesium 

benzoates with BH bromide 1 and BH bromide derived peptidomimetic analogs 21 to 

provide BH product 22 and BH peptidomimetic product 23 (Scheme 1.10). 
74

   

 

Scheme 1.10: Synthesis of BH bromide derived peptidomimetics. 
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1E.8. Synthesis of 3-benzylidene-pyrrolidine-2,5-dione using BH bromide 

 3-benzylidene-pyrrolidine-2,5-dione have been synthesized from BH bromide 2 

via nucleophilic displacement of bromide with cyanide in SN2 fashion to obtain 

compound 24.  followed by conversion of the corresponding nitriles to amide 25 and base 

promoted cyclization to obtain 3-benzylidene-pyrrolidine-2,5-dione product 26 (Scheme 

1.11).
75

  

 

Scheme 1.11: Synthesis of 3-benzylidene-pyrrolidine-2,5-dione using BH bromide 2. 

  

1E.8. Synthesis of olefinic 1,5-dicarbonyl compounds with BH bromide  

Kim et al. synthesized olefinic 1,5-dicarbonyl compounds via C-alkylation of BH 

bromide 2 with allyl substituted 1,3 dicarbonyl compound 27 followed by Pd-mediated 

decarboxylative protonation of compound 28 provided 1,5-dicarbonyl compound 29 

(Scheme 1.12).
76
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Scheme 1.12: Synthesis of olefinic 1,5-dicarbonyl compounds with BH bromide 2. 

1E.9. Synthesis of indoleazocines utilizing BH bromide 

Batra et al. synthesized indoleazocine 32 starting with alkylation of trypatamine 

30 with BH bromide 2 in the presence of trimethylamine .  The corresponding N-

alkylated product 31was further converted into respective indoleazocine 32 by a series of 

steps (Scheme 1.13).
77

 

 

Scheme 1.13: Synthesis of indoleazocines utilizing BH bromide 2. 
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1E.10. Synthesis of tricyclic tetrahydroquinoline using BH bromide 

N-alkylation of N-tosylaminobenzaldehyde 33 with BH bromide 2 under basic 

conditions provided the product 34.  Treatment of 34 with hydroxyl amine afforded the 

aldoxime 35 which was directly treated with NCS and trimethylamine to obtain the 

tricyclic tetrahydroquinoline 36 via an intramolecular 1,3-dipolar nitrile oxide 

cycloaddition reaction. (Scheme 1.14).
78

  

 

Scheme 1.14: Synthesis of tricyclic tetrahydroquinoline using BH bromide 2. 
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1E.11. Synthesis of thiol-sensitive probes using BH bromide 

BH-bromide 2 was O-alkylated with various phenols 36a-f to afford 

corresponding phenacrylate derivatives 37a-f.  These were used as thiol sensitive probes 

for biological applications (Scheme 1.15).
79

  

 

Scheme 1.15: Synthesis of thiol-sensitive probes using BH bromide 2. 

 

 

 

 



25 
 

1E.12 Synthesis of dinapthyl chromanone utilizing BH bromide 

Kankam et al. synthesized methylene-dinaphthyl bis-chromanones starting from 

38 and BH bromide 2.  The esters in alkylated product 39 were hydrolyzed to 

corresponding carboxylic acids in 40 which were subsequently cyclized to corresponding 

dinapthyl chormanone 41 (Scheme 1.16).  The product chomanone 41 was tested against 

several bacterial strains with good zone of inhibition.
80

 

 

Scheme 1.16: Synthesis of dinapthyl chromanone utilizing BH bromide 2. 
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1E.13 Synthesis of isothiouronium salts using BH bromide  

Treatment of thiourea 42a and alkyl/aryl substituted thioureas 42b-c with BH 

bromide  2 provided S-allylic isothiouronium salts 43a-c respectively.  These thiourea 

salts were evaluated against a leukemia cancer cell line L1210 with moderate to good 

activity (Scheme 1.17).
81

  

 

Scheme 1.17: Synthesis of isothiouronium salts using BH bromide 2. 
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1E.13 Synthesis of allylic azides, thiocyanates, isothiouronium salts from BH 

bromide 

Sa et al. utilized BH bromide 2 as a template to react N3, SCN, and thiourea based 

nucleophiles in SN2 fashion to obtain the corresponding allylic azides, thiocyanates, 

isothiouronium salts 44a-c respectively.  The isothiouronium salt 44c was treated with 

acetic anhydride to obtain the acetylated product 45 (Scheme 1.18).  These structurally 

diverse products were evaluated as antitubercular agents with MIC values ranging from 

low to high micromolar activity against mycobacterium tuberculosis strain Mtb H37Rv.
82

 

 

Scheme 1.18: Synthesis of allylic azides, thiocyanates, isothiouronium salts from BH 

bromide 2. 

  

 

We envision the utilization of BH bromides 1 and 2 to develop novel DNA based 

alkylators because of their versatility as electrophiles and nucleophiles, and their ability 
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to accept nucleophiles in SN2, SN2’, and 1,4 addition fashion.  The reactivity of bromides 

1 and 2 to act as electrophiles for potential interaction with cellular components form the 

basis for the current thesis. 
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Results and Discussion 

As described in the introduction, the BH bromides 1 and 2 (Figure 2.1) have been 

extensively utilized as nucleophiles in metal mediated Barbier type allylations and also as 

electrophiles for C, N, O and S alkylations for the synthesis of a wide variety of structurally and 

biologically interesting small molecules (Figure 1.15 introduction).
1-24

  Mereddy’s group has 

also been working on the utilization of BH bromides 1, 2, and 3 as nucleophiles and also as 

electrophiles for the synthesis of medicinally important small molecules (Figure 2.1).
25-27

  

 

Figure 2.1:  Baylis-Hillman (BH) bromides  

 Using BH bromides 1 and 3 as nucleophiles, Mereddy et al. carried out Zn based Barbier 

allylations on o-formyl phenyl boronic acids to synthesize functionalized benzoxaboroles 4 and 5 

as potential antimicrobial agents.
25

  The reaction took place in a highly diasteroselective (syn) 

manner with BH bromide 3 to obtain diastereometrically pure compound 5 (Scheme 2.1). 

 

Scheme 2.1: Synthesis of functionalized benzoxaboroles from BH bromides. 
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 BH bromides 1 and 3 was also utilized as electrophiles for the synthesis of α-methylene-

β-substituted-γ-carboxy-γ-lactams. Here, the nucleophiles generated from α-amino ester based 

imines attacked the BH bromides 1 and 3 in SN2’ fashion to provide the functionalized 

pyroglutamates in a single step and in highly diastereoselctive fashion (Scheme 2.2).  This 

methodology was applied for the synthesis of fused [3.2.0.] heterobicyclic γ-lactam-β-lactones 

and γ-lactam-γ-lactones (Scheme 2.3).
26

  

 

Scheme 2.2: Synthesis of α-methylene-β-substituted-γ-carboxy-γ-lactams 

Scheme 2.3: Synthesis of fused [3.2.0.] heterobicyclic γ-lactam-β-lactones and γ-lactam-γ-

lactones. 
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More recently, Mereddy’s group exploited the SN2/SN2’ nature of BH bromides 1 and 2 

for the synthesis of quaternary ammonium curcuminoids as potential anticancer agents.  The 

curcuminoids generated from piperizinyl benzaldehydes were treated with BH bromides 1 and 2 

to provide quaternary ammonium curcuminoids 6 and 7 (Scheme 2.4).  All the synthesized 

compounds were found to be highly water soluble and the BH derived quaternary ammonium 

salts acted as leaving groups and interacted as electrophiles with nucleophilic cellular components 

in SN2/SN2’ fashion to provide moderate to good cell proliferation inhibition properties.
27

 Further 

biological studies of these compounds revealed that they were well tolerated in healthy mice and 

good tumor growth inhibition properties were observed in a pancreatic cancer tumor model in 

athymic nude mice (Figure 2.2 and 2.3). 
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Scheme 2.4: Synthesis of BH bromide derived water soluble quaternary ammonium 

curcuminoids. 

 

Figure 2.2: In vivo Systemic toxicity study of BH derived curcuminoid 6 in healthy CD-1 mice. 

 

Figure 2.3: In vivo anticancer efficacy study of BH derived curcuminoid 6 in a MIAPaCa-2 

xenograft model in athymic nude mice. 

Fascinated by the highly electrophilic nature of BH bromides 1 and 2, we sought to 

explore the potential of these bromides as alkylators of DNA and other nucleophilic cellular 

components for anticancer applications.  In vitro cell proliferation inhibition studies of the 

bromides 1 and 2 against several cancer cell lines (MDA-MB-231, 4T1, MIAPaCa-2) using MTT 

assay indicated that these compounds exhibited moderate to good potency against all the cell lines 

tested.  However, these compounds were found to be chemically not stable enough at room 
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temperature to be developed as potential anticancer agents.  We also reasoned that the presence of 

very reactive allylic bromide system would be reactive with high metabolic vulnerability and this 

could potentially cause several side effects.  In the present work, we envisaged to synthesize less 

reactive and more stable 2-(alkoxycarbonyl)-allyl esters  from carboxylic acids and BH bromides  

to increase chemical and metabolic stability, and retain the intriguing SN2, SN2’, and 1,4 addition 

capabilities for interaction with nucleophilic cellular components (Schemes 2.5 and 2.6).  In these 

cases, the carboxylic acid group will act as a leaving group for either SN2 or SN2’ interactions 

with nucleophiles.  

 

Scheme 2.5: SN2/SN2’ capabilities of 2-(alkoxycarbonyl)-allyl esters. 

 

Scheme 2.6: 1,4-addition capability of 2-(alkoxycarbonyl)-allyl esters. 

The 2-(alkoxycarbonyl)-allyl ester template provides high structural tunability and we 

envisioned three reactive sites for structural variations to improve the biological activity, targeted 

delivery to the reactive site, metabolic stability, water solubility, and other pharmaceutical and 

pharmacological properties.  For example, attaching hydroxyethylpiperizine unit or a sugar unit at 

reactive carboxylic ester site should lead to high water solubility and reduce the metabolic 
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vulnerability of ester hydrolysis by plasma esterases.  We can also attach some of the 

endogeneous molecules and metabolites such as cholesterol, amino acids, folic acid, α-

tocopherol, fatty acids etc. This should lead to more targeted delivery to the tumor site due to the 

elevated requirement of these biosynthetic starting materials and cofactors for rapid cell 

proliferation of cancer cells (Figure 2.4). 
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Figure 2.4: Structural tunability and potential of 2-(alkoxycarbonyl)-allyl template for improving 

water solubility, metabolic stability, and targeted delivery.  

To test this hypothesis we first synthesized and evaluated the cancer cell proliferation 

inhibition properties of 2-(methoxycarbonyl)-allyl benzoate 8.  The required BH bromide 1 for 

the preparation of 8 was synthesized in two steps by BH reaction of formaldehyde and methyl 

acrylate in the presence of DABCO, and bromination of the resulting alcohol in HBr/H2SO4.  The 

crude bromide was vacuum distilled to obtain the pure BH bromide 1.  The 2-(methoxycarbonyl)-
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allyl benzoate 8 was synthesized by treating benzoic acid with BH bromide 1 in the presence of 

sodium carbonate in DMSO (Scheme 2.7).  The crude product was extracted with ether and 

water, and the pure product was obtained upon purification with silica gel column 

chromatography with ethyl acetate:hexanes (2%:98%). Allyl benzoate 8 has excellent room 

temperature stability as evidenced by no observable decomposition at room temperature for one 

month according to 
1
H NMR.   

 

Scheme 2.7: Synthesis of 2-(methoxycarbonyl)-allyl benzoate. 

Satisfied with the chemical stability, we then evaluated the in vitro cell proliferation 

inhibition on difficult to treat human triple-negative breast cancer cell line MDA-MB-231, 

murine metastatic breast cancer 4T1, and human pancreatic cancer cell line MIAPaCa-2 by 

utilizing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability 

assay. Cells cultured in 96-well plates were incubated with the test compounds for 72 h, and MTT 

values were expressed as percent of vehicle-only (control) wells. The IC50 value was calculated 

for each compound as the dose required to suppress the MTT signal to 50% of control values.  

Gratifyingly, compound 8 retained a comparable or higher biological potency to the parent 

bromo-congener 1 (Figure 2.5). 
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Figure 2.5: Cell proliferation inhibition (IC50) values of 8 and 1 in micomolar concentration. 

 This encouraging biological activity and chemical stability led us to carry out a detailed 

structure activity relationship study (SAR) of 2-(alkoxycarbonyl)-allyl esters from various 

carboxylic acids and BH bromides.  First, we utilized formaldehyde BH bromide 1 and reacted 

with various substituted aromatic carboxylic acids.  Electron donating derived 2-

(alkoxycarbonyl)-allyl ester examples included 4-N,N-dimethyl (9),  4-methoxy (10), 3,4,5-

trimethoxy (11), and piperonyl (12) benzoic acid esters, and  electron withdrawing examples 

included 4-nitro (13) and 4-cyano (14) carboxylic acid esters (Scheme 2.8 and 2.9).  The 

corresponding product 2-(alkoxycarbonyl)-allyl esters were efficiently synthesized from the 

respective carboxylic acids and BH bromide 1 under basic conditions and purified via silica gel 

column chromatography in good to excellent yields (Scheme 2.8 and 2.9). 

 

Scheme 2.8: Synthesis of 2-(alkoxycarbonyl)-allyl esters derived from EDG substituted benzoic 

acids. 
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Scheme 2.9: Synthesis of 2-(alkoxycarbonyl)-allyl esters derived from EDG substituted benzoic 

acids. 

 We then carried out cell proliferation inhibition studies (MTT assay) on compounds 9-14 

and found that both electron donating and electron withdrawing substituents on 2-

(alkoxycarbonyl)-allyl esters 9-14 exhibited similar potency against all three cell lines (Figure 

2.6).   

 

Figure 2.6: Cell proliferation inhibition (IC50) values of 9-14 in micomolar concentration. 

 To further understand the SAR of the α-carboxy allyl ester unit, we took unsubstituted 

benzoic acid as a representative example.  First, to understand the importance of the carboxy ester 
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group in providing biological activity, we synthesized simple allyl benzoate 15. Compound 15 

was readily obtained by treating sodium salt of benzoic acid with allyl bromide followed by 

purification by silica gel column chromatography (Scheme 2.10).  

 

 

Scheme 2.10: Synthesis of allyl benzoate.   

This compound is not capable of 1,4 addition and simple benzoate is a poor leaving group 

for SN2 and SN2’ reactions in the absence of α-carboxy carbonyl group.  As expected, compound 

15 did not retain any biological activity even at 100μM concentration.  This clearly exhibits the 

importance of the α-carboxy carbonyl group in providing SN2/SN2’ capability for interaction with 

cellular components to provide biological activity.  We then modified the alkoxy group in ester 

by replacing methyl with ethyl and butyl substituents.  The corresponding BH bromides 16 and 

17 were synthesized by performing BH reaction of ethyl and butyl acrylates with formaldehyde in 

the presence of DABCO, followed by bromination using HBr/H2SO4 to give corresponding BH 

bromides 16 and 17 (Scheme 2.11).  The pure 16 and 17 were obtained via silica gel column 

chromatography using hexane as the elutant.  The reaction of benzoic acid with BH bromides 16 

and 17 under basic conditions followed by silica gel column chromatography gave the 

corresponding 2-(ethoxy/butoxycarbonyl)-allyl esters 18 and 19 respectively in good yield 

(Scheme 2.11).  
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Scheme 2.11: Synthesis of 2-(ethoxy/butoxycarbonyl)-allyl esters 18 and 19. 

 

Figure 2.7: Cell proliferation inhibition (IC50) values of 18 and 19 in micomolar concentration. 

  Cell proliferation inhibition studies of 18 and 19 did not lead to any enhanced activity, 

and the methyl substituent was found to be the optimal structural moiety for biological activity 

(Figure 2.7).  Next, we sought to explore the importance of the double bond of 2-

(alkoxycarbonyl)-allyl esters, since our hypothesis involved the reaction of nucleophilic cellular 

components in an SN2’ and/or 1,4 addition fashion for which the double bond was a critical 

component.  Hence, we saturated the double bond in 8 by dihydroxylation using osmium 

tetroxide/NMO conditions to provide the corresponding diol 20 (Scheme 2.12).   
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Scheme 2.12: Synthesis and cell proliferation inhibition (IC50) values of 20 in micomolar 

concentration. 

As anticipated, diol 20 did not retain any biological activity, illustrating the importance of 

the carboxycarbonyl double bond in its interaction with nucleophilic cellular components and 

subsequent SN2, SN2’ and/or 1,4 addition for providing biological reactivity.  We further 

investigated the SAR of 2-(alkoxycarbonyl)-allyl ester template by introducing β-substitution on 

double bond by placing a phenyl group. The required β-phenyl substituted derivative 22 was 

synthesized from benzoic acid and methyl (Z)-2-(bromomethyl)-3-phenylacrylate, BH bromide 2.  

The corresponding BH bromide 2 was prepared by BH reaction of benzaldehyde with methyl 

acrylate in the presence of DABCO for one week.  Crude allyl alcohol 21 was extracted with 

ethyl acetate and water and purified using silica gel column chromatography with ethyl 

acetate:hexanes (10%:90%) as the elutant.  The allyl alcohol 21 was further brominated with 

HBr/H2SO4, and extracted with ether and water.  The crude product was then purified via silica 

gel column chromatography using hexanes as elutant to obtain methyl (Z)-2-(bromomethyl)-3-

phenylacrylate 2.  BH bromide 2 was then reacted with benzoic acid in the presence of Na2CO3 in 

DMSO and purified via silica gel column chromatography to obtain the β-substituted 2-

(alkoxycarbonyl)-allyl ester 22 (Scheme 2.13).  β-substitution resulted in a decrease in biological 

activity when compared to β-unsubstituted compound 8 (Figure 2.8). 
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Scheme 2.13: Synthesis of β-substituted 2-(alkoxycarbonyl)-allyl ester 22.  

 

Figure 2.8: Cell proliferation inhibition (IC50) values of 22 in micomolar concentration 

We then explored the SAR of expanded aromaticity of the carboxylic acid component by 

utilizing naphthalene and anthracene carboxylic acids.  Reaction of 1-napthoic acid and 9-

antharcenecarboxylic acid with BH bromide 1 under basic conditions efficiently provided 

corresponding 2-(alkoxycarbonyl)-allyl esters 23 and 24 in good yields (Scheme 2.14).  

Biological evaluation resulted in a decreased potency when compared to the monocyclic benzoic 

acid derivatives 8-14 (Figure 2.9).   
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Scheme 2.14: Synthesis of 2-(alkoxycarbonyl)-allyl esters 23 and 24 from naphthalene and 

anthracene carboxylic acids.  

 

Figure 2.9: Cell proliferation inhibition (IC50) values of 23 and 24 in micomolar concentration. 

Structurally modified alkyl and alkenyl 2-(alkoxycarbonyl)-allyl esters 25 and 26 derived 

from cinnamic acid and 4-phenylbutyric acid were also synthesized to evaluate the effect alkyl 

and alkenyl spacers on biological activity.  The required alkoxycarbonyl-allyl esters 25 and 26 

were synthesized by treating cinnamic acid and 4-phenyl butyric acid with BH bromide 1 under 

basic conditions and purified via silica gel column chromatography to obtain 25 and 26 (Scheme 

2.15). 
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Scheme 2.15: Synthesis of 2-(alkoxycarbonyl)-allyl ester 25 and 26 from cinnamic and 4-phenyl 

butyric carboxylic acids. 

Biological evaluation of 25 and 26 did not lead to decreased potency, illustrating the 

importance of aromatic carboxylic acid derived 2-(alkoxycarbonyl)-allyl esters for optimal 

biological activity (Figure 2.10). 

 

Figure 2.10: Cell proliferation inhibition (IC50) values of 25 and 26 in micomolar concentration. 

To increase the functionalization, we utilized di- and tri-carboxylic acids to synthesize di- 

and tri-functionalized 2-(alkoxycarbonyl)-allyl esters.  In this regard, derivatives 27-29 were 

synthesized using terephthalic acid, 2,6-pyridinedicarxoxylic acid, and trimesic acid respectively.  

These products 27-29 were conveniently synthesized by the reaction of stoichiometric equivalents 

BH bromide 1 with respective carboxylic acids 27-29 in the presence of Na2CO3 in DMSO, and 

were purified via silica gel column chromatography (Scheme 2.16).   
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Scheme 2.16: Synthesis of 2-(alkoxycarbonyl)-allyl ester 27, 28, and 29 from terepthalic acid, 

2,6-pyridinedicarboxylic acid, and trimesic acid.   

Biological evaluation resulted in significantly enhanced cell proliferation inhibition 

properties when compared to the monoesters of aromatic carboxylic acids (Figure 2.11).  For 

example, pyridine dicarboxylic acid derived 2-(alkoxycarbonyl)-allyl ester 28 exhibited cell 

proliferation inhibition IC50 values in the 3-6μM range when compared to mono allyl ester of 

benzoic acid derived 8 with IC50 values ranging from 12-35μM. 
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Figure 2.11: Cell proliferation inhibition (IC50) values of 27, 28, and 29 in micomolar 

concentration. 

To further expand the application of activity enhancing 2-(alkoxycarbonyl)-allyl esters, 

we employed clinically used chemotherapeutic agent chlorambucil 30 as a representative 

example.  Chlorambucil is clinically utilized to treat chronic lymphatic leukemia, Hodgkin’s 

disease, and other types of lymphomas.
28-30

 Although chlorambucil has good activity against 

leukemia’s and lymphomas, it does not exhibit any appreciable efficacy against solid tumor cell 

lines.  For example, chlorambucil does not exhibit any cell proliferation inhibition properties up 

to 100μM against MDA-MB-231, 4T1, or MIAPaCa-2 cell lines.  Reaction of chlorambucil 

carboxylic acid 30 with BH bromide 1 under basic conditions efficiently afforded compound 31.  

Compound 31 showed enhanced biological activity when compared to parent chlorambucil 30, 

with IC50 values in the range of 49-83μM against all three cell lines (Figure 2.12).   
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Figure 2.12: Synthesis and cell proliferation inhibition (IC50) values of chlorambucil 30, and 

compound 31 in micomolar concentration. 

 The chlorambucil alkoxy allyl ester 31 is highly interesting because it has dual reaction 

sites for interaction with cellular DNA with nitrogen mustard unit via aziridinium intermediate, 

and alkoxyester as SN2/SN2’/1,4 addition structural subunit (Figure 2.12).   

 It is interesting to note that parent BH alcohol 21 did not show any appreciable biological 

activity, but the corresponding acetate 32 derived from alcohol 21 and benzoyl chloride resulted 

in cell proliferation inhibition properties albeit at lower concentrations than the lead 2-

(alkoxycarbonyl)-allyl esters.  The biological activity of BH acetate 32 could be attributed to the 

leaving group capacity of allyl benzoate in the presence of cellular nucleophiles (Figure 2.13).   
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Figure 2.13: Cell proliferation inhibition (IC50) values of 21 and 32 in micomolar concentration. 

From these results, compounds 10 and 28 derived from 4-methoxybenzoic acid and 2,6-

pyridine dicarboxylic acid were designated as lead compounds based on their potency in cell 

proliferation inhibition and mono-and di-functionalization.  Further mechanistic studies of these 

two compounds were performed, starting first with the effect of compound treatment on cellular 

morphology based on phase contrast microscopy.  MDA-MB-231 cells were plated on culture 

plates and exposed to compound 10 and 28 for 6 and 48 hours at concentrations equal to 1X, 2X, 

and 4X their IC50 values for cell proliferation inhibition; equating to 8, 16, and 32μM for 

compound 10, and 4, 8, and 16μM for compound 28, respectively.  For both compounds, the 1X 

IC50 concentrations led to little to no morphological effects at either time point.  However, for 

compound 10 cell rounding became evident at the 2X and 4X concentration after 6 hours of 

treatment which progressed to cell detachment and clustering after 48 hours (Figure 14).  For 

compound 28, noticeable cell rounding after 6 hours was apparent at the 4X concentration, which 

also advanced to clustering at the 48 hour time point (Figure 2.14).  It was previously reported 

that rounding and clustering of cells were observed due to damage of cell integrins, cytoskeletal 

elements, and cadherins when treated with well characterized alkylating agents.
31
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Figure 2.14: Phase contrast imaging of MDA-MB-231 cells after treatment with differing 

concentrations of compound 10 and 28. All images were captured using the same magnification 

(see scale bar). Note cell rounding at the higher compound concentrations. 

The make-up of DNA includes nucleophilic components that render the bio-

macromolecule highly susceptible to alkylation by electrophilic agents.  Such agents can react 

with nucleophilic ring nitrogens or exocyclic oxygens to produce a wide variety of DNA-

adducts.
32

  Both mono- and bifunctional alkylating agents can result in numerous complex 

cellular effects including DNA-strand breaks, cell cycle arrest and/or perturbation, and 

programmed cell death pathways.
33-34
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Due to the electrophilic nature of compounds 10 and 28, the morphological effect of 

nuclear organization and cell cycle regulation were examined via immunofluorescent microscopy.  

MDA-MB-231 cells were plated on cover slips and treated with compound 10 and 28 at their IC50 

value of cell proliferation inhibition.  Cells were then fixed with 2% paraformaldehyde, and then 

labeled with Hochest dye to label nuclei.  In some cases, cells were pulsed with 

bromodeoxyuridine (BrdU) to examine actively replicating nuclei of cells in S-phase.   In control 

cultures, most nuclei exhibited a normal organized appearance, with a few nuclei exhibiting small 

micro nuclei.  MDA-MB-231 exhibits a high level of genomic instability, and as a result has a 

small level of irregular nuclear bodies.  In contrast, treatment with compound 28 for 24 hours 

resulted in a high percentage of nuclei exhibiting a large level of irregular nuclear bodies and 

micronucleation indicative of karyorrhexis (Figure 2.15).  Compound 10 led to a more modest 

effect (data not shown).  Well characterized and clinically used alkylating agents such as 

cisplatin, carboplatin, ifosfamide, carboplatin, thiotepa, and N-methyl-N-nitrosourea have also 

been shown to induce such nuclear fragmentation in numerous cell types.
34-35

  

 

Figure 2.15: MDA-MB-231 cells treated with vehicle (DMSO) or compound 28 for 24 h, and 

subsequently pulsed with BrdU to identify replicating (S-phase) cells, and counterstained with 

Hoechst dye to label all nuclei. Hoechst fluorescence is shown in blue, and BrdU antibody 
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labeling is shown in red. Inset: higher magnification of fragmented nuclear bodies indicative of 

karyorrhexis in a cell treated with 28. 

Next, we sought to further understand the effect of compounds 10 and 28 on the 

molecular level by employing western blotting techniques.  A widely used and established 

indication of DNA damage and repair pathway activation is histone H2AX phosphorylation, 

forming γ-H2AX.  Histone H2AX plays major roles in the cells response to DNA damage, and is 

usually activated upon DNA single and double strand breaks.
36-37

 The ability of compounds 10 

and 28 to induce H2AX phosphorylation was evaluated by utilizing a phospho-specific antibody.  

MDA-MB-231 cells were treated with compound 10 and 28 for 6 hours at 1X, 2X and 4X their 

respective IC50 of cell proliferation inhibition and cells were harvested.  Subsequently, the 

harvested cells were blotted for γ-H2AX using a phospho-specific antibody.  High levels of 

genomic instability observed in MDA-MB-231 cells lead to a high level of intrinsic DNA 

damage, and hence a high level of H2AX phosphorylation.  There was a clear increase in the γ-

H2AX signal at the high end concentrations.  Interestingly, the signal is comparable to that 

observed in MDA-MB-231 cells treated with well characterized alkylating agent mitomycin c 

(MC) (Figure 2.16).   

Another important molecular response to DNA damage repair is the employment of 

enzyme poly (ADP-ribose) polymerase (PARP).  Upon DNA damage, PARP is upregulated and 

recruited to the sites of damage and further initiates the DNA repair process.
38

  Hence, PARP is 

activated by DNA alkylating agents.  Depending on the extent of DNA damage, PARP activation 

can be followed by cell death pathways such as apoptosis or necrosis, and upon apoptosis 

activation, PARP is an early target for caspase induced cleavage.
39

  In fact, cleavage of full length 

PARP is often used as an indication of caspase activation in apoptosis.  Western blotting indicates 

an initial activation of PARP at low end concentrations of compound 10 and 28 at a similar extent 

as MC, followed by a decrease in the PARP signal at higher concentrations of 10 and 28.  These 
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results suggest initial activation upon alkylator induced DNA damage, followed by the activation 

of apoptosis at higher drug concentrations (Figure 2.16). 

 

Figure 2.16: Western blot analysis of MDA-MB-231 whole cell lysates treated with differing 

concentrations of compounds 10, 28, DMSO (vehicle control) or Mitomycin C (MC) as an 

example of a well-characterized alkylating compound. γ-H2AX was probed after six hours 

whereas PARP-1 was probed after 48 h of treatment with 10 or 28. 

Cell cycle effects of compounds 10 and 28 were examined using BrdU uptake 

experiments and cyclin D1 expression changes.  Cyclin D1 is an important regulating enzyme, 

and governs the cells G1 to S transition.  Proteolytic degradation of cyclin D1 is an important 

mechanism of cell cycle regulation and hence, the quantity of the enzyme fluctuates throughout 

different phases of the cell cycle.
40-41

  Western blotting indicated an initial increase in the 

expression of cyclin D1 at low to intermediate concentrations of 10 and 28, followed by a 

decrease at higher concentrations (Figure 2.17).   

 

Figure 2.17: Western blot analysis of MDA-MB-231 whole cell lysates treated with differing 

concentrations of compounds 10, 28, DMSO (vehicle control) or Mitomycin C (MC) as an 
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example of a well-characterized alkylating compound.  Cyclin D1 was probed after 48 h of 

treatment with 10 or 28. 

The increase in cyclin D1 expression could indicate cell cycle arrest at low levels of 

cyclin D1, and its following decrease may be indicative of an apoptotic response, which has also 

been supported by the decrease in PARP signal.   

 The effect of compounds 10 and 28 on DNA replication and synthesis was examined 

using BrdU uptake experiments through immunofluorescent microscopy.  MDA-MB-231 cells 

were plated on cover slips, treated with compound 10 or 28 for 24 hours, pulsed with BrdU for 

one hour, and fixed for epifluorescent observation.  At low concentrations of 10 or 28, little 

change in BrdU positive (S-phase) cells was observed.  At higher concentrations of 28, however, 

there was a clear decrease in actively replicating cells.  Interestingly, cells exhibiting high levels 

of nuclear fragmentation and karyorrhexis were BrdU negative, indicating karyorrhectic induced 

cell cycle cessation in the presence of compound 28 (Figure 2.15).  

Based on these results, compound 28 has been designated as the lead candidate 

compound for further in vivo studies of systemic toxicity and chemotherapeutic efficacy based on 

its in vitro potency in the assays described above.  Initially, compound 28 was examined for its 

systemic toxicity in CD-1 mice.  12 healthy CD-1 mice were divided into two groups (n=6):  

Group 1 was administered compound 28 (20mg/kg) and group 2 was administered vehicle only 

(control) intraperitoneally once daily six days a week for a total of 14 days. This study indicated 

that compound 28 was well tolerated with no apparent side effects at acceptable therapeutic dose 

regimens based on normal weight gains and behavior when compared to control group (Figure 

2.18).  
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Figure 2.18: Systemic toxicity study of compound 28 in CD-1 mice 

Compound 28 was then tested for its anticancer efficacy in a triple-negative breast cancer 

MDA-MB-231 xenograft model in NOD SCID mice.  Cells were inoculated into the right flank of 

mice and treatment was initiated when the tumor volume reached ~150mm
3
.  Mice were 

randomly designated into three groups (n=7) based on average tumor volume.  Group 1 was 

administered compound 28 (20mg/kg) three times a week, Group 2 was administered clinically 

used breast cancer drug doxorubicin (0.5mg/kg) five times a week, and Group 3 was administered 

vehicle.  Tumor volumes and body weights were recorded every third day, and at the end of the 

study, mice were euthanized based on the institution of animal care and use committee (IACUC) 

guidelines.  It was observed that compound 28 led to a statistically significant 55% decrease in 

tumor volume and a 41% decrease in tumor weight when compared to the control group.  

Comparatively, doxorubicin led to a 49% decrease in tumor volume and 28% decrease in tumor 

weight when compared to the control (Figure 2.19).   
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Figure 2.19: Tumor growth inhibition study of compound 28 in a MDA-MB-231; xenograft 

model. 

Conclusion and Future Directions 

In conclusion, several structurally diverse 2-alkoxycarbonyl-allyl esters were synthesized 

from BH bromides.  SAR studies indicated that β-unsubstituted 2-(methoxycarbonyl)-allyl esters 

derived from aromatic carboxylic acids were optimal, the double bond was required for biological 

activity, and di- and tri-functionalized analogues had enhanced activity when compared to the 

mono esters. The cell proliferation inhibition properties were evaluated utilizing the MTT assay, 

with several derivatives exhibiting inhibition at low micromolar concentration.  Preliminary in 

vitro studies indicated DNA damage and cell cycle effects that are consistent with alkylation.  

Finally, systemic toxicity studies indicated that compound 28 was well tolerated in healthy CD-1 

mice, and exhibited statistically significant tumor growth inhibition properties in a MDA-MB-231 

xenograoft model.  Due to the ease of synthesis, potential for product diversity, structural 

tunability, novelty of the mechanism of action, and encouraging in vitro and in vivo activity, the 

compounds reported in this thesis are promising to be further developed as anticancer agents.   
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As a disclaimer, we do not discredit the ability of these molecules to interact with 

nucleophilic cellular components other than DNA.  Several other nucleophilic biomolecules 

including amino acids such as cysteine, serine, threonine, and tyrosine can potentially react with 

2-(alkoxycarbonyl)allyl esters in SN2 or SN2’ fashion.  Hence, molecules presented in this thesis 

have the potential to react with proteins in similar fashion as DNA.  Further, mitochondrial DNA, 

although compartmentalized by the inner and outer mitochondrial membranes, is also susceptible 

to alkylation by electrophilic 2-(alkoxycarbonyl)-allyl esters in SN2, SN2’, and 1,4 addition 

fashion.  Also, glutathione and N-acetyl cysteine have the capability to react with electrophilic 

xenobiotics for protective mechanisms, and could potentially react with presented compounds in 

nucleophilic fashion.  Although nuclear DNA is the most abundant nucleophile in the cell, and 

preliminary mechanisms of action support DNA alkylation, the intrinsic reactivity of molecules 

presented in this thesis may have cellular off-target effects.   

Future directions of this project will involve attaching the BH-bromide template to 

biologically relevant molecules to achieve the targeted delivery to the tumor sites which would 

minimize the potential side effects expected from non-targeted therapeutic agents.  Some of the 

other goals also involve improving the water solubility of the compounds by attaching 

piperizinyl, amino alkyl N,N-dialkyl groups etc.  Some of these aspects have been described in 

Figure 2.4. 
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Experimental 

Materials and Methods 

Benzoic Acid (Fisher Scientific), trimesic Acid (Sigma-Aldrich), formaldehyde (Sigma-

Aldrich), methyl acrylate (Sigma-Aldrich), phthalic acid (Sigma-Aldrich), 2, 6 

pyridinedicarboxyllic acid (AKSci), cinnamic acid (Fisher Scientific), sodium carbonate 

(Fisher-Scientific), osmium tetroxide (Sigma-Aldrich), N-methyl morpholine N-Oxide 

(NMO, Sigma-Aldrich), 1-napthoic acid (AKSci), 9-anthracene carboxylic acid (AKSci), 

4-phenylbutyric acid (Fischer Scientific).  All other chemicals were of reagent grade 

quality and purchased from Sigma-Aldrich (St. Louis, MO). The 
1
H- and 

13
C-NMR 

spectra were plotted on a Varian Oxford-500 spectrometer. High-resolution mass spectra 

(HRMS) were recorded using a Bruker micrOTOF-Q III ESI mass spectrometer. 

Elemental analysis (CHN) results were obtained from Atlantic Microlab services.  

Representative procedure for the synthesis of 2-(alkoxycarbonyl)allyl esters 

To carboxylic acid (2 mmol) in DMSO (5 mL) was added Na2CO3 (6 mmol) and stirred 

for 15 min at room temperature. 2-(methoxycarbonyl) allyl bromide (2 mmol) was then 

added and reaction mixture was stirred for 2hr at room temperature. Upon completion 

(TLC), water (50 mL) was added and product was extracted with diethyl ether (3x50ml).  

Ether layer washed with saturated sodium bicarbonate (50 mL) to remove trace DMSO 

and unreacted acid.  Organic layer was then dried using anhydrous MgSO4 and filtered.  

Crude product was then concentrated under vacuum and pure compounds 5-14, 16-24 

were obtained via column chromatography (1:20 EtOAc:Hexanes) (65-90%). 

Synthesis of 2-hydroxy-2-(hydroxymethyl)-3-methoxy-3-oxopropyl benzoate 
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To compound 5 (2 mmol) in acetone (10 mL) was added N-methylmorpholine-N-oxide 

(NMO) (5 mmol) and catalytic osmium tetroxide (0.02 mmol).  Reaction was stirred at 

room temperature for six hours. Upon completion (TLC), acetone was removed under 

reduced pressure and residue  obtained was diluted with 50 mL of water and the crude 

product was extracted with ethyl acetate (3x25mL) and purified via column 

chromatography (1:5, EtOAc:Hexanes) to obtain compound 15 (70%). 

Cell Culture  

MDA-MB-231 cells (ATCC) were grown in DMEM supplemented with 10% FBS and 

penicillin-streptomycin (50U/ml-50µg/ml). MIAPaCa-2 cells (ATCC) were cultured in 

DMEM supplemented with 10% FBS, 2.5% Horse Serum and penicillin-streptomycin 

(50U/ml-50µg/ml). 4T1 cells (ATCC) were cultured in RPMI-1640 supplemented with 

10% FBS and penicillin-streptomycin (50U/ml-50µg/ml). 

Fluorescent Labeling 

MDA-MB-231 cells (5x10
4
cells/mL) were seeded on glass coverslips and cultured for 

18-24hr.  Cells were then treated with compound 7, 22, or DMSO (vehicle control) for 24 

hours.  After exposure, cells were pulsed with bromodeoxyuridine (BrdU, 4μg/mL) for 1 

h.   Media was then aspirated and cells were fixed with 2% paraformaldehyde in 

phosphate-buffered saline (PBS) for 15 min.  Cells were rinsed with PBS containing 

0.05% Tween-20 (PBST), and subsequently treated with 2N HCl for 20 min at room 

temperature and again rinsed with PBST.  Cells were then blocked with normal goat 

serum (NGS) for 1 h at 37⁰C and incubated in a 1:500 dilution of BrdU antibody (G3G4, 

Developmental Studies Hybridoma Bank, Iowa City, IA) in PBST/5% NGS at 4⁰C 
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overnight.  Following incubation, cells were rinsed with PBST and exposed to Texas Red 

conjugated secondary goat-anti-mouse antibody (Jackson Immunoresearch, Malvern, PA, 

1:60 in PBST/5%NGS) and Hoechst (50μg/mL) for 1h at 37⁰C. After three PBST washes, 

coverslips were mounted with anti-fade media (0.5M CAPS pH 9.8, 80% v/v glycerol, 

0.1% w/v phenylene diamine, and 0.1% DABCO in PBS). Hoechst and BrdU labeled 

nuclei were then photographed using a Nikon TE2000 epifluorescent microscope; the 

images shown are representative of three separate experiments 

Western Blot analysis 

MDA-MB-231 cells (5x10
4
 cells/mL) were treated with compound 7, 22, Mitomycin C 

(positive control) or DMSO (negative control) for 6 and 48 hours and whole cell lysates 

were collected. After denaturation at 95 °C for 10 min in a SDS sample buffer (5% w/v 

sodium dodecyl sulfate, 10% v/v glycerol, 60mM Tris, pH 6.8), protein concentration 

was determined using bicinchoninic acid (ThermoScientific) and equal amounts of 

protein (20 μg) separated by electrophoresis in 8% or 12% polyacrylamide gels. Proteins 

were electrophoretically transferred to nitrocellulose membranes for 90 min at 100 V, and 

subsequently stained with Ponceau to assess transfer quality and verify equal protein 

loading.  After blocking the membranes with 10% w/v nonfat milk in PBST for 1 h at 

35⁰C, membranes were incubated overnight at 4 °C with rabbit anti-PARP (Santa Cruz 

H-250, 1:130), rabbit anti-Cyclin-D1 (Abcam AB16663, 1:260) or mouse anti-γH2AX 

(Upstate 05-636, 1:2500). Membranes were washed three times with PBST and incubated 

with the respective secondary goat anti-mouse IgG (1:2000) or goat anti-rabbit IgG 

(1:2000) horseradish peroxidase-conjugated antibodies (Jackson Immunoresearch). 

Membranes were again rinsed three times with PBST and were exposed to SuperSignal
®

 



60 
 

West Pico luminol enhancer solution and stable peroxide solution (ThermoScientific) for 

2 minutes and visualized with a Licor imager. Images shown are representative of three 

separate experiments. 

 

Ponceau-s stain of 8% SDS-PAGE of MDA-MB-231 cells exposed to compounds 7 and 

22 used for PARP-1 and Cyclin-D1 antibodies. 

 

 

Ponceau-s stain of 12% SDS-PAGE of MDA-MB-231 cells exposed to compounds 7 and 

22 used for γH2AX antibody. 

 

Ethical Considerations 

The experimental procedures involving animals that were conducted at the University of 

Minnesota Duluth was in compliance with the U.S. National Institutes of Health Guide 

for Care and Use of Laboratory Animals and approved by the Institutional Animal Care 

and Use Committee (IACUC). Studies with protocols 1311-31063A (systemic toxicity, 
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Figure 3A) and 1605-33796A (MDA-MB-231 xenograft, Figure 3B) were conducted at 

the University of Minnesota.  

In vivo systemic toxicity in CD-1 mice 

Five week old CD-1 mice (Charles River) were obtained and acclimatized for one week 

prior to treatment. Mice (n = 6) were grouped randomly based on average body weight. 

Group-1 was administered with compound 22 (20mg/kg) whereas group-2 was 

administered with vehicle intraperitoneally once daily, six days a week for a total of 14 

days of treatment. Mice body weights were recorded daily, and euthanized according to 

IACUC guidelines at the end of the study. A graph of days of treatment versus body 

weight±SEM was generated using GraphPad software. 

In vivo MDA-MB-231 xenograft model in SCID mice 

5x10
6
 cells MDA-MB-231 cells suspended in 1:1 matrigel-PBS were injected on right 

flank of female SCID mice (Jackson Laboratories). Treatment was initiated when the 

average tumor volume was ~150mm
3
. The mice were randomly assigned into groups 

(n=7) based on average tumor volume and average body weight. Tumors were measured 

with calipers every two or three days and tumor volumes were calculated using the 

formula V = (ab
2
)/2 where ‘a’ is the long diameter of the tumor and ‘b’ is the short 

diameter of the tumor. Mice were euthanized according to IACUC guidelines at the end 

of the study and tumors were isolated and weighed.  
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MDA-MB-231 Xenograft model.  Graphical representation of average tumor mass (g) 

following 14 days of treatment. 

 

 

Statistical Analysis 

Statistics were computed using GraphPad Prism version 6.0. Mann-Whitney test was 

used to compare the compound-treated and control groups for in vivo tumor xenograft 

studies. A P-value of < 0.05 was considered significant. 
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Spectral Characterization 

 

2-(methoxycarbonyl)allyl benzoate 

1
H NMR (500MHz, CDCl3): δ 8.07 (d, J = 8.5 Hz, 2H), 7.58 (t, J = 8.5 Hz, 1H), 7.45 (t, 

J = 8.0 Hz, 2H), 6.43 (s, 1H), 5.95 (s, 1H), 5.08 (s, 2H), 3.81 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.88, 165.62, 135.25, 133.11, 129.81, 129.62, 128.38, 

127.38, 62.75, 52.02 

Anal. Calcd for C12H12O4 (220.22): C 65.45, H 5.49 Found: C 65.51. H 5.57 

 

 

(E)-2-(methoxycarbonyl)-3-phenylallyl benzoate 

1
H NMR (500MHz, CDCl3): δ 8.07-8.05 (m, 3H), 7.57 (t, J = 7.5 Hz, 1H), 7.56-7.38 (m, 

7H), 5.21 (s, 2H), 3.86 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 167.41, 166.32, 145.85, 134.25, 133.07, 130.05, 129.75, 

129.67, 129.54, 128.82, 128.41, 126.66, 59.88, 52.38 

Anal. Calcd for C18H16O4 (296.32): C 72.96, H 5.44 Found: C 72.76. H 5.43 
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2-(ethoxycarbonyl)allyl benzoate 

1
H NMR (500MHz, CDCl3): δ 8.07 (d, J = 8.0 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.47 (t, 

J = 8.0 Hz, 2H), 6.42 (s, 1H), 5.94 (s, 1H), 5.08 (s, 2H), 4.30-4.25 (q, J = 7.5 Hz, 2H), 

1.32 (t, J = 8.0 Hz, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.95, 165.22, 135.61, 133.14, 129.91, 129.67, 128.43, 

127.11, 62.86, 61.03, 14.17 

Anal. Calcd for C13H14O4 (234.25): C 66.66, H 6.02 Found: C 66.42. H 5.90 

 

 

2-(butoxycarbonyl)allyl benzoate 

1
H NMR (500MHz, CDCl3): δ 8.07 (d, J = 7.5 Hz, 2H), 7.58 (t, J = 7.5 Hz, 1H), 7.46 (t, 

J = 8.0 Hz, 2H), 6.42 (s,1H), 5.93 (s,1H), 5.08 (s, 2H), 4.22 (t, J = 6.5 Hz, 2H), 1.70-1.64 

(m, 2H), 1.45-1.37 (m, 2H), 0.93 (t, J = 7.5 Hz, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.95, 165.30, 135.62, 133.14, 129.89, 129.67, 128.41, 

127.22, 64.89, 62.90, 30.59, 19.16, 13.66 

Anal. Calcd for C15H18O4 (262.3): C 68.69, H 6.92 Found: C 68.45. H 6.97 
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2-(methoxycarbonyl)allyl 4-phenylbutanoate 

1
H NMR (500MHz, CDCl3): δ 7.30-7.17 (m, 5H), 6.37 (s, 1H), 5.85 (s, 1H), 4.82 (s, 

2H), 3.79 (s, 3H), 2.67 (t, J = 7.5Hz, 2H), 2.39 (t, J = 7.0Hz, 2H), 1.98 (quint, J =7.5Hz, 

2H) 

13
C NMR (125MHz, CDCl3): δ 172.82, 165.67, 141.27, 135.30, 128.48, 128.40, 127.61, 

126.02, 62.35, 52.04, 35.07, 33.48, 26.44 

HRMS (ESI) m/z: calc’d for C15H18O4 [M+H]
+
 : 263.1239, found 263.1306 

 

 

 

2-hydroxy-2-(hydroxymethyl)-3-methoxy-3-oxopropyl benzoate 

1
H NMR (500MHz, CDCl3): δ 8.00 (d, J = 8.0 Hz, 2H), 7.58 (t, J = 8.0 Hz, 1H), 7.45 (t, 

J = 7.8 Hz, 2H), 4.53-4.47 (dd, 2H), 3.93-3.78 (m, 6H), 2.22 (br s, 1H) 

13
C NMR (125MHz, CDCl3): δ 173.17, 166.01, 133.39, 129.69, 129.34, 128.50, 66.22, 

64.69, 53.53, 42.67 

Anal. Calcd for C12H14O6 (254.08): C 56.69, H 5.55 Found: C 55.72, H 5.59 

 

 

 

 



66 
 

 

 

2-(methoxycarbonyl)allyl 4-nitrobenzoate 

1
H NMR (500MHz, CDCl3): δ 8.30 (d, J = 8.5 Hz, 2H), 8.23 (d, J = 8.0 Hz, 2H), 6.47 (s, 

1H), 5.98 (s, 1H), 5.12 (s, 2H), 3.83 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.45, 164.09, 150.64, 135.21, 134.76, 130.80, 128.52, 

123.58, 63.77, 52.18 

HRMS (ESI) m/z: calc’d for C12H11NO [M+H]
+
 : 266.0620, found 266.0659 

 

 

2-(methoxycarbonyl)allyl 4-cyanobenzoate 

1
H NMR (500MHz, CDCl3): δ 8.13 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 6.43 

(s, 1H), 5.94 (s, 1H), 5.07 (s, 2H), 3.80 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.47, 164.34, 134.78, 133.64, 132.28, 130.18, 128.44, 

117.89, 116.59, 63.64, 52.19 

Anal. Calcd for C13H11NO4 (245.23): C 63.67, H 4.52, N 5.71 Found: C 61.61, H 4.64, 

N 5.32 
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2-(methoxycarbonyl)allyl 4-methoxybenzoate 

1
H NMR (500MHz, CDCl3): δ 8.03 (d, J = Hz, 2H), 6.91 (d, J = Hz, 2H), 6.40 (s, 1H), 

5.95 (s, 1H), 5.05 (s, 2H), 3.88 (s, 3H), 3.77 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.69, 165.62, 163.53, 135.48, 131.70, 127.13, 122.22, 

113.67, 62.48, 55.41, 52.01 

Anal. Calcd for C13H14O5 (250.25): C 62.39, H 5.64 Found: C 62.21. H 5.62 

 

 

 

 

2-(methoxycarbonyl)allyl 3,4,5-trimethoxybenzoate 

1
H NMR (500MHz, CDCl3): δ 7.32 (s, 2H), 6.43 (s, 1H), 5.92 (s, 1H), 5.07 (s, 2H), 

3.92-3.91(two singlets for two peaks, 9H), 3.82 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.63, 165.54, 152.97, 142.45, 135.32, 127.38, 124.79, 

106.94, 62.86, 60.89, 56.24, 52.06 

Anal. Calcd for C15H18O7 (310.3): C 58.06, H 5.85 Found: C 57.53, H 5.81 
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2-(methoxycarbonyl)allyl 4-(dimethylamino)benzoate 

1
H NMR (500MHz, CDCl3): δ 7.93 (d, J = 9Hz, 2H), 6.64 (d, J = 9Hz, 2H), 6.38 (s, 

1H), 5.91 (s, 1H), 5.02 (s, 2H), 3.80 (s, 2H), 3.04 (s, 6H) 

13
C NMR (125MHz, CDCl3): δ 166.24, 165.86, 153.45, 135.82, 131.40, 126.65, 116.49, 

110.70, 61.98, 51.97, 40.03 

Anal. Calcd for C14H17NO4 (263.29): C 63.87, H 6.51, N 5.32 Found: C 63.64. H 6.48, 

N 5.24 

 

 

2-(methoxycarbonyl)allyl benzo[d][1,3]dioxole-5-carboxylate 

1
H NMR (500MHz, CDCl3): δ 7.70 (d, J = Hz, 1H), 7.49 (s, 1H), 6.87 (d, J = Hz, 1H), 

6.40 (s, 1H), 6.05 (s, 2H), 5.93 (s, 1H), 5.04 (s, 2H), 3.80 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 165.66, 165.24, 151.79, 147.76, 135.36, 127.33, 125.51, 

123.80, 109.53, 108.01, 101.84, 62.73, 52.05 

Anal. Calcd for C13H12O6 (264.23): C 59.09, H 4.58 Found: C 58.97. H 4.62 
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2-(methoxycarbonyl)allyl 1-naphthoate 

1
H NMR (500MHz, CDCl3): δ 8.94 (d, J = 8.5 Hz, 1H), 8.22 (d, J = 7.0 Hz, 1H), 8.02 

(d, J = 7.5 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.55-7.48 (m, 2H), 

6.46 (s, 1H), 6.00 (s, 1H), 5.17 (s, 2H), 3.83 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 166.73, 165.69, 135.32, 133.81, 133.59, 131.37, 130.31, 

128.54, 127.84, 127.77, 126.65, 126.24, 125.69, 124.46, 63.00, 52.06  

Anal. Calcd for C16H14O4 (270.28): C 71.10, H 5.22 Found: C 70.44, H 5.22 

 

 

2-(methoxycarbonyl)allyl anthracene-9-carboxylate 

1
H NMR (500MHz, CDCl3): δ 8.55 (s, 1H), 8.08-8.03 (m, 4H), 7.56-7.49 (m, 4H), 6.48 

(s, 1H), 6.03 (s, 1H), 5.36 (s, 2H), 3.85 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 164.31, 160.93, 130.27, 126.21, 124.88, 124.23, 123.90, 

123.83, 122.58, 122.32, 120.75, 120.23, 59.06, 47.44 

Anal. Calcd for C20H16O4 (320.34): C 74.99, H 5.03 Found: C 74.71, H 5.10 
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bis(2-(methoxycarbonyl)allyl) pyridine-2,6-dicarboxylate 

1
H NMR (500MHz, CDCl3): δ 8.30 (d, J = 8.0 Hz, 2H), 8.04 (t, J = 8.0 Hz, 1H), 6.46 (s, 

2H), 6.06 (s, 2H), 5.16 (s, 4H), 3.82 (s, 6H) 

13
C NMR (125MHz, CDCl3): δ 165.50, 163.90, 148.22, 138.29, 134.68, 128.09, 127.89, 

63.66, 52.10 

HRMS (ESI) m/z: calc’d for C17H17O8 [M+H]
+
 : 364.0988, found 364.1065 

 

 

 

bis(2-(methoxycarbonyl)allyl) terephthalate 

1
H NMR (500MHz, CDCl3): δ 8.12 (s, 4H), 6.44 (s, 2H), 5.96 (s, 2H), 5.09 (s, 4H), 3.81 

(s, 6H) 

13
C NMR (125MHz, CDCl3): δ 165.58, 165.11, 135.02, 133.85, 129.71, 127.98, 63.30, 

52.14 

HRMS (ESI) m/z: calc’d for C18H18O8 [M+H]
+
 : 363.1035, found 363.1115 
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tris(2-(methoxycarbonyl)allyl) benzene-1,3,5-tricarboxylate 

1
H NMR (500MHz, CDCl3): δ 8.88 (s, 3H), 6.46 (s, 3H), 5.97 (s, 3H), 5.12 (s, 6H), 3.82 

(s, 9H) 

13
C NMR (125MHz, CDCl3): δ 165.50, 164.24, 134.90, 134.82, 131.13, 128.27, 63.59, 

52.18 

Anal. Calcd for C24H24O12 (504.44): C 57.14, H 4.80 Found: C 57.41, H 4.84 

 

 

 

2-(methoxycarbonyl)allyl cinnamate 

1
H NMR (500MHz, CDCl3): δ 7.73 (d, J = 16Hz, 1H), 7.54-7.52 (m, 2H), 7.39-7.38 (m, 

3H), 6.48 (d, J = 16Hz, 1H), 6.40 (s, 1H), 5.91 (s, 1H), 4.96 (s, 2H), 3.80 (s, 3H) 

13
C NMR (125MHz, CDCl3): δ 166.27, 165.69, 145.43, 135.32, 134.25, 130.44, 128.91, 

128.14, 127.51, 117.52, 62.45, 52.04 

HRMS (ESI) m/z: calc’d for C12H11NO [M+Na]
+
 : 269.2518, found 269.0784 
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2-(methoxycarbonyl)allyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate 

1
H NMR (500MHz, CDCl3): δ 7.00 (d, J = 8Hz, 2H), 6.56 (d, J = 8Hz, 2H), 6.30 (s, 

1H), 5.77 (s, 1H), 4.74 (s, 2H), 3.72 (s, 3H), 3.65-3.62 (m, 4H), 3.57-3.54 (m, 4H), 2.50 

(t, J = 7.5Hz, 2H), 2.30 (t, J = 7Hz, 2H), 1.86 (quintet, J = 7.5Hz 2H) 

13
C NMR (125MHz, CDCl3): δ 172.90, 165.66, 144.37, 135.32, 130.45, 129.69, 127.55, 

112.18, 62.31, 53.59, 52.04, 40.53, 33.93, 33.49, 26.69 

Anal. Calcd for C19H25Cl2NO4 (402.31): C 56.72, H 6.26, N 3.48 Found: C 56.64, H 

6.22, N 3.44 
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