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ABSTRACT 
 

Nitric oxide (NO) is a critical compound for many physiological processes and is 

closely connected to diseases such as cancer and pathophysiological conditions such as 

stroke and heart failure. NO synthesis is crucial for vasodilation and reduces blood clot 

formation. It is known to reduce glutathione (GSH), an inhibitor of cancer-therapy drugs, 

through oxidation of its thiol group. Combining chlorambucil, a chemotherapy drug that 

is used to treat chronic lymphocytic leukemia, and an NO releasing compound is 

projected to increase drug-therapy effectiveness on resistant cell line. Non-steroidal anti-

inflammatory drugs (NSAIDS) can also be combined with NO donors to create a drug 

that is both anti-inflammatory and anti-cancer.  

 

 
INTRODUCTION 
 
 The importance of nitric oxide (NO) in physiological and pathological processes 

connects it to a variety of diseases and pathophysiological conditions such as cancer, 

heart failure, and stroke.1, 2 NO synthesis in endothelial cells is crucial for vasodilation.3 

It also inhibits platelet aggregation and adhesion to blood vessels and consequently 

reduces blood clot formation.4 Moreover, NO is involved in pathogenesis and is known to 

reduce glutathione (GSH) levels within the cell through oxidation of its thiol group to 

ultimately form GSSG.5 Nitroxyl (HNO), one-electron more reduced than NO, has also 

been implicated as a potential agent for treatment of heart failure, alcoholism, and breast 

cancer6,7. The versatility of NO/HNO physiology results in the possibility of 

pharmacological use. 
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Diazeniumdiolates (also termed NONOates) are widely used for reliable 

generation of HNO/NO. They are useful due to their controlled reaction rate and direct 

dependence on pH and temperature.8 Secondary amines react with NO to produce 

NONOates that reversibly function as NO donors. Primary amines, however, react with 

NO to ultimately produce a dual HNO and NO donor (Figure 1).9 Due to fast 

dimerization, HNO10 cannot be stored, and donor compounds, such as NONOates, are 

necessary for in situ production of HNO.  

 

Figure 1: NONOate decomposition mechanism11 

 

 

 

 

 

 

Figure 2: Structure of chlorambucil  

 

 

 

 

 

Chlorambucil (4-[bis(2-chlorethyl)amino]benzenebutanoic acid)  is a 

chemotherapy drug that is used to treat chronic lymphocytic leukemia (Figure 2).12  
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The drug hydrolyzes in water and has a pKa of 5.8.13 It is an alkylating agent, which 

inactivates DNA and initiates cytotoxicity in cancer cells by producing interstrand and 

intrastrand DNA-DNA cross-links. However, the development of alkylating-agent 

resistant tumor cells can reduce the effectiveness of cancer-therapy drugs. This is a result 

in part of higher ratios of protein-free to protein-bound thiol compounds, which 

ultimately inactivate alkylating agents intracellularly14. GSH is the major intracellular 

nonprotein sulfhydryl compound15, and tumor cells contain high levels of GSH.16 

Chlorambucil reacts with GSH to produce several glutathione conjugates that play a role 

in the development of acquired drug resistance.17  

Kiefer and colleagues designed an NO releasing prodrug  that utilizes the 

propensity of GSH to bind to drugs as the activating factor (Figure 3). Building upon 

prodrugs, such as JSK18, chlorambucil can be used to a design a compound to utilize the 

adduct formation with glutathione, using NONOates, to activate the prodrug.  

 

Figure 3: Mechanism of nitric oxide release from diazeniumdiolates from nucleophilic 

substitution by GSH19 
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Therefore, the development of a drug that can release both chlorambucil and NO is 

projected to increase drug-therapy effectiveness on resistant cells. Also, ester derivatives 

are known to be taken in by cells much more effectively than carboxylic acid 

derivatives,20 which makes the proposed chlorambucil derivative a more viable candidate 

for cell entry than the original drug. 

Cyclooxygenase (COX) catalyzes the conversion of arachidonic acid to 

prostaglandins, which affect numerous pathological functions, such as inflammation and 

pain21. COX-2 is induced during inflammation while COX-1 is responsible for 

prostaglandin formation; Nonspecific inhibition of NSAIDs, such as aspirin, can lead to 

these side effects.22 Structural modifications of non-steroidal anti-inflammatory drugs 

(NSAIDs) can lead to enhanced inhibition of COX-2 to prevent inflammation. 

Combining an NSAID, such as aspirin, with the an HNO/NO donor leads to COX 

inhibiting NO donors (CINODS).23 Combining NONOates with NSAIDs may thus also 

lead to anti-cancer treatment.24  
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METHODS 

Nitrogen oxide derivatives of chlorambucil and aspirin were prepared by 

derivitizing both a primary and secondary diazeniumdiolate to produce DMA/NO-

chlorambucil and IPA/NO-aspirin. The chemical structures of the final products were 

analyzed to determine the efficacy of the syntheses.  

 
 
 
Figure 4: Synthesis of diazeniumdiolates 
 
 
a. 

 
 
 
 
 

 
b.	   

 

 

Synthesis of dimethylamine NONOate (Figure 4.a). 
 
DMA/NO was synthesized with modification from a reported procedure.25 A typical 

synthesis is described as follows. Sodium trimethylsilanolate (11.2 g, 0.10 mol) was 

added to a solution of dimethylamine (5.07 mL, 0.10 mol) in tetrahydrofuran (100 mL). 

The reaction was stirred 
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A
	   

B Dinitrodifluoro	  
benzene 

DMA/NO-‐
Chlorambucil 

for 15 h under NO (40 psi) at 25°C. 100 mL diethylether was added, and the solution was 

filtered to yield 2.25 g (18 % yield) of a white solid.   

 

Synthesis of isopropylamine NONOate (Figure 4.b). 

IPA/NO was synthesized with modification from reported procedure.26 A typical 

synthesis is described as follows. A solution of isopropylamine (60 mL, 0.73 mol) in 

diethyl ether (80 mL) was stirred for 48 h under NO (40 psi) at -78°C. The precipitate 

was filtered and weighed to yield 7.8 g (6.0 % yield) of the amine salt, which was 

converted to the sodium salt by dissolution in methanol and adding an addition of 

equivalent amount of methoxide for cation exchange. Additional diethylether precipitated 

out the sodium salt, which was collected as 4.01 g (3.9 % yield) of a white solid on 

vacuum filtration.  

 

 
Figure 5: Synthesis of DMA/NO-chlorambucil 
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1-(5-fluoro-2,4-dinitrophenoxy)-3,3-dimethyltriaz-1-ene 2-oxide (A).27 

A solution of DMA/NO (1.08 g, 8.5 mmol) in 5% NaHCO3 (20 mL) was added drop-

wise to difluoro-2,4-dinotrobenzene (1.51 g, 7.4 mmol) in tert-butyl alcohol (20 mL). 

The reaction was stirred for 45 min at 25°C. Water was added, and the mixture was 

filtered to obtain the crude product, which was further purified by gradient column 

chromatography (30% dichloromethane/hexane to 85% dichloromethane/hexane) to 

obtain (200 mg, 9.3 % yield) of a light yellow oil (A). 

 

 
O2-(2,4-Dinitro-5-hydroxyphenyl) 1-(N,N-Dimethylamino)-diazen-1-ium-1,2-diolate3 

(B).27 

Sodium hydroxide (11.92 mL, 1 N) was added drop-wise to a solution of A (200 mg, 

0.692 mmol) in tert-butyl alcohol (12 mL). The reaction was stirred for 3 h at 25°C. HCl 

(16 mL, 1 N) was added, and the mixture was concentrated. The organic layer was 

washed with dichloromethane (3 x 30 mL) and dried over MgSO4. The product was 

filtered to obtain (68.8 mg, 3.2 % yield) of a light yellow oil (B).  

 
 

Dimethylamine NONOate-chlorambucil (DMA/NO-chlorambucil). 

Dicyclohexylcarbodiimide (41.0 µL, 0.24 mmol) and N-hydroxysuccinimide (30.3 mg, 

0.26 mmol) was added to a solution of B (68.8 mg, 0.24 mmol) in dichloroethane (10 

mL) and stirred for 5 min at 25°C. Chlorambucil (72.9 mg, 0.24 mmol) was added to the 

mixture, and the completion of the reaction was monitored by TLC. After 19 h, a 1H 

NMR of crude DMA/NO-chlorambucil was recorded. 
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Figure 6: Synthesis of IPA/NO-aspirin 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
O2-(Methylthiomethyl)-1-(N-isopropylamino)diazen-1-ium-1,2-diolate (C) 
 
Chloromethyl methyl sulfide (2.39 mL, 28.5 mmol) was added to a slurry solution of 

Na2CO3 (1.53 g, 14.4 mmol) in DMF (50 mL) at 25°C. Following 2 min of stirring, 

IPA/NO (4.07 g, 28.8 mmol) was added, and stirring was continued for 3 h. The reaction 

was quenched by addition of ethyl acetate (70 mL), and the solution was then filtered and 

subsequently washed with 10% NaCl solution (5 x 40 mL). The organic layer was then 

dried over Na2SO4 and evaporated to obtain the crude product, which was further purified 

by gradient column chromatography (25% ethyl acetate/hexane) to obtain (1.10 g, 21.3 % 

yield) of a light yellow oil.  
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O2-(Chloromethyl)-1-(N-isopropylamino)diazen-1-ium-1,2-diolate (D). 

A solution of C (1.10 g, 6.14 mmol) dissolved in dichloromethane (20 mL) was cooled to 

-78°C, and sulfuryl chloride (5.81 mL of 1.0 M solution in CH2Cl2, 71.8 mmol) was 

added drop-wise with stirring. The reaction mixture was brought to room temperature, 

and completion of the reaction was monitored by TLC. After 3 h, the reaction mixture 

was filtered and evaporated to yield a yellow oil that was then used immediately without 

further purification.  

 

Synthesis of isopropyl amine NONOate-aspirin (IPA/NO-aspirin). 

Aspirin (936 mg, 52.0 mmol) was dissolved in DMSO (5 mL), triethylamine (0.725 mL, 

52.0 mmol) was added, and the solution was stirred for 50 min at room temperature. A 

solution of D in DMSO (5 mL) was then added drop-wise. The reaction mixture was 

stirred for 15 h then quenched with ethyl acetate (40 mL). The organic layer was washed 

with a saturated NaHCO3 solution (5 x 40 mL), dried over MgSO4 and then evaporated to 

obtain the crude product. Further purification was performed by silica gel gradient 

column chromatography (25% ethyl acetate/hexane) to obtain IPA/NO-aspirin (254 mg, 

2.82 % yield) as a light yellow oil.  
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RESULTS AND DISCUSSION 

 The purpose of this project was to synthesize NO/HNO releasing derivatives of 

chlorambucil and aspirin and determine if increased drug-therapy effectiveness was 

observed. Purified products of DMA/NO-chlorambucil and IPA/NO-aspirin were not 

isolated due to the lack of separation between final products and contaminants. However, 

1H NMR profiles were taken to identify the presence of the desired product. From the 

NMR of the final DMA/NO-chlorambucil crude product, the presence of chlorambucil is 

clear due to the 3.6 ppm triplet from hydrogen atoms α and β to the chloro-groups of 

chlorambucil, as seen in the predicted 1H NMR profile (Figure 7.a). However, the 

presence of DMA/NO is in question because the characteristic 2.5 ppm chemical shift is 

masked by contaminants (Figure 7.b), such as dichloroethane, which has a chemical shift 

of 3.7 ppm  

 

Figure 7: Actual and predicted 1H NMR profile of DMA/NO-chlorambucil 

 
a. Predicted 
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b. Actual  

 

Synthesis of IPA/NO-aspirin was more successful due to the confirmation of the 

final product (aromatic shifts and 2.0 ppm shift of N-H bond in IPA/NO, Figures 8.a and 

8.b). However, contaminants are still present, such as the presence of triethylamine (1.0 

ppm). This indicates the lack of separation of product and starting material resulting in 

the inability to further characterize the compound. This could be a result of the final 

purification step due to a lack of an effective polar gradient between the silica gel and the 

solvent system, leading to poor separation between IPA/NO-aspirin and contaminants. 

Although the product was not purified, the presence of both the NONOate and aspirin 

components indicates that neither have decomposed, which means that modified NSAID, 

once pure, can be used to determine whether CINODs are actually more effective than 

the original NSAID in treatment of inflammation, cancer, or heart failure. 
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Figure 8: Actual and predicted 1H NMR profile of IPA/NO-aspirin 

 

 
a. Predicted 
 

 

 

 

  

 
 
 
 
 
 
 

 
 
b. Actual  
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FURTHER RESEARCH 

The final step in the DMA/NO-chlorambucil synthesis must be modified in order 

to prevent the decomposition of the NONOate and provide better separation of the final 

product. Adding a protectant group onto DMA/NO prior to attaching chlorambucil may 

prevent early decomposition of DMA/NO, however this modification may inhibit the use 

of primary amines in future investigations, which will eliminate the possibility of HNO 

release.  

For IPA/NO-aspirin synthesis, future plans will be aimed towards changing the 

silica gel to a different material, such as alumina, to increase the polarity gradient, 

leading to separation of contaminants and IPA/NO-aspirin and achievement of greater 

yield. 
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