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ABSTRACT 

Tuberculosis has been one of the most commonly encountered infectious diseases 

of humans throughout history. The discovery and introduction of effective Q:eatments in 

the 1940s resulted in a decline of the incidence of the disease until the 1980s, which 

marked a sharp turn in this trend with an increase in the number of reported cases in the 

world. The prevalence of mycobacterial infections in poorer nations and centers of urban 

decay, and especially in immunologically compromised patients indicates the need for 

new and better treatments. 

In this study, to contribute to the worldwide effort to discover more effective 

medications against mberculosis, 26 previously unreported compounds were synthesized 

and tested against Mycobacterium tuberculosis. The synthesized compounds were 

designed to act as bioisosteres or prodrugs of pyridine and pyrazinecarboxylic acid 

derivatives and contained acidic or neutral hetero- or carbocyclic ring systems attached to 

pyridine or pyrazine rings at different positions. The synthesized ring systems included 

l,2,4-oxadiazole-5-ones, 1,2,4-thiadiazole-S-ones, l,2,4-oxadiazole-5-thiones, 1,3,4-

oxathiazoline-2-ones and cyclobutene-l,2-diones, which were documented in the 

literature to act as carboxylic acid isosteres or could act as prodrugs thereof. 

Pivaloyloxymethyl derivatives of the compounds were also prepared in order to increase 

their lipophilicity and therefore improve their bioavailability. The synthesized 

compounds were expected to be biotransformed by esterases or amidases to the active 

species after penetration of the mycobacterial cell wall. Biological and pharmacokinetic 

properties of the compounds were compared with the unmodified polar isosteres of 
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pyrazinoic and nicotinic acids. The majority of the tested compounds exhibited activities 

ranging from 0.5 to 8 times the activity of pyrazinamide, one of the lead compounds that 

inspired their design. 
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I. INTRODUCTION 

1.1. TUBERCULOSIS 

Tuberculosis is caused by Mycobacterium tuberculosis or the tubercle bacillus 

and is an airborne transmittable disease. It is primarily transmitted by airborne particles 

(droplet nuclei) from a person with infectious tuberculosis. Transmission occurs when 

another person inhales air containing these droplet nuclei. Then, the bacilli reach the 

alveoli and start multiplying in the alveolar macrophages, which marks the beginning of 

the infection. Some of the infected macrophages may spread through the blood stream; 

however, the immune system response usually prevents the onset of the disease. The 

carriers of the disease have no symptoms and are not contagious, and they usually 

respond as positive to the tuberculin skin test. An infected person has approximately a 

10% chance of developing the disease at sometime in his or her life. 

Immunocompromised patients, especially those with acquired inununodeficiency 

syndrome (AIDS) come to a considerably higher risk of developing the disease once 

infected. Although the disease is predominantly pulmonary, it can appear at almost any 

part of the body or can spread to multiple sites.' 

Because the chemotherapy of tuberculosis requires a long-term Q%atment, a 

minimum of 6 to 9 months, patient compliance emerges as a major issue. Inadequate 

therapy results in drug resistance. Multi-drug resistance (MDR) is defined as resistance to 

two or more drugs. Most MDR cases are encountered among patients with human 

immunodeficiency virus (HIV). Resistance to antitubercular drugs, especially to 

isoniazid, has become a major health crisis worldwide. Poor living conditions. 
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malnutrition, lack of resources to provide multi-drug regimens, and non-compliance have 

contributed to the spread of tuberculosis in many areas of the worid.^ The World Health 

Organization (WHO) reports MDR in 35 counuies, particularly in the former Soviet 

Union, Asia, the Dominican Republic, and Argentina.^ 

1.2. CHEMOTHERAPY 

Chemotherapy of tuberculosis is a long-term process and requires treatment with 

a combination of drugs. The Q'eatment should begin as soon as possible after diagnosis. 

According to the recommendations of the Centers for Disease Control (CDC), the therapy 

involves a combination of isoniazid, rifampin, and pyrazinamide for a minimum of 2 

months, followed by isoniazid and rifampin for 4 months in areas with a low incidence of 

tuberculosis, hi high-incidence areas, ethambutol or stireptomycin should be added for the 

first 2 months (Figure 1, Table 1).'* In immunocompromised patients, a minimum of 9 

months of therapy is recommended after cultures are negative.^ 

The chemotherapy of tuberculosis appears to have two loosely separated phases:^ 

a) The early phase 

b) The late sterilizing phase 

In the first phase, the bacterial count decreases exponentially during the Hrst 2-4 

days then progressively slows down during the next 12 days. This phenomenon can be 

explained by the presence of a rapidly growing population of bacteria, which are killed 

exponentially, together with another population that is metabolically less active and 

therefore killed less quickly. 



Treatmcat for l^bcrailoiis 
Drily Therapy Two to Three TlaMs/Wcck 

First Line Drags 

Isoniazid S mg/kg up to 300 mg PO or IM IS mg/kg dose up to 900 mg/doie PO or IM 

Riftnqiiii 10 mg/kg op to 600 mg PO or IM 10 mg/kg up to 600 mg/day PO or IV 

Pyiazinamide 13-30 mg/kg iq> to 2 g PO 50-70 mg/kg up to 3.5 g for twice/wedc. up to 

2.5 g for 3 timesAwedc 

Ethainlmtol 15-25 mg/kg up to 1600 mgPO SO mg/kg up to 4000 mg PO for twice/week 

25-30 mg/kg up to 2000 mg PO for 3 timesAntck 

Strepton^n IS mg/kg up to 1 g IM or IV 25-30 mg/kg up to 1.5 g IMorlV 

Second Line Drags 

Amikacin 7.5-10 mg/kg IM or IV 

Capreomydn IS mg/kg (usually I g) • 

Ciprofloxacin 750mgbidPO 

Clo&ziinine lOOmg/d 

Cycloserine IS mg/kg in 2-4 divided doses/day 

(7SO-I000mg)p0 

Dapsone lOOmgPO 

Edttonamide 10-15 mg/kg in 1 to 3 divided doses daily 

(500-1000 mg)PO 

p-Aminosalicylic acid 200mg/kg (4-6gbid)PO 

Rifabutin 5 mg/kg daily up to 300 mg/daily PO or IV 

Table 1. Antitidiefciilar Drags and their Dosage 
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Isoniazid Pyrazinaroide Ethambutol 
NH 

Streptomycin 

CHO 

Figure 1. First Line Antitubercular Drugs 

In the late phase, the general concern is the elimination of the metabolically 

inactive bacilli. It is argued that the main reason of this metabolic inactivity is lack of 

oxygen rather than lack of carbon or nitrogen nutrients. If all the bacteria were in the 

rapidly growing population, it would take only about 14 days to sterilize the lesions. 

However, the sterilization takes about 6 months because of the presence of the persisting, 

metabolically inactive bacilli.^ 
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1.2.1. ISONIAZID 

Isoniazid was discovered in the 1950s and has been the most important drug for 

treatment of tuberculosis since then. It has the highest early bactericidal activity (EBA) 

(about 0.6) of all the agents used against the disease.^'^ Therefore, it is remarkably 

effective against the metabolically active bacilli. However, its action against resting 

bacteria is limited and it is not considered a "sterilizing drug" as pyrazinamide and 

rifampin are. 

Despite the importance of isoniazid in the chemotherapy of tuberculosis, its 

mechanism of action is still controversial. According to current knowledge, isoniazid is 

oxidized inside the bacilli by the catalase-peroxidase KatG via the isonicotinoyl radical 

intermediate to isonicotinic acid, which somehow results in the inhibition of the mycolic 

acids, long chain fatty acids that are an integral part of the mycobacterial cell wall. 

According to the genetic evidence obtained with a faster growing saprophytic soil 

mycobacterium, isoniazid performs its action on an enoyl acyl carrier protein (ACP) 

reductase (designated as InhA).^ Enoyl ACP reductases are NADH dependent enzymes, 

which catalyze the reduction of a double bond at position 2 of a growing fatty acid chain 

(Figure 2). Mycobacteria utilize the products of InhA catalysis to synthesize mycolic 

acids. 

An X-ray crystallographic analysis of isoniazid-inhibited InhA showed that the 

activated form of isoniazid was covalently linked to the NADH within the active site of 

InhA.^ The modified NADH consisted of an isonicotinic acyl group firom isoniazid 

attached through its carbonyl carbon to the carbon at position 4 of the nicotinamide ring 
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(Figure 3). The isonicotinic acyl group had replaced the 4S hydrogen of NADH, which is 

the same position in NADH involved in the hydrogen transfer that occurs during 

reduction of enoyl ACP substrates. The authors of this article favored the free radical 

pathway because isoniazid dependent inhibition of InhA occurred at a faster rate with 

NADH. They were also questioning whether or not InhA catalyzed NAD radical 

formation. 

Enoyl-ACP reductase 

R-CH=CH—C—S—ACP R-CH2—CHi—C—S—ACP 

NADH NAD P-ketoacyl-
dehydrause 

Fatty acid prcxlucts \ OH O 
R-<!:H—CH2—cl—S—ACP 

NADH 

Figure 2. Biosynthesis of Fatty Acids 

However, another group of researchers point to the fact that along with inhibition 

of mycolic acid synthesis, the time course of the loss of Mycobacterium tuberculosis 

viability is also accompanied by an accumulation of saturated hexacosanoic acid as an 

intermediate in the biosynthetic pathway that produces mycolic acids.The researchers 

think that it is extremely difGcult to explain the accumulation of a saturated acid if InhA 

is the principal target of isoniazid whose function is the reduction of an unsaturated fatty 

acid. 
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Therefore, the authors argue that although the InhA protein may be involved in 

isoniazid resistance, it probably does not represent the target whose inhibition results in 

hexacosanoic acid accumulation, and mutations in InhA and KatG do not appear to be 

sufficient to account for all the observed resistance. 

Isoniazid 
(isonicotinic acid 

hydrazide) 

Isonicotinic acyi 
radical Isonicotinic acyl 

anion 

NAD+ 
NAD' radical 

N H 2 H  

0 
0 

InhA isonicotinic InhA 

Figure 3. Modification of NADH by Isoniazid 



In the article, the authors found that when M. tuberculosis was subjected to low-

level isoniazid treatment, two protein species were sigm'ficantly up regulated and they 

both shared the same iV-terminus sequence. The smaller 12 kD protein was an acyl carrier 

protein whose function was to carry growing fatty acid chains between fatty acid 

synthase systems. It was also found that the main substrate of this protein was 

hexacosanoic acid. Subcloning experiments revealed that both proteins were 

independently toxic when overexpressed in high levels. This observation suggests that 

up-regulation of these proteins in response to mycolate deprivation may be directly 

involved in isoniazid toxicity. 

In a recently published article, Wilming et al. argued that the direct addition of 

isonicotinic acyl radical to NAD^ and subsequent reduction of the resulting radical cation 

was more plausible." They also showed for the first time that InhA was actually not 

necessary for the formation of the isonicotinoyi NAD. This is contrary to the previous 

proposals, which assumed that the addition of the isonicotinoyi radical to NAD species 

occurred exclusively in the active site of InhA.' They propose that, inside the bacterium, 

isonicotinoyi NAD is formed by the fast addition of isonicotinoyi acyl radical to elecuron 

deficient heterocyles such as NAD"*^. Then the resulting isonicotinoyl-NAD acts as the 

bioactive form of isoniazid and inhibits InhA. 

1.2.2. RIFAMPIN 

It was realized early in the therapy of tuberculosis that isoniazid, streptomycin 

and ^-aminosalicylic acid considerably reduced the number of bacilli in the affected 

organs but they were never able to sterilize these organs. However, when either 
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rifampin'" or pyrazinamide'"' was added to the regimens, negative cultures were obtained 

from the patients and these two drugs were established as "sterilizing drugs". After the 

introduction of rifampin and pyrazinamide to the first line therapy of tuberculosis, the 

relapse rate of the disease, after the end of the chemotherapy, was substantially 

decreased, again confirming the role of these agents as potent sterilizing drugs. Rifampin 

starts killing mycobacteria after only about 30 minutes of exposure whereas isoniazid 

requires about 24 hours. This is probably the reason why rifampin is such an effective 

sterilizer.® 

Rifampin inhibits bacterial DNA dependent RNA polymerase (DDRP), which 

results in the inhibition of RNA synthesis. DDRP is a metalloprotease that contains two 

zinc atoms. Rifampin chelates one of the zinc atoms of DDRP, which facilitates its strong 

hydrogen bonding to the enzyme. 

1.2.3. PYRAZINAMIDE 

Initially, pyrazinamide appears to be only weakly bactericidal against M. 

tuberculosis. However, the bactericidal effect continues unchanged throughout the 

treatment unlike many other drugs. During the first few days of the treatment, it kills 

much more slowly than isoniazid, but after about a month, its potency surpasses that of 

isoniazid due to the relative ineffectiveness of isoniazid against dormant bacteria. 

Eventually, only negative cultures are obtained from patients treated with combination 

therapies including pyrazinamide.^ Therefore, there is good evidence that pyrazinamide is 

a potent sterilizing agent. However, it is not clear where this ability of pyrazinamide 

originates, biside the bacilli, pyrazinamide is converted to the active metabolite 



pyrazinoic acid by the bacterial amidase nicotinamidase of M. tuberculosis.^^ The gene 

encoding for this amidase was recently discovered and designated as pncA.'^ Most 

pyrazinamide resistant strains of M tuberculosis are devoid of pyrazinamidase activity 

and single mutations in the pncA gene are considered the major pyrazinamide resistance 

mechanism in the bacilli.'^ In a recent study, all the susceptible isolates of M. 

tuberculosis were determined to have pyrazinamidase activity. However, only 39 of the 

42 pyrazinamidase-positive strains were susceptible to pyrazinamide, implicating the 

existence of other mechanisms of resistance.'^ Other interesting features of this agent are 

its requirement for low pH for activity and its ability to exert its action in macrophages, 

the preferred environment of the tubercle bacillus. The mode of action or the target of 

pyrazinamide is not known. It was also reported that esters of pyrazinoic acid and 

pyrazine-2,3-dicarboxylic acid had in vitro activity against M. tuberculosis}^ 

1.2.4. ETHAMBUTOL 

Ethambutol is effective only against the rapidly growing population of M. 

tuberculosis. Like isoniazid, it is not considered one of the sterilizing agents. As with 

many of the antitubercular agents, the mechanism of action of ethambutol has not been 

fiilly elucidated. However, it is implicated to inhibit the biosynthesis of the mycobacterial 

cell wall.^*' It has been shown to inhibit the transfer of mycolic acid units to the cell wall. 

Ethambutol's antitubercular activity depends strongly on the stereochemistry of the 

molecule. The isomer with both chiral carbons in the S configuration is 20O-SOO times 

more active than the R isomer. Also, the structure of the molecule is extremely sensitive 

to chemical modifications, resulting in complete or substantial loss of activity. 
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1.2.5. STREPTOMYCIN 

Streptomycin was isolated from Streptomyces griseus and is a member of the 

family of antibiotics that are known as aminoglycosides. The discovery that it was active 

against M. tuberculosis in 1944 revolutionized the chemotherapy of tuberculosis. It is 

strongly basic and water-soluble. Its absorption from the gastrointestinal tract is very 

inefficient because of the multiple positive charges. 

Streptomycin binds to the bacterial ribosome and inhibits the initiation of protein 

synthesis. It also interferes with the frdelity of the translation of the genetic message. It 

binds to the 30S region of the bacterial ribosome and forms a complex that is unable to 

initiate proper amino acid polymerization.^' Streptomycin does not appear to be 

metabolized in the body. However, its microbial metabolism is the major route of 

resistance development in the bacteria. Enzymatic adenylation or phosphorylation by 

bacteria of the C-3 hydroxyl group results in metabolites that will not bind to the 

ribosomes. Combination therapies helped overcome this problem to some extent. 

However, in time, resistance has greatly reduced the value of streptomycin for the 

therapy of tuberculosis. 

1.3. METHODS FOR IN VITRO EVALUATION OF ANTIMYCOBACTERIAL 

ACnVITY^^ 

The current methods used for the in vitro evaluation of antimycobacterial agents 

are outlined below; 
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a) Agar-based methods; The agar-based methods are useful for the susceptibility 

determination of a clinical isolate; however, due to the slow-growing characteristic of M. 

tuberculosis, they are slow, cumbersome and often hard to interpret. Therefore, they are 

not particularly useful for the screening of new compounds. 

b) Radiometric Method (BACTEC™): The radiometric method measures the 

produced by bacteria as they grow in a medium that contains *^C-labeled palmitic 

acid. The BACTEC™ method is considered the preferred technique for M. tuberculosis 

because it signiHcantly reduces the amount of time for susceptibility testing. However, it 

has the disadvantage of having to deal with radioactive material. 

c) Intracellular Methods; Since M. tuberculosis is an intracellular pathogen, it is 

more informative to screen the intracellular activity of new compounds. These techniques 

use cultured macrophages to evaluate antimycobacterial activity in cell cultures. 

d) Alternative Methods; With the advent of combinatorial chemistry, conventional 

methods of susceptibility testing have become too slow for high-throughput screening of 

new compounds and chemical libraries. Therefore, new techniques capable of screening 

large libraries have emerged. Among those are; 

1) Modifications of conventional broth dilution; Both micro- and macro-dilution 

techniques using turbidimetric end-points are used for rapid determination of sensitivity. 

2) Bioluminescence-based assays; The faster growing bioluminescent M. 

smegmatis, produced by the insertion of the firefly luciferase gene, is considered an 

alternative organism for the demonstration of antimycobacterial activity. The ability of a 

compound to inhibit the bacteria is indicated by a decrease in luminescence. 
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2. RESEARCH DESIGN 

2.1. TARGET COMPOUNDS 

2.1.1. 1,2,4-OXADIAZOLE-5(4H)-ONE DERIVATIVES (Figure 4) 

a) 3-(4-Pyridinyl)-l,2,4-oxadiazole-5(4H)-one (1) 

b) 3-(3-Pyridinyl)-l,2,4-oxadiazole-5(4H)-one (2) 

c) 3-PyrazinyH,2,4-oxadiazole-5(4H)-one (3) 

d) 4-PivaIoyloxyincUiyl-3-(4-pyridinyl)-l,2,4-oxadiazoIc-5(4H)-oiie (4) 

e) 4-PivaloyIoxymethyl-3-(3-pyridinyl)-l,2,4-oxadiazole-5(4H)-one (5) 

0 4-Pivaloyloxymethyl-3-pyrazinyH,2,4-oxadiazole-5(4H)-one (6) 

2.1.2. l,2,4-OXADIAZOLE-5(4H)-THIONE DERIVATIVES (Figure 5) 

a) 3-(4-Pyridinyl)-l,2,4-oxadiazoIe-5(4H)-Uiione (7) 

b) 3-(3-Pyridinyl)-l,2,4-oxadiazole-5(4H)-thione (8) 

c) 3-Pyrazinyl-l,2,4-oxadiazole-5(4H)-thioiie (9) 

d) 5-PivaIoyloxymcthyIthio-3-(4-pyridinyl)-l,2,4-oxadiazole (10) 

e) 5-PivaIoyIoxymethyIthio-3-(3-pyridinyl)-l,2,4-oxadiazole (11) 

f) S-PivaloyloxymethyIthio-3-pyrazinyl-l,2,4-oxadiazole (12) 

2.1.3. 1,2,4-THIADIAZOLE DERIVATIVES (Figure 6) 

a) S-Chk>ro-3-(4-pyridinyl)-l,2,4-thiadiazoIe (13) 

b) S-Chk>ro-3-(3-pyridinyl)-l,2,4-thiadiazole (14) 

c) S-Chloro-3-pyrazinyl-l,2,4-thiadiazole (15) 

d) 3-(4-Pyridinyl)-l,2,4-tliiadiazole-5(4H)-one (16) 

e) 3-(3-Pyrklinyl)-l,2,4-tliiadiazole-S(4H)-one (17) 



28 

0 3-PyrazinyH,2,4-thiadiazoIe-5(4H)-one (18) 

2.1.4. l,3,4-OXATHIAZOLINE-2-ONES (Figure 7) 

a) 5-(4-Pyridinyl)-l,3,4-oxathiazolinc-2-onc (19) 

b) 5-(3-Pyridinyl)-l,3,4-oxathiazoliiic-2-one (20) 

c) 5-PyrazinyI-l,3,4-oxathiazolinc-2-one (21) 

2.1.5. CYCLOBUTENEDIONE DERIVATIVES (Figure 8) 

a) 2,3-Bis(isopropoxy)-4-hydroxy-4-(3-pyridinyl)-2-cycIobutenc-l-one (22) 

b) 3-Isopropoxy-4-(3-pyridinyl)-3-cyclobutene-l,2-dione (23) 

c) 3-Aiiiino-4-(3-pyridinyl)-3-cycIobutcnc-l,2-dionc (24) 

d) 3-Hydroxy-4-(3-pyridinyl)-3-cycobutenc-l,2-dionc (25) 

e) 3-Hydroxy-4-(4-pyridinyl)-3-cyclobutene-l,2-dionc (26) 

2 3 

4 S 

Figure 4. l,2,4-Oxadiazole-5(4H)-ones 
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Figure 8. Squaric Acid Derivatives 

2.2. DISCUSSION OF STRATEGY 

In the I940*s, Chorine^ and McKenzie^^ independently demonstrated that 

nicotinamide was effective for the treatment of murine tuberculosis. The synthesis of 

many nicotinamide analogues including the pyrazine isostere pyrazinamide followed this 

discovery. Among these compounds, pyrazinamide was the most effective of all. It was 

soon discovered that an enzyme called nicotinamidase inside the mycobacterium 

hydrolyzed nicotinamide and pyrazinamide to the corresponding carboxylic acids and 
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these carboxylic acids were the actual active compounds. However, nicotinic and 

pyrazinoic acids did not demonstrate activity due to their poor pharmacokinetic 

properties. 

One of the effective methods that can lead to new drug discoveries is the 

bioisosteric replacement of a functional group. Bioisosteric replacement is defined as "the 

replacement of a functionality by groups or molecules, which have chemical and physical 

similarities producing broadly similar biological properties but may not necessarily have 

a strict atom-for-atom replacement".^ Numerous functional groups have been reported as 

bioisosteric replacements for the carboxylic acid functionality. Among those, the most 

conmionly encountered one is probably the replacement of the carboxylic acid with a 

tetrazole ring. 

The tetrazole ring generally is as acidic as many of the carboxylic acids due to the 

resonance stabilization of its deprotonated form (Figure 9).^^ This property of the 

tetrazole ring along with its relative resistance to nKtabolism has led researchers to use 

this heterocycle as a bioisostere of carboxylic acid in an increasing number of 

applications. In the area of nonpeptidic angiotensin 11 (AH) receptor antagonists, 

especially successful results were obtained when the carboxylic acid group on the 

biphenyl moiety was replaced by a tetrazole ring and losartan was discovered.^^ Then, in 

1997 Spanish researchers synthesized another series of successful angiotensin II receptor 

blockers, containing this time a biphenylmethypyrazole moiety, and again retaining the 

tetrazole ring on the biphenyl part of the molecules.^' These successful applications of the 

ring system to All receptor bkxkers prompted other researchers to synthesize tetrazole 
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isosteres of pyridine and pyrazinecarboxylic acids as potential antimycobacteriai 

>-

Figure 9. Resonance Structures of Tetrazole 

However, tetrazole derivatives have some disadvantages. The synthesis of 

tetrazole derivatives usually poses difficulties in large-scale production of the compounds 

due to the use of toxic and explosive reagents such as sodium azide or trialkyltin azide. 

Furthermore, the highly polar nature of these compounds may prevent the efficient 

absorption and distribution of these derivatives. Prodrug approaches have been used to 

overcome this problem in some instances.^^ 

Tetrazole is not the only heterocycle with acidic properties. Several other acidic 

heterocycles or functional groups have been used to replace carboxyl groups or the 

tetrazole ring itself. For instance, Ellingboe et al. synthesized a series of substituted 3H-

l,2,3,S-oxathiadiazole-2-oxides and tested their antihyperglycemic activity.The 2-

naphthalenyhnethyl group was found to be the optimal substituent in this series. In 

another article, the same group reported that a halogen substituent at the 1-, 5-, or 8-

positions of the naphthalene ring was beneficial to antihyperglycemic activity.^ Unangst 

and coworkers prepared a series of 1,2,4-oxadiazoles and 1,2,4-thiadiazoles containing a 

2,6-di-rerr-butylphenol substituent and evaluated them as dual inhibitors of S-

lipoxygenase and cyck)oxygenase.^' The best compound contained the guanidino group 
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on the heterocyclic ring. Kees and colleagues used bioisosterk: replacement to generate a 

series of new structural alternatives to the tetrazole heterocycle as potential antidiabetic 

agents.^** Isoxazole-3- and -S-ones and a pyrazole-3-one showed significant plasma 

glucose-lowering activity. S-A]kyl-4-(aryhnethyl)pyrazole-3-ones were reported as the 

most promising new class of potential antidiabetics. 

Another area where bioisosteres of carboxylic acids are heavily employed in is the 

area of amino acid neuromediators such as Y-aminobutyric acid (GABA) and glutamate, 

and their receptors. Heterocycles such as tetrazole, isoxazole, 3,5-dioxo-1,2,4-

oxadiazolidine, and functional groups such as phosphonate and sulfonate were used to 

replace the carboxylic acid function of GABA to reveal compounds (Figure 10) such as 

muscimol, kojic amine, and 3-aminosuIfonic acid (3APS) that helped better understand 

the receptors involved in the physiology of this amino acid.^^ Similarly, compounds such 

as L-quisqualic acid, L-AP4 and L-a-amino-3-hydroxy-S-mehtylisoxazole-4-propionic 

acid (AMPA) were synthesized and successfully used as prototypic ligands of excitatory 

amino acids.^^ 
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Figure 10. Amino Acid Bioisosteres 

In an unrelated study, Kohara et ai designed and synthesized benzimidazoIe-7-

carboxylic acids bearing 1,2,4-oxadiaxole-S-one, I,2,4-thiadiazole-S-one, 1,2,4-

oxadiazole-5-thione, and l,2,3,5-oxathiadiazole-2-oxide rings as angiotensin II receptor 

antagonists.^' They reported that the oxadiazole and thiadiazole derivatives had better 

pharmacokinetic properties than their tetrazole counterparts. 

In the same study in which they synthesized tetrazole isosteres of pyridine- and 

pyrazinecarboxylic acids, Martin and coworkers also reported the synthesis and 

antimycobacterial activity of 4-substituted-7-azacoumarins.^' The compounds were 

expected to be metabolized to a vinyk)gous carboxylic acid and act as bioisosteres of 

pyrkline- and pyrazinecarboxylic acids. The tested compounds exhibited some activity 

against Af. tuberculosis, but less than pyrazinamide. 
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Another important class of carboxylic acid bioisosteres is represented by 

derivatives of 3,4-dihydroxy-3-cyclobutene-l,2-dione or squaric acid. 3-Hydroxy-3-

cyclobutene-l,2-dione is a natural mycotoxin known as moliniformin, and is a potent 

inhibitor of thiamine-requiring enzymes such as transketolase and pyruvate 

dehydrogenase.^ Ueda and colleagues synthesized phenoxyacetyl-A/-

(hydroxydioxocyciobutenyl)cycloserines as isosteres of the antibiotic lactivicin.'*' The 

compounds were found to be moderately antibacterial. Kinney et al. reported 3,4-

diamino-3-cyclobutene-l,2-dione as a novel bioisostere of the a-amino acid and 

incorporated it into a series of compounds that showed A^methyl-D-aspartate (NMDA) 

antagonistic activity.^^ A phosphonic acid derivative corresponding to 2-amino-7-

phosphonoheptanoic acid provkled protection against NMDA-induced lethality in mice 

equal to the parent compound. Similarly, Campbell and co-workers synthesized 3-

hydroxy-3-cyclobutene-I,2-dione-based amino acids and tested the bioequivalence of 

these compounds to the original amino acids.^^ In a different effort, Tomas and 

colleagues synthesized new squaramido-based receptors capable of recognizing 

tetraalkylammonium compounds such as choline and acetylcholine.'*^ The compounds 

were consklered useful in molecular recognitran studies. 

In the light of all the literature evklence presented and others about the 

bioequivalence and usefulness of these hetero- and carbocyclic compounds as carboxylic 

ackl bioisosteres, we deckled to synthesize i,2,4-oxadiazole-5-one, 1,2,4-oxadiazole-S-

thione, l,2,4-tluadiazole-5-one and squaric acid isosteres of pyrkline- and 

pyrazinecarboxylk ackis and evaluate their antimycobacterial activity. In addition to 
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those, three l,3,4-oxathiazoline-2-oiies were also synthesized as potential prodrugs of 

nicotinamide and pyrazinamide, which could possibly be metabolized in the 

microorganism to their active counterparts. 

All of the synthesized compounds, except for the non-acidic oxathiazolinones, 

and thiadiazolones, demonstrated very polar characteristics and poor solubility in organic 

solvents. It was reported that tetrazole derivatives that contain additional basic groups 

elsewhere in the structure existed in zwitterionic form and therefore exhibited poor 

absorption properties.^^ Although the heterocycles synthesized by us have not been 

studied in this way, it can be assumed that they also act as zwitterions due to their similar 

pKa values to tetrazoles.^' To overcome this problem, a general prodrug approach was 

adopted to improve the biomembrane transport. Thus, the heterocycles were alkylated in 

an attempt to bioreversibly modify them by an agent with a metabolic weak point for 

easy breakdown into the parent compound by enzymatic means under physiological 

conditions. Chloromethyl pivalate was chosen as the alkylating agent to serve this 

purpose. The resulting pivaloyloxymethyl derivatives are expected to be hydrolyzed by 

esterases to the hydroxymethyl derivatives, which spontaneously decompose to the parent 

compounds giving out a formaldehyde molecule.^' The biok>gical and pharmacokinetic 

properties of the resulting compounds wfll be discussed and compared with the 

unmodified polar isosteres of nicotinic and pyrazinoic acids in the following sections. 
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3. SYNTHESIS OF THE COMPOUNDS 

3.1. l,2,4-OXADIAZOLE-5(4H)-ONES 1-6 

The l,2,4-oxadiazok-S(4H)-one ring system has been synthesized in the literature 

in a variety of ways. One common point in most of the reported syntheses is the use of 

the corresponding amidoximes as the starting materials. We synthesized pyridine-3-^' and 

-4-carboxamidoximes^ according to a published procedure with some improvement.'*^ 

Pyrazine carboxamidoxime was synthesized using a similar procedure.^^ 

In 1963, Buyle et al. reacted ethyl benzimidate with phenyl isocyanate and 

obtained ethyl iV-carbanilinobenzamidoxime. Reaction of the amidoxime derivative with 

hydroxylamine gave the oxime of the A^phenyl-A^'-benzoylurea, which cyclized to yield 

3-phenyl-l,2,4-oxadiazole-5-one with elimination of aniline.^' George and coworkers 

reported in 1973 that ^V-ethoxycarbonylthioamides reacted with hydroxylamine to give 

1,2,4-oxadiazole-S-ones in high yield with elimination of hydrogen sulfide.^'' In 1982, 

Tabei and colleagues prepared 0-acetoacetylbenzamidoxime derivatives from 

benzamidoxime derivatives and diketene at low temperature.^' Cyclization of these 

derivatives in the presence of a strong base proceeded with elimination of acetone to 

afford 3-aryl-l,2,4-oxadiazole-S-one derivatives in 77-95% ykld. Perez et al. obtained 

the same ring system by first reacting ethyl benzimidate with methyl chloroformate to 

obtain ethyl AT-methoxycarbonylimidate then cyclizing it with hydroxylamine in the 

presence of sodium methoxide.'^ In the paper where they describe the syntheses and 

transformations of some 1,2,4-oxadiazolylpyrazines, Kocevar and coworkers reacted 2-

amino- or -oxo-3-cyanopyrazines with hydroxylamine to obtain the corresponding 
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amidoximes. Reaction of the amidoximes with ethyl chloroformate and subsequent 

cyclization of the resulting acylated amidoximes in glacial acetic acid gave 1,2,4-

oxadiazol-S(4H)-one derivatives of pyrazines/^ In another unusual paper, Fruttero and 

colleagues added a basic solution of 4-hydroxyimino-3-phenyi-S(4H)-isoxazolone to an 

ice-cooled solution of potassium hypochlorite and obtained the potassium salt of 4-

phenyI-3-furoxancarboxylic acid.^ When they heated this unstable compound in 

refluxing toluene, the compound underwent decarboxylation, ring opening and re-closing 

reactions to give 3-phenyl-l,2,4-oxadiazole-S-one. To obtain 3-(2-pyridmyl)-1,2,4-

oxadiazole-S-one, Kolar et al. treated ethyl 2-pyridinylacetate with nitrous acid to prepare 

the hydroxyimino derivative thereof, which was transformed into the hydrazide and 

further into the acylazide. Then the azide thermally rearranged into the conesponding 

1,2,4-oxadiazolin-S-one.^^ In the paper where they described their oxadiazole and 

thiadiazole S-lipoxygenase and cyclooxygenase inhibitors, Unangst and coworkers 

synthesized their oxadiazolinone derivatives from the corresponding amidoximes using 

ethyl chloroformate and then thermally cyclizing the intermediates in refluxing toluene.^^ 

Weller and colleagues synthesized 3-butyl-l,2,4-oxadiazole-S-one as an intermediate in 

the synthesis of angiotensin-H receptor antagonist A/^alkyI-l,2,4-oxadiazinones. In order 

to synthesize the compound, they reacted butylamidoxime with 

bis(trichloromethyl)carbonate (triphosgene) in the presence of triethylamine at -50^ in 

methylene chloride.^^ Kohara et al. synthesized their oxadiazolones with the same 

activity using the corresponding amidoximes and reacting them with 2-ethyIhexyl 

chloroformate. The intermediates cyclized when they were refluxed in xylenes.^' 
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Our first efforts to synthesize the pyridine- and pyrazine-substituted-1,2,4-

oxadiazoIe-S-ones 1-3 also involved 2-ethylhexyl chloroformate. Reaction of pyridine 

and pyrazine amidoximes with 2-ethylhexyl chloroformate in the presence of pyridine in 

MA/-dimethylformamide (DMF) gave expected acylated products detected as fast moving 

spots by thin layer chromatography (TLC). However, attempted cyclizations of these 

intermediates in xylenes required prolonged reaction times to reach completion and were 

accompanied by some decomposition as shown by the reaction mixture turning dark and 

lower than expected reaction yields. Therefore, we looked for other methods to effect the 

formation of the heterocycles from the amidoximes. Reacting the starting materials with 

triphosgene in dichloromethane with triethylamine as the base or with phosgene in 

dioxane did not produce any desirable results, either. A complex mixture of products or 

unreacted starting materials were isolated, respectively. Then we turned our attention 

back to the alkyl chloroformates as acylating agents and tried reacting the amidoximes 

with methyl chloroformate under the same conditions we had used with 2-ethylhexyl 

chloroformate (Figure 11). The acyiations went smoothly as expected and the folk>wing 

cyclizations in refluxing toluene, while requiring longer reaction times than reported, 

proceeded without decomposition in the cases of pyridine analogues 1 and 2. In the case 

of the pyrazine analogue 3, however, the acylated product having a very similar Rf value 

and melting point to the starting material gave the impression that the reaction had not 

worked. In addition, the compound dkl not cyclize efficiently in refluxing toluene. 

Finally, refluxing the intermediate in xylenes for 24 hours afforded the desired product 3. 
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Figure 11. Synthesis of l,2,4-Oxadiazole-S(4H)-ones 1-3 

Alkylation of the synthesized oxadiazolones 1-3 with chloromethyl pivalate turned 

out to be problematic, as well. Initial attempts using acetone as the solvent and potassium 

carbonate as the base did not produce any products, probably because of the poor 

solubility of the starting materials. Another attempt using dichloromethane as the solvent 

and triethylamine as the base did not produce any good results either. To overcome the 

solubility problem, a solvent system consisting of equal amounts of DMF and benzene 

was, and to effect the efficient ionization of the starting materials, a stronger base such as 

potassium rerf-butoxide was employed. However, only a very small amount of product 

could be isolated from the reactron mixture. Smilarly, reacting the compounds in pure 

DMF and using triethylamine as the base afforded only a small amount of a mixture of 
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unidentiHed products. Sodium hydride in diethyl ether did not cause any reaction whereas 

the same base in DMF resulted in the formation of a small amount of product with most 

of the starting material remaining. Other unsuccessful attempts included the use of 

tetrabutylammonium bromide along with triethylamine in DMF; reacting the heterocycle 

with formaldehyde to obtain the hydroxymethyl derivative and acylating it with pivaloyl 

chloride; and reacting the amidoximes with carbonyldiimidazole in the presence of 

diazabicycloundecene (DBU) and chloromethyl pivalate. Finally, a literature procedure^^ 

involving the use of potassium acetate as the base along with sodium iodide in DMF at 

room temperature for 72 hours produced 4-6 successfully as outlined in Figure 12. 
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Figure 12. Alkylation of l,2,4-Oxadiazole-S(4H)-ones 1-3 
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3.2. l,2,4-OXADIAZOLE-5(4H)-THIONES7-12 

3-Substituted-l,2,4-oxadiazole-S-thM)nes have usually been synthesized by 

conversion of the carbonyl of the corresponding oxadiazolones to a thiocarbonyl group. 

Using this methodology, van Haverbeke et al. synthesized the thiones by the action of 

PiSs on the carbonyl analogue in xylene for 24 hours.'^ Unangst and coworkers reacted 

the oxadiazolones with phosphorous oxychloride (POCI3) in pyridine to obtain the 

chloro- intermediates, which were treated with thiourea to yield the thiocarbonyl 

compounds.^^ Alternatives to this strategy included those that used the corresponding 

amidoximes as the starting materials. For example, Kohara and colleagues synthesized 

the their compounds using two different methods from the amidoximes.^' In the first 

method, they acetylated the amidoximes with acetic anhydride in the presence of 

triethylamine followed by treatment with carbon disulfide and sodium hydride to give the 

l,2,4-oxadiazole-5-thiones. The direct formation of the oxadiazolethione ring was 

accomplished by the action of l,r-thiocarbonyldiimidazole (TCDI) and a base on the 

amidoximes. 

We synthesized our oxadiazolethione isosteres 7-9 of pyridine- and 

pyrazinecarboxylic acids using both of the methodok>gks used by Kohara et al (Figure 

13). Thus, the amidoximes were first acetylated by acetic anhydride in the presence of 

triethylamine in dichloromethane. Then the resulting intermediates were treated with 

carbon disulfide and sodium hydrkie in DMF. While 3- and 4-pyridinyl analogues 8 and 

7 were synthesized using this method in moderate yields, the pyrazinc analogue 9 

decomposed during work-up. Therefore, the second method of Kohara was applied to the 
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synthesis of all three analogues. According to this method, the amidoximes were treated 

with TCDI in tetrahydrofiiran for a short time, and then were cyclized by the addition of 

DBU into the reaction mixture. This method provMed all three analogues 7-9 in good 

yield. 
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Figure 13. Synthesis of l,2,4-Oxadiazole-S(4H)-thiones 7>9 
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The alkylation of the oxadiazolethiones 7*9 was effected uneventfully in DMF 

using triethylamine as the base producing the alkylated products 10-12 in good yield. The 

reactions are shown in Figure 14. 
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Figure 14. Alkylation of l,2,4-Oxadiazole-5(4H)-thiones 7-9 

3.3.1,2,4-THIADIAZOLE DERIVATIVES 13-18 

5-Substituted-l,2,4-thiadiazole-5-ones have been synthesized from a diverse array 

of starting materials following numerous routes. A survey of basic methods to these 

compounds is presented below. 

In 1957, Goerdeler et al. reported that the reaction of perchk>romethylmercaptan 

with aliphatk or aromatic amidines led to 5-chloro-3-a]kyl or aryl-thiadiazoles.^' The 

reactivity of these electrophiles with different nuckophiles was described. In additran. 
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hydrolysis of these compounds in concentrated sulfuric acid afforded l,2,4-thiadiazol-5-

ones. Sunilarly, Narayanan and coworkers synthesized 3-chloro-S-tnchIoromethyl-1,2,4-

thiadiazole from the corresponding amidine and perchloromethylmercaptan.^' 

Nucleophilic displacement of the chlorine atom with several nucleophiles led to 

antifungal agents. Howe and colleagues reported the preparation of 3-aryl-1,2,4-

thiadiazole-S-carboxylates by 1,3-dipolar cycloaddition reactions of aryl nitrile sulfides 

with ethyl cyanoformate.^ The nitrile sulfldes were generated and trapped in situ by 

thermolysis of l,3,4-oxathiazole-2-ones in excess ethyl cyanoformate. Similar to the 

chlorothiadiazoles, the carboxylate group was prone to easy displacement by 

nucleophiles, which constituted another route to the 1,2,4-thiadiazole-S-ones. Kawashima 

et al. reacted benzamide oxime derivatives with chlorosulfenyl chloride in the presence 

of a base to yield 3-aryl-1,2,4-thiadiazole-S-one along with 3-aryl-1,2,4-oxadiazole-S-one 

and di(benzamide) 0,0'-carboxime derivatives.^' Unangst and coworkers used the 1,3-

dipolar addition of an in situ-generated nitrile sulfide with tosyl cyanide to prepare a 

series of 3-aryl-1,2,4-thiadiazoles containing a labile S-tosyl substituent, which was 

easily displaced by nucleophiles.^^'^^ An intermediate oxathiazole was prepared from the 

corresponding amide. Kohara and colleagues synthesized l,2,4-thiadiazole-5-ones by the 

reaction of TCDI on amkloximes followed by treatment with silica gel or boron 

trifluoride diethyl etherate.^' 

We first attempted to prepare the thiadiazolone derivatives 13-15 using TCDI and 

taking advantage of a rearrangement that takes place in the presence of a Lewis acid 

following Kohara*s method. According to this methodology, the amidoximes were first 
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treated with TCDI in THF and silica gel suspended in a mixture of methanol and 

chloroform was added to the reaction mixture. Even though we obtained NMR and mass 

spectral evidence for the formation of 3- and 4-pyridinyl compounds 14 and 13, we could 

not obtain good elemental analyses for these compounds. In addition, the pyrazinyl 

derivative 15 did not form under these conditions. The use of boron trifluoride diethyl 

etherate as the Lewis acid also failed to effect the rearrangement. Therefore, we looked 

for other methodologies to synthesize these derivatives and decided to try the 1,3-dipolar 

addition reaction of tosyl cyanide with nitrite sulfides. 

The oxathiazole intermediates of the nitrile sulfides were prepared from the 

corresponding nicotine and pyrazinamides with chlorocarbonylsulfenyl chloride in 

refluxing toluene. A two molar excess of either the nicotine or pyrazinamide was used as 

the base and the products were purified by column chromatography. To perform the 

addition, an oxathiazole derivative was added in small portions over an hour into a 

solution of tosyl cyanide in dichlorobenzene at 160^ under nitrogen and the reaction 

mixture was kept at that temperature for an additional hour. However, only unreacted 

starting materials and a small amount of an unidentified product, which was not the 

desired product, were isolated from the reactk>n mixture. When the mixture of reactants 

was kept at 16(fC for 2 hr, instead of giving the nitrile sulfide, the oxathiazole derivative 

gave the corresponding nitrile with an additional toss of etemental sulfur. The refluxing 

of the reaction mixture at I8(fC produced similar results. Stew additten of the 

oxathiazote derivative at refluxing temperature again produced copteus amounts of sulfur 

ateng with the nitrite. Therefore, this method was not pursued any further. 
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We then decided to prepare the chlorothiadiazoles that were obtained in the 

literature from the reaction of the corresponding amidine salts with perchloromethyi 

mercaptan and to replace the chlorine atom with a hydroxy! group by hydrolysis. The 

preparation by basic catalysis of methyl 2- and 3-pyridinimidates, which were the 

intermediates of the amidine derivatives, has been described in the literature." Thus, 3-

and 4-pyridine- and pyrazinecarbonitriles were reacted with methanol in the presence of a 

catalytic amount of sodium methoxide and the resuhing methyl imidates were treated 

with ammonium chloride in the same reaction vessel. Recrystallization of the residue 

upon evaporation of the solvent from ethanol provided hydrochlorides of the amidines in 

good to excellent yields. The reaction of the amidine hydrochlorides with 

perchloromethyhnercaptan in water using sodium hydroxide as the base at (fC resulted in 

only a complex mixture of products, which prompted the use of organic solvents and 

bases instead. A repeat of the reaction in dichloromethane with DBU as the base at (fC to 

room temperature for 24 hours (Figure IS) resulted in the isolation of the uncyclized 

trichloromethylthioamidine derivative as identified by NMR spectroscopy. Finally, using 

the same solvent and the base, but at refluxing temperatures this time, provided the 

desired chlorothiadiazoles 13>15 in 35-42% yields. In an attempt to increase the yields 

and simplify the tedious work-up procedure with DBU, the use of triethylamine as the 

base did not effect the formation of the compounds. Refluxing the reaction mixture in 

toluene, however, resulted in the total decomposition of the reactants. 
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HN 

13 
NH 
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NH 
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Figure IS. Synthesis of Chlorothiadiazoles 13-15 

The hydrolysis of the chlorothiadiazoles 13-15 to the thiadiazolone derivatives 

16-18 using lithium hydroxide in a refluxing mixture of THF and water turned out to be 

problematic because of the salt formation by the acidic heterocycles and their high 

solubility in water. Acid hydrolysis of the compounds in dilute mineral acids proceeded 

very slowly, whereas hydrolysis in concentrated sulfuric or hydrochloric acids resulted in 

lower yields probably due to some decomposition as well as to difRcult isolation of the 

water soluble products. A milder set of conditions using excess 6 N hydrochloric acid in 

refluxing THF (Figure 16) was found to be appropriate for the hydrolysis of the 
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compounds. However, reaction times of 48 to 72 hours were required in order for the 

hydrolyses to reach completion. 

The oxathiazolone derivatives 16-18 demonstrated interesting physical and 

chemical properties that distinguished them from the rest of the acidic heterocycles. First, 

they did not form salts in extremely acidic conditions, which made it possible to monitor 

the reactions by thin layer chromatography (TLC). This fact can be explained by the 

decreased basicity of the pyridine or pyrazine nitrogens due to the electron-withdrawing 

effect of the heterocycle or by the existence of the compounds in zwitterionic form 

because of the acklity of the heterocycle. The fact that the chlorothiadiazoles also did not 

form salts in acidic conditions supports the former explanation, but it does not exclude 

the latter. In addition, the compounds displayed different polarities in different solvent 

15 18 

Figure 16. Hydrolysis of Chlorothiadiazoles 13-15 
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systems. For example, in the hydrolysis conditions, the compounds remained at the origin 

on the TLC plate when hexanes / ethyl acetate (1:1) was used as the eluent. However, 

after the work-up, which did not include any attempt to neutralize any possible salt 

formation, the compounds appeared slightly more polar, equally polar or even slightly 

more Upophilic than the starting chlorothiadiazoles using the same eluent system. That 

was contrary to the fact that the other heterocycles that were synthesized, namely 

oxadiazolones and their thioxo analogues, always appeared very polar on TLC plates. A 

possible explanation for this phenomenon could be that the compounds existed as 

different tautomers in protic or aprotic solvents. In relatively non-polar organic solvents 

such as ethyl acetate and acetonitrile, they might exist as the more lipophilic "enol" form 

whereas in more polar solvents such as dimethylsulfoxide or water they might exist as the 

more polar amide form. This property gives the compounds an excellent solubility 

behavior making them equally soluble in organic solvents and water. Since drug 

molecules must stay dissolved in an aqueous environment and must cross many layers of 

lipid membranes in physiological conditions, some degree of solubility in both water and 

lipophilic systems is a requirement for a drug molecule to have in vivo activity. 

3.4. l,3,4-OXATHIAZOLINE-5-ONES 19-21 

The oxathiazolinones 19-21 were initially synthesized to be used as starting 

materials in the synthesis of 1,2,4-thiadiazole derivatives. According to the literature 

cited above, when heated at temperatures above lS(fC, they undergo a thermal 

decomposition with the loss of carbon dioxide molecule to yieM dipolar nitrile sulfides, 

which react with dipolarophiles in 1,3-dipolar cycloadditions to form five-membered 
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rings. However, the loss of an elemental sulfur atom along with carbon dioxide to give 

the corresponding nitriles was noted as a side reaction. In our case, this side reaction was 

observed as the main reaction when the oxathiazolinones were heated at thermolysis 

temperatures in the presence of dipolarophiles. Even though they were not useful in the 

synthesis of thiadiazoles, we thought that these previously unreported compounds could 

act as prodrugs of nicotine and pyrazinamides and decided to include them in this study 

and to test their activity against M. tuberculosis. 

Toluene 

,0 

19 

Toluene 

Toluene 
21 

Figure 17. Synthesis of the Oxathiazolinones 19>21 



53 

3.5. CYCLOBUTENEDIONE DERIVATIVES 22-26 

3,4-dihydroxy-3-cyclobutene-l,2-dioiie, which is also known as squaric acid, was 

first synthesized by thermal decomposition of l-ethoxy-pentachIoro-l,3-butadiene to 

perchlorocyclobutenone and hydrolysis of this intermediate by sulfurk; acid.^ Cohen and 

Cohen synthesized dimethyl squarate and reported that it was readily hydrolyzed to 

methyl squarate.^^ They also converted this compound to diethyl squarate, 2-methoxy-3-

aminocyclobutenedione and 3,4-diaminocyclobutenedione. They noted that hydroxyls 

were strongly acidic, the aDcoxy-compounds behaved like reactive esters and the amino 

compounds behaved like high-melting acidic amides. De Selms et al. treated squaric acid 

with two equivalents of thionyl chloride and a catalytic amount of DMF to obtain squaric 

acid dichloride.^ They also reported that treatment of squaric acid with excess thionyl 

chloride caused an unexpected replacement of one of the carbonyl oxygens with two 

chlorines yielding perchlorocyclobutenone. Seitz and Morck reacted diethyl squarate with 

one or two equivalents of different hydrazines and obtained squaric acid ethyl ester 

hydrazides or squaric ackl bis hydrazides.^^ In a different article, they also reported the 

reaction of squaric acid ethyl ester hydrazide with secondary amines and likewise the 

reaction of squaric acid ethyl ester amides with hydrazines to give hydrazino-

aminocyclobutenediones.^' Springer et al. synthesized moliniformin (3-hydroxy-3-

cyclobutene-i,2-dione, semisquaric acid), a microbial toxin from Fusarium moliniforme 

by thermal addition of dkrhkiroketene that was generated from dichloroacetyl chbride 

and triethylamlne, to ethoxyacetylene to give the adduct 3-ethoxy-2,2-dichk)ro-3-

cyclobutene-l-one, which was hydrolyzed to the target compound.^ They also reported 
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the X-ray crystal structure of the natural product Young and coworkers replaced the 

cyano-methylguanidino group of histamine H2 receptor antagonist cimetidine with 

methylaminosquarylamino group along with other neutral dipolar groups.^'' To synthesize 

the compound, they first reacted dimethyl squarate with methylamine and then reacted 

the resulting methylamino derivative of the squaric ester with the corresponding amine. 

The resulting compound had comparable H2-histamine receptor antagonist activity to 

cimetidine. Schmidt and Maibaum proposed another total synthesis of moliniformin or 

"semisquaric acid".^' To make the compound, they treated squaric acid with thionyl 

chloride and catalytic DMF to obtain the dKhloro- derivative, then hydrolyzed one of the 

chlorines with water in THF and subjected the resulting squaryl chloride to 

hydrogenolysis. The overall yield of the sequence was 54%. Moore and Perry synthesized 

4-aryl-4-hydroxy-2,3-dimethoxy-2-cyclobutene-l-ones by reacting the aryllithium 

compounds with dimethyl squarate.^^ They used the compounds as intermediates in the 

regiospecific synthesis of annulated quinones. Liebeskind et al. synthesized diisopropyl 

squarate, a stable, crystalline derivative of squaric acid, by refluxing squaric acid in 

isopropanol and benzene with azeotropic removal of water.^^ They reacted organolithium 

compounds with this derivative to obtain 1,2-adducts. Partial hydrolysis of these 

compounds in a two-phase system (dkhloromethane/12 N HCl) gave several alkyl- or 

arylsquaric acid isopropyl esters. Reed and coworicers developed another method for the 

hydrolysis of the tertiary alcohol products of the addition reactions, which involved 

quenching the reactions with trifluoroacetic anhydride followed by aqueous work-up.^^ 

Schmidt and colleagues prepared semisquaric esters and semisquaric chloride starting 
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from semisquaric acid.^^ Reaction of the esters and mixed anhydrides of semisquaric acid 

with amines afforded semisquaric amides. The same amides were also obtained by the 

reaction of semisquaric chloride with trimethylsilylamines. Semisquaric hydrazides and 

hydroxamic acids were also prepared. In a separate article, the same group described the 

Meerwein arylation of semisquaric acid and semisquaric amides, which constituted 

another convenient method for the preparation of substituted squaric acid derivatives.^^ In 

this method, they coupled diazotized derivatives of several anilines with semisquaric acid 

and amide in the presence of copper chloride as the catalyst with loss of nitrogen gas. 

Liebeskind and Feng! prepared the isopropyl tributylstannylsquarate by the action of 

(tributylstannyl)trimethylsilane on diisopropyl squarate in the presence of 

tetrabutylammonium cyanide as the catalyst.^ The synthesized compound underwent 

Stille coupling with alkyl and aryl iodides in the presence of 

benzylchlorobis(triphenylphosphine)palladium as the catalyst and copper iodide as the 

co-catalyst. The group also reported that halo-substituted cyclobutenediones underwent 

palladium catalyzed cross-coupling with organostannanes, providing a mild method for 

the synthesis of substituted cyclobutenediones.^^ Kinney developed an alternative free 

radical approach to the palladium-catalyzed coupling of the tributylstannyl derivatives of 

squaric acid esters with aOcyl iodides, which was claimed to be more useful in the case of 

unactivated alkyl halides.^' Azobiscyckihexyhiitrile was used as the initiator. Schmidt 

and coworkers investigated the reactions of dichlorocyclobutenedione and semisquaric 

acki chloride with aromatic compounds in the presence of aluminum chloride under 

Friedel-Crafts conditions.^ Dichk>rocyck>butenedione gave mono- or diaryl- substituted 
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cyclobutenediones depending on the molar ratio of the arene. Arylcyclobutenedione gave 

1,4-addition resulting in 3,4-diaryl-2-hydroxy-2-cycIobutene-l-one under the same 

conditions. Likewise, semisquaryl chloride gave 4-aryl-3-chloro-2-hydroxy-2-

cyclobutene-l-ones. However, several exceptions were noted. The reactivity of the enols 

resulting from 1,4-additions was investigated with several reagents. 

To synthesize the pyridine- substituted squaric acid derivatives 22-26, we first 

decided to employ the addition reaction of lithiopyridine with diisopropyl squarate 

(Figure 18). The reaction of 3-Iithiopyridine, generated in situ from 3-bromopyridine and 

n-butyilithium, with diisopropyl squarate in diethyl ether at -liXl proceeded in very poor 

yield. However, after generation of the lithium derivative of pyridine in ether, addition of 

diisopropyl squarate dissolved in THF and quenching of the reaction with ammonium 

chloride solution provided 2,3-bis(isopropoxy)-4-hydroxy-4-(3-pyridinyl)-2-cyclobutene-

1-one (22) in 57% yield. 

An attempt to partially hydrolyze compound 22 in a two-phase system consisting 

of dichloromethane and a catalytic amount of concentrated hydrochloric acid resulted in 

salt formation and precipitation of the starting material. The compound was resistant to 

hydrolysis in 5 ml acetonitrile containing 1 drop of concentrated hydrochloric acid. 

Increase of the concentration of acid in the solution again led to the salt formation and 

precipitation. Stirring the compound under these conditions overnight resulted in only a 

minor amount of hydrolysis. Likewise, stirring 0.5 mmol of the compound in a mixture of 

5 ml dichloromethane, 1 ml water and 2 drops of concentrated hydrochk)ric acid for 4 

hours dkl not cause any hydrolysis. Therefore, we decided to take the one-step approach 
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to synthesize 3-pyridinesquaric acid isopropyl ester 23 (Figure 18). Thus, isopropyl 

squarate was reacted again with 3-lithiopyridine and the reaction was quenched with 

trifluoroacetic anhydride this time, followed by an aqueous work-up. Purification of the 

resulting mixture by column chromatography afforded the desired compound 23 in 

similar yields to its parent compound 22. 

•-BuLi 

n-BuLi 

2) TFAA 

Figure 18. Addition of Lithiopyridine to Diisopropyl Squarate 

3-Pyridinesquaric acid isopropyl ester 23 was hydrolyzed to 3-pyridinesquaric acid 

25 in a mixture of THF and 6 N hydrochloric acid at room temperature (Figure 19). 

Again, as in the case of the hydrolysis of chlorothiadiazoles, no salt formation of the acid 

was observed under acidic conditions. 
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Figure 19. Hydrolysis of Isopropyl Pyridinesquarate 23. 

However, the addition reaction of pyridine lithium derivatives with diisopropyl 

squarate was not useful in the synthesis of 4-pyridinesquaric acid derivatives because of 

the instability of 4-bromopyridine in basic form. Therefore, another methodology was 

explored to synthesize derivative 26 (Figure 20). Semisquaric acid was prepared from 

squaric acid according to a published procedure.^' 4-Aminopyndine was reacted with 

sodium nitrite in acidic medium at O^C and the diazonium salt obtained this way was 

added to a cold solution of semisquaric acid, sodium acetate and copper (II) chloride in 

water. In this method, 4-pyridinesquaric acid was obtained in moderate yields. 3-

Pyridinesquaric acid (25) was also synthesized following a similar procedure. The more 

stable 3-pyridine diazonium salt provided higher yields of the 3-pyridinesquaric acid 25 

than the preceding reaction. However, attempts to diazotize aminopyrazine with sodium 

nitrite and hydrochloric acid resulted in rapid evolution of nitrogen gas. Therefore, 

aminopyrazine was not useful as a starting material in this reaction. 
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Figure 20. Meerwein Arylation of Semisquaric Acid 

3-Pyridinesquaramide (24) was prepared by the action of ammonia solution in 

ethanol on isopropyl 3-pyidinesquarate (23) (Figure 21). The reaction of the same 

isopropyl ester with excess hydrazine hydrate in anhydrous ether gave a deeply colored 

oil, which crystallized upon trituration with ethanol or dichloromethane. However, the 

resulting crystals were not the expected hydrazide as determined by their elemental 

analysis, which showed a higher nitrogen ratio. A repeat of the reaction in cold ether with 

slow addition of one equimolar hydrazine hydrate produced similar results probably due 

to the rapid formation of the corresponding hydrazone along with the hydrazide. The 

synthesis of the hydrazide was not further pursued. 
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Figure 21. Synthesis of Pyridinesquaramide 24 

Several attempts to obtain the alkylation products of the pyridinesquaric acids 

also failed uniformly. Among those attempts were the reaction of chloromethyl pivalate 

in DMF with triethylamine as the base, with sodium acetate as the base in the presence of 

sodium iodide in DMF, with potassium bicarbonate as the base in acetone with or without 

sodium iodide, with DBU as the base in benzene, with potassium fluoride as a strong 

hydrogen-bond-forming agent in DMF, and with sodium hydroxide as the base in 

hexamethylphosporamide. Failure of all of these reactions convinced us that the acidic 

hydroxyl group of pyridinesquaric acids 25 and 26 was not nucleophilic enough to be 

alkylated by chloromethyl pivalate. 



4. BIOLOGICAL ACnVITY 

4.1. GENERAL 

Susceptibility testing was performed by Dr. Scott G. Franzblau and colleagues at 

the GWL Hansen's Disease Center at Louisiana State University in Baton Rouge, 

Louisiana, 70894. The standard strain used in the study was M. tuberculosis H37RV, 

American Type Culture Collection (ATCC) 27294. The reason for the choice of this 

particular strain was that it was known to have no resistance against isoniazid, 

pyrazinamide, rifampin or other antitubercular drugs. The method used for the in vitro 

evaluation of the antimycobacterial activity of the compounds was the radiometric 

(BACTEC^^) method. In this method, the mycobacteria were grown on a liquid medium, 

which contains palmitic-l-'^C acid as the food source. After the metabolism of the 

labeled fatty acid by the mycobacteria, '"^COa was produced which was quantitatively 

detected by special instrumentation as a measure of the growth of the microorganism. A 

comparison of the results obtained from a medium containing the tested compound and a 

dnig-firee control is used for calculating a growth index (GI)- Percent inhibition was 

calculated as 1 - (GI of test sample / GI of control) x 100. The minimum inhibitory 

concentration (MIC) is defined as the lowest concentration that inhibited 99% of the 

inoculum. All MIC values were determined using 2-fokl dilutions and vary within one 

dilution. 

The microorganism was first grown in agarose medium and then was suspended 

in dek>nized, sterile water. Equal amounts of the water were used to inocubte the test and 

the control media. Two different media, differing in their respective acidities, are 
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generally used to measure antimycobacterial activity of new compounds. Dii^erent pH 

values of the media represent the different environments the mycobacteria experience 

during their extracellular and phagocytosed phases in the lungs. The inside environment 

of the macrophages is known to be more acidic than the outside environment. 

Pyrazinamide and its analogues are generally tested in the acidic medium because they 

are known to be active against intracellular mycobacteria. Pyrazinamide exhibits a higher 

activity against M. tuberculosis in acidic medium. Therefore, BACTEC 7H6A (pH 6.0) 

was used in this study to determine the antimycobacterial activity of the compounds. 

4.2. RESULTS AND DISCUSSION 

The structures of the synthesized compounds 1-26 are shown together in Figure 

22. Compounds 1-12, 22 and 23 were tested against M. tuberculosis with the results 

shown in Table 2. Compounds 16-21 and 24-26 were also submitted for testing. The 

results from the testing of these compounds will be published elsewhere as they become 

available. 

compd MIC (uM) compd MIC (uM) 
pyrazinamide 400 isoniazid 0.15 

1 >1600 8 >1600 

2 >1600 9 1600 

3 800 10 200 

4 50 11 200 

5 100 12 400 

6 200 22 >1600 

7 >1600 23 >1600 

Table 2. MIC Values of Tested Compounds. 
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Figure 22. The Synthesized Compounds 1-26 

The MIC value in BACTEC 6A medium of the oxadiazole derivative 3 was 800 

^M. MICs of the pivaloyloxymethyl derivatives of the oxadiazoles 4-6 were SO, 100 and 

200 ̂ M, respectively. The pivaloyloxymethyl derivatives of the oxadiazolethiones 10-12 

exhibited MIC values of 200-400 ^M. The MIC values of all the other compounds tested 

were greater than or equal to 1600 ^M, limited solubility prohibiting an accurate 
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determination. The unprotected polar heterocycles exhibited only minimal activity with 

the exception of 3-pyrazinyl-l,2,4-oxadiazole-S(4H)-one (3), which was half as active as 

pyrazinamide. The oxadiazolethione series (7-9) was devoid of activity except for the 3-

pyrazinyl-l,2,4-oxadiazole-S(4H)-thione (9), which was 4 times less active than 

pyrazinamide. The cyclobutenedione derivatives tested so far (22 and 23) did not exhibit 

any activity. 

As expected, the polar, unprotected isosteres of pyridine- and pyrazinecarboxylic 

acids 1-3 and 7>9 showed only insignificant or no inhibition of M. tuberculosis at alL We 

believe that this phenomenon is due to their structural similarity to nicotinic, isonicotinic 

and pyrazinoic acids, which themselves are devoid of antitubercular activity but 

derivatives thereof such as pyrazinamide are potent inhibitors. Pyrazinamide and 

nicotinamide are known to be converted into pyrazinoic and nicotinic acids, which are 

thought to be the actual active species, in the mycobacteria.'^ However, their highly polar 

nature prevents their efficient penetration of the mycobacteria] cell wall rendering the 

compounds inactive. Polarity appeared to be the only determinant of the activity at this 

stage of the experiments as demonstrated by the fact that slightly more lipophilic 

pyrazine derivatives were the only compounds with any activity. 

The results also showed that derivatization of these compounds to more lipophilic 

precursors, which made ionization impossible and facilitated penetration of the ceU wall, 

was a successful method to improve their physicochemical and pharmacokinetic 

properties. Modification of inactive oxadiazole 1 with the pivaloyloxymethyl group 

produced compound 4, which was 8 times as potent as the currently used drug 
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pyrazinamide. Likewise, protectk>n of inactive 2 resulted in 5, which is 4 times as active 

as pyrazinamide. Derivatization of compound 3 increased 4 times its abeady existing 

potency. The protected derivatives of the oxadiazolethiones 7 and 8 (10 and 11) were 

twice as active as pyrazinamide, whereas 9, which was 4 times less potent than 

pyrazinamide, reached to equal potency with the drug when it was protected. The 

differences in the activity of the alkylated heterocycles may have been contributed by 

different rates of hydrolysis inside the bacteria along with inherent activities of each 

compound. This fact may have contributed to the observation that cyclobutenedione 

compounds 22 and 23 do not have any activity. Although it can be presumed that these 

compounds efHciently penetrated the mycobacterial cell wall, the mycobacterium 

probably lacks the necessary enzymes to hydrolyze the alkoxy groups of these 

compounds efficiently. 

In sunmiary, the results show that bioreversible modification of pyridine- and 

pyrazinecarboxylic acid bioisosteres to more lipophilic precursors can uicrease their 

activity. Although the compounds were not tested against pyrazinamide-resistant strains 

of M. tuberculosis, it can be expected that they shouM be effective against most of these 

strains because of the knowledge that most pyrazinamide resistance results from lack of 

pyrazinamidase (nicotinamidase) enzyme in the bacteria.'^ Since the compounds do not 

contain an amide bond that has to be broken for activity, pyrazinamidase woukl not be 

necessary for the activation of the synthesized compounds. 
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5. EXPERIMENTAL 

5.1. GENERAL METHODS 

Melting points were determined with an Ekctrothermal capillary melting point 

apparatus and are uncorrected. 'H and nuclear magnetic resonance (NMR) spectra 

were obtained using a Varian Gemini 200 spectrometer at 200 and SO MHz, respectively. 

Chemical shifts are reported in ppm downfield (5) from internal tetramethylsilane. 

Elemental analyses were performed by Desert Analytics of Tucson, Arizona. Reactions 

were monitored by thin layer chromatography (TLC) using UV-active silica gel plates (2 

X 6 cm) and visualized by UV light at 2S4 nm. Column chromatography was performed 

using silica gel purchased from Aldrich Chemical Company (60 A, 70-230 Mesh). 

Reactions requiring an inert atmosphere were performed under anhydrous argon or 

nitrogen in flame-dried glassware using standard septum techniques. Diethyl ether, 

benzene, and toluene were distilled from metallic sodium in the presence of 

benzophenone indicator. Tetrahydrofiiran was either distilled from metallic sodium with 

benzophenone or obtained from Aldrich Chemical Company in anhydrous form. 

Dichloromethane was distilled from calcium hydride. Anhydrous N,N-

dimethylformamide was purchased from Aldrich Chemical Company and used without 

further purification. Triethylamine and pyridine were distilled from potassium hydroxide. 

Butyllithium solution was obtained from Aldrich Chemical Company. 

5.2. l,2,4-OXADIAZOLE-5(4H)-ONE DERIVATIVES 1-6 

3-(4-Pyridi9yl)-l,2vl-oxadiazole-5(4II)-oiie (1): Pyridine-4-amidoxime^'^^ (1.37 

g, 0.01 moO and a magnetic stirring bar were placed in a ICX) ml round-bottomed flask 



and the flask was sealed with a rubber septum. Nitrogen gas was introduced and IS ml 

anhydrous DMF was added via syringe. After the addition of 0.95 g (0.012 mol) pyridine, 

the mixture was stirred at room temperature until dissolution and then cooled to 0°C in an 

ice-water bath. Methyl chloroformate (1.04 g, 0.011 mol) was added and the mixture was 

stirred for 3 hours, while warming to room temperature. The mixture was diluted with 30 

ml water and the resulting solution was extracted with 3 x 30 ml ethyl acetate. The 

organic phases were combined and dried over anhydrous sodium sulfate. Upon filtration 

and evaporation of the solvent, a yellow oil was obtained, which was dissolved in 60 ml 

toluene and refluxed for 24 hours. Then the mixture was allowed to cool to room 

temperature and the volatiles were removed under vacuum. The remaining pale yellow 

solids were recrystallized twice from ethanol to give 1 (0.78 g, 48%). Mp: 2S3-2SST. 

'H-NMR (DMSO-de): 5 8.83 (d, 2H), 7.77(d, 2H), 3.50 (br s, IH). Elemental analysis 

Calcd forC7H5N302: C, 51.52; H, 3.09; N, 25.76. Found: C, 51.20; H, 2.81; N, 25.62. 

3-(3-Pyridlnyl)>l^,4H>xadiazole-S(4II)-one (2): Pyridine-3-amidoxime^^'^^ (1.37 

g, 0.01 mol) and a magnetic stirring bar were placed in a 1(X) ml round-bottomed flask 

and the flask was sealed with a rubber septum. Nitrogen gas was introduced and 15 ml 

anhydrous DMF was added via syringe. After the additk>n of 0.95 g (0.012 mol) pyridine, 

the mixture was stirred at room temperature until dissolution and then cooled to 0^ in an 

ice-water bath. Methyl chk>roformate (1.04 g, 0.011 mol) was added and the mixture was 

stirred for 3 hours, whOe warming to room temperature. The mixture was diluted with 30 

ml water and the solution was extracted with 3 x 30 ml ethyl acetate. The organic phases 

were combined and dried over anhydrous sodium sulfate. Upon filtration and evaporation 



of the solvent, a yellow oU was obtained, which was dissolved in 60 ml toluene and 

refluxed for 24 hours. The mixture was allowed to cool to room temperature and the 

volatiles were removed under vacuum. The remaining colorless solids were recrystallized 

twice from acetonitrile to give 2 (0.84 g, 52%). Mp: 233-235°C. 'H-NMR (DMSO-d^): 5 

8.94(br s, IH), 8.75(br s, IH), 8.15(d, IH), 7.58 (q, IH), 3.81 (br s, IH). "C-NMR 

(DMSO-dfi): 6 159.92, 155.86, 152.85, 146.91, 134.06, 124.46, 120.01. Elemental 

analysis Calcd forC7H5N302: C, 51.52; H, 3.09; N, 25.76. Found: C, 51.42; H, 2.78; N, 

25.87. 

3-PyrazinyM^,4-oxadiazole-5(4H)>oiie (3): Pyrazinyl-amidoxime'*''^^ (1.37 g, 

0.01 mol) and a magnetic stirring bar were placed in a 100 ml round-bottomed flask and 

the flask was sealed with a rubber septum. Nitrogen gas was introduced and 15 ml 

anhydrous DMF was added via syringe. After the addition of 0.95 g (0.012 mol) pyridine, 

the resulting mixture was stirred at room temperature until dissolution and then cooled to 

0°C in an ice>water bath. Methyl chtoroformate (1.04 g, 0.011 mol) was added and the 

resulting mixture was stirred for 3 hours, allowing it to warm to room temperature. The 

mixture was dUuted with 30 ml water and the solids were Altered and washed with water. 

The compound was air-dried and suspended in 60 ml xylenes. The resulting suspension 

was refluxed (14(fC) for 24 hr. The mixture was allowed to warm to room temperature 

and let stand overnight. The solids that formed were filtered and washed with hexanes. 

The crude product was recrystallized twke from ethanol to give 3 (0.94 g, 57%). Mp: 

229-231^:. 'H-NMR (DMSO-d6): 5 9.13 (d, IH), 8.81 (m, 2H), 3.61 (br s, IH). "C-

NMR(DMSO-d6): 5 207.11, 159.69, 156.41,147.57, 144.91, 142.60, 139.11. Elemental 



analysis Cafcd for C6H4N4O2: C, 43.91; H. 2.46; N, 34.14. Found: C, 44.09; H. 2.76; N, 

33.57. 

4-Pfvaloyloxyiiiethyl-3-(4-pyrjdinyl)-l,2,4-oxadiazole-5(4H)-one (4): Chloro-

methyl pivalate (0.72 g, 0.0048 mol) was added dropwise to a solution of 0.6S g (0.004 

mol) 3-(4-pyridinyl)-1,2,4-0xadiazole-5(4H)-one (I) and 0.47 g (0.(X)48 mol) potassium 

acetate in 10 ml DMF. Sodium iodide (0.72 g, 0.(X)48 mol) was added and the mixture 

was stirred at room temperature for 72 hours. The reaction mixture was diluted with 20 

ml water and extracted with 3 x 40 ml ethyl acetate. The organic layers were combined 

and washed with 120 ml 1% sodium sulfite solution, 120 ml water and 120 ml brine. The 

solution was dried over sodium sulfate and the solvent was evaporated. A yellow oil was 

obtained, which was chromatographed on silica gel using hexanes / ethyl acetate (7:3) as 

eluent. A colorless oil was obtained, which slowly crystallized. Recrystallization from a 

mixture of hexanes and ethyl acetate gave 4 (0.37 g, 33%). Mp: 64-66°C. *H-NMR 

(CDCb): 5 8.88 (d, 2H), 7.59 (d, 2H), 5.65 (s, 2H), 1.18 (s, 9H). Elemental analysis 

Calcd for C13H15N3O4: C, 56.3; H, 5.5; N, 15.2. Found: C, 56.08; H, 5.35; N, 15.09. 

4-Pfvaloyloxyiiiethyl-3-(3-pyridinyl)-l^,4-oxadiazole-5(4H)-oiie (5): CHiloro-

methyl pivalate (0.64 g, 0.0043 mol) was added dropwise to a solution of 0.58 g (0.0036 

mol) 3-(3-pyridinyl)-l,2,4-oxadiazole-5(4H)-one (2) and 0.42 g (0.0043 mol) potassium 

acetate in 9 ml DMF. Sodium iodide (0.64 g, 0.0043 mol) was added and the mixture was 

stirred at room temperature for 72 hours. The reaction mixture was diluted with 20 ml 

water and extracted with 3 x 40 ml ethyl acetate. The organic layers were combined and 

washed with 120 ml 1% sodium sulfite solution, 120 ml water and 120 ml brine. The 
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solution was dried over sodium sulfate and the solvent was evaporated. A yellow oil was 

obtained, which was chromatographed on silica gel using hexanes / ethyl acetate (7:3) as 

eluent. A colorless oil was obtained, which slowly crystallized. Recrystallization firom a 

mixture of hexanes and ethyl acetate gave 5 (0.37 g, 37%). Mp: 88-90°C. 'H-NMR 

(CDCb): 8 8.90 (m, 2H), 7.99 (m, IH), 7.55 (m, IH), 5.63 (s, 2H), 1.19 (s, 9H). 

Elemental analysis Calcd for C13H15N3O4: C, 56.3; H, 5.5; N, 15.2. Found: C, 55.99; H, 

5.43; N, 15.01. 

4-Pivaloyloxyinethyl-3-pyrazinyl-l,2,4-oxadiazole-5(4H)-one (6): Chloro-

methyl pivalate (0.83 g, 0.(X)55 mol) was added dropwise to a solution of 0.75 g (0.0046 

moO 3-pyrazinyl-l,2,4-oxadiazole-5(4H)-one (3) and 0.54 g (0.0055 mol) potassium 

acetate in 11 ml DMF. Sodium iodide (0.82 g, 0.(X)55 mol) was added and the resulting 

mixture was stirred at room temperature for 72 hours. The reaction mixture was diluted 

with 20 ml water and extracted with 3 x 40 ml ethyl acetate. The organic layers were 

combined and washed with 120 ml 1% sodium sulfite solution, 120 ml water and 120 ml 

brine. The solution was dried over sodium sulfate and the solvent was evaporated. A 

yellow oil was obtained, which was chromatographed on silica gel using hexanes / ethyl 

acetate (8:2) as eluent. Colorless to pale yellow crystals were obtained. Recrystallization 

from a mixture of hexanes and ethyl acetate gave 6 (0.65 g, 51%). Mp; 99-101^. 'H-

NMR (CDCI3): 8 9.29 (d, IH), 8.81 (d, IH), 8.66 (d, IH), 6.09 (s, 2H), 1.08 (s, 9H). 

Elemental analysis Cakd for C12H14N4O4: C, 51.8; H, 5.1; N, 20.1. Found: C, 51.52; H, 

4.96; N, 19.98. 
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5.3. l,2,4-OXADIAZOLE-5(4H)-THIONE DERIVATIVES 7-12 

3-(4-Pyridinyl)-l^,4-oxadiazole-5(4ll)-thioiie (7): Method A: Acetic anhydride 

(0.75 g, 0.0073 mol) was added dropwise to a mixture of 1 g (0.0073 mol) pyridine-4-

amidoxime and 0.74 g (0.(X)73 mol) triethylamine in 30 ml dichloromethane. The mixture 

was stirred at room temperature for 4 hours. The solids were Altered, washed with 

dichloromethane and water, and air-dried. The filtrate was washed with 30 ml water and 

evaporated. The solids were combined with the ones obtained from the mother liquor and 

were dissolved in 40 ml DMF. The solution was cooled to (fC in an ice-water bath and 

1.94 g (0.0255 mol) carbon disulfide and 0.92 g (0.0192 mol) of a 50% dispersion of 

sodium hydride in mineral oil were added. The mixture was stirred for 1 hour. 1 N 

hydrochloric acid solution (80 ml) was added very carefully and the mixture was stirred 

for another hour and refrigerated overnight. The crystals were collected by filtration, 

washed with water and recrystallized twice from ethanol to give 7 (0.46 g, 35%). 

Method B: To a stirred suspension of 1 g (0.0073 mol) pyridine-4-amidoxime in 

60 ml acetonitrfle, 2.16 g (0.0109 mol) thiocarbonyldiimidazole (TCDI, 90%) was added 

in one portion. A clear solution formed for a moment and then a yellow precipitation 

followed. To this mixture, 4.44 g (0.0292 mol) DBU was added dropwise. A clear 

solution was obtained again, which was stirred at room temperature overnight. The 

mixture was poured into 120 ml water and neutralized using 6 N hydrochloric acid. The 

precipitate was filtered and washed with water. A white crystalline solid was obtained. 

The mother liquor was refrigerated overnight and the solids were filtered, combined and 

recrystallized from ethanol to give 7 (1.05 g, 80%). Mp; 228-229^. 'H-NMR (DMSO-
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de): 5 8.91 (dd, 2H), 8.06 (dd, 2H), 6.19 (br s, IH). Elemental analysis Calcd for 

C7H5N3OS: C, 46.92; H, 2.81; N, 23.45. Found: C, 46.81; H, 2.57; N. 23.05. 

3-(3-Pyridinyl)-l^,4-oxadiazole>5(4H)-thioiie (8): Method A: Acetic anhydride 

(0.75 g, 0.0073 mol) was added dropwise to a mixture of 1 g (0.0073 mol) pyridine-3-

amidoxime and 0.74 g (0.(X)73 mol) triethylamine in 30 ml dichloromethane. The mixture 

was stirred at room temperature overnight. The solids were fUtered,washed with 

dichloromethane and water, and air-dried. The filtrate was washed with 30 ml water and 

evaporated. The solids were combined with the ones obtained from the mother liquor and 

dissolved in 40 ml DMF. The solution was cooled to (fC in an ice-water bath and 1.82 g 

(0.0239 mol) carbon disulfide and 0.87 g (0.0181 mol) of a 50% dispersion of sodium 

hydride in mineral oil were added. The mixture was stirred for an hour. I N hydrochloric 

acid solution (80 ml) was added very carefully and the mixture was refrigerated 

overnight. The crystals were collected by nitration, washed with water and recrystallized 

twice from ethanol to give 8 (0.37 g, 28%). 

Method B: To a stirred suspension of 1 g (0.0073 mol) pyridlne-3-amidoxlme in 

60 ml acetonitrile, 2.16 g (0.0109 mol) TCDI (90%) was added in one portion. A clear 

solution formed for a moment and then a yellow precipitation followed. To this mixture, 

4.44 g (0.0292 mol) DBU was added dropwise. The yellow precipitate turned white and 

partially dissolved as the addition continued. The solution turned green. Dissolution 

occurred later and the solution became yellowish-brown. Four hours later, the reaction 

mixture was poured into 120 mi water and neutralized using 6 N hydrochloric acid. The 

precipitate was filtered and washed with water. The mother liquor was refrigerated 
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overnight and the solids were filtered, combined and recrystallized from ethanol to give 8 

(1.04 g, 79%). Mp: 223-225^:. 'H-NMR (DMSO-de): 8 9.08 (d, IH), 8.84 (dd, IH), 8.34 

(ddd, IH), 7.70 (dd, IH). Elemental analysis Cak for C7H5N3OS: C, 46.92; H, 2.81; N, 

23.45. Found: C, 46.70; H, 2.63; N, 23.41. 

3-PyrazinyM^,4-oxadiazole-5(4H)-thione (9); To stirred suspension of I g 

(0.0072 mol) pyrazinylamidoxime in 60 ml acetonitrile, 2.16 g (0.0109 mol) TCDI (90%) 

was added in one portion. A new precipitation followed immediately. To this mixture, 

4.44 g (0.0292 mol) DBU was added dropwise. Four hours later, the reaction mixture was 

poured into 120 ml water and neutralized using 6 N hydrochloric acid. The precipitate 

was filtered, washed with water and then with boiling methanol to give 9 (1.17 g, 89%). 

Mp: 220-222°C. 'H-NMR (DMSO-d6): 8 9.25 (d, IH), 8.90 (m, 2H). Elemental analysis 

Calcd for C6H4N4OS: C, 40.0; H, 2.2; N, 31.1. Found: C, 39.66; H, 2.07; N, 31.20. 

S-PivaloyloxymethyUhio-3-(4-pyridinyl)-lA4-oxadiazole (10): Chloromethyl 

pivalate (0.67 g, 0.0071 mol) was added dropwise to a stirred solutron of 1.06 g (0.0059 

mol) 3-(4-pyridinyl)-l,2,4-oxadiazole*5-thione (7) and 0.72 g (0.0071 mol) triethylamine. 

The solution was stirred at room temperature for 7 hours and another equivalent of 

chloromethyl pivalate and triethylamine were added. The solution was stirred at room 

temperature for a total of 24 hours. For the last 1.5 hours, it was heated at 50^. The 

mixture was cooled to room temperature and poured into crushed ice with vigorous 

stirring. The solids were collected by filtration, washed with water, and recrystallized 

twice from petroleum ether to give 10 (1.45 g, 83%). Mp; 73-76*t^. *H-NMR (CDCh): 8 
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8.80 (dd, 2H), 7.94 (dd, 2H), S.83 (s, 2H), 1.22 (s, 9H). Elemental analysis Calcd for 

CiaHisNjOsS: C, 53.2; H, 5.2; N, 14.3. Found: C, 53.04; H, 5.06; N, 14.30. 

5-Pivaloyloxyinethylthio*3-(3-pyridinyl)-lA4-oxadiazole (11): Chlororoethyl 

pivalate (0.65 g, 0.(X)68 mol) was added dropwise to a stirred solution of 1.02 g (0.(X)57 

mol) 3-(3-pyridinyl)-l,2,4-oxadiazole-5-thione (8) and 0.69 g (0.(X)68 mol) triethylamine. 

The solution was stirred at room temperature for 7 hours and another equivalent of 

chloromethyl pivalate and triethylamine were added. The solution was stirred at room 

temperature for a total of 24 hours. For the last 1.5 hours, it was heated at 50^. The 

mixture was cooled to room temperature and poured into crushed ice with vigorous 

stirring. An oil separated, which was extracted with 3 x 50 ml ethyl acetate. The solution 

was dried over sodium sulfate, filtered and the solvent was evaporated. The residue was 

dissolved heating slightly in hexanes and filtered. Hexanes were removed under vacuunL 

A tan oil was obtained, which was chromatographed on silica gel using hexanes / ethyl 

acetate (9:1) as eluent. The product solidified in the fineezer and was recrystallized from 

petroleum ether in the freezer to give 11 (1.30 g, 78%). Mp: 45-48°C. 'H-NMR (CDCI3): 

5 9.31 (dd, IH), 8.77 (dd, IH), 8.34 (m, IH), 7.44 (m, IH), 5.83 (s, 2H), 1.22 (s, 9H). 

Elemental analysis Calcd for CisHisNsOjS: C, 53.2; H, 5.2; N, 14.3. Found: C, 53.05; H, 

4.94; N, 14.33. 

5-Pfvaloyloxyiiiethyltliio-3-pyrazinyl-l^,4-oxadiazole (12): Chloromethyl 

pivalate (0.53 g, 0.0056 mol) was added dropwise to a stirred solution of 0.84 g (0.(X)47 

mol) 3-pyrazinyl-l,2,4-oxadiazole-5-thione (9) and 0.57 g (0.(X)56 mol) triethylamine. 

The solution was stirred at room temperature for 7 hours and another equivalent of 
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chloromethyl pivalate and triethylamine were added. The solution was stirred at room 

temperature for a total of 24 hours. For the last 1.5 hours, it was heated at 50^. The 

mixture was cooled to room temperature and poured into crushed ice with vigorous 

stirring. The solids were collected by filtration, washed with water and recrystallized 

twice from petroleum ether to give 12 (1.15 g, 84%). Mp: 61-63t. 'H-NMR (CDCI3): 8 

9.37 (d, IH), 8.77 (m, 2H), 5.86 (s, 2H), 1.22 (s, 9H). Elemental analysis Calcd for 

C,2H,4N403S: C, 49.0; H, 4.8; N, 19.0. Found: C, 48.86; H, 4.83; N, 18.96. 

5.4. 1,2,4-THIADIAZOLE DERIVATIVES 13-18 

S-Chloro-3-(4-pyridinyl)-l^,4-thiadiazole (13): 4-Amidinopyridine hydro

chloride'^ (3 g, 0.019 mol) was suspended in 80 ml dichloromethane. DBU (11.58 g, 

0.0761 mol) was added and the mixture was stirred at room temperature until dissolution 

occurred. The solution was cooled to O^C in an ice-water bath and 3.80 g (0.0204 mol) 

perchloromethyhnercaptan, diluted with 20 ml dichloromethane, was added dropwise 

under nitrogen. The cooling bath was removed and the dark solution was allowed to 

warm to room temperature and then refluxed for 15 hours. The solution was evaporated 

down to 25 ml and 75 ml ethyl acetate was added. The flask was flrmly stoppered and 

shaken vigorously for 1-3 minutes. The solvent was decanted and filtered, keeping the 

dark oil in the flask. The oil was diluted again with 25 ml dichloromethane and the 

extraction process was repeated two more times. The filtrates were combined and 

evaporated. The solids obtained this way were purified by column chromatography using 

dKhloromethane / methanol (4%) as eluent. RecrystalUzation from a mixture of 

dichloromethane and ethyl acetate gave 13 (1.58 g, 42%). Mp: 138-140%. *H-NMR 
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(CDCb): 8 8.79 (dd, 2H), 8.09 (dd, 2H). "C-NMR (CDCIj): 5 173.99, 169.84, 150.59, 

138.35, 121.62. Elemental analysis Calcd for C7H4CIN3S: C, 42.5; H, 2.0; N, 21.3. 

Found: C, 42.49; H, 1.93; N, 21.02. 

5-Cliloro-3-(3-pyridinyl)-l ,̂4-thiadiazole (14); 3-Aniidmopyridine hydro

chloride^^ (2.33 g, 0.0148 mol) was suspended in 60 ml dichloromethane. DBU (8.99 g, 

0.0581 mol) was added and the mixture was stirred at room temperature until dissolution 

occurred. The solution was cooled to (fC in an ice-water bath and 2.89 g (0.0156 mol) 

perchloromethylmercaptan, diluted with 15 ml dichloromethane, was added dropwise 

under nitrogen. The cooling bath was removed and the dark solution was allowed to 

warm to room temperature and then refluxed for 15 hours. The solution was evaporated 

down to 25 ml and 75 ml ethyl acetate was added. The flask was firmly stoppered and 

shaken vigorously for 1-3 minutes. The solvent was decanted and filtered, keeping the 

dark oil in the flask. The oil was diluted again with 25 ml dichloromethane and the 

extraction process was repeated two more times, llie filtrates were combined and 

evaporated. The solids obtained this way were purified by colunm chromatography using 

hexanes / ethyl acetate (6:4) as eluent. Recrystallization from a mixture of hexanes and 

ethyl acetatc gave 14 (1.18 g, 40%). Mp: 89-91t. 'H-NMR (CDCI3): 8 9.48 (s, IH), 8.74 

(t, IH). 8.51 (dd, IH), 7.44 (dd, IH). "C-NMR (CDCI3): 8 173.85, 169.80, 151.30, 

149.41, 135.31, 127.78, 123.59. Elemental analysis Cafcd for C7H4CIN3S: C, 42.5; H, 

2.0; N, 21.3. Found: C, 42.17; H, 1.87; N, 21.12. 

5-Cliloro'3-pyrazinyMA4-thiadiaiole (15): Amklino-pyrazinc hydrochloride^^ 

(3 g, 0.0189 mol) was suspended in 80 ml dichkiromethane. DBU (11.52 g, 0.0757 mol) 
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was added and the mixture was stirred at room temperature until dissolution occurred. 

The solution was cooled to in an ice-water bath and 3.70 g (0.0199 mol) 

perchloromethylmercaptan, diluted with 20 ml dichloromethane, was added dropwise 

under nitrogen. The cooling bath was removed and the dark solution was allowed to 

warm to room temperature and then refluxed for IS hours. The solution was evaporated 

down to 25 ml and 75 ml ethyl acetate was added. The flask was firmly stoppered and 

shaken vigorously for 1-3 minutes. The solvent was decanted and filtered keeping the 

dark oil in the flask. The oil was diluted again with 25 ml dichloromethane and the 

extraction process was repeated two more times. The filtrates were combined and 

evaporated. The solids obtained this way were purified by column chromatography using 

hexanes / ethyl acetate (1:1) as eluent. Recrystalization from a mixture of hexanes and 

ethyl acetate gave 15 (1.33 g, 35%). Mp: 96-99^. 'H-NMR (CDCI3): 8 9.53 (s, IH), 8.73 

(t, 2H). '̂ C-NMR (CDOj): 5 174.63, 168.84, 145.85, 145.08, 144.77, 144.49. Elemental 

analysis Calcd for C6H3CIN4S: C, 36.3; H, 1.5; N, 28.2. Found: C, 35.93; H, 1.25; N, 

28.17. 

3-(4-Pyridinyl)-1^4-thiadiazole<5(4H)-oiie (16): A mixture of 1.28 g (0.0065 

mol) 5-chloro-3-(4-pyridinyl)-l,2,4-thiadiazo]e (13) and 32 ml 6 N hydrochloric ackl in 

130 ml THF was refluxed for 48 hr. THF was evaporated, the residue was concentrated 

under high vacuum until it became a viscous oil The oil was diluted with 65 ml water 

and the water was removed under vacuum. The ofl was subjected to high vacuum 

overnight. The crystalline residue was taken up in acetone, filtered, washed with 

dkhk)romethane to remove resklual starting material, and recrystallized from acetonitrile 
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to give 16 (0.49 g, 31%). Mp: 204-206*^. 'H-NMR (D2O): 5 9.04 (d, 2H). 8.77 (t, 2H). 

"C-NMR (D2O): 8 177.05, 166.47,146.85,142.98,125.53, 110.87. 

3-(3-Pyridinyl)-l^,4-thiadiazole>5(4H)-oiie (17); A mixture of 1.22 g (0.0061 

mol) 5-chloro-3-(3-pyridinyl)-l,2,4-thiadiazole (14) and 30.5 ml 6 N hydrochloric acid in 

120 ml THF was refluxed for 48 hr. THF was evaporated, the residue was diluted with 60 

ml water and the water was removed under vacuum. The oil was subjected to high 

vacuum overnight. The crystalline residue was taken up in acetone, filtered, washed with 

dichloromethane to remove residual starting material and recrystallized from acetonitrile 

to give 17 (0.53 g, 39%). Mp: 181-183°C. 'H-NMR (DMSO-d^): 6 9.36 (s, IH), 8.99 (t, 

2H), 8.89 (br s, IH), 8.08 (dd, IH). "C-NMR (DMSO-de): 8 174.81, 166.38, 145.52, 

142.62, 141.41, 129.36,127.12. 

3-PyrazinyM^,4-tliiadiazole<5(4H)-oiie (18): A mixture of 0.92 g (0.(X)47 mol) 

5-chIoropyrazinyl-l,2,4-thiadiazole (15) and 23 ml 6 N hydrochloric acid in 90 ml THF 

was refluxed for 72 hr. THF was evaporated, the residue was dOuted with 45 ml water 

and the water was removed under vacuum. The oQ was subjected to high vacuum 

overnight. The crystalline residue was taken up in acetone, filtered, washed with 

dkhloromethane to remove tesklual starting material and recrystallized from acetonitrile 

to give 18 (0.64 g, 63%). Mp: 242-243't:. 'H-NMR (DMSO-d^): 8 9.71 (br s, IH), 8.39 

(s, IH), 8.87 (s, 2H). '^C-NMR (DMSO-d6): 8 174.20, 168.30, 146.37, 145.03, 144.79, 

144.35. 
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5.5. l,3,4-OXATHIAZOLINE-2-ONES 19-21 

5-(4-Pyridinyl)-13»4-oxathiazoline*2-oiie (19): A mixture of 3.66 g (0.03 mol) 

isonicotinamide and 1.31 g (0.01 mol) chlorocarbonylsulfenyl chloride in 100 ml toluene 

was refluxed for 3 hours. The precipitate was filtered and washed with 50 ml ethyl 

acetate. The filtrate and the washings were combined and evaporated The residue was 

purified by column chromatography using hexanes / ethyl acetate (1:1) as eluent, and 

recrystallized from a mixture of hexanes and ethyl acetate to give 19 (0.78 g, 43%). Mp: 

191-193°C. 'H-NMR (CDCI3): 8 8.83 (dd, 2H), 7.82 (dd, 2H). Elemental analysis Calcd 

forC7H4N2(52S: C, 46.7; H, 2.2; N, 15.5. Found: C, 46.59; H, 1.99; N, 15.55. 

S-(3-Pyridinyl)-13«4-oxathiazoUne-2-oiie (20): A mixture of 2.44 g (0.02 mol) 

nicotinamide and 1.31 g (0.01 mol) chlorocarbonylsulfenyl chloride in 100 ml tohiene 

was refluxed for 3 hours. The precipitate was filtered while hot and the filtrate was 

allowed to cool to room temperature and evaporated. 0.42 g pure product was obtained. 

The precipitate was neutralized with 50 ml 5% sodium bicarbonate solution and the 

crystals that formed were collected and washed with water, giving 0.29 g 20. The filtrate 

from the neutralization was extracted with 3 x 20 ml ethyl acetate. The organic phases 

were combined, dried over sodium sulfate, filtered and evaporated. The residue was 

purified by colunm chromatography using hexanes and ethyl acetate (1:1) as eluent, 

giving 0.058 g additional 20. Total yield was 0.77 g (43%). Mp: 115-117^. 'H-NMR 

(CDCb): 89.15 (d, IH), 8.75 (dd, IH). 8.20 (ddd, IH), 7.42 (m, IH). "C-NMR (CDCI3): 

8 172.93, 155.33,153.04,148.48, 134.46, 123.64, 122.04. Elemental analysis Calcd for 

C7H4N2O2S: C, 46.7; H, 2.2; N, 15.5. Found: C, 46.49; H, 2.16; N, 15.46. 
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S-Pyrazinyl-13t4-oxathiazoUne-2-oiie (21); A mixture of 2.46 g (0.02 mol) 

nicotinamide and 1.31 g (0.01 mol) chlorocarbonylsulfenyl chloride in 100 ml toluene 

was refluxed for 3 hours. The precipitate was filtered while hot and the filtrate was 

allowed to cool to room temperature and evaporated. The residue was purified by column 

chromatography using hexanes and ethyl acetate (1:1) as eluent to yield 21 (0.61 g, 33%). 

Mp:130-l32'C. 'H-NMR (CDCI3): 8 9.29 (d, IH), 8.77 (m, 2H). '̂ C-NMR (CDCI3): 8 

172.11, 154.42, 147.11, 144.62, 144.14, 140.07. Elemental analysis Calcd for 

C6H3N3O2S: C, 39.8; H, 1.7; N, 23.2. Found: C, 39.49; H, 1.62; N, 23.00. 

5.6. CYCLOBUTENEDIONE DERIVATIVES 22-26 

2^Bis(isopropoxy)-4-hydroxy-4-(3-pyridinyl)-2<yclobuteiie-l-oiie (22): 3-

Bromopyridine (0.95 g, 0.006 mol) was weighed in a 1(X) ml round-bottomed flask. A 

magnetic stirrer was added and the flask was stoppered with a rubber septum. The flask 

was flushed with argon via a syringe and the argon flow was continued throughout the 

reaction. Ether (50 ml) was added via syringe and the solution was stirred and cooled to -

78*^^ in an acetone-dry ice bath. n-Butyllithium (2.9 md, 0.0072 mol, 2.5 M / hexanes) 

was added dropwise and the resulting yellow, turbkl mixture was stirred for 5 minutes. 

Dilsopropyl squarate (0.99 g, 0.005 mol) was dissolved in 10 ml THF and added 

dropwise to the above mixture. The solution was stirred at -78°C for 2 hours. The 

reactk>n was quenched with 10 ml 5% ammonium chloride solution. The mixture was 

warmed to room temperature and poured into 100 ml water. The organic layer was 

separated and the aqueous phase was extracted with 3 x 50 nnl ethyl acetate. The organic 

phases were combined, dried over sodium sulfate, filtered, and evaporated. The resulting 
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oil was purified by column chromatography using hexanes / ethyl acetate (6:4) as eluent. 

A yellow oil was obtained which crystallized in the freezer. Recrystallization from a 

mixture of hexanes and ethyl acetate gave 22 (0.79 g, 57%). Mp: 87-89t. 'H-NMR 

(CDClj): S 8.60 (s, IH), 8.49 (dd, 1 H), 7.86 (ddd, IH), 7.27 (dd, IH), 4.89 (m, 2H), 1.30 

(m, 12H). Elemental analysis Cakd for C15H19NO4: C, 65.0; H, 6.9; N, 5.1. Found: C, 

64.92; H, 6.77; N, 4.73. 

3-Isopropoxy-4-(3-pyridinyl)-3-cyclobutene-l,2-dione (23): 3-Bromopyridine 

(0.95 g, 0.006 mol) was weighed in a 100 ml round-bottomed flask. A magnetic stirrer 

was added and the flask was stoppered with a rubber septum. The flask was flushed with 

argon via a syringe and the argon flow was continued throughout the reaction. Ether (50 

ml) was added via syringe and the solution was stirred and cooled to -78'X! in an acetone-

dry ice bath. n-Butyllithium (2.9 ml, 0.0072 mol) (2.5 M / hexanes) was added dropwise 

and the resulting yellow, turbid mixture was stirred for 5 minutes. 0.99 g (0.005 mol) 

Diisopropyl squarate was dissolved in 10 ml THF and added dropwise to the above 

mixture. The resulting solution was stirred at -78°C for 2 hours. The reaction was 

quenched with 1.82 g (0.0087 mol) trifluoroacetic anhydride followed by 10 ml 5% 

ammonium chloride solution. The mixture was warmed to room temperature and poured 

into a mixture of 100 ml ethyl acetate and ICX) ml 5% sodium bicarbonate solution. The 

organic layer was separated and the aqueous phase was extracted with 2 x 50 ml ethyl 

acetate. The organic phases were combined, dried over sodium sulfate. Altered, and 

evaporated. The oil was purified by column chromatography using hexanes / ethyl acetate 

(1:1) as eluent. A yelk>w solid was obtained. Recrystallization twice from a mixture of 
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hexanes and ethyl acetate gave 23 (0.63 g, 58%). Mp: 88-90°C. 'H-NMR (CDCI3): 5 

9.18 (dd, IH), 8.71 (dd, 1 H), 8.34 (ddd, IH), 7.44 (m, IH), 5.60 (m, IH), 1.56 (t, 6H). 

Elemental analysis Calcd for CuHuNC^. VA H2O: C, 65.0; H, 5.2; N, 6.3. Found: C, 

65.07; H, 4.84; N, 6.26. 

3-Aniiiio^(3-pyridinyl)-3-cyclobuteiie-l^-dione (24): 3-Isopropoxy-4-(3-

pyridinyl)-3-cyclobutene-l,2-dione (23) (0.22 g, 0.001 mo I) was weighed in a round-

bottomed flask and the flask was sealed with a rubber septum. Five ml (0.01 mol) 

Ammonia solution (2 M / ethanol) was injected while stirring. A new precipitate started 

forming immediately. Two hours later, the precipitate was separated, washed with 

ethanol and washed twkre with acetonitrile to give 24 (0.15 g, 85%). Mp: 285*^1! (dec.). 

'H-NMR (DMSO-dfi): 5 9.31 (br s, IH), 9.16 (d, IH), 9.09 (br s, IH), 8.65 (dd, IH), 8.37 

(ddd, IH), 7.58 (dd, IH). Elemental analysis Calcd for C9H6N2O2: C, 62.1; H, 3.5; N, 

16.1. Found: C, 61.83; H, 3.41; N, 15.40. 

3-IIydroxy-4-(3-pyridinyl)-3-^clobutene-l»2Hiioiie (25): Method A: 3-

Isopropoxy-4-(3-pyridinyl)-3-cyclobutene-l,2-dione (23) (0.33 g, 0.0015 mol) was 

suspended in 30 ml THF. Hydrochloric acid (6 N, 7.14 ml) solution was added to the 

suspension and the yellow solution was stirred at room temperature. About 1 hour later, a 

yeltow precipitate started forming. After 24 hours, the solids were separated by filtration 

and the filtrate was evaporated. The solids were combined and recrystallized from a 

mixture of DMSO and acetonitrile. The crystals were washed with bofling acetonitrile to 

give 25 (0.15 g, 56%). 



Method B: Semisquaric acid^' (100 mg. 1 mmol) and 136 mg (1 mmol) sodium 

acetate trihydrate were mixed and dissolved in 2 ml water. Copper (II) chloride (38 mg, 

0.22 mmol) was added and the resulting mixture was cooled to (fC. In another flask, 94 

mg (1 mmol) 3-aminopyridine was dissolved in 2.S ml 10% hydrochloric acid solution 

and cooled to O^C. To this cold solution was added a solution of 69 mg (I mmol) sodium 

nitrite in 0.5 ml water at 0^ dropwise while stirring. The diazonium salt solution thus 

obtained was added to the semisquaric acid solution dropwise while stirring over IS 

minutes. Gas evolution was observed during the addition. The cooling bath was removed. 

A yellow precipitate started to form immediately. After S hours, the precipitate was 

filtered and washed with water to give 25 (90 mg, 50%). Mp: 302°C (dec.). 'H-NMR 

(DMSO-de): 59.17 (d, IH), 8.81 (p, IH), 8.73 (dd, IH), 8.04 (ddd, IH), 5.25 (br s, IH). 

Elemental analysis Calcd for CgHsNOs: C, 61.7; H, 2.9; N, 8.0. Found: C, 61.34; H, 2.80; 

N, 7.96. 

3-IIydroxy<4-(4-pyridinyl)-3-cyclobutene-l^-dione (26): Semisquaric acid (0.3 

g, 0.003 mol) and 0.41 g (0.003 mol) sodium acetate trihydrate were mixed and dissolved 

in 6 ml water. Copper (II) chloride (0.11 g, 0.0006 mmol) was added and the mixture was 

cooled to 0°C. In another flask, 0.28 g (0.003 mol) 4-aminopyridine was dissolved in 7.5 

ml 10% hydrochloric acid solution, cooled and stirred. To this coM solution was added a 

solution of 0.21 g (0.003 mol) sodium nitrite in 1.5 ml water at (TC quickly and the 

yellow solution was stirred at (fC for 50 seconds. The diazonium salt solution thus 

obtained was added to the semisquaric acid solutk>n within 30 seconds. The mixture was 

allowed to warm to room temperature slowly. After 5 hours, the precipitate was filtered. 
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washed with water and washed twice with boiling acetonitrile to give 26 (0.19 g, 34%). 

Mp: > 300PC. 'H-NMR (DMSOds): 8 7.61 (dd, 2H), 7.07 (dd. 2H), 3.00(br s, IH). 

Elemental analysis Calcd for C9H5NO3. H2O: C, 56.0; H, 3.7; N, 7.3. Found: C, 55.49; H, 

2.49; N, 7.45. 
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