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ABSTRACT 

Since tuberculosis incidence has been increasing world-wide due, in part, to infection 

from drug-resistant strains of Mycobacterium tuberculosis, there is a need for new, more 

effective drugs for treatment (Bloom and Murray 1992). To this end, the strategies of 

medicinal chemistry were applied this problem and a group of 22 small organic molecules 

were prepared as inhibitors of mycobacterial growth. The group is comprised of pyridines 

and pyrazines, boronic acids and esters, and diazaborines. The 10 pyridine and pyrazine 

compounds are composed of 5 pyridine derivatives (3PYSO, 4PYSO, 3PYS, 4PYS, 

3PYA) including 3 unreported (3PYS, 4PYS, 3PYA), and 5 pyrazine derivatives 

(PZSO, PZS, POAH, PZUREA, PZCS) including 2 unreported (PZUREA, PZCS). 

These 10 compounds have a rationale for antimycobacterial activity that involves 

mycobacterial penetration, then bioactivation by enzyme systems known to exists in 

mycobacteria to metabolites expected to be toxic to the organism. The 6 boronic acids and 

esters are composed of 3 boronic acids (3PYB, 4PYB, NPBA) and 3 boronic acid esters 

(NPOB, DEPY^, BDPYB), with BDPYB unreported. The compounds were expected 

to have antimycobacterial activity due to the ability of boron to form charged, reversible 

tetrahedral complexes and compete for enzyme active-sites. Since diazaborines were 

shown to inhibit bacterial growth by a novel mechanism, 6 benzodiazaborines were also 

synthesized, composed of 2 [2,3,l]-benzo-e-diazaborines (SDZB, PDZB) and 4 new 

[2,4,l]-benzo-£-diazaborines (OBDZB, OPDZB, TPDZB, PZDZB; Baldock, Rafferty 

et al. 1996). In order to prepare aza-analogs of ASDZB and APDZB, a lesser-known 

synthetic strategy relying on a dilithiated intermediate was used in an attempt of their 

preparation as well its successful application for SDZB and PDZB(Sharp and Skinner 

1986). All of the compounds were then evaluated in vitro for growth inhibition of wild-

type M. tuberculosis H37RV by Dr. Scott G. Franzblau at LSU. Of the compounds tested. 
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the diazaborines were the most active, although much less than one of the best available 

drugs, isoniazid. The majority of the group had activities comparable to or better than 

another widely used drug, pyrazinamide. 
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1. INTRODUCTION 

In 1900, Paul Ehrlich in Germany made fundamental theories and discoveries regarding 

drugs and their modes of action. He coined the term chemotherapeutic and proposed a 

theory that a drug combines with a receptor on a cell surface to bring about the resulting 

effect, both still widely used today. These ideas and those of many other scientists laid a 

foundation fi:om which to build and develop the field of medicinal chemistry. 

Medicinal chemistry is the science that deals with the discovery or design of new 

therapeutic chemicals and their development into useful medicines (Silverman 1992). It can 

involve: 

1) synthesis of new compounds of potential medicinal interest, 

2) relating chemical stracture and biological activity, 

3) investigating interactions of drugs with receptors, 

4) determination of absorption, transport, and distribution properties, 

5) smdies of the metabolic transformations of dmgs into other chemicals. 

Mankind has searched for cures of illnesses by chewing herbs, berries, and consuming 

minerals. In a crude sense, medicinal chemistry has been practiced as far back in time as 

the ancient Chinese civilizations some 5000 years ago. A great many drugs used today 

were discovered by this trial and error process such as: 

1) morphine from Papaver somniferum used as cough suppressant, 

2) reserpine from Rauwolfia sepentina used as an antipsychotic, 

3) digitalis firom Digitalis purpurea employed in treating heart failure. 

Today this process is simply too slow to make signiHcant impact on a timely basis, 

though its applications remain. As a result of the increasing understanding of organic 

chemistry, biochemistry, metabolic pathways, and individual enzymes, a more thoughtful 

or rational approach to drug discovery is being used. In this approach, particular chemical 
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structures are designed using elucidated knowledge, educated guesses, and creative insight 

to achieve the goal of a speciflc biological effect. 

Drugs are usually not discovered as such, but are generally the products of intensive and 

exhaustive biological and chemical studies upon lead compounds or leads. A lead has 

speciflc type of biological effect, say antimicrobial or analgesic, that results from its unique 

chemical strucmre. Changes are made to leads to maintain or optimize the desired 

biological effect while reducing or eliminating undesired characteristics such as toxicity or 

aqueous insolubility. At the end of many cycles, a drug is derived from the lead with a 

wealth of information regarding its biological and chemical characteristics that serves as a 

foundation for further research. 

The disease state of tuberculosis is the focus of this work of drug design. Tuberculosis 

(TB) is the ubiquitous disease of humans resulting from infection by the prokaryote, 

Mycobacterium tuberculosis. Since the discovery of the etiology of tuberculosis by Robert 

Koch in 1882, the steady decline of incidence of the disease has occurred as a result of 

evolving science and health practices. However, the mid-1980's marked a reversal in this 

trend with an increase in cases reported per year around the world. This increase has 

caught the attention of the scientiHc community as reflected in the number of publications 

concerning the disease over the past 20 years (Fig. I). 



Fig. I Number of publications under 
category of tuberculosis.* 
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*Data fiom MEDLINE, 1997 with tuberculosis as selected focus. 

Some primary factors confounding treatment and control of tuberculosis are(Bloom and 

Murray 1992): 

1) increased migration of populations from high to low TB incidence 

regions of the world, 

2) inadequate or absent regional public health programs, 

3) an association with the epidemic of HIV infection, 

4) increase in infection by drug resistant strains of Af. tuberculosis. 

The emergence of strains of the M. tuberculosis resistant to existing drugs compels the 

search for novel agents. Thus, the design and synthesis of organic compounds as leads in 

the development of new drugs to treat tuberculosis was undertaken. 
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I. I Etiology of Tuberculosis 

The mycobacteria enter the body by way of aerosol droplets inhaled into the lungs 

where they are phagocytosed by alveolar macrophages. The organism can then be 

destroyed by these macrophages through their destructive enzymes contained in lysosomes. 

However, the organism often avoids the initial macrophage encounter, presumably from 

resistance to the hydrolytic enzymes and toxic radicals resulting from the impervious 

mycolic acid rich cell wall (see below). The organism then spreads to adjacent 

macrophages, eventually establishing an infection (Young and Duncan 1995). After an 

infection has occurred there is activation of T-lymphocytes which perform two ftinctions: 

1) cytotoxic T-cells are necessary to destroy both the organism and those 

macrophages harboring the organism, 

2) helper T-cells are necessary to activate new cytotoxic T-cells and macrophages to 

respond to the site of Af. tuberculosis infection. 

In only a few individuals in a given population does the primary M.tuberculosis 

infection manifest as the clinical disease (Young and Duncan 1995). In the majority of 

infections, the organism becomes dormant in lesions sealed by ftbrosis possibly due to the 

internal anaerobic conditions. Of the remaining population only 1 in 10 will develop the 

disease. Symptoms resulting from pulmonary tuberculosis include cough, sputum 

production, fatigue, and weight loss. Left untreated, the organism multiplies and 

disseminates to other regions of the body. 

Reactivation of infection can occur by an unknown process. The fibrin-bound caseous 

lesions containing the dormant mycobacteria are liquefied and the organisms are released to 

multiply extracellularly, which is the most common form of TB and is the form responsible 

for TB transmission (aerosol). Existing anti-TB drugs are very effective against M. 
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tuberculosis at this stage, where the organism is undergoing active multiplication and is 

extracellular of macrophages. 

1.2 Mycobacteriology 

Mycobacteria are unicellular, non-spore forming, rod-shaped, catalase producing. 

Gram-positive bacilli (Youmans 1979). The cellular physiology of mycobacteria is similar 

to that of other Gram-positive bacteria (Fig 2). They have guanine- and cytosine-rich 

deoxyribonucleic acid (DNA) clumped together without a nuclear membrane and associated 

with ribosomes. Associated with the membrane are mesosomes whose function has not 

been determined. Also, vacuoles that contain lipids are found in mycobacteria. 

Mycobacteria have been shown to possess plasmid DNA and pili, structures used to 

transfer genetic information from one organism to the next. Beyond the cytoplasmic 

membrane there is the peptidoglycan cell wall much like other bacteria. 

Fig. 2 Coarse M. tuberculosis cell structure 
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However, the distinguishing feature of mycobacterial cell walls are the long-chained, a-

branched fatty acids (C60-C80) called mycoiic acids which are esterified to hydroxyls of 

sugar residues of the peptidoglycan cell wall (Fig 3; Lederer 1971). Phenotypically, 

mycobacteria are ochre to without color and are waxy in appearance due to the outer lipid 

surface. 

Fig. 3 Gross Af. tuberculosis cell wall and mycoiic 
acid structure. 
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Mycobacteria have particular staining properties that can be used for identiHcation 

purposes; three conwnon stains are shown in Fig. 4. Mycobacteria are dif^cult to stain 
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Figure 4. Organic stains used for M. tuberculosis identification. 
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regardless of the type of stain employed on account of their unique ceil wall structure. The 

Gram-stain, discovered by Hans Christian Gram in 1884, has played an integral part in 

roughly dividing bacteria into 2 groups (Youmans 1979). In the Gram stain, bacteria are 

stained with Gentian violet and iodine which makes a purple-colored complex within the 

cells. Those bacteria that are decolored upon incubation with 2-propanone or ethyl alcohol 

are referred to as Gram-negative bacteria. Those bacteria that resist this decolorization step 

are referred to as Gram-positive bacteria. Mycobacteria fall into the category of Gram-

positive bacteria. It has long been held that mycobacteria cannot be classified as Gram-

positive or Gram-negative by the Gram staining technique, because once they have been 

stained by basic dyes, they cannot be decolorized by alcohol regardless of whether or not 

they have been treated with iodine. This stems from the capacity of the mycobacterial cell 

wall mycolic acids to form stable complexes with Gentian violet. Only after treatment of 

the cells with 1% KOH in ethyl alcohol to remove the esterified mycolic acids is there left a 

mycobacterial cell that is qualitatively gram positive. 
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In addition, mycobacteria are acid-alcohol fast organisms, a hallmark of the 

mycobacteria, since they resist decolorization by 3% hydrogen chloride dissolved in 95% 

ethyl alcohol when stained by the basic fiichsin stain, the Ziehl-Neelsen stain (Youmans 

1979). The procedure is the following; 

1) the biological sample is heated to about 60° C in a strong aqueous solution of 

phenol and fiichsin (para-rosaniline), 

2) rinsed with distilled water, 

3) decolorized with 3% hydrogen chloride in 95% ethyl alcohol, 

4) rinsed with distilled water, 

5) counterstained with aqueous methylene blue, 

6) rinsed with distilled water. 

In contrast to many bacteria, mycobacteria are difficult to stain with polar water-soluble 

dyes due to the very hydrophobic mycolylarabinogalactan layer of its cell wall; thus heating 

and phenol are necessary for dye penetration. Resistance to bleaching by acid in alcohol is 

explained by the same barrier principle. Acid-alcohol fasmess of mycobacteria can be lost 

after exposure to ethanolic alkali which demycolates by saponiHcation. The chemical 

treatment releases the mycolic acids esterified to the arabinofiiranose terminals of the 

peptidoglycan of the cell wall. Also, M. tuberculosis looses acid-fasmess when exposed to 

isonicotinic acid hydrazide (INH), whose mechanism of action may include inhibition of 

mycolic acid biosynthesis (see below). 

The Gram and Ziehl-Neelsen stains illustrate the difficulties of penetrating mycobacteria 

with small organic compounds, which is one of the major problems in developing new 

anti-mycobacterial compounds. 

1.3 History of Chemotherapy 

The goal of discovering a cure for mberculosis is not new (Reichman and Hershfleld 

1993). Since the identification of M. tuberculosis as the causative agent, mankind has been 
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searching for compounds that have a lethal effect on the organism (Fig. 5). In the I940's 

streptomycin was a turning point in tuberculosis history. Selman Waksman isolated the 

compound from Streptomyces griseus and, in 1944, a human tuberculosis case was cured 

by the compound. Clinical trials were completed with the compound in 1946 with excellent 

results but resistant strains developed and the inherent human toxicity of streptomycin was 

noted. 
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Figure 5. Common tuberculosis drags. 
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Lehmann in Sweden was searching for oxygen uptake inhibitors of mycobacteria and 

discovered that ^-aminosalicylic acid was bacteriostatic against M. tuberculosis and by 

1946 was shown to have favorable results in humans (Reichman and Hershfield 1993). 

By 1950 this compound was combined with streptomycin and trials showed the 

unequivocal success of combined dmg therapy for tuberculosis. 
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The early I950's saw the simultaneous discovery of isonicotinic acid hydrazide 

(Isoniazid or INH) by three pharmaceutical companies; Hoffmann-La Roche, E. R. Squibb 

and Sons, and Farbenfabriken Bayer in Germany (Reichman and Hershfield 1993). The 

compound had waited since 1912 when first prepared by Meyer and Malley. Clinical trials 

completed in 1952 showed INH to be potent, cheap, orally effective, and of low toxicity. 

Although resistant strains soon developed in monotherapy, addition of INH to any drug 

regimen produced a remarkable enhancement of effectiveness. 

From 1950-1960, a number of new mberculosis drugs such as pyrazinamide, 

cycloserine, ethionamide, and ethambutol were discovered to have activity (Reichman and 

Hershfield 1993). Pyrazinamide, discovered at Lederle Laboratories in 1952, was very 

interesting because of activity against populations of mycobacteria within macrophages. 

Rifampin, isolated firom the Gram-negative bacillus Nocardia mediterranei, proved to be a 

potent, bactericidal, orally active antituberculosis dmg after clinical trials in 1967. Like 

INH, rifampin was a major breakthrough in tuberculosis chemotherapy. In combination 

with INH, rifampin sterilized more rapidly than any other matching of drugs. The addition 

of pyrazinamide to INH and rifampin made 'short-course' (at least 6 months) tuberculosis 

chemotherapy possible, and remains in use today. 

1.4 Mechanism of Action of First-Line Drags 

The mechanisms of existing antitubercular drags are important to consider when 

designing new drugs in this area. The following are the current concepts regarding the 

mechanisms of action of the four first-line antituberculars. 

1.4.1 Isonicotinic acid hydrazide (INH) 

Very early on it was shown that INH is actually a prodrag and that must be bioactivated 

by mycobacteria for activity (Scheme 1). Later, it was shown that a catalase/peroxidase 

enzyme was responsible for this bioactivation event. The reaction of the katG gene product 

KatG upon isoniazid produced three products: isonicotinic acid, isonicotinamide, and 
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isonicotinaldehyde. Labeling experiments were performed in order to describe the 

mechanism of the reaction (Johnsson, King et ai. 1995). Although the exact mechanism of 

the reaction remains to be solved, it is apparent that some reactive intermediate is involved 

that undergoes transformation to the observed products. The products of the KatG 

oxidation do not have an inhibitory effect on mycobacteria. A cell-free study found that 

some reactive intermediate of INH oxidation acylates an enzjme which is responsible for 

toxicity (Quemard, Dessen et al. 1996). 

Scheme 1 
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The enzyme deactivated by the INH reactive intermediate is InhA, a 28.5 kiloDalton 

soluble protein which is the product of the inhA gene of M. tuberculosis (Dessen, 

Quemard et al. 1995). The a-amino acid sequence homology of InhA with enzymes 

involved in bacterial fatty acid biosynthesis makes the protein the likely target of INH 

action, since the drug inhibits the biosynthesis of mycolic acids of mycobacteria. The 

enzyme was characterized as an NADH-requiring fatty enoyl ACP reductase with substrate 

specificity of enoyl acylACP: Ci6 > C20-C24 ~ C12 > Cg. Also, no reaction was 

observed with crotonyl-ACP, suggesting that InhA is a long chain fatty-enoyl ACP 

reductase, in contrast to the analogous enzyme of E. coli (EnvM) which recognizes short 

chains such as crotonylACP (Quemard, Sacchettini et al. 1995). Still, the EnvM enzyme 

has 40% sequence identity with InhA. These mechanism studies confirm early reports 
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regarding the depletion of cell-wall mycolates of mycobacteria exposed to INH, 

corresponding to disruption of long-chain fatty-acid biosynthesis. 

1.4.2 Rifampin 

Rifampin mechanism of action involves its binding to the P-subunit of mycobacterial 

RNA polymerase to thus prevent the biosynthesis of messenger RNA and prevent 

translation of genes into protein (McQure and Cech 1978). 

1.4.3 Pyrazinamide (PZA) 

Pyrazinamide mechanism of action requires its bioactivation by an intracellular amidase 

which catalyzes the hydrolysis of the amide to p)rrazine carboxylic acid (Scheme 2; Konno 

1965). The pK of the free acid is 2.9 and may decrease the intracellular pH below 

mycobacteria physiological tolerance. Another mechanism posmlated is interference with 

nicotinic acid or nicotinamide metabolism since it is an isostere of the two metabolites. 

Scheme 2 

I amidase 

PZA 

1.5 Mechanisms of Resistance 

Mutants of M. tuberculosis resistant to any first-line agents soon appeared and 

combination therapy of several of these drugs taken together is the best method for 

preventing the development of a resistant infection. 

1.5.1 Isonicotinic Acid Hydrazide (INH) 
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One mechanism for INH resistance is a mutation that occurs in the katG gene which 

encodes the non-essential catalase-peroxidase enzyme and results in greatly attenuated 

catalase activity in the mutant (Marcinkeviciene, Magliozzo et al. 1995). Without KatG, the 

isoniazid prodrug is not bioactivated to its acylating species. 

A second mechanism of resistance to isoniazid is a point mutation in the inhA gene 

which encodes the enoyl-acylACP reductase that is the site of acylation by the bioactivated 

isoniazid. The gene mutation results in an amino-acid change (serine-94 to alanine) in the 

pyridine nucleotide binding region that lowers the affinity of binding to pyridine 

nucleotides thus reducing the acylation of the reductase from bioactivated isoniazid 

(Quemard, Sacchettini et al. 1995). 

A third genetic mutation that occurs in the promoter region of the ahpC gene has been 

shown to confer low-level resistance to isoniazid firom MIC 2 to 4 ^.g/mL (Wilson and 

Collins 1996). The mutation results in a 6- to 10-fold induction of the AhpC protein. The 

AhpC protein has 33% amino acid sequence homology to AhpC, one of the subunits of an 

alkyi hydroperoxide reductase of E. colL It is speculated that elevated levels of this protein 

may have a role in diffusing the toxic bioactivation of isoniazid. Both AhpC and KatG 

have similar activities in that they both function as peroxidases. The reason for the excess 

of AhpC resulting in some resistance to isoniazid is not clear. A speculation is that since 

AhpC can employ hydrogen peroxide as substrate there will be competition for H2O2 

between AhpC and KatG, thus less oxidation of isoniazid will take place. In addition, 

presumably AhpC does not recognize isoniazid as a reducing agent for peroxidatic activity. 

1.5.2 Pyrazinamide (PZA) 

Resistance to pyrazinamide also occurs and is thought to result ftom the loss of the 

amidase responsible for pyrazinamide hydrolysis (Young and Duncan 1995). Both the 

activities of pyrazinamidase and nicotinamidase are lost when the organism becomes 

resistant to PZA, and apparently are not essential for survival. Studies to characterize the 
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enzyme(s) responsible or to identify the gene(s) undergoing mutation or repression have 

not been performed. 

1.5.3 Rifampin 

Rifampicin resistance has been linked to point mutations located in the rpoB gene, 

resulting in a change in the B-subunit of the bacterial RNA polymerase molecule (Young 

and Duncan 1995). The change renders rifampin unable to bind to the RNA polymerase 

and therefore activity is lost. 



2. Lead Design Strategies 

A lead is a prototype that has the desired biological activity but low potency and may 

have other undesirable characteristics such as insolubility or toxicity in addition to low 

potency. Lead identi^cation can be done with a bioassay or screen that uses a biological 

system to determine the activity of the compound relative to a control and estimate its 

potency. The bioassay can be in vitro or in vivo. Here an in vitro culture of a wild-type 

strain of M. tuberculosis, H37RV, is used as the bioassay. Compounds serving as leads 

for screens can be the thousands found in chemical libraries found around the world or, as 

the strucmres found in this work, can be rationally-designed structures based upon 

previous biochemical and pharmacological knowledge of the issue. 

The mycolic acid rich cell wall structure of mycobacteria confers the permeability barrier 

that underlies thier resistance to many existing antibacterial agents. Thus, through 

lipophilic prodrugs which are subsequently metabolized to an active form within M. 

tuberculosis represents a useful mechanism for achieving compound penetration. Many 

different enzyme systems are known to exist within mycobacteria and a variety are targeted 

for inactivation by these leads. 

2.1 Target Chemical Stmctures 

Described in this section are the chemical structure representations of the organic 

compounds synthesized in this work or attempted. Included with each structure is an 

alphanumeric code, e.g. ASDZB, that will be used as an abbreviation of the longer 

chemical name. The target compounds are divided into two categories according to 

structure and basis for action: 



3 2  

1. Pyridine and Pyrazine Derivatives: The ten target compounds prepared that are 

pyridines or pyrazines are shown in Chart I. 

2. Boron-containing Compounds: The thirteen target compounds that each contain 

one atom of boron are shown in Chart H. They are divided into 3 sub-categories: 

a) Boronic Acids and Esters, 

b) [2,3,l]-Diazaborines, 

c) [2,4,l]-Diazaborines. 
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Chart I Pyridine and Pyrazine Derivatives 

O O 
11 

3PYSO 

o 
3PYS 

Pyridines 

^ II 

^A4\  ̂
U jj N.. J J 

\ 

4PYSO 4PYS 

\ 
H 

3PYA 

,N 

^N'  

O O 
II 
s 

PZSO 

o o 

Pyrazines 

\ 

^N' 

,N 

'N' 
H 

PZS POAH 

^N' 

PZUREA 

O 

^N' 
H 

PZCS 

N-< Y' 
o 

-H 



Chart n Boron-containing Compounds 
Boronic Acids and Esters 
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The chemical name of each target compound and the corresponding code are listed in 

Tables 1 and 2. 

Table 1. List of codes and chemical names for pyridine 

and ~'<111"'l'71na 

Code Chemical Name 

materials. 

Code Chemical N arne 
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· · neboronic acid 2,3-butanediol ester 

2.2 Discussion of Strategy 

2.2.1 Pyridine and Pyrazine Derivatives 

The mutual prodrug PZCS is the connection of two drugs by some cleavable functional 

group. In this manner, R-cycloserine, a recognized antitubercular heterocycle, is linked by 

its 4-amino group to pyrazinoic acid through an amide bond. Once inside the cell, amidase 

or dipeptidase enzymes may hydrolyze only the linking amide bond, to free pyrazinoic acid 

and cycloserine (Scheme 3). Thus, biological activity of the compound will be the sum of 
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pyrazinoic acid and cycloserine activities. Since cycloserine must have a free amino group 

for activity and pyrazinamide must be hydrolyzed to pyrazinoic acid, any activity can be 

interpreted as hydrolysis of the amide linkage or bioactivation. However, it is also possible 

that the amide linkage of the isoxazolidone ring could also be hydrolyzed. This 

compound's biological activity would be the combination of two separate drugs, 

pyrazinamide and cycloserine, which may have a synergistic inhibitory effect on 

mycobacteria. We anticipate its activity to be better than with VLK or cycloserine alone. 

A co-product of the synthesis of PZCS (see Chemical Syntheses), PZUREA may in 

fact be antimycobacterial. The compound is a prodrug that could be bioactivated by an 

amidase or urease to form pyrazinoic acid (Scheme 4). PZUREA is very lipophilic due to 

the two cyclohexane rings and is expected to penetrate the organism well. This compound 

was not actually designed but was a by-product of the chemical synthesis of PZCS. 

Because mycobacteria have been shown to have amidase activity, the acyl-urea bond may 

be hydrolyzed to form pyrazinoic acid (POA) and dicyclohexylurea. If POA is an active 

species, PZUREA should have activity as well. 

Scheme 3 

PZCS POA R -Cycloserine 

Scheme 4 

N 

O O 

H amidase 

PZUREA POA 
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The prodrug 3PYA could lead to an alkylating agent if it is bioactivated (Scheme-5). 

Since it is non-polar it should penetrate intracellularly well where the allene could be 

oxidized depending on the existence of cytochrome P450-like oxygenase systems in 

mycobacteria. The oxidized form is expected to rearrange to an highly electrophilic species 

which then is attacked by side-chain nucleophiles on enzymes (NH2, OH, SH). The 

bioactivation may be carried out by ferredoxins, iron-sulfiir-containing proteins that 

stimulate NADH-dependent cytochrome P450 mediated oxidations. 

Scheme 5 

jr NADPH, [I 

3PYA 

The oxidation should take place at the more nucleophilic double-bond of the allene to 

give the strained epoxide. This species could then undergo rearrangement to an 

electrophilic G(,6-unsaturated pyridyl ketone. Any nucleophilic groups on proteins such as 

cysteine-SH or serine-OH could attack at the B-position to irreversibly bond the electrophile 

to the protein. Presumably, this alkylation would alter the enzyme's 3-dimensional 

structure such that the enzyme could not catalyze or function properly. 

The B-oxosulfides 3PYS, 4PYS, and PZS are potential prodrugs that could be 

bioactivated by the oxidase or catalase-peroxidase activity of mycobacteria (Scheme 6). 

Through oxidation at the sulfur atom, P-oxosulfoxides 3PYSO, 4PYSO, and PZSO are 

generated. This functionality is isosteric to a P-diketone and can behave as a Bronsted-

Lowry type acid. Consequently, 3PYSO, 4PYSO, and PZSO can be considered 

isosteres of nicotinic acid, isonicotinic acid, and pyrazinoic acid, respectively. Because of 

an alternative mechanism of action of INH that proposes isonicotinic acid as the active 
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species, these 3 bioactivated isosteres may have comparable biocidal action. The P— 

oxosulfoxides 3PYSO, 4PYSO, and PZSO will act as an internal standards since they 

are expected to be too polar for intracellular penetration and should be without activity. 

Scheme 6 

The bioactivation of the prodrug POAH should be the same as for INH, resulting in 

pyrazinoic acid and pyrazinamide (Scheme 7). POAH is small and lipophilic like INH and 

is expected to penetrate well. The compound was previously examined as an antitubercular 

in a murine model but was toxic to the mice. By replacing the 4-pyridine ring of INH with 

a 2-pyrazine, the increased 7C-electron deflcient nature of the pyrazine ring over pyridine 

ring may make a considerable change in the electronic nature of the acylhydrazide such that 

oxidation to the reactive intermediate is more facile. The oxidation by KatG will afford 

products analogous to INH oxidation including pyrazinamide and pyrazinoic acid. Since 

POA is the putative active form of PZA, activity would indicate that catalase recognized this 

compound as a substrate and bioactivation occurred. 

NADPH 

R = 4-pyridyl (4PYS) 
3-pyridyl (3PYS) 
2-pyrazinyl (PZS) 

R' = 4-pyridyl (4PYSO) 
3-p5^dyl (3PYSO) 
2-pyrazinyl (PZSO) 
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2.2.2 Boron-containing Compounds 

2.2.2.1 Introduction 

Boron is always found naturally bonded to oxygen and a particularly high concentration 

of boron minerals is found in the Mojave Desert of the United States (Boron, California; 

Loomis and Durst 1992). Boron has 3 valence electrons and so forms 3 covalent bonds 

with sp2-hybridized orbitals. The trihydroxyboron molecule is known as boric acid, which 

behaves as a Lewis acid due to the vacant 2p orbital of the boron atom. Boric acid does not 

normally act in a Bronsted-Lowry fashion (Scheme-8). When ionized, the tetrahedral sp^-

hybridized boron complex is referred to as a borate. 
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Scheme 8 
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organo organo borinic acid 
OH OH boric acid 

In water, the chemistry of borates is a function of the pH. Alcohols will react with boric 

acids to form boric acid esters, although in water the equilibrium is shifted well in favor of 

the acid (Loomis and Durst 1992). Also, polyhydroxy compounds can react with boric 

acids to form cyclic boric acid esters (Scheme 9). 

Scheme 9 

9« 0 

52? + C:>B0 ^ ^ + 2H2O 
/ V  Y  W  -  >  

HO OH R OH ^ 

R = alkyl, aryl,OH n=I,2 

The ability to form reversible tetrahedral complexes that can inhibit certain enzyme 

systems undoubtedly is responsible for the biocidal properties (insecticidal, fungicidal, 

antibacterial) of boron compounds. 

2.2.2.2 Boronic Acids and Esters 

Enzymes that catalyze the hydrolysis of carboxylic amides (proteases) and carboxylic 

esters (esterases) conunonly have an active-site serine or threonine residue that is essential 

for the enzyme's activity. The intermediate close to the transition state of the hydrolysis of 

an ester is shown in Fig. 6 (left side). In this state, a tetrahedral oxyanion is present Fig. 6 

(right side) illustrates how a boronic acid can assume a remarkably similar charged. 



tetrahedral geometry in the active site. Thus, boronic acids and esters 3PYB, 4PYB, 

NPOB, NPBA, and DEPYB could act as transition state analog inhibitors. 

Fig. 6 Schematic of an esterase active-site bound to a carboxylic ester or a boronic acid. 

As shown in Scheme 9, boron has the ability to complex furanoid cij-diols, which are 

rare in nature, found only in ribose and apiose derivatives. This featore may play a part in 

the toxicity of these selected boronic acids to mycobacteria. Thus, ribonucleotides and 

ribonucleic acid are potential targets for complexation and this may have a toxic effect by 

not allowing enzyme processes requiring these substrates to function properly. 

The boronic esters NPOB and DEPYB were expected to have better penetration of the 

lipophilic cell wall on account of their more lipophilic nature. Once inside, the esters would 

be hydrolyzed to the free boronic acids NPBA and 4PYB. It was expected that the esters 

would have greater activity. 

R( 

R, R' = alkyl, aryl 

2.2.2.3 [2,3,l]-Diazaborines 
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Recently, certain diazaborine heterocycles were shown to have good antibiotic activity 

versus Gram-negative bacteria. The site of action of the diazaborine antibacterials in E.coli. 

is an enoylacylACP reductase, EnvM. Very recently, a crystal structure of EnvM, SDZB, 

and nicotinamideadeninedinucleotide (NAD+) was solved (Baldock, Rafferty et al. 1996). 

The enzyme was shown to bind to a borate complex between SDZB and NAD+, where the 

2'-OH of the pyridine-bound ribose adds to the boron atom in an ester linkage (Scheme 10; 

Johnson and Smith 1976; Baldock, Rafferty et al. 1996). A proton shifts to the phosphate, 

making a electronically neutral complex ui the process. 

Scheme 10 
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Since EnvM has 40% a-amino-acid sequence identity with InhA, the enoylacylACP 

reductase of M. tuberculosis, it is very possible that diazaborine will have biocidal activity 

toward this bacteria. There has been no previous report on the effects of the diazaborine 
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antibacterials upon the growth of mycobacteria. It was hypothesized that diazaborines 

would have similar antimicrobial activities upon the mycobacteria, since their mycolic acid 

rich cell wall plays a major role in survival, and that the inhibition of fatty-acid elongation 

would occur with InhA and other enoylacylACP reductases of the mycobacteria. 

It was expected that a complex between PDZB and NAD"*" would also be effective at 

the inhibition of InhA. In addition, PDZB can make inferences regarding the activity-to-

structure relationships among the diazaborines. All diazaborines tested as antibacterials up 

to this point are substituted with an organosulphone group at N-2. Because of a lesser-

known, successful method of generating the diazaborine heterocycle, the N-2 phenyl 

substituted derivative PDZB was prepared. The activity of this compound will point out 

the necessity of the electron-withdrawing sulphone at position N-2. It was expected that 

PDZB would have comparable activity to SDZB, and that the sulphone is dispensable. 

The two aza-analogues ASDZB and APD2X were expected to form the same type of 

inhibitory complex seen above for SDZB upon InhA. By substituting a N atom for the 

CH of position 7, a pyrido-c-diazaborine is created. Because pyridine is a 7C-electron 

deficient aromatic, further electron density withdrawal will be levied on the boron atom, 

making the boron atom more electrophilic. Thus, it is expected that these two isosteres will 

form borate complexes more readily with alcohols such as the ribose of NAD+ These two 

compounds were expected to be more biologically active than the corresponding SDZB 

and PDZB because of a stronger complexing ability. 

2.2.2.4 [2,4,1 ]-Diazaborines 

The [2,4,l]-diazaborine class has not been examined for antimicrobial activity. 

Members have been prepared for the purposes of inhibition of adenosine deaminase 
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(Grozaik, Ganguly et al. 1994). It was anticipated that OBDZB, OPDZB, TPDZB, and 

PZDZB would have a similar effect as SDZB upon bacteria and mycobacteria, since these 

compounds differ by the placement of N in the 6-membered ring. A cartoon for the 

complexation of these compounds with NAD"*" is shown in Fig. 7. 

Fig. 7 Complexes of [2,4,l]-diazaborines with NAD"*". 

R X Complex 

n-butyl {NAD*it OBDZB)-

phenyl /p ^NAD^* OPDZB} 
3-pyridyI / -(nAD"* TPDZB} 

H 

3. CHEMICAL SYNTHESES 
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3.1 Pyridine and Pyrazine Derivatives 

The sulfoxides 3PYSO and 4PYSO were prepared by allcylation of esters of 3- and 4-

pyridinecarboxylic acid and pyrazinoic acid with the alkali metal salt of dimethyl sulphoxide 

(Scheme 11). In the case of pyridine the reaction went smoothly and in high yield using a 

published procedure (Alvarez-Ibarra, Cuervo-Rodriguez et al. 1994). 

9~Li 2) H3O' 

Scheme 11 

I) 0 to 26 deg C 

68% 

0—U 
1)0to26degC 

2) HsO" 

70% 

4PYSO 

3PYSO 

However, these same conditions used to prepare PZSO made a very dark reaction with 

a large amount of insolubles after work-up; only a small percentage of target material was 

isolated. By performing the reaction in the same manner with the internal reaction 

temperature reduced to -78°C, PZSO was routinely isolated in yields averaging 75% of 

theory (Scheme 12). 
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Scheme 12 
1)-78 deg C 

2) H3q2@0 deg C 
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O 

1) 0 to 25 deg C 

2) HjO"" 

This result supplements a recent literature preparation of the same compound which is 

very similar except for the reaction temperature of 0°C with only a 30% yield (Alvarez-

Ibarra, Cuervo-Rodriguez et al. 1994). It is postulated that the 7C-electron deficient diazine 

ring is very susceptible to nucleophilic attack by the alkoxide ion generated more so than 

azine, and this effect can be modulated by reaction temperature. 

The B-oxosulfoxides 3PYSO and 4PYSO were then reduced at the sulphoxides to 

keto-sulphides selectively (Scheme 13). Treatment of the pyridines with sodium 

metabisulfite (Russell 1969) routinely gave target material in 60% yield. 

Scheme 13 
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A large excess of sodium metabisulfite (-10 equiv) is used and the mechanism of this 

reduction has not been worked out, although it has been shown that sulfate ion is 
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produced. The hydrogen chloride salts of each compound were prepared without 

complication in order to have a soUd suitable for elemental analysis. 

A common method of sulphoxide reduction employs trimethylsilyl chloride and sodium 

iodide (Drabowicz, Numata et al. 1977). Here, the oxygen atom of the sulphoxide is 

nucleophilic enough to displace chloride ion and form a trimethylsilyl ether. In the next 

steps, iodide ion is oxidized to molecular iodine and the sulphoxide oxygen is lost to form 

the sodium salt of trimethylsilanol. However, the nitrogen atom of the pyridine ring is 

more nucleophilic and no sulphoxide reduction occurs due to precipitation of the starting 

material as the trimethylsilylpyridinium chloride salt. 

In the case of PZSO, the metabisulfite reduction did not work; instead the starting 

material 'vanished'. Presumably bisulfite addition occurred at the ketone carbonyl, or these 

conditions are acidic enough to cause a Punmierer rearrangement (Scheme 14). It was 

found that dichloroborane/ dimethylsulphide complex was effective in this reduction albeit 

in only 20% yield (Brown and Ravindran 1973). 
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Scheme 14 
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Since the metabisulfite/ sulfoxide reduction method was unsuccessful in the case of 

PZSO an alternative approach to the compound was used, adapted from a literature 

procedure (Scheme 14; Ruano, Pedragal et al. 1987). Starting with 2-acetylpyrazine, the 

a-bromo derivative was made by acid-catalyzed bromination. This reaction often did not 

proceed to completion and to avoid production of the a,a-dibromo compound from the 

mono-bromo compound the reaction was worked up early to afford a mixture of both 

starting compound and the mono-bromo product. This mixture was then used in the 

subsequent reaction with the sodium salt of methylmercaptan with an overall yield of 25%; 

no recovery of starting material was made. 

Since acetylpyrazine was not expected to react with sodium thiomethoxide it was not 

separated fi-om the brominated product. The mixture was used in the next reaction, in 

which nucleophilic substimtion of bromide anion by the thiolate anion. The acetylpyrazine 

behaves as a spectator and remains unchanged during the reaction. This is a process 

known as telescoping and is commonly used in industry (Lee and Robinson 1995). In 

multi-reaction sequences, avoiding expensive and time-consuming chromatography steps 

can be cost effective. 
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The compound PZS exists as a crystalline solid at room temperature and therefore it 

was not necessary to form its hydrogen chloride salt. This in fact was attempted on a 

sample and caused complete decomposition of the compound. 

Since carbon-carbon bonds can be formed easily using palladium-catalyzed cross-

coupling reactions, this methodology was used in the preparation of 3PYA. A great deal 

of chemistry involving palladium reagents is known and the recent chemical literamre 

includes many examples of its utility in synthetic organic chemistry (Erdick 1992; Mitchell 

1992). The overall equation for this type of coupling reaction is shown in Scheme 15. 

Scheme 15 
M* 

R-M + R'-X • R-R' + M-X 

R = alkyl, aryl, alkenyl M' = Pd, Ni 
R' = aryl, alkenyl x = Br, I, CI, OSO2CF3 
M = B, Mg, Zn, Sn 

In this reaction a Group VII transition metal (Ni or Pd) catalyzes the cross-coupling of 

an organometallic res^ent with an organic halide or trifluoromethanesulfonate. The specific 

form of the cross-coupling reaction used is known as the Stille reaction (Stille 1986). In 

general, this reaction uses tin in the organometallic and palladium as the catalytic transition 

metal. In palladium coupling reactions using tetraalkyltin, generally only one of the groups 

bonded to tin is transferred. An array of electrophiles can be employed including; acid 

chlorides, benzylic halides, aryl and heteroaryl halides, allylic halides, vinylic halides, and 

a-haloesters. A restriction on the electrophile structure is that hydrogen atoms B with 

respect to the halide should not be present since B-elimination of the transition-metal species 

will occur forming an olefln. 
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The disconnection of 3pya was made about the carbon-carbon bond connecting the 

pyridine ring to the allene (Scheme 16). Thus we chose as starting materials 3-

bromopyridine as the organic halide component and tri-n-butyltinallene as the 

organometallic reagent (Ueno and Okawara 1979). The catalyst used was tetrakis-

triphenylphosphinepalladium, a stable and soluble form of palladium. The conditions were 

analogous to those used in a similar coupling of an allenylstannane and iodobenzene 

(Aidhen 1994). The polar aprotic solvent N,N-dimethyIformamide was used as solvent 

diluted to 50% v/v with toluene since this mixture dissolved the organostannane and 

catalyst more efficiently. It was necessary to add 3 equivalents of lithium chloride to the 

coupling reaction, the exact role of which is not yet clear. The reaction was run with 

modest heat (60''C) and was worked up before all the starting halide had reacted (TLC) to 

furnish a -35% yield of 3pya. It appeared that there was substantial decomposition 

which is not surprising since palladium is known to also catalyze the polymerization of 

alkenes, alkynes, and allenes (Tsuji 1980). The puriflcation of 3pya was effected by 

silicic acid coluimi chromatography, which implies the stability of the allene when 

substituted at the B-position of pyridine. 

Scheme 16 

(n-butyOs—^Sn ^ N V / ^3 DMF/Toluene N 
3pya 

35% 

The mechanism of this reaction is shown below based on the general mechanism 

proposed by StilleS (Stille 1986; Scheme-I7). The first step is the insertion of palladium" 

into the pyridine-bromine bond to create a palladium2+ species. A transmetallation step 

then follows whereby the allene and bromine substituents swap metals. A trans-cis-
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isomerization then occurs on the palladium atom. The reaction is completed by the 

reductive elimination in which Pd(0) is regenerated with bonding of the allene and pyridine. 

The role of lithium chloride may be that after palladium insertion the bromide anion is 

displaced by chloride and this makes the subsequent transmetallation step more facile (a 

greater electromotive difference). 

Scheme 17 
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After being isolated, 3PYA began to slowly decompose even when stored at -20°C, as 

indicated by a colored spot at the origin on TLC analysis. Thus, a more stable form of 

3PYA was necessary and the hydrogen chloride salt was prepared (Scheme 18). The 

allene is stable to strong acid when substituted at the three position of pyridine. 
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Attempts were made at preparing the allenes of 4-pyridine and 2-pyrazine by an 

analogous procedure using 4-bromopyridine and 2-chloropyrazine (Scheme-19). In both 

cases, the reactions appeared to proceed via thin-layer chromatography although not to 

completion and with more insolubles created. 

Scheme-19 
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After work-up, silicic acid chromatography was too harsh a treatment since the materials 

thought to be the products did not elute from the colunm, but rather an obvious visual 

change occurred on the column, presumably polymerization. This activity can be 

rationalized by the fact that in these two cases the allene is put into conjugation with N of 4-

pyridine and 2-pyrazine. This makes the allene much more electrophilic and promotes 

reaction with nucleophiles. An idea for any future attempts would be the fractional 

distillation of the products firom the work-up residue. 
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The hydrazide POAH was prepared by the acylation of hydrazine (Scheme 20). 

Hydrazine is known to be quite nucleophilic, much more than alky [amines; thus it is used 

to cleave proteins by 'hydrazinolysis' of amide linkages. The nucleophilicity of hydrazine 

is a result of the so-called 'a-effect'. The two adjacent N atoms each have a lone-pair of 

electrons occupying an sp^-hybrid orbital which repel one another. Nucleophilic addition 

is an excellent means of removing this unfavorable lone-pair interaction. 

Scheme 20 
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Hydrazine is an especially good nucleophile when this results in a change in 

hybridization of the nucleophilic N atom from sp3 to sp^, as in the case of acylation. The 

acylation of hydrazine can be effected with amide, as mentioned above, and it can be done 

with carboxylic esters. It was chosen to react hydrazine with the methyl ester of pyrazinoic 

acid since the reaction of hydrazine with carboxylic esters proceeds rapidly at mild 

temperatures. The single acylation of hydrazine removes the 'a-effect' and diacylated 

product did not form. 

The dipeptide PZCS was prepared by the widely-used coupling agent-activated peptide 

bond formation between a carboxylic acid and a primary amine. The availability of both 

cycloserine (/?-4-amino-3-isoxazolidone) and pyrazinoic acid made the retrosynthetic 

analysis obvious (Scheme 21). 



Scheme 21 
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We were successful with the carbodiimide methodology for formation (Sheehan and 

Hess 1955). In general, 1 equivalent of a carboxylic acid will react with I equivalent of a 

carbodiimide to produce an active acylating agent which in the presence of 1 equivalent of 

amine it will undergo nucleophilic attack by the latter to form die desired amide with a urea 

as a co-product. The carbodiimide employed was N,N'-dicylcohexylcarbodiimide. The 

mechanism for this reaction based on the literature is shown below (Scheme 22; Bodansky 

1993). The carboxylic acid attacks the electrophilic carbodiimide center to form an 

intermediate 0-pyrazinoylisourea. The primary amine of cycloserine then attacks the 

electrophilic carbonyl of the intermediate with displacement of N,N'-dicyclohexylurea. 
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Scheme 22 
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Since carbodiimides readily react with water and alcohols, the reaction was performed in 

a mixture of polar, aprotic solvents. It was quickly discovered that cycloserine was 

sparingly soluble in aprotic solvents such as acetonitrile, tetrahydrofuran, and p-dioxane so 

a cocktail of all three was used as solvent. The yield only 20%. Upon analysis of optical 

activity it was discovered that the material was lacking in this respect, although chiral 

cycloserine was a starting material. Apparently the modest temperature at which the 

reaction was performed was enough to facilitate racemization via enoiization of the 

cycloserine prior to reaction or facilitate racemization of the product. The major product 

was pyrazinoyl-N,N'-dicyclohexylurea (Scheme 23). As is known to occur in diimide 

coupling reactions, the intermediate 0-pyrazinoylisourea underwent an intramolecular 

rearrangement to the stable N-pyrazinoyl-NJ^'-dicyclohexylurea in 50% yield. 

Scheme 23 
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Some factors that may be involved in this result include: 

1) electron withdrawal at the carbonyl by the pyrazine ring makes 

the unimolecular reaction faster. 

2) low solubility of cycloserine means low [cycloserine] in solution. 

3) steric demands of dicyclohexyl groups impede approach of 

amine. 

Any future optimizations of the reaction should investigate alternative solvents and 

other carbodiimides with smaller alkyl substituents. 

3.2 Boron-containing Compounds 

3.2.1 Boronic Acids and Esters 

A convenient method for the preparation of boronic acids was used for the synthesis of 

both 3PYB and 4PYB (Scheme 24). In general, alkyl and aryl salts of alkali and 

alkaline-earth metals will add into the vacant 2p-orbital of trialkoxyboranes to generate sp^-

hybridized boronate complexes. These complexes will then undergo rapid hydrolysis in 

aqueous acid to boronic acids. The lithium salts of 3- and 4-pyridine were selected since 

the magnesium derivatives of the heterocycle are difficult to prepare. 
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The 3- and 4-Iithiopyridine salts were formed by lithium for bromine exchange at -78° C 

between 3- and 4-bromopyridine and n-butyllithium. Subsequent quenching of the 

lithiopyridines with trimethoxyborane followed by aqueous pH neutralization gave 3PYB 

and 4PYB in yields of 45 and 31%, respectively. 

The cyclic boronic acid ester of 4PYB and 2,3-butanedlol, BDPYB, was prepared. 

The racemic form of the diol was used. The general method for boronic acid ester 

formation, azeotropic removal of water, was successful. The product, composed of a 

mixture of 3 isomers, was insoluble in the reaction solvent (toluene). The ester was 

Insoluble in all solvents examined (THF, CHCI3, acetonitrile, and DMSO) and was finally 

purified by sublimation under reduced pressure. Because of these solubility problems this 

compound was not biologically evaluated. 

The diethanolamine ester of 4PYB, DEPYB, was easily prepared by dehydration of 

the two compounds. The 4PlfB was suspended in a solution of one equivalent of the 

amino-diol in toluene. The mixture was refluxed and water was removed with a Dean-

Stark trap. This method gave a quantitative yield of the cyclic boronic acid ester DEPYB. 

The mono-nitration of phenylboronic acid to NPBA was without complications 

following a literature procedure. In this procedure, acetic anhydride and fuming nitric acid 
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are used for nitration. It is not clear why predominantly the ortho product is formed. A 

mechanism is proposed to account for this result (Scheme 23). The orfAo-nitration is 

believed to result from the complexation of the phenylboronic acid with acetic anhydride to 

make an ortho-para directing group (Torssell 1957). 

Scheme 25 

Presumably, acetic anhydride will mono-acetyiate nitric acid forming acetyl nitrate and 

acetic acid. Phenylboronic acid will then react with acetyl nitrate to form acetic acid and 

phenylboronic acid mononitrate. This species can then undergo an intramolecular nitration 

at an ortho position of the benzene ring due the close proximity of the nitrating species. 

The ethylene glycol ester of NPBA, NPOB, was prepared following the same 

methodology used to prepare DEPYB. The dehydrative-cyclization was brought about by 

removal of water as an azeotrope with toluene. The compound was then successfully 

purified by reduced pressure distillation to provide a honey-colored solid melting at about 

room temperature (25''Q. 

3.2.2 [2,4,l]-Diazaborines 
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The hetercx:yclic compounds OBDZB, OPDZB, TPDZB, and PZDZB are members 

of the [2,4,l]-benzo-e-diazaborine class. The general scheme used for their synthesis is 

shown in Scheme 26. 

Scheme 26 
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Here an a-aminoborom'c acid will combine with an azomethine or nitrile group to form a 

six-membered ring composed of 3 carbon atoms, 2 nitrogen atoms, and a boron atom. The 

aminoboronic acid was then reacted with a series of electrophilic species containing N to 

create diazaborine derivatives. The electrophiles used were isocyanate-, isothiocyanate-, 

and carbonitrile-containing compounds. 

The starting material for the diazaborine heterocycles, OBDZB, OPDZB, TPDZB, 

and PZDZB was the 2-aminophenylboronic acid which was prepared according to a 

literature method. Its precursor was the oxidized N counterpart, NPBA. The 

nitrophenylboronic acid was then hydrogenolyzed to the ortho-aimno compound. The 

reduction of aromatic nitro groups to aromatic primary amines is a common functional 

group transformation in organic synthesis. The palladium adsorbed on carbon-catalyzed 

reduction with excess hydrogen was as effective as its literature precedent (Seaman and 

Johnson 1931). Thus, the 2-aminophenylboronic acid was obtained in 50% yield. 

The three compounds OBDZB, OPDZB, and TPDZB all share the same basic 

process of synthesis (Grozaik, Ganguly et al. 1994; Hughes, Shang et al. 1996). The 



6 I 

dehydrative cyclization of the 2-aminophenyIborotiic acid upon an isothiocyanate- or 

isocyanate-derivative completes the heterocyclic ring. A representative mechanism 

(Scheme 27) of this reaction is shown for the preparation of TPDZB from the 

aminoboronic acid and 3-isothiocyanatopyridine previously prepared in this laboratory 

(Gerald A. Waechter). 

Scheme 27 
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The reaction readily takes place in all three cases since only a short reflux in p-dioxane 

solution of the two components brings about the reaction, the product precipitating from the 

reaction mixture (Scheme 28). 
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Scheme 28 
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It is noteworthy that the amide tautomer is the sole product (^H-NMR, D6-DMSO) in 

each of these compounds since a potentially (4n+2)7C electron aromatic ring can be drawn. 

Nitriles can also condense with the aminoboronic acid. It was anticipated that a nitrile 

substituted with a sufficiently electron-withdrawing heterocycle would be electrophilic 

enough to undergo the reaction, so the reactions with 2-pyrazinecarbonitrile, 3-

pyridinecarbonitrile, and 4-pyridinecarbonitrile were attempted (Scheme 29). 
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The reaction was run with excess nitrile in /7-dioxane or the nitrile as solvent with 

vigorous reflux. Apparently the pyridine ring is not as electron-withdrawing as in the 

trichloromethyl-substituted nitrile shown to undergo this reaction (Grozaik, Ganguly et al. 

1994). Since diazines are further re-electron deficient, the reaction was attempted with 2-

pyrazinecarbonitrile. This reaction was done in refluxing 2-pyrazinecarbonitrile to give 

PZDZB in high yield. A postulated mechanism for this reaction is shown in Scheme 30. 
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The three nitriles of 3- or 4-pyridine and 2-pyrazine have boiling points around 200° C 

(760 mm Hg) so that reaction temperature might be excluded as a causal factor. Perhaps a 

Lewis acid could promote the condensation of the aminoboronic acid and the 3- and 4-

pyridinecarbonitriles by complexation of the pyridine nitrogen and further withdrawing 

electron density from the nitrile. 

3.2.3 [2,3,l]-Diazaborine 

Another class of diazaborines were prepared, the [2,3,l]-benzo-e-dia2aborines SDZB 

and PDZB. There exist three methods for the creation of this ring system (Scheme-31). 

In Method 1, a 2-formylarylboronic acid is condensed with a derivative of hydrazine 

(Dewar and Dougherty 1964). In Method 2, a hydrazone of an arylcarbonyl will undergo 

Lewis acid-catalyzed, directed electrophilic aromatic substitution with a trihaloborane 

(Grassberger 1985). In Method 3, a bromoarylhydrazone can be converted into a dianion 

and quenched with a boronic acid ester (Sharp and Skinner 1986). 
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Method I is perhaps the easiest when the 2-carboxyaryiboronic acid is available. All 

that is done is a reflux of the boronic acid with a hydrazide. However, generating 2-

formylarylboronic acids is not trivial. In one literature method, the Grignard reagent of 2-

bromotoluene is made, then quenched with trialkoxyboron followed by oxidation of the 

methyl group with less than 50% overall yield (Dewar and Dougherty 1964). Obtaining the 

2-formylphenylboronic acid has been done by Grignard or lithium exchange with 2-

bromotoluene and quenching with trialkoxyboron to obtain after work-up 2-

methylphenylboronic acid. This compound is then dibrominated with NBS and hydrolyzed 

to get the aldehyde. Another drawback to this method is that 2-ketoarylboronic acids have 

not been made in this maimer. 

Method 2 may be more general and accommodating since it is necessary only to have a 

carbonyl attached to an aryl ring. The carbonyl can be of an aldehyde or ketone. An 

organosulphonhydrazone is then made of the material and Lewis acid and trihaloborane 

effect the Friedel-Crafts type cyclization. A posmlated mechanism is shown in Scheme 32. 
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There are restrictions on the aryl ring, however. It must have an ortho position 

substituted with hydrogen as a point of cyciization, and it should be a 7C-eIectron excessive 

aromatic system, allowing heteroaromatics such as thiophene, furan, and N-substituted 

pyrrole to substitute for benzene. A literature preparation of SDZB using this method 

reported a yield of 78% (Grassberger, Trunkowsky et al. 1984). However, the reaction 

fails with pyridine due to the Tc-electron deOcient nature of the ring not supporting the 

electrophilic reaction. 

In order to prepare the aza-analogues of the [2,3,ll-benzo-e-diazaborines ASDZB and 

APDZB, another approach was found that employed an intramolecular dianion 

intermediate to form the diazaborine ring. Method 3. This method was previously 

described by Sharp and Skinner (1986). Here, the tosylhydrazone of 2-

bromobenzophenone, a ketone, is reacted with 2 equivalents of an alkyllithium to effect 

both deprotonation of the sulphonehydrazide and metal-halogen exchange. The bright red 



67 

colored dilithiated species is then quenched with triaikoxyboron and after work-up the 

diazaborine is obtained in good yield. 

However, we were not interested in having an R group at position 4 of the completed 

ring and decided to use this methodology with an aldehyde. A pitfall we expected was the 

d e p r o t o n a t i o n  o f  t h e  a z i n e  h y d r o g e n  b u t  t h i s  d i d  n o t  o c c u r .  T h u s ,  t h e  p -

methylsulphonhydrazone of 2-bromobenzaldehyde, 2, worked well affording 70% of the 

desired diazaborine SDZB (Scheme 33). This yield was only slightly lower than that of 

the electrophilic method described above. 

Next, we attempted this reaction on the phenylhydrazone of 2-bromobenzaldehyde, 3 

(Scheme 34). In this case, the sulphone function is eliminated, changing the pK of the 

hydrogen bonded to the hydrazone. The desired reaction occurred although the yield was 

much less than in the sulphonyl case. 

Scheme 33 
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A proposed mechanism for the reaction is shown below (Scheme 35); the 

sulphonhydrazone happens by an analogous mechanism. The purpose for the two different 

aJkyllithium reagents is that the methyllithium will effectively deprotonate the hydrazone 

NH; then the f-butyllithium will effect metal-for-halogen exchange without unwanted 

Wurtz-type coupling (Finch, Reece et al. 1994). The compound had been previously 

reported and prepared by the reaction of phenylhydrazine upon 2-formylphenylboronic acid 

(De war and Dougherty 1964). 
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In order to use this method with pyridines, the corresponding bromoaldehyde of 

pyridine had to be prepared. The preparation of 3-bromo-4-pyridinecarboxaIdehyde, 1, 

appearing in the literature, was quite tricky and difficult to achieve on a consistent basis 

(Scheme 36; Gribble and Saulnier 1980; Corey and Pyne 1983). The bromine substituted 

at the 3 position of the pyridine ring directs deprotonation by lithium diisopropylamide of 

the 4 position of the pyridine ring. The deprotonation of the 2 position does not occur 

since this would result in the lone-pair of electrons of the pyridine ring nitrogen atom ortho 

to the electron pair generated by deprotonation at C-2. This 4-lithio-3-bromopyridine 

intermediate is very fragile and browning of the reaction occurs very quickly, presumably 
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through the formation of 3,4-pj^dyne which then decomposes. Performing the reaction at 

-78 or -100° C had no change on decomposition. 

Scheme 36 
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Once the salt had been generated it was quenched with dimethylformamide and work-up 

afforded a mixture of the aldehyde and unchanged 3-bromopyridine. Rather than 

separating this mixture for the purposes of characterizing 1, the mixture was reacted with 

specific hydrazides then the hydrazones were isolated and characterized, another use of the 

telescoping technique. 

With 1 in hand, the aza-analogues of 2 and 3 (4 and 5, respectively) were prepared by 

refluxing with excess hydrazide and silicic acid chromatography (Scheme 37). Both 4 and 

5 were spectroscopically characterized and the C-3 position of the bromine atom was 

confirmed by ^H-NMR. 
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An attempt to prepare ASDZB from 5 by the dianion method met with failure. The 

dianion appeared to form after treating 5 with the two lithium alkyls, a bright red solution 

much like the dianion of 2. However, the trialkoxyboron quench left a precipitate that was 

filtered. This solid could not be dissolved in aprotic solvents and when dissolved in water 

or methanol, evolution of gas occurred indicating decomposition. TLC analysis of the 

resulting solution showed p-toluenesulphonic acid as the primary component. The reason 

for failure remains unclear. 

The attempt at preparing APDZB from 4 by the dianion method was more successful. 

The work-up mixture from 4 was found to contain a component with the proper molecular 

mass from electrospray ionization mass spectrometry. The mixture was chromatographed 

and a fraction composed primarily of this component was obtained. However, the quantity 

was too small (< 30 mg) for further work. 
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4. SUSCEPTIBILITY TESTING 

The growth of bacterial populations can be divided into two separate related processes 

(Joklik, Willett et al. 1980). One process, the growth of individual cells results in the 

increase in size of each individual cell. This continues until a certain point when 

multiplication, the second process, occurs. The single, large microbial cell divides to yield 

two smaller daughter cells by splitting cross-wise into 2 cells. These daughter cells then 

mature and divide and so on. Thus, bacterial populations grow in an exponential fashion. 

The 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. A 

standard strain of Af. tuberculosis H37RV, American Type Culture Collection 27294, was 

used for quality testing since this strain demonstrates no resistance to INH, PZA, rifampin, 

and other drugs. The radiometric sensitivity testing (Bactec method) is a reliable and rapid 

method for testing Af. tuberculosis (Herold, Fitzgerald et al. 1996). In this method a liquid 

medium containing palmitic-l-^^C acid is used as both food source and growth indicator. 

Growth of the organism is indirectly measured by the metabolism of the labelled food and 

generation of 14c02 which is detected with special instrumentation (Scheme 38). The rate 

and amount of l'^C02 produced are proportional to the extent of growth and therefore can 

also be taken as a measure of growth inhibition. The instrument used for gas analysis is 

the Bactec 460-TB apparams manufactured by Becton Dickinson Diagnostic Instruments of 

Towson, Maryland USA. 
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Both bacterial growth in control and inhibition in the presence of drugs are measured in 

terms of ^^C02 released, expressed as the growth index (GI) varying from 0 to 999 

(Herold, Fitzgerald et al. 1996). The GI of any drug or inhibitor can be directly observed 

by comparing the growth of bacteria in test media versus control. The organism is first 

grown on agarose to form colonies. Then the organism is scraped from the agarose and 

suspended in water to a standard concentration for use in inoculating either control or test 

media. The growing medium used was standard 7HI2B (pH 6.8) or 7H6A (pH 6.0) with 

or without test compound. In the experimental controls, the organism reaches its maximum 

growth (GI = 999) in approximately 7-10 days after which it maintains this level. Thus 

susceptibility test can be performed on test compounds in approximately a week. By 

testing a series of dilutions of the test compound, the minimum inhibitory concentration or 

MIC can be determined. The MIC represents the concentration of test compound in the 

culture medium necessary to achieve 99% growth inhibition of the organism under 

investigation. The MIC value is used to compare the antimicrobial activities of different 

compounds, but one must be aware that the methods of MIC determination are not always 

the same. 

The purpose of the two pH media is that infections by M. tuberculosis result in both 

intracellular and extracellular populations ofthe organism (Young and Duncan 1995). The 

higher pH (6.8) mimics the conditions the organism experiences when outside of human 
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cells. The lower pH (6.0) mimics the relatively acidic nature of the environment for 

mycobacteria phagocytosed by macrophages. 

4.1 Susceptibility Data 

The data from the biological evaluation of the target compounds prepared in this work 

appear in Table 3. Two common antituberculosis drugs, INH and PZA, were also 

screened to serve as comparison/control. 

Table 3. Biologic~! evaluation data for target compounds 

versus M. tuberculosis H37Rv in vitro. 

Bactec 6A Media Bactec 12B Media 

PZSO 



Table 4. Biological evaluation data for target compounds 

versus M. tuberculosis H37Rv in vitro. 

4.2 Discussion 
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The structures of the target compounds synthesized are shown again in Fig. 8. In Table 

4, each compound is classified as whether it is known or new (unreported) and the 

references for those compounds that are known is given. 
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Fig. 8 Qieraical structures of target compounds synthesized. 
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Table 5. Classification of target compounds as known or new molecules. 
cmpd known / new reference 

3PYSO known H Freedman, AE Fox, J Schavel, Jr, GC Morrison Proc Soc 
Exp Biol Med 123.909 72 

4PYSO known H Freedman, AE Fox, J Schavel, Jr, GC Morrison Proc Soc 
Exp Biol Med 139 909 72 

3PYS new 
4PYS new 
PZSO known C Alverez-Ibarra, R Cuervo-Rodrigues, MC Femandez-

Monreal, MP Ruiz JOC '94 52 7284/91 
P2.& new 

POAH known S Kushner, H Dalalian, JL Sanjuijo, El- Bach, Jr, SR Safir, VK 
Smith, Jr., JH WUliams JACS 74 3617/21 '52 

3PYA new 
PZUREA new 

PZCS new 
3PYB known FC Fischer, E Havinga Rec Trav Chim Pays 84 439 '64 
4PYB known FC Fischer, E Havinga Rec Trav Chim Pays M 439 '64 
PDZB known MIS Dewar, RC Dougherty JACS 86 433/6 1964 
SDZB known MA Grassberger, F Tumkowsky, J Hildebrandt JMC 27 1984 

947/53 
DEPYB known FC Fischer, E Havinga Rec Trav Chim Pays 93 21 1973 
BDPYB new 
NPOB new 



7 7  

obdzb new 
opdzb new 
tpdzb new 
pzdzb new 

The data clearly show the reason for INH and rifampin being a 'first-iine' anchors in 

tuberculosis chemotherapy. At both pH's, INH demonstrates at least 99% inhibition of 

growth at all dilutions with an MIC of 0.16 ^M. Rifampin in either media has an MIC of 

0.25 ^ig/mL. The reason for PZA use in tuberculosis chemotherapy is certainly not 

apparent in examining this data. At pH 6, the compound has much greater activity with an 

MIC of 1600 fiM. However, at pH 7, PZA shows a weakening in activity with an MIC 

that is greater than the limits of the susceptibility test, greater than 1600 ^iM. The unique 

and significant feature of PZA is that it is able to penetrate and kill the mycobacterial 

populations that are phagocytosed by macrophages of the lung. In addition, it is cheap and 

the most successful TB treatments are those which are cocktails of drugs to prevent the 

development of drug-resistance in the infecting mycobacteria. 

4.2.1 Pyridine and Pyrazine Derivatives 

The mumal prodrug pzcs has the same MIC (1600 ^iM) as PZA but with 47% more 

activity when diluted to 160 ^iM. Thus pzcs behaves similarly to PZA at this pH. 

However, unlike PZA which has minimal activity at pH 6.8, 32% inhibition at 1600 nM, 

pzcs is completely inhibitory at this concentration and almost completely when diluted by 

a factor of ten (160 jlM). However, quite precipitously pzcs has no activity at 16 |xM or 

less. Thus, pzcs has a better activity profile than PZA but fails well short of the activity 

of INH. Concerning the mechanism of action of pzcs, we conclude that there is 

hydrolysis occurring to the 'correct' amide bond as was predicted in the bioactivation 

process above. This metabolism then produces the known toxic pyrazinoic acid and 

cycloserine. Both cycloserine (cs) and pyrazonoic acid (poa) were evaluated for 
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comparison. CS had good activity with an MIC of 8 ^g/ml in 12B and and 16 M-g^mL in 

6A media. However, POA, as expected, had an MIC greater than 128 Hg/mL in either 

media confirming its necessity for conversion to a prodrug. For PZCS, hydrolysis could 

result from either amidase or dipeptidase activity. Speculating about the mechanism of this 

compound, it is acknowledged that the dipeptide itself may be responsible for activity so 

this cannot be ruled out. It was hypothesized that supplements of the amino acid /{-alanine 

can reverse the inhibitory effects of /?-cycloserine (Goh and Rastogi 1991). This may play 

a role in limiting the effectiveness of the prodrug since both 12B and 6A media contain this 

amino acid. 

The two isomeric sulphides 3PYS and 4PYS did display weak activity vs. M. 

tuberculosis at both pH's. There is little difference in the individual activities of the 

isomers. And PZS had an MIC greater than 128 mg/mL in both media and is similar to the 

pyridine isomers. These results combined with the lack of any antimicrobial activity on the 

part of the corresponding sulphoxides 3PYSO, 4PYSO, and PZS may point to the 

validity of the rationale employed in the sulflde compound design. It is possible that 

3PYS and 4PYS can penetrate the organism and result in some enzyme inhibition with or 

without the proposed sulfur oxidation. It is safe to conclude that 3PYSO, 4PYSO, and 

PZSO are not penetrating the organism. This is not surprising considering the difficulty of 

extracting (dichloromethane) these compounds from aqueous solutions. This negative 

result is worthwhile since it demonstrates that not any compound will have 

antimycobacterial activity at a concentration as high as 1600 ^M. It cannot be said for 

certain whether the bioactivation process proposed actually occurs. Further studies should 

be conducted. It is an interesting result nonetheless. 

The hydrazide, POAH, is isosteric with INH but is not nearly as potent an 

antimycobacterial. This compound only achieves an MIC of 1600 at pH 6 and is an 
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order of magnitude better at die higher pH (MIC 160 jiM). It is interesting that the 

replacement of the 4-pyridine ring for a 2-pyrazine ring has such a dramatic effect on 

activity. Concerning the mechanism of action of poah, we believe that the bioactivation 

process shown above is actually occurring. Since, this compound has more activity than 

PZA, which is metabolized to pyrazinoic acid, it is likely that the postulated reactive 

intermediate is deactivating enzymes in addition to forming pyrazinoic acid. It is not clear 

what effect the acidity has on the compound's effectiveness since its isostere INH shows 

pH-independent activity in this test. 

The allene 3pya has only weak activity at either pH and an MIC of greater than 1600 

pM. This weak activity is not likely to result from a lack of intracellular penetration since 

the compound is quite non-polar, Rf = 0.5 (4:1; hexanes/ethyl acetate; Si02). It is most 

likely that the allene function which we anticipated to be biotransformed in fact does not 

undergo metabolism to form a strong electrophile. 

4.2.2 Boron-containing Compounds 

4.2.2.1 Boronic Acids and Esters 

The boronic acid 3pyb had an MIC of 16(X) p,M at both pH's examined. This is 

somewhat surprising since the material exists as a zwitterion in aqueous solution and 

therefore would not be expected to move across a lipid surface. It may be that there is 

penetration by way of the boronic acid form of the compound. Both 4pyb and depyb 

have MIC's greater than 128 ^g/mL in either media and the most active boronics acdis 

npba and npob had MIC's of 128 |Xg/mL in each medium indicating the insignificance 

of esteriflcation of boronic acids in aqueous solution. 

4.2.2.2 [2,3,l]-Diazaborines 

The two [2,3,l]-benzodiazaborines pdzb and sdzb showed the most promising 

profile of activity of all the compounds evaluated. At pH 7.0, they are virtually identical in 



8 0  

activity, both achieving an MIC of 1600 ^iM with around 90% inhibition even at 160 ^iM. 

Further dilution at pH 7.0 extinguishes activity of the two compounds. 

When tested at pH 6.0 both pdzb and sdzb show greater activity, each with an MIC 

of 160 nM. Furthermore, the activity of sdzb is extended as far as 0.16 nM albeit with 

only 10% inhibition at this dilution. No other compound of this smdy had activity in this 

range. The better activity of sdzb over pdzb indicates that the sulphone at position 2 of 

the [2,3,l]-benzodiazaborine ring is not essential but increases potency. It can only be 

hypothesized that these diazaborines are acting in the manner discuss above. But 

considering the 40% sequence identity between InhA and EnvM, it is likely that this is the 

case. 

The biological activity data for diazaborines versus E. coli and other Gram-negative 

bacilli were determined by a different method. The workers obtained MIC values that were 

defined as the lowest concentration of diazaborine that inhibited visible growth of the 

organisms. This differs from the definition of MIC used presently, the lowest 

concentration of diazaborine that produces 99% growth inhibition of the organism. Thus 

the MIC of sdzb against A/, tuberculosis was 40 (iM at pH 6.0. The MIC of sdzb 

against E. coli was 83 |iM (Grassberger, Tumkowsky et al. 1984). This difference may be 

on account of the lipid-rich cell wall of mycobacteria hampering cellular penetration. The 

radiometric method for indirectly observing growth should be a more sensitive analysis 

than visible observation of the cultured organism. 

In addition, a borinic acid (dpba), ethanolamine ester of diphenylborinic acid, was 

also examined for activity. It was shown to have an MIC of 64 |Xg/mL in 12B and 16 

mg/mL in 6A media. Since borinic acids are similar electronically to the diazaborines, but 

dissimilar to boronic acids, we included it as a comparison. Its modest activity makes this 

class worthy of further investigation. 

4.2.2.3 [2,4,l]-Diazaborines 
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Two of these compounds showed the best activity of all the compounds synthesized and 

tested, opdzb and tpdzb. opdzb has the greatest activity with an MIC of 16 

p.g/mL (67 mM) in 12B and an MIC of 8 ^g/mL (33.6 flM) in 6A media. tpdzb, a N 

and S isostere, is half as active as opdzb in each media an MIC of 32 and 16 M.g/mL in 

12B and 6A media, respectively. These two are each more active than sdzb, the most 

active [2,3,l]-diazaborine tested. pzdzb has very little activity with an MIC of only 128 

|ig/mL in 12B and off-scale weakness in 6A media. Lastly, obdzb was shown to have 

an MIC greater than 128 |J.g/mL in either media. This is interesting since this compound 

has the same ring and substiment con^guration as opdzb, save the replacement of 

phenyl for n-butyl at postion N-2. Apparently, a planar aromatic or electron-withdrawing 

substituent at N-2 is necessary for good activity. However, this does not explain why 

tpdzb has only half the activity of opdzb. 

This study was successful in its aims to discover lead compounds for the development 

of new drugs useful in tuberculosis treatment. By considering existing knowledge of 

antibacterial drug mechanisms and metabolic pathways of mycobacteria, some derivatives 

of the two heterocycles pyridine and pyrazine were designed, synthesized, and evaluated in 

vitro. It has also been shown that boron-containing compounds which demonstrate growth 

inhibiting activity in related bacteria also have an effect in mycobacteria. Of all the 

compounds tested in this study, those containing the diazaborine heterocycle showed the 

greatest in vitro activity against Af. tuberculosis H37RV. Compounds of this class are 

promising candidates for further investigation. In addition, we have identiHed the [2,4,1]-

benzo-£-diazaborine ring system and borinic acid as a new lead structures for potential 

antibacterial drug development research. Although, none of the compounds were nearly as 

potent as INH or rifampin, many rivaled PZA in activity. Considering the general theme of 

this study, it has been shown that the rational approach, involving the synthesis of chemical 



8 2  

and biological information, is a worthwhile and successful process for developing new lead 

compounds. 
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5. EXPERIMENTAL 

5.1 General Methods 

Melting points were determined with an Electrothermal capillary melting point apparatus 

and are uncorrected. Proton magnetic resonance spectra were obtained for all compounds 

using a Varian Gemini 200 (200 MHz) spectrometer. Chemical shifts are reported in ppm 

downfield (5) from internal tetramethylsilane-di2. Elemental analyses were performed by 

Desert Analytics of Tucson, Arizona and are within 0.4% of theory (note: elemental 

analysis of TPDZB is off in C by 0.79%). Mass spectrometry was performed by Dr. 

Arpad Somogyi in the Department of Chemistry mass spectrometry facility. Purified 

products were shown to be homogeneous by thin-layer chromatography (TLC) on silica gel 

plates (1.25 X 3 cm) with visualization by dipping in a 10% solution of phosphomolybdic 

acid in 95% ethanol and heating with a hot plate. Column chromatography was performed 

using low pressure or flash liquid chromatography with glass columns packed with silicic 

acid, Aldrich Chemical Company 60 A (70-230 mesh). All the chemical reactions requiring 

inert atmosphere were carried out under anhydrous dinitrogen in oven-dried borosilicate 

glassware using septum techniques. Solvents and gases were dried accordingly: 

tetrahydrofuran (THF) was distilled firom sodium-potassium amalgam; diethyl ether (Et20) 

was distilled from lithium tetrahydroaluminate; N,N-dimethylformamide (DMF) and 

dimethylsulphoxide (DMSO) were each distilled under reduced pressure from calcium 

hydride; diisopropylamine was distilled from sodium hydride; toluene was distilled from 

sodium; dinitrogen was passed through a column of Drierite. Alkyllithium solutions were 

purchased from Aldrich Chemical Company, WI, and used as received. 

5.2 Pyridine and Pyrazine Derivatives 
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Methylsulphinylmethyl 3-pyridyl ketone (3pyso) 

A 500 mL two-neck flask equipped with a magnetic stir-bar was charged with 200 mL 

of THF and 4.96 mL (3.2 equiv,, 5.46 g, 0.07 mol) of DMSO . Two graduated addition 

funnels were attached and the system was flushed with N2. The solution was cooled to 0° 

C with an ice bath. A funnel was charged with 27.15 mL (3.1 equiv, 0.067 mol) of a 2.5 

M solution of n-butyllithium in hexanes and dropwise addition was made in a 0.3 hour 

period. The bath was removed and the mixture stirred at ambient temperature for 0.25 hour 

and then returned to 0° C. The other addition funnel was charged with a solution of 

methyl-3-pyridinecarboxylate (3 g, 0.022 mol) in 80 mL of THF and addition was made by 

a steadystream in 0.3 hour. The cooling bath was removed and stirring continued for 2 

hours at ambient temperature. The reaction was quenched with 2 mL of samrated aqueous 

NH4CI. Solvent was removed by reduced pressure rotary evaporation. The remaining 

solids were dissolved in 2(X) mL of brine and stirred in an ice-bath while acidified to pH 5 

with concentrated HCl. Exhaustive extraction with DCM, drying with anhydrous MgS04, 

and rotary evaporation yielded a red oil. The remaining DMSO was removed by molecular 

distillation, and the residue was chromatographed on silicic acid (DCM/MeOH) to give 2.8 

g (70%) of title compound as a pale yellow oil that slowly crystallized. m.p. 70-82°C. 

iH-NMR (CDCI3): 6 2.68(s, 3H), 4.38(s,2H), 7.42 (t,lH), 8.25 (d,lH), 8.8 (d,lH), 

9.2 (s,lH). Elemental analysis Calcd for C8H9NO2S: C, 52.5; H, 4.9; N, 7.6; O, 17.5; 

S, 17.5. Found: C, 52.77; H, 4.79; N, 7.53; O, 17.52. 

Methylsulphinylmethyl 4-pyridyl ketone (4pyso) 

The title compound was synthesized in an analogous procedure as for 3pyso. Thus 

3.0 g (0.199 mol) of ethyl-4-pyridinecarboxylate , 24.64 mL (3.1 equiv), of 2.5 M n-
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butyllithium in hexanes and 4.95 g (3.2 equiv., 4.5 mL, 0.63 mol) of DMSO were reacted 

and after work-up 2.48 g (68%) of title compound was obtained as off-white crystals. 

m.p. 84-87°C (DCM). ^H-NMR (CDCI3): 5 2.8 (s, 3H), 4.39 (d, 2H), 7.8 (d, 2H), 8.9 

(d, 2H). Elemental analysis Calcd for C8H9NO2S: C, 52.5; H, 4.9; N, 7.6; O, 17.5; S, 

17.5. Found: C, 52.3; H, 4.85; N, 7.55. 

Methylsulphinylmethyl 2-pjrrazinyl ketone (pzso) 

A flask equipped with a magnetic stir-bar was charged with 200 mL of THF and 5.42 g 

(3.2 equiv., 0.0694 mol) of DMSO under a N2 atmosphere. The mixture was then stirred 

at 0° C and 17.36 mL (2 equiv) of 2.5 M ^-butyllithium in hexanes was added dropwise. 

The mixture was allowed to warm to room temperature and stirred for 0.3 hour and then 

cooled to -78° C. A solution of 3 g (0.0217 mol) methyl pyrazinoate in 80 mL THF was 

then added dropwise. The reaction was stirred at -78° C for an additional two hours and 

then warmed and stirred at ambient temperature for 1 hour. The reaction was quenched by 

the addition of 2 mL of samrated aqueous NH4CI. Work-up similar to that above afforded 

3.0 g (75%) of the title compound as yellow crystals. m.p. 119-120°C [lit. 98-100°C 

[Alvarez-Ibarra, Cuervo-Rodriguez et al. 1994)]. ^H-NMR (CDCI3): 6 9.3 (s, IH), 8.85 

(d, IH), 4.65 (d, 2H), 2.8 (s, 3H) Elemental analysis Calcd for C7H8N2O2S: C, 45.6; 

H, 4.3; N, 15.2; O, 17.4; S, 17.4. Found: C, 45.57; H, 4.3; N, 15.14; O, 17.62. 

3-(MethylthioacetyI)-pyridine (3pys) 

A 6.0 g (0.0328 mol) sample of 3pyso was dissolved in 150 mL of H2O and 

magnetically stirred and heated to 70°C. The 47 g (7.5 equiv., 0.247 mol) of sodium 

metabisulfite was added with vigorous stirring. The solids dissolved rapidly and the 
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reaction was monitored by TLC (DCM/MeOH). The reduction was complete after 0.5 

hour. The reaction mixture was cooled to ambient temperature, diluted with 300 mL of 

H2O, and then extracted with three 100 mL portions of DCM. The extracts were pooled, 

dried with anhydrous MgS04, and concentrated on a rotary evaporator to a slightly yellow, 

clear liquid with a strong odor. Distillation in vacuo afforded 2.05 g (37%) of the title 

compound as a clear opalescent liquid. ^H-NMR (CDCI3): 6 2.1 (s, 3H), 3.8 (s, 2H), 

7.45 (t, IH), 8.3 (d, IH), 8.8 (d, IH), 9.2 (s, IH). 

4-(MethyIthioacetyl)-pyridine (4pys) 

The title compound was synthesized in an analogous procedure to that used for 3pys. 

Thus, 2.78 g (0.015 mol) 4pyso, 20 g (0.105, 7 equiv) sodium metabisulflte in 50 mL 

of H2O furnished 0.94 g (44%) of the title compound as a pale-yellow liquid after 

distillation in vacuo. ^H-NMR (CDCI3): 5 2.1 (s, 3H), 3.7 (s, 2H), 7.75 (d, 2H), 8.8 

(d, 2H). 

2-Methylthioacetylpyrazine (pzs) 

To a solution of 1.0 g (8.2 mmol) of acetylpyrazine in 5 mL of glacial HO Ac 

magnetically stirred at 0° C was added dropwise Br2 (1.2 equiv., 0.5 mL, 9.8 mmol). The 

mixture was then heated at 50° C for 2 hours. The mixture was cooled to room temperature 

and then poured into 50 mL of ice and water. The mixture was basified (Na2C03) and 

extracted with EXZM. The organic phase was separated, dried (MgS04), and evaporated to 

afford a solid. Silicic acid chromatography (DCMrEtOAc) and evaporation provided the 

solid a-bromoacetylpyrazine with some starting material. 
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This impure material (1.18 g) was dissolved in 4 mL of anhydrous MeOH. A solution 

of sodium methylthiolate was prepared by dissolving 0.413 g (5.9 mmol) in 4 mL of 

anhydrous MeOH. The latter solution was added rapidly to the magnetically stirred a-

bromoacetylpyrazine solution at room temperature. After one hour, the reaction was 

diluted with 10 mL of H2O and extracted with DCM. The extracts were pooled, dried 

(MgS04), and evaporated to a solid. This was chromatographed (silicic acid; 

DCMrMeOH) to cifford the solid product. Recrystallization (hexanes) provided 0.34 g 

(25%) of the title compound as pale-yellow crystals. m.p. 59-61°C. ^H-NMR (CDCI3); 

5 9.3 (s, IH), 8.75 (s, IH), 8.65 (s, IH), 3.9 (s, 2H), 2.15 (s, 3H). Elemental analysis 

Calcd for C7H8N2OS: C, 50.0; H, 4.76; N, 16.7; O, 9.5; S, 19.05. Found: C, 50.13; 

H, 4.67; N, 16.43. 

3-(MethyIthioacetyl)-pyridine hydrogen chloride (3pyshci) 

A 1.84 g (0.011 mol) sample of 3pys was dissolved in 20 mL of Et20 and stirred 

under N2 in an ice bath. Then 9.28 mL (I equiv.) of a I M solution of HCI in Et20 was 

added dropwise. The solid was then filtered and stored in a desiccator over P2O5 under 

reduced pressure. The title compound was obtained as 1.55 g (69%) of a pale yellow 

powder. Elemental analysis Calcd for CgHioNOCl: C, 47.29; H, 4.9; N, 6.89; O, 7.88; 

S, 15.76; CI, 17.24. Found C, 46.89; H, 4.7; N, 6.63; S, 14.83; O, 7.62. 

4~(MethyIthioacetyl)-pyridine hydrogen chloride (4pyshci) 

A similar procedure as for 3pyshci was used. Thus 2.05 g (0.0123 mol) of 4PYS 

and 12.3 mL (1 equiv) of 1 M HCI in Et20 furnished 1.95 g (78%) of an off-white 

amorphous powder. Elemental analysis Calcd for CgHioNOCl: C, 47.29; H, 4.9; N, 
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6.89; O, 7.88; S, 15.76; CI, 17.24. Found: C, 47.14; H, 4.63; N, 6,58; S, 13.55; O, 

8.15. 

T ri-n-butylstanny lallene 

A mixture of 8.24 g (0.0402 mol) of 2-(propargylthio)benzothiazole, 23.4 g (21.6 mL, 

0.0804 mol) of tri-/i-butylstannylhydride, and 8 mg (0.003 mmol) of l,r-azobis-

(cyclohexanecarbonitrile) was stirred under N2 in an oil bath heated to 75° C. The solids 

dissolved quickly and after one hour the evolution of H2 began. It subsided in 0.5 hour 

and the temperature was then increased to 80° C. After another hour the temperature was 

increased to 95° C. After 3 hours, the title compound was isolated by reduced pressure 

distillation of the reaction mixmre as 8.94 g (67%) of a colorless liquid. ^H-NMR 

(CDCI3): 6 4.95 (t, IH), 4.15 (d, 2H), 1.5 (m, 6H), 1.3 (m, 6H), 0.9 (m, 15H). 

3-Allenylpyridine (3pya) 

To a mixture of 4.17 g (0.0127 mol) of tri-n-butylstannylallene and 2.0 g (0.0127 mol, 

0.82 mL) 3-bromopyridine in 30 mL of 50% DMF in toluene under N2 were added 0.44 g 

(3 mol%) tetrakis-triphenylphosphine palladium and 1.6 g (3 equiv., 0.0381 mol) of 

anhydrous LiCl. The resulting yellow solution was stirred in a 60° C oil bath. After four 

hours, the viscous dark. It was removed from the oil bath and 6 mL of saturated aqueous 

KF was added and the mixture was stirred at room temperature for one hour. The solids 

were filtered and rinsed with DCM and solvent was removed by reduced pressure rotary 

evaporation. Silicic acid flash chromatography with 20% EtOAc in hexanes as eluent 

afforded 0.48 g (32%) of the title compound as a clear, slightly yellow oil. ^H-NMR 

(CDCI3): 5 5.2 (d, 2H), 6.15 (t,lH), 7.22 (m, IH), 8.42 (d,lH), 8.5 (s, IH). 
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3-AJlenylpyridine hydrogen chloride (3pyahc1) 

A 1.2 g (0.10 mol) sample of 3pya was taken up in ether under N2 atmosphere and 

cooled to 0° C. A solution of HCl in Et20 was then added dropwise and stirring was 

continued for 1 hour. The mixture was then filtered and rinsed with Et20. The 1.2 g 

(77%) of pale yellow amorphous powder was stored over P2O5. Elemental analysis Calcd 

forCgHgNCl: C, 62.7; H, 5.2; N, 9.1. Found: C, 61.21; H, 5.1; N, 8.34. 

Pyrazinoic acid hydrazide (poah) 

Ethyl 2-pyrazinoate (1.86 g, 0.0122 mol) was dissolved in 10 mL of absolute EtOH. 

The solution was magnetically stirred and hydrazine hydrate (0.42 mL, 0.0135 mol) was 

added dropwise. The solution was briefly refluxed then allowed to cool to ambient 

temperature. The title sompound slowly precipitated as needles, and was filtered and 

rinsed with fresh, cold EtOH (1.49 g, 89%). m.p. 169-17rC (lit. 169°C (Kushner, 

Dalalian et al. 1952)). IR-NMR (CDCI3): 5 4-4.22 (s, 2H), 8.55 (s, IH), 8.8 (s, 2H), 

9.4 (s,lH). Elemental analysis Calcd for C5H6N4O: C, 43.48; H, 4.35; N, 40.58; O, 

11.59. Found: C, 43.12; H, 4.46; N, 40.20. 

4-Pyrazinamido-3-isoxazolidone (pzcs) and N-Pyrazinoyl-N,N'-dicyclohexylurea 

(PZUREA) 

In 20 mL of THF was suspended 2-pyrazinecarboxylic acid (0.91 g, 7.35 mmol) and 

/?-(+)-cycloserine (0.75 g, 7.35 mmol) and the mixture was magnetically stirred at room 

temperature. A solution of dicyclohexylcarbodiimide (1.53 g, 7.35 mmol) in 5 mL of 
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acetonitrile was added to the mixture dropwise within 10 minutes. After stirring for 24 

hours, the solvent was evaporated. Silicic acid chromatography (DCM/MeOH) of the 

residue gave 0.3 g (20%) of the desired amide. m.p. 145° (softens)-165°C(decomp.). 

NMR (CDCI3): 5 4.2-4.3 (m, IH), 4.3-4.5 (s, IH), 4.75-4.85 (m,lH), 5-5.15 (m,lH), 

5.35 (s,lH), 8.65 (s,lH), 8.8 (s,lH), 9.3 (s,lH). Elemental analysis Calcd for 

C8H8N4O3: C, 46; H, 3.8; N, 27; O, 23. Found: C. 45.81; H, 3.95; N, 25.77. Also 

obtained was 1.2 g (49.8%) of the urea, m.p. 173-177°C (DCM). ^H-NMR (CDCI3): 6 

0.9-21 (m, 20H), 3.5-3.7 (m, IH), 4.1-4.3 (m, IH), 5.8-6.0 (s, NH), 8.5 (s,IH), 8.7 (s, 

IH), 9.0 (s, IH). Elemental analysis Calcd for C18H24N4O2: C, 65.46; H, 7.87; N, 

16.69, O, 9.69. Found: C, 65.13; H, 7.82; N, 16.88. 

5.3 Boron-containing Compounds 

4-Pyridineboronic acid (4pyb) 

To a magnetically stirred solution of 22.7 mL (56.7 mmol) of 2.5M n-butyllithium in 90 

mL of Et20 at -78° C was added dropwise 9.02 g (56.7 mmol) of 4-bromopyridine 

dissolved in 30 mL of Et20 over 15 minutes. The mixture was further stirred for twenty 

minutes and then 6.44 mL (56.7 mmol) of trimethoxyboron was added dropwise. The 

mixture stirred for 1 hour at -78° C and then warmed to ambient temperature and stirred for 

another hour. The mixture was then poured into 100 mL of H2O and neutralized with 4.75 

mL of 12M aqueous HCl. The aqueous phase was separated and evaporated. The 

resulting solid was chromatographed (silicic acid; Me0H:NH40H) to provide 2.15 g 

(31%) of a white solid not melting below 300° Celsius. 

3-Pyridineboronic acid (3pyb) 
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A similar procedure was used as for 4pyb. Thus, 3.0 g (19 mmol) of 3-

bromopyridine, 7.6 mL (19 mmol) of 2.5M n-butyllithium in Et20 and 2.16 mL (19 

mmol) of trimethoxyboron furnished after work-up 1.05 g (45%) of title compound as a 

white powder not melting below 300° Celsius. 

2,3-Butanediol ester of 4-pyridineboronic acid (bdpyb) 

To a solution of 0.73 mL (1 equiv., 0.73 g, 8.14 mmol) of 2,3-butanediol in 10 mL of 

toluene was suspended 1.0 g (8.14 mmoi) of 4pyb. The mixture was refluxed under a 

Dean-Stark trap unitl no further water distilled (about 1 hour). The reaction was cooled to 

room temperature and filtered. The solid material was sublimed in vacuo to provide 0.85 g 

(59%) of the boronic ester as a fine white crystalline material. Elemental analysis Calcd for 

BC9H12NO2: C, 61.5; H, 6.78; N, 7.9. Found: C, 61.44; H, 6.85; N, 7.69. 

Diethanolamine ester of 4-pyridineboronic acid (depyb) 

To a suspension of 0.74 g (6 mmol) of 4pyb in 15 mL of toluene was added 

diethanolamine (1 equiv., 0.63 g). A Dean-Stark trap was equipped and the mixture was 

refluxed until H2O ceased to distill (about 1 hour). The reaction was cooled to room 

temperamre and the toluene was decanted. The greenish, oily residue was crystallized from 

acetonitrile to obtain a waxy material, m.p. 190°C (lit. 222°C (Fischer and Havinga 

1973)). iH-NMR ((CD3)2SO): 5 8.4 (s, 2H), 7.4 (d, 2H), 7.1 (s, NH), 3.85 (m, 4H), 

3.1 (m, 2H), 2.9 (m, 2H). Elemental analysis Calcd for BC9H13N2O2: C, 55.36; H, 

6.71; N, 14.16. Found: C, 55.25; H, 6.77; N, 14.58. 
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A mixture of 3.94 g (32 mmol) of phenylboronic acid in acetic anhydride (35 mL) under 

a N2 atmosphere was vigorously stirred and cooled to zero degrees with an ice and water 

bath. Then fuming HNO3 (2.9 equiv., 5.8 g, 92 mmol) was added dropwise into the 

reaction mixture, maintaining an internal temperature less than 10° C. During this time (I 

hour), the solids dissolved to give a clear yellow solution. The mixture was then stirred for 

2 hours at 20° C and then carefully poured into 50 mL of ice and H2O. This mixture was 

rotary evaporated under reduced pressure. The resulting solids were triturated with 20 mL 

of H2O and concentrated similarly. The solids were dissolved in Et20, filtered, and dried 

over anhydrous Na2S04. The solvent was evaporated and the title compound (3.82 

g,71%) was recrystallised from H2O. m.p. 155-160°C (lit. l68-9°C(Grozaik, Ganguly et 

al. 1994)) IH-NMR ((D3C)2S0): 6 8.2 (s,2H), 8.14 (d,lH), 7.75 (t,lH), 7.58 (m,2H). 

Elemental analysis Calcd for BC6H6NO4: C, 43.1; H, 3.59; N, 8.38. Found: C, 46.01; 

H, 2.94; N, 8.87. 

Ethylene glycol ester of 2-nitrophenylboronic acid (NPOB) 

To a suspension of l.O g (6 mmol) of NPBA in 10 mL of toluene was added 0.336 mL 

(0.37 g, 1 equiv) of ethylene glycol. The flask was equipped with a Dean-Stark trap and 

the mixture was refluxed until all H2O was removed. The solvent was removed by 

distillation in vacuo and then the temperature was increased and 1.03 g (88.8%) of the title 

compound was distilled as a yellow-green oil with a melting point close to ambient 

temperature. ^H-NMR (CDCI3): 5 8.2 (d,lH), 7.7-7.5 (m,3H), 4.45 (d,4H). Elemental 

analysis Calcd for BCsH^NO^: C, 49.7; H, 4.1; N, 7.2. Found: C, 49.95; H, 3.9; N, 

7.46. 
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2-AminophenyIboronic acid 

A solution of npba (1.0 g, 6 mmol) in 50 mL of EtOH was shaken with 10% Pd on C 

(100 mg) under a H2 atmosphere (45 psi) for 16 hours. The solvent was evaporated and 

the dark oil was recrystallized (MeOH/H20) to afford at least 410 mg (-50%) of a grey-tan 

solid: m.p. 165-171°C (lit. 166°C (Grozaik, Ganguly et al. 1994)). The compound exists 

as the didehydrodimer in anhydrous D6-DMSO ^H-NMR ((D3C)2SO): 5 9.0 (s, P4H or 

OH), 8.5 (s, NH or OH), 7.77-7.7 (m, 2H), 7.43 (t, IH), 7.24 (d, IH), 7.13 (t, IH), 

6.95 (t, IH), 6.63 (d, IH), 6.55 (t, IH), 5.9 (s, NH). Elemental analysis Calcd for 

BC6H8NO2: C, 52.5; H, 5.8; N, 10.2. Found: C, 58.6; H, 4.82; N, 10.89. 

1,2-Dihydro-1 -hydroxy-2-butyl-[2,4,1 ]-benzodiazaborin-3(4H)-one (obdzb) 

To a solution of 2-aminophenylboronic acid (76 mg, 0.56 mmol) in 1 mL of dioxane 

was added 69 |lL (0.61 mmol) of /i-butyl isocyanate. The solution was heated to 70° C for 

5 minutes then allowed to return to room temperature. After 2 hours a precipitate had 

formed. This was filtered and rinsed with acetonitrile. After reduced pressure evaporation 

of solvent, 100 mg (83%) of the title compound was furnished as a pale-grey solid: m.p. 

195-200° C. iH-NMR ((CD3)2SO): 8 10.2 (s, IH, NH or OH), 9.1 (s, IH, NH or 

OH), 7.95 (d, IH), 7.4 (t, IH), 7.0 (m, 2H), 3.6 (t, 2H), 1.5 (m, 2H), 1.3 (m, 2H), 0.9 

(t, 3H). Elemental analysis Calcd for BC11H15N2O2: C, 60.55; H, 6.88; N, 12.84. 

Found: C, 60.59; H, 6.88; N, 12.72. MS (EI, high resolution = 10,000) M+ (218.1222 

measured, 218.1229 theoretical). 

1,2-Dihydo-1 -hydroxy~2-phenyl-[2,4,1 ]-benzodiazaborin-3(4H)-one (opdzb) 



9 4  

A 100 mg (0.7 mmol) sample of 2-aminophenylboronic acid was dissolved in 1.5 mL of 

dioxane. To this solution was added 87 rag (0.08 mL, 0.7 mmol) of phenylisocyanate and 

the mixture was refluxed for 2 hours. After cooling to room temperature, the title 

compound precipitated as fine crystals, filtered and rinsed with dioxane. Drying in an 80° 

C oven provided 0.12 g (69%) of product, m.p. 220°C (decomp.). ^H-NMR 

((CD3)2S0): 5 10.4 (s, IH, NH or OH), 9.05 (s,lHJSrH or OH), 8.0 (d,lH), 7.34 (dt, 

4H), 7.1 (m, 4H). Elemental analysis Calcd for BCi3HnN202: C, 65.5; H, 4.6; N, 

II.8. Found: C, 65.92; H, 4.56; N, 11.72. MS (EI, high resolution = 10,000) M"*" 

(238.0916 measured; 238.0916 theoretical). 

1,2-Dihydro-1 -hydroxy-2-(3-pyridyl)-[2,4,1]-benzodiazaborin-3(4H)-thione (tpdzb) 

To a solution of 100 mg (0.78 mmol) of 2-aminophenylboronic acid in 2 mL of 1,4-

dioxane at room temperature was added dropwise 3-isothiocyanatopyridine (1 equiv, 99.3 

mg). With vigorous magnetic stirring the mixture was refluxed for 15 minutes and then 

cooled to room temperamre. The title compound was filtered and rinsed with fresh 1,4-

dioxane and dried in vacuo to afford 180 mg (96%) of a white powder, m.p. 230-235°C 

(decomp.). ^H-NMR ((CD3)2SO): 5 12.15 (s, OH or NH), 9.6 (s, OH or NH), 8.5 (d, 

PyrH), 8.35 (d, PyrH), 8.05 (d, H5), 7.6 (m,2H), 7.45 (m, 2H), 7.2 (t, PyrH). 

Elemental analysis Calcd for BC12H10N2OS: C, 56.5; H, 3.92; N, 16.48; S, 12.56. 

Found: C, 57.29; H, 3.85; N, 16.68; S, 12.72. MS (EI, high resolution = 10,000) M"*" 

(255.0634 measured, 255.0640 theoretical). 

1,2-Dihydro-1 -hydroxy-2H-3-(2-pyrazinyl)-[2,4,1 ]-benzodiazaborine (pzdzb) 



A 100 mg (0.7 mmol) sample of 2-aminophenylboroiiic acid was suspended in 25 mL of 

pyrazinecarbonitrile. The mixtore was then refluxed for 2 hours. After cooling to room 

temperature, a still-head was equipped and the pyrazinecarbonitrile was distilled under 

reduced pressure. The remaining solid was then triturated (DCM/MeOH) and filtered, 

affording 0.15 g (94%) ofa tan amorphous solid. m.p. 135°C . ̂ H-NMR ((CD3)2SO): 5 

9.7 (s, NH or OH), 9.5 (s, NH or OH), 8.9 (t, 2H), 8.7 (s, IH), 8.1 (d, IH), 7.7 (d, 

2H), 7.4 (dd, IH). Elemental analysis Calcd for BCi 1H9N4O: C, 58.98; H, 4.08; N, 

25.02. Found: C, 59.03; H, 3.89; N, 24.84. MS (EI, high resolution = 10,000) M""" 

(224.0874 measured, 224.0872 theoretical). 

p-Methylbenzenesulphonehydrazone of 2-bromobenzaldehyde (2) 

A solution of 2-bromobenzaldehyde (l.O g, 5.4 mmol) in EtOH (8 mL) was vigorously 

stirred and /7-methylbenzenesulphonehydrazide was added in portions over 0.5 minutes. A 

small drop of concentrated H2SO4 was added and the solution was refluxed for one 

minute. The title compound precipitated upon cooling, was filtered and recrystallized 

(EtOH/ H2O), affording 1.81 g (95%). mp 172-178°C (decomp.). ^H-NMR 

((CD3)2S0): 5 8.15 (s, 2H), 7.92 (s, IH), 7.85 (s, IH), 7.5 (s, IH), 7.35 (s, 2H), 7.3 

(s, 2H), 7.25 (IH), 2.4 (s, 3H). Elemental analysis Calcd for Ci4Hl3N202SBr: C, 

47.6; H, 3.68; N, 7.9; O, 9.0; S, 9.0; Br, 22.7. Found: C, 47.48; H, 3.56; N, 7.76. 

Phenylhydrazone of 2-bromobenzaldehyde (3) 

A solution of 2-bromobenzaldehyde (0.92 g, 4.97 nunol) dissolved in EtOH (5 mL) 

was vigorously stirred while phenylhydrazine (0.54 g, 4.97 mmol) was added dropwise at 

room temperature. The solution was then refluxed for one minute and then H2O (2 mL) 
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was added and the solution was allowed to cool to room temperature. The solid that 

precipitated was filtered and recrystallized (EtOH/ H2O) to fiimish the title compound (1.03 

g, 75%) as fine crystals. m.p. 10-12°C. ^H-NMR (CDCI3): 8 1.5 (s, IH), 6.9 (t, IH), 

7.05-7.2 (m, 3H), 1.1-1 A (m, 5H), 7.5 (d, IH), 8.1 (t, IH) Elemental analysis Calcd 

for C13H1 iN2Bn C, 56.7; H, 4.0; N, 10.18; Br, 29.0. Found: C, 56.43; H, 3.99; N, 

10.11.  

1,2-Dihydro-1 -hydroxy-2-(p-methy Ibenzenesulphone)-[2,3,1 ]-benzodiazaborine (sdzb) 

A sample of 2 (1 g, 2.83 nmiol) was dissolved in 50 mL of THE under N2 and 

magnetically stirred. It was cooled in an acetone/C02 bath and 1.4 M methyllithium in 

Et20 (2.2 mL, 3.11 mmol) was added dropwise. After 20 minutes, 2 M r-butyllithium 

(1.55 mL. 3.11 mmol) was added dropwise and allowed to react for 20 minutes. Then 

triisopropoxyboron (0.783 mL, 3.4 mmol) was added dropwise. The cooling bath was 

removed after 30 minutes and the reaction reached ambient temperature in 30 minutes. 

After an additional 60 minutes of stirring the reaction was quenched with 3 mL H2O 

containing 0.52 mL of concentrated HCl solution (6.2 nunol). The solvent was rotary 

evaporated and the residue was partitioned between H2O and DCM. The organic phase 

was separated, dried by shaking with anhydrous Na2S04 and rotary evaporated to a solid 

material. Silicic acid chromatography (DCMrEtOAc) afforded the title compound (0.593 g, 

70% yield). m.p. 150-160''C (lit. 162-4°C (Grassberger, Tumkowsky et al. 1984)). ^H-

NMR (CDCI3): 5 2.4-2.46 (s, 3H), 7.3-7.38 (d, 2H), 7.42-7.46 (s, IH), 7.54-7.78 (m, 

3H), 7.9-7.97 (d, 2H), 8.1-8.3 (s, IH), 8.18-8.25 (dd, IH). Elemental analysis Calcd for 

C14H13BN2O3S: C, 56; H, 4.3; B, 3.6; N, 9.3; O, 16; S, 10.6. Found: C, 55.67; H, 

4.42; N, 9.17. 
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1,2,-Dihyciro-1 -hycIroxy-2-phenyI-[2,3,1 ]-benzodiazaborine (PDZB) 

A sample of 3 (0.82 g, 2.97 mmol) was dissolved in 32 niL of THF under N2 and 

magnetically stirred at -78° C. A 1.4 M methyllithium in Et20 solution (2.16 mL, 3.02 

mmol) was added dropwise to the hydrazone solution. After 30 minutes, a solution of 2.2 

M r-butyllithium in cyclohexane (1.35 mL, 3.0 mmol) was added dropwise and stirring 

was continued at -78° C for 0.5 hours. Then, trimethoxybcron (0.622 g, 2 equivs.) was 

added and the reaction stirred for 1 hour. After this time, the reaction-vessel cooling bath 

was removed and the reaction was allowed to stir at ambient temperature for 8 hours. The 

reaction was quenched with H2O (0.23 mL) and the solvent was rotary evaporated. The 

residue was dissolved in 30 mL H2O and brought to pH 5 with concentrated HCI solution, 

and then extracted with DCM. The organic phase was separated, dried (Na2S04), then 

rotary evaporated. Silicic acid chromatography (hexanes:EtOAc) afforded 0.197 g of the 

title compound (30%). m.p. 115-125° C (lit. 185.5-186.5°C (anhydride; Dewar and 

Dougherty 1964)) ^H-NMR (CDCI3): 5 4.39 (s, IH), 7.3-7.4 (m, IH), 7.4-7.6 (d, 3H), 

7.6-7.8 (m, 3H), 8.1-8.25 (s, 2H). Elemental analysis Calcd for C13H11BN2O: C, 

70.3; H, 4.96; N, 12.6; B, 4.8; O, 7.2. Found: C, 70.26; H, 4.92; N, 12.35. 

3-Bromo-4-pyridinecarboxaldehyde (1) 

To a magnetically stirred solution of 0.88 mL (6.3 mmol) of diisopropylamine in 5 mL 

of THF at -78° C was added a solution of 2.5 M n-butyllithium in hexanes (3.16 mL, 6.3 

mmol). The resulting solution was stirred for 25 minutes and then 0.6 mL (l.O g, 6.3 

mmol) of 3-bromopyridine was added neat and dropwise. The reaction became darker and 

a precipitate formed. This mixture was stirred for 15 minutes, then 1.46 mL (3 equiv., 

18.9 mmol) of DMF was added dropwise down the flask wall in 2 minutes. The reaction 



9 8  

was stirred at -78° C for I hour then allowed to warm to ambient temperature in I hour. 

The reaction was quenched by addition of 200 ^iL brine then the solvent was evaporated. 

The residue was partitioned between DCM and H2O. The aqueous phase was further 

extracted with DCM. The organic phase was collected, dried (MgS04), and evaporated. 

This oil was used without further purification, being approximately 80% of the title 

compound by thin-layer chromatography, for conversion to hydrazones. 

p-Methylphenylsulphonehydrazone of 3-bromo-4-pyridinecarboxaldehyde (4) 

A sample of the above mixture, 1, was dissolved in EtOH and magnetically stirred 

while /7-methylphenylsulphonehydrazide was added. The reaction was briefly refluxed 

then cooled to ambient temperature and evaporated. Silicic acid chromatography 

(DCMrMeOH) afforded the title compound as a white solid. m.p. 147°C (decomposition). 

iH-NMR ((D3C)2S0): 5 8.8 (d, IH), 8.6 (dd, IH), 8.18 (s, IH), 7.8 (d, IH), 7.6 (m, 

IH), 7.5 (m, 2H), 7.1 (d, IH), 2.45 (s, 3H). Elemental analysis Calcd for 

Ci2H9N302SBr: C, 44.07; H, 3.4; N, 11.9; O, 9.04; S, 9.04; Br, 22.6. Found: C, 

43.67; H, 3.25; N, 11.54. 

Phenylhydrazone of 3-bromo-4-pyridinecarboxaldehyde, (5) 

A sample of the above mixture, 1, was dissolved in EtOH and stirred magnetically 

while phenylhydrazine was added. The mixture was refluxed briefly then evaporated. 

Silicic acid chromatography (DCM/MeOH) purified the hydrazone as a bright yellow solid. 

Recrystallization from ethyl alcohol afforded the title compound as bright yellow needles. 

m.p. 195-200°C. ^H-NMR (CDCI3): 5 8.65 (d, IH), 8.45 (d, IH), 8.2 (s, IH), 7.9 (m. 
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2H), 7.3 (m, 2H), 7.15 (d, 2H), 6.95 (t, lEI). Elemental analysis Calcd for Ci2H9N3Br: 

C, 52.36; H, 3.63; N, 15.27; Br, 28.73. Found: C, 52.03; H, 3.85; N, 14.60. 

Attempt for 7-aza-1,2-dihydro-1 -hydroxy-2-(p-methyibenzenesuIphon)-[2,3,1 ]-benzo-e-

diazaborine (ASDZB) 

To a magnetically stirred solution of 0.15 g (0.00042 tmnol) of 4 in 10 mL of THF 

cooled to -78° C was added dropwise 0.3 mL (1 equiv) of a 1.4 M solution of 

methyllithium in Et20. This made a clear yellow solution which was stirred for 15 

minutes. Then, 0.21 mL (1.1 equiv.) of f-butyllithium in hexane was added dropwise and 

a bright red color appeared. After stirring for 15 minutes, 57 ^iL (1.2 equiv.) of 

trimethoxyboron was added in one portion to the reaction mixture. After stirring for one 

hour, the cooling bath was removed and the reaction was wanned to room temperature. It 

was then quenched with 0.032 mL (32 mg, 4,3 equiv.) of H2O and the tan solid was 

filtered (150 mg). The solid was identical (tic and NMR) with an authentic sample of 

/7-toluensulphonic acid. 

Attempt for 7-Aza-l,2-dihydro-l-hydroxy-2-phenyl-[2,3,l]-benzo-e-dia2aborine 

(APDZB) 

To a magnetically stirred solution of 100 mg (0.(X)036 mmol) of 5 in 3 mL of THF 

cooled to -78° C was added dropwise .257 mL of 1.4 M methyllithium in Et20 (1 equiv.). 

A clear orange solution was formed. After stirring for 10 minutes, .164 mL (I equiv.) of t-

butyllithium in hexane was added dropwise. A deeper orange-red color was formed and 

the mixture was stirred for another 15 minutes. Then, 49 of trimethoxyboron (1.2 

equiv.) is added in one portion to the mixture. Stirring is continued at -78° C for one hour. 
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then the mixture is allowed to warm to room temperature. The reaction was quenched by 

adding 300 ^iL of brine and the THF was evaporated under reduced pressure. Silicic acid 

column chromatography (Me0H:NH40H) of the orange residue provided a fraction 

containing a solid that gace an electrospray ionization MS (MeOH solvent) a spectrum with 

a molecular ion corresponding to the methyl ether of the title compound (mw 238). 
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