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NMR Nuclear Magnetic Resonance
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Abstract

A new synthetic pathway to analogues of the aglucones of naturally occurring

cyclic hydroxamic acids (2,4-dihydroxy-l,4-benzoxazin-3-ones) has been developed.

The new pathway involves the coupling of substituted nitrophenols wdth /-propyl-a-

bromo-O-methoxymethylglycolate. These materials were reductively cyclised to

reveal the hydroxamic acid functionality. Removal of the C-2 0-methoxymethyl

protecting group was achieved chemoselectively using boron trichloride. The

analogue 7-methoxy-2,4-dihydroxy-l,4-benzoxazin-3-one (DIMBOA) was assayed

with papain and a semilog plot of activity of papain in the presence of excess

DIMBOA was found to be linear. A single exponential equation was suggested as the

model for kinetic analysis. '^ Nuclear magnetic resonance (NMR) spectra of a

couple of hydroxamates were acquired as reference standards for future mechanistic

studies of these compounds as thiol protease inhibitors. A 10% '^-labeled sample

ofDIMBOA was also prepared for future mechanistic studies usingNMR techniques.
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Introduction

An effective and continuing area of drug design is the development of potent

enzyme inhibitors.'"* Specific enzyme inhibitors can correct metabolic errors or

excesses that cause diseases, or symptoms of diseases. In competitive enzyme

inhibition the drug molecule blocks access of the substrate to the active site, the site

on the enzyme where the catalytic conversion of substrate to product occurs. Our

intentions are directed at a specific class of compounds that act as thiol protease

inhibitors. These inhibitors covalently bond to the active site thiol and inhibit the

enzyme's ability to turn over substrate. Cysteine proteases such as cathepsins B, H, L

and S have been shown to play vital roles in a variety of disease states.*"'^

Specifically, cathepsin B has been implicated in diseases associated with abnormal

protein degradation such as arthritis'^, bone resorption'^'* and malignant tumor

development.'^'^' A specific class of naturally occurring compounds known as the

benzoxazine hydroxamic acids, which are found as the glycosides (1) in com and

other cereal grains, have been shown to inhibit papain and a-chymotrypsm. "
It

was determined that the active site cysteine and serine are involved during inhibition.

MeO

(1)





In the late 1950's and early 1960's reports were first published on suspected

insect resistance factors in maize^^'^* and rye.^' This work led to the postulation that

6-methoxybenzoxazolinone (MBOA) was the compound responsible for plant

resistance to insect hetbivory. Later developments showed that MBOA was a

degradation product of a cyclic hydroxamic acid glucoside.^^"^" This led to the notion

that the cyclic hydroxamic acids were the compounds that actually correlated with

plant resistance. Further analysis revealed that DIMBOA degraded unimolecularly in

a pH dependent fashion to yield ring contracted MBOA (Scheme J). An isocyanate

intermediate is believed to play a role in the decomposition ofDIMBOA to MBOA.

DIMBOA
-HCO2H

MeO^^^^v^^^OH

HH

MBOA Isocyanate

Scheme 1: The degradation pathway ofDIMBOA to MBOA.

Recently work on the chemistry of plant resistance has shown that the

benzoxazine family of cyclic hydroxamic acids act as digestive toxins to feeding

insect larvae.^^ Experimental trials involving feeding larvae of the European com

borer Ostrinia nubilalis (Hubner) an artificial diet doped vsdth DIMBOA increased

larval mortality, decreased pupal and adult weights, lengthened time to pupation and





decreased the number of eggs and egg survival.'^ More importantly, it was found that

the hydroxamic acids act as inhibitors of the gut proteases of the European com borer

Ostrinia nubilalis (Hubner).^'* These are mostly serine proteases with activity

maxima at the basic pH of the larval gut.'^ This discovery of biologically active

compounds has prompted our interest in the development of potential therapeutic

applications.

One other area of great interest in this series of compounds is the

development of alternate methods of crop protection. The use of harmful synthetic

pesticides has posed alarming problems in today's modem agricultural practice and

alternatives are desirable. With the use of gene technology increased concentrations

ofDIMBOA in plants may be obtained by enhancing the gene{s) that are responsible

for hydroxamate biosynthesis.'^ To achieve these goals, standard samples of the

various natural analogues of the cyclic hydroxamic acids are needed to screen the

very large libraries of seeds such that exist at CYMMIT (Intemational Center for

Maize and Wheat Development) El Batan, Mexico.'^

Chemistry

The most abundant cyclic hydroxamic acid found in com is 2,4-dihydroxy-7-

methoxy-l,4-benzoxazine-3-one (DIMBOA, 2).

1

MeO^T,^^^O^XmWo5 I
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DIMBOA and other cyclic analogs containing the hydroxamate functionality are

relatively strong organic acids with pKa's about 7.^^ Since the aglucones of these

acids contain an acetal moiety a second observed ionization {pK^=K^ * pKa phenol)

arises. The pKa2 of the phenol from the ring opened acetal is approximately 10

(Scheme 2).

MeO

MeO,

O^^OH MeO

I

OH

O.

O® ¥

N^O

MeO

G

Y o
OH

K,

OH ¥

^ o
o^

Scheme!: Ionization ofDIMBOA.

DIMBOA was also found to react with excess thiol to give the amide 2-

hydroxy-7-methoxy-2H-l,4-benzoxazin-3-one (HMBOA) (Scheme 3)
37

MeO 0,.^^0H

N^O
I

OH

excess RSH
^

pH7-ll

MeO 0,^^^0H

N^O
H

HMBOA

Scheme 3: Reduction ofDIMBOA by excess thiol.





The mechanism of reduction has not been unequivocally established but it is

believed to be a result of thiol attack on the nitrogen forming a sulphenamide

derivative (Scheme 4).^^ The next step involves the formation of a disulfide bond by

attack of another molecule of thiolate on the intermediate sulphenamide and release

ofthe lactam.

MeO^^>s,^O^^OH MeO^^^-v^O^^OH

I

Su^henamide

Scheme 4: Sulphenamide formation by thiol attack on the hydroxamate nitrogen.

DIMBOA has also been shown to react with amines such as indole and it is

postulated that 'hard' nucleophiles such as amines react at both carbonyls (amide

carbonyl and open form aldehyde) and 'softer' nucleophiles such as thiols react at the

aldehyde of the open form or directly on nitrogen to give the amide HMBOA.^'"*'

With such reactivity to thiols it is believed that the benzoxazine hydroxamic acid

family possesses the ability to be viable inhibitors of thiol-containing enzymes. As

previously mentioned, it was discovered that DIMBOA was an inhibitor of papain

and that the active site cysteine was involved. DIMBOA can be seen to have a

variety of pathways for the inhibition of papain because of the electrophilic sites

associated with DIMBOA. A description of the possible inhibition pathways is

described in Scheme 5.





'^ OH

/ Papain \ / Papain \
" OH^x ^x^ "^^0:?--"^^:^

1 .„
I

O—SctEiE

N ^O

Scheme 5: Possible enzyme inactivation pathways.

As can be seen in the above scheme numerous pathways exist. In the closed form

DIMBOA is susceptible to attack at nitrogen by cysteine (Cys-25) consequently

inhibiting the enzyme. The other possible route is formation of an acetal with a

nearby serine residue. This can then be followed by thiol attack on the nitrogen.

Some of the other scenarios involve the ring opened form of DIMBOA. In the ring

opened form the electrophilic aldehyde is susceptible to attack by cysteine to form

the hemi-thio acetal which can eliminate to form the isocyanate. The reactive

isocyanate can then alkylate an active site residue (histidine's imidazole) or cyclize to

form MBOA. The aldehyde can also form a hemi-acetal with the nearby serine.

Cysteine attack on the nitrogen would then inactivate the enzyme.

Examples of papain inhibition suggests that a sulphenamide adduct is the

form that the inactive enzyme takes.'*^ Electrospray mass spectrometry has provided

evidence for the formation of the sulphenamide adduct. ''^ Labeled experiments('^C,





1^ conducted on 6>-acylhydroxamates have also shown a novel sulphenamide

structure (3).'*^

Enz—S^ R

Sulphenamide

(3)

To determine the pathway of hydroxamate reduction in our model, both '^ NMR

and '^C NMR spectra of various analogues as well as intermediates are needed. The

measurements obtained can then be compared to an NMR sample of *^-, and ''C-

enriched DIMBOA and mixtures of labeled DIMBOA with papain to determine

where binding and inhibition is occurring. With this spectral information the

mechanism of inhibition can be understood and further modifications can be

developed to design a more potent inhibitor.

Enzyme Inhibition

Enzymes are natural catalysts for specific reactions essential for living

organisms. Their active site allows for specific recognition of substrates even in

complex media containing many different compounds. Enzymes bind the substrate in

the active site and provide an appropriate environment for catalysis. Competitive

inhibitors ofenzymes block this process fi-om taking place and therefore render the

enzyme inactive. Enzyme inhibitors that perform this task can be classed into two

categories (Figure 1).'*^





Nonctt^gtit Inhibitors Covalent Inhibitors 'I

rapid reversible inhibitors

tight, slow, slow-tight binding inhibitors

transition-state analogues

multisubstrate analogues

mechanism-based inhibitors

affinity labels

pseudoirreversible inhibitors

quiescent affinity label

Figure 1: Categories ofenzyme inhibition classes.

The design of thiol protease inhibitors using cyclic hydroxamates would seem to fall

into the affinity label category. This category is usually recognized as containing

irreversible inhibition. Affinity label inhibitors are analogues that contain a reactive

electrophilic functional group. The first step of inhibition involves the reversible

binding of the inhibitor to the enzyme. This is followed by nucleophilic attack of an

active site residue on the electrophilic group of the inhibitor forming a covalent bond

between enzyme and inhibitor. The design of such compounds requires knowledge of

regions necessary for optimal binding of the inhibitor to the enzyme. Information of

functional groups necessary for binding to the enzyme are also essential. Affinity

labels can be potent drugs if they are designed with a high degree of selectivity and

affinity for their target enzyme.

To begin the design of a highly effective protease inhibitor some knowledge

of the specific proteases in question are needed. Two highly characterized cysteine

proteases that would be excellent starting points are papain and cathepsin B. These

proteins are very similar in that they both have nearly superimposible active sites and

both accept substrates of similar structure.*^





Papain

Papain is a cysteine protease that has been extensively studied over the years.

The enzyme is a single polypeptide containing 212 amino acid residues and has a

molecular weight of 23, 406 Da.'*^ The polypeptide chain is folded in such a way that

two domains are formed. These two domains (Region 1, Region 2 of Figure 2) make

up a cleft into which the substrate binds(Figure 2).'*''





Figure 2: Papain (E.C.3.4.22.2; Cys-25 oxidized) with a view ofthe active site cleft.

Yellow Cys-25; Cyan His-159.
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The active site of papain has been shown to accept seven amino acid residues from a

peptidyl substrate, four on the acyl side of the hydrolyzed bond (S4 to Sj) and three on

the amino side (S,' to S3').'** The subsite nomenclature (S„, Sn') is that of Schechter

and Berger who first postulated their multi-site recognition model for proteases,

specifically papain. The S2 subsite (a region on the enzyme) has been recognized as

accepting hydrophobic amino acids and the Si' site to show specificity towards

isoleucine or tryptophan. The active site residues responsible for hydrolysis are

cysteine-25 (Cys-25) and histidine-159 (His-159). These two amino acid residues

have been widely accepted as existing as an ion-pair and have been shown to be the

active form of the enzyme (4).^'

H
Cys25 ^ ^N His 159

®

"—
-S^

(4)

The two residues are located on opposite sides of the cleft. Stabilization of this

thiolate-imidazolium ion pair is believed to result from the directed dipole of an a-

helix, Cys-25 being located at the end of this helix. ^^ The a-helix has a positive

dipole at the Cys-25 end. Stabilization also comes from specific neighboring residues

such as aspargine-175 (Asn-175). The Asn-175 residue stabilizes the positive charge

in His-159 by hydrogen bonding through the amide oxygen O^i and the nitrogen Ne2

atom.'*^ This hydrogen bond is located in a hydrophobic region composed mainly of

11





residue's phenylalanine-141 (Phe-141), tryptophan- 177 (Tip- 177), and tryptophan-181

(Trp-181). Trp-177 plays an essential role in that it raises the pKa of His-159 by

shielding the His-Asn hydrogen bond from solvent. Another important enzyme

residue involved in catalysis is glutamine-19 (Gin- 19). This residue has been shown

to form an oxyanion hole that helps stabilize the tetrahedral intermediate formed

during hydrolysis.'*^ A schematic of the postulated mechanism of hydrolysis of an

amide by a cysteine protease is demonstrated in Scheme 6.*^

I

R'
^I^rm^^I^

L„

binding•ng/
acylation

R





(RNH2). In the next step a water molecule attacks the acyl enzyme releasing the

product (carboxylic acid). Release of this product from the active site then

regenerates the free enzyme. Along this reaction pathway many intermediates and

transition states are believed to exist and further studies are required to clarify the

exact mechanistic pathway.''^ It has been proposed that during acylation and

deacylation tetrahedral intermediates are formed.

Affinity Labeling Kinetics

To study affinity label inhibitors knowledge of the general kinetic model is

necessary. A simple expression for inhibition of this class of inhibitors is shown in

Figure 3.

ki k2
+ I ==^ E- 1 ===== E-I

k.i

Figure 3: General kinetic scheme.

The first step of enzyme inhibition is the formation ofthe enzyme inhibitor complex

EI. This first step is a fast binding step that is followed by a rate determining step of

covalent bond formation (E-I). In order for a compound to be classified as an affinity

label inhibitor it must meet certain conditions.^^ The first condition is that the

inhibitor must form an (irreversible), active site directed, covalent linkage with the

active form of the enzyme. It must also show saturation kinetics by exhibiting time

and concentration dependent inactivation. The third condition requires a 1:1

stoichiometric ratio of the enzyme's active site and inhibitor. From the knowledge

13





gained to date on the cyclic hydroxamic acids^^ it is believed that all three conditions

of an affinity label inhibitor have been met.

Additional Thiol Protease Inhibitors

Many other irreversible inhibitors of thiol proteases are known in the

literature. Epoxysuccinyl inhibitors such as E-64^^' (5) and EP-475^'^' (6) have

been used as probes for cysteine proteases.

O „ O

HO^<7y"y^K^^-^V"^Ox' NH

r
(5)

O „ OH I

•<IT
HO

- «

(6)

Analogues ofEP-475 with a carboxamide terminus and a hydroxamic acid terminus

have been recently synthesized for studying the mechanistic inactivation of papain.

Both the E-64 and E-475 inhibitors are believed to act by alkylating the cysteine thiol

and rendering the enzyme inactive.

Peptidyl O-acyl hydroxamates (7) are also known potent irreversible

inhibitors of cysteine thiols like papain and cathepsin B.^^"^

14





» 5 k » I

(7)

These inhibitors have been used in characterizing the inactive form of papain.

Mechanistic studies involving the use of electrospray mass spectrometry and '^

NMR have shown that a sulphenamide adduct is the form the inactive enzyme takes.

It was also discovered that the inhibition of papain by O-peptidyl hydroxamates

proceeded by two different pathways {Scheme 7).*^'^^

H
y Peptidyl—N—S—Enz

II

UTT/ Sulphenamide

p-\ ^
Peptidyl—n' R + Enz—SH

No \
DYT \ Enz—SO2H

Siriphinic Acid

Scheme 7: Inhibition pathways of papain by 6>-acyl hydroxamates.

The first pathway is the formation of a sulphenamide adduct when inhibition is

conducted in the presence of a reducing thiol like dithiothreitol (DTT). The second

pathway, in the absence of DTT, produces a sulphinic acid adduct as the inactive

form of papain. Both these adducts were discovered by using electrospray mass

spectrometry techniques, '^N- and '^C- nuclear magnetic resonance (NMR)

measurements.

Alpha-chloroketones have also been studied as thiol protease inhibitors.^"*' It

15





was discovered that the electrophilic nature of theses inhibitors lead to indiscriminate

alkylation in vivo. Similar peptidyl fluoroketones were found to be much less

electrophilic and more stable to the presence of thiol groups which rapidly destroys

the chloroketone derivatives.^^ Other similar analogs such as the peptidyl

(acyloxy)methyl ketones (8) are also very potent inhibitors of cysteine proteases,

particularly cathepsin b7°"''

' IZ-Phe-N ^^ O R"

" O

(8)

It was these hydroxamates that lead to the new class of quiescent affinity label

inhibitors. ' This new class of inhibitors is characterized as being chemically

unreactive under physiological conditions of temperature and pH, but undergo Sn2

displacement when bound to the active site of the target enzyme. These inhibitors are

less susceptible to nucleophilic attack then both the peptidyl chloro- and

fluoroketones. It is believed that by modifiying the acyloxy portion of the inhibitor,

control of reactivity can be obtained and manipulated as needed.

Peptidyl Michael acceptors such as (9) are also potent inhibitors of papain.^'*

16
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(9)

It was believed that by modifying the Michael acceptor portion of the molecule the

reactivity of these inhibitors could be controlled It was discovered that only small

changes in inhibition could be observed and that substrate specificity had a much

greater impact on inhibition.

Vinyl sulphones have also been utilized as cysteine protease inhibitors (10).

R2

H2N

f H

O Ri

(10)

These inhibitors were designed with the intention of targeting specific diseases that

involved a cysteine protease. It was believed that the sulphone group would be ideal

because of its low reactivity and ability to form hydrogen bonds. The sulphones were

found to be stable in the prescence of a thiol (glutathione), and a serine protease and

have excellent chemical stability. From these results it was concluded that the vinyl

sulphones were unreactive unless in the active site of the target enzyme. This led to

the notion that these novel compounds may play a key role in developing therapeutic

candidates.

17





Analogues of Interest

Screening of various hydroxamate analogues is required to investigate the

potential use of benzoxazine hydroxamic acids as thiol protease inhibitors. Initial

samples prepared for such studies consisted of the naturally occurring analogues

DIMBOA, DIBOA and DIM2BOA followed by a variety of analogues (Figure 4).

Analogues will be of particular interest in exploring the chemistry and mechanism of

protease inhibition through the effects ofbenzene ring substitution.

Hydroxamic Acids Amides

OH

Ri R2 R3 X Acronym

H
H

MeO
H

MeO MeO
H MeO
H
H
H

H
H
H

MeO
OCH2O

MeO H
H H

OH
OH
OH
OH
OH
H
H

DIMBOA
DrooA
DIM2BOA

Figure 4: Natural and synthetic analogues of cyclic hydroxamic acids.

Samples that contain halogens (CI, F), and nitro (NO2) on the aromatic ring are

currently in hand. These materials have been previously shown to react very slowly

with a thiol such as mercaptoethanol. The analogs of interest to us are those with

methoxy substitution on the aromatic ring.
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Synthetic Methodology

The synthetic route to generating the compounds of interest was a variation of

the synthesis by Atkinson et al.^^ The method involved coupling of an appropriately

substituted o-nitrophenol with a protected a-hydroxy-a-haloacetate. The coupled

material was divided into two portions. One portion was reductively cyclized using a

variation of the methodology first reported by Coutts^^^' and later utilized in a

patent^* to incorporate the hydroxamic acid functionality and the second portion was

reduced by standard hydrogenation techniques revealing the amide

functionality(S'cAeme 8).

OL * H ~^ yi v
P=Protecting Group

HahHalogen (1)

Alkyl

I) / \ (2)

/c^K \Hydrogenation

I I

OH H

Ifydroxamic Acid Amide

Scheme 8: General synthetic pathway to DIMBOA and other analogs.

In the original synthesis the final step involved chemoselective deprotection of the

C-2 (P= CH3, Scheme 7) methoxy group to reveal the hydroxyl group. This step

became problematic for analogs with methoxy substituents on the aromatic ring. To

overcome the chemoselectivity of the methoxy groups a /-butyldimethylsilyloxy

group was used in previous work to protect the two carbon synthon The synthesis

19





with this new protecting group proceeded without incident until deprotection. It was

discovered that the group could not be hydrolyzed under the variety of cleavage

conditions (F", acid hydrolysis). In the new synthesis a modified two-carbon analog

was developed to eliminate the problematic chemoslective deprotection. The

protecting group used was the methoxymethyl ether (MOM) group. This group was

easily removed under Lewis acid hydrolysis without affecting the ring substituents.

In light of the above information the goal of my research was to develop an

efficient synthesis for the various natural and synthetic cyclic hydroxamic acids.

Preliminary assay of DIMBOA's inhibition of the cysteine protease papain would

also be helpful to confirm a published kinetic scheme. Furthermore it was desired to

obtain '^ NMR spectra of select samples to confirm chemical shifts of suspected

intermediates. This information will then aid in understanding the chemistry of the

cyclic hydroxamates and possibly help develop potential therapeutic agents against

several diseases involving inappropriate activity of thiol proteases.
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Results & Discussion

Synthesis

The preparation of various analogues of the aglucones of the naturally

occurring cyclic hydroxamic acids and the corresponding lactams (Figure 5) was

performed following the general synthetic pathway depicted in Scheme 8. The most

important feature to recognize in the methodology was the revealing of the C-2

hydroxyl group in the final deprotection step. In order to reveal the C-2 hydroxy!

group the use of an acid labile protecting group was required. An acid labile

protecting group was needed because of the decomposition properties exhibited by

the cyclic hydroxamic acids under basic conditions (Scheme 9). The pH-dependent

decomposition of these cyclic hydroxamates describe a bell-shaped curve with a

maximum at about pH 9.^

OH H

DIMBOA MBOA

Scheme 9: Decomposition ofDIMBOA to MBOA.

The removal of the protecting group must also be compatible with multiple alkoxy

substituents on the aromatic ring. Deprotection of the 2-methylacetal derivatives

with boron trichloride (BCI3) interfered with the ring methoxy substituents and

resulted in low yields of desired product. The protecting group successfully utilized

in this work was the MOM (methoxymethyl ether) group. This protecting group

21





satisfies all the criteria needed for the synthesis, that is, the group must be stable to

basic conditions and be easily removable in the final stage of the synthesis.

Introduction of the MOM group was accomplished using dimethoxymethane and the

readily available ethyl glycolate in the presence of a catalytic amount of p-

toluenesulfonic acid. Once the protecting group was introduced the next step of the

synthesis involved a-bromination of the protected glycolate and coupling with a

nitrophenol. Standard bromination techniques using bromine in refluxing

dichloromethane were unsuccessful. A method involving the use of N-

bromosuccinimide (NBS) in caiiwn tetrachloride was attempted and complete

bromination was obtained. The mechanism is likely to proceed through a radical

Q1

bromination process as described by Dauben and McCoy in a similar mechanism.

There are a variety of methods to initiate radical processes. The list includes radical

initiators, heat and light (UV-Vis). The method used to initiate the reaction in this

procedure was an incandescent light.

A typical bromination procedure involved stirring the protected glycolate and N-

bromosuccinimide (NBS) in carbon tetrachloride in the presence of an incandescent

light {Scheme 10).

OJ^^

Oecu Br 0-B

Scheme 10: Bromination of ethyl methoxymethylglycolate.

After one hour a faint clear light brown solution containing the dense white solid
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(NBS) could be seen. After an additional hour the solution was clear and colorless

and the less dense succinimide (white solid) was present. The reaction could be

monitored visually on the disappearance ofNBS and the appearance of succinimide.

Initially hfBS is denser and insoluble in carbon tetrachloride and as a result remains at

the bottom of the flask. Once NBS was consumed, and the insoluble succinimide

formed a less dense white solid was seen "floating" on the solvent. This indicated

that bromination was complete. ^H, '^C NMR measurements conducted with a

sample of the brominated glycolate in CCI4 indicated bromination was complete (See

experimental section).

With the successful bromination of the glycolate, the next step of the

synthesis was coupling with a substituted nitrophenol. A variety of methods were

attempted including the use of the potassium nitrophenolate salts. The best coupling

procedure developed was addition of the brominated glycolate to a solution of the

nitrophenol in dichloromethane with an excess of triethylamine. The mixture was

left to reflux overnight under an atmosphere of nitrogen {Scheme 11).

OH MOMO O CH£fe ^W^X^!^"''

Scheme 11: Typical coupling procedure.

On the following day the mixture was washed twice with a saturated solution of

sodium bicarbonate and once with water. The dichloromethane was then dried and

evaporated to give a dark orange liquid. The liquid was chromatographed on silica
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gel to give the appropriately coupled material with yields on the order of60-70%.

An important feature which was discovered during the early stages of the

synthesis was the effect of the alkyl group on the ester portion of the glycolate (11) on

reaction products.

o p

O-Alkyl

(11)

It was determined that when the alkyl group was small (ethyl, methyl) yields were

lower and when the group was bulkier (/-propyl) reactions were 'cleaner' and higher

yielding. Another interesting side product that resulted during the coupling of i-

propyl-6>-methoxymethyl-a-bromoglycolate and 5-methoxy-2-nitrophenol was the

formation of 5-methoxy-2-nitro-0-methoxymethylphenol (12).

NO2

(12)

The MOM nitrophenol was isolated during colunm purification and quantified

to be about 2%(wt.%) of the recovered mass. Since the side product was minimal no

further modifications to the method were made.

After discovering that the /-propyl group was best, the /-propyl ester of the

glycolate was prepared on a larger scale. This was accomplished in relatively good

yield (72%) using the readily available stsfrting materials glycolic acid and /-propanol
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in dichloromethane containing a catalytic amount of/7-toluenesulfonic acid {Scheme

12).

^^sP OH Ol^ "^^^
OH ^^^ p-TsOH O—

(

Glycolic Acid /-Propanol /-Propyl Glycolate

Scheme 12: Preparation of /-propyl glycolate.

The MOM group could then be introduced using the same method as described

above , depicted here in Scheme 13.

HO P CH2CI2 ^O^^O p

O-/ /^TsOH 0-(

/-Propyl Glycolate Dimethoxymethane i-Propyl Methoxymethyl
Glycolate

Scheme 13: Incorporation ofMOM group.

Conducting a new coupling experiment utilizing /-propyl methoxymethyl

glycolate greatly enhanced the yields of this step. It was still noted that a small

percentage (<5%) of the MOM nitrophenol was a contaminant. Since the amounts

were not significant no further modifications were needed. The coupled material was

purified by column chromatography and subsequently used in the ensuing steps.

With the purified coupled materials in hand two separate methods of

reductive cyclizations were explored. The first method of cyclization, the

methodology first reported by Coutts*^ and later utilized in a patent^* reveals the

hydroxamic acid functionality. To prepare the lactam, standard hydrogenation with
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10% palladium on carbon (10% Pd/C) was employed. In the first method, sodium

borohydride is utilized as the reducing agent with a Pd/C catalyst in a 1:1

water/dioxane solvent system. In the second method, reduction was accomplished

using a Parr hydrogenator and ethyl acetate as the solvent. It was determined that a

1:1 ratio of substrate to 10% palladium on activated carbon (10% Pd/C) was needed

in order to achieve full reduction to the lactam. If less catalyst was used some

hydroxamic acid could be detected by TLC or by a ferric chloride test.*^"*^ Since

purification ofthe mixture was often time consuming and tedious, it was decided that

an excess of 10% Pd/C be used in each hydrogenation. Purification of the reduced

materials was not necessary since the products indicated high purity as judged by

TLC, NMR and mass spectral techniques. A clean reduction was a key element in

the synthesis because of the difficulty in purifying the final products. Most

compounds were either difficult to solubilize or if once in solution, difficult to

crystallize. Other methods of purification, such as ion exchange resins, were

attempted but did not prove to be of any added value. A Sephadex-SP C-25 ion

exchange colunm was explored but it was found to be tedious to prepare and time

consuming to run. Furthermore, once passed through the ion exchange column the

bound iron (Fe^^ had to be reduced and the desired product extracted with ethyl

acetate. This method did not prove to be beneficial in the purification of the cyclic

hydroxamates and was avoided. It was clear fi'om the analytical techniques that the

materials were of high enough purity to proceed to the next step.

The final step of the synthesis involved removal of the protecting group from
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all the analogues containing the methoxymethyl (MOM) functionality. Initially it was

believed that simple acid hydrolysis would be sufficient. Generally, acetals are

readily hydrolyzed in acidic solutions.*^ In this instance, mild conditions (5% HCl) to

harsh conditions (35% HCl) were employed and it was discovered that only harsh

conditions would remove the protecting group. Such conditions, however, lead to

degradation of the desired product. Since acid hydrolysis was ineffective an alternate

method was sought. Strangely enough, the method of choice was the Lewis acid

boron trichloride (BClsX&Ae/we 14).

MeO,,^^:^0 O^/O^ MeO,,^2s^O OH

y^N^O ' ^"^ -^ ^N^O
OH OH

Scheme 14: Deprotection ofDIMBOA-MOM.

A commercially available 2.0M solution of BCI3 in dichloromethane was used.

Under cold (0°C) stirring conditions BCI3 proved to be satisfactory in removing the

MOM group. It was also chemoselective in the removal of the MOM group in those

analogues that contained methoxy substituents on the aromatic ring. BCI3 is a well

known reagent for the cleavage of methoxy groups^ and it was believed that this

could pose problems towards the polymethoxy substituted samples. But under the

conditions utilized all deprotections were nearly quantitative and no further

purification techniques were required (Figure 5).
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catalyzed unimolecular) is the mechanism most widely observed by the majority of

acetals. This mechanism is depicted in Scheme 15 and is described by the

formation of a carbocation intermediate (rate determining step) before the

introduction of water.

H
I

Acetal

H
\:oR

H^ V +OR slow \ +^H ^ V' ^==^ C-O-R
OR / '^« -ROH ^

H

OR -ROH

H20

/ ^H

ROH

-n\ \ PR
/ OH2

Hemiacetal

/ 'oh

V;c-oH ^ H^
OA

Scheme 15: The A-1 mechanism of acetal hydrolysis.

In the first step of hydrolysis by the A-1 mechanism, protonation of the acetal occurs

rapidly. The second step (rate determining) is the departure of the alcohol and

formation of the carbocation. Attack by water and loss of a proton to produce the

hemi-acetal is rapid. The sequence is repeated for the hemi-acetal to the carbonyl

group. This mechanism has been has been well characterized using optically active

alcohols which are not found to racemize on hydrolysis.^' Labeling ('*0)

experiments with /-butanol also indicated that the R-O bond did not cleave.'^

Although a variety of acetals follow the A-1 mechanism there are examples of acetals

which do not. The second mechanism, A-2 (acid catalyzed bimolecular) is similar to
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the A-1 mechanism but in the A-2 mechanism the first and second steps are concerted

(Scheme 16).

I*

\ OR

/ OR
Acetal

OA

H
I

+ +0RH^ V
/

1^ OR H2O

\ OR

/ OH
Hemiacetal

-H

H
I

OR
\:
C-OR

/!
OH2

\ OR

/ OH2

Scheme 16: Hydrolysis of an acetal by the A2 mechanism.

Isotope effects have shown this mechanism to apply in the hydrolysis of 1,1-

diethoxyethane. The last mechanism of hydrolysis is abbreviated the A-Se2

mechanism (bimolecular electrophilic substitution). This mechanism is much like

the A-1 mechanism but the first step (protonation) is the rate determining step

{Scheme 17)
94

\ OR

/ OR
Acetal

Hl^
slow

H

t6R

>:/ OR

O

\+
C-O-R

' H2O

h"

\ OR

/ OH
Hemiacetal

Scheme 17. A-Se2 hydrolysis of acetals.

This mechanism follows general acid catalysis whereas mechanisms A-1 and A-2

30





follow specific acid catalysis. In general acid catalysis the rate determining step is

the protonation of the substrate. This is characterized in substrates that can further

stabilize the carbocation intermediate. If this stabilization can occur, the A-Se2

mechanism is probably occurring. An example of the A-Se2 mechanism is the

hydrolysis of2-/>-nitrophenoxytetrahydropyran.'^"^ General acid catalysis is typically

found in the hydrolysis of ortho esters.'^ Looking at the features ofDIMBOA-MOM

it would appear that stabilization of an intermediate carbocation is unlikely. This

would then indicate that the hydrolysis of MOM-DIMBOA follow either the A-1 or

A-2 mechanism.

As established in the literature, stereoelectronic effects also play a vital role in

acetal hydrolysis. It is postulated that the lone pair of electrons on the unprotonated

acetal oxygen be antiperiplanar to the protonated oxygen (leaving group). In the

DIMBOA-MOM model the possible carbocation intermediates are depicted in

Scheme 18.
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Scheme 18: Possible carbocation intermediates.

Evidence of the antiperiplanar lone-pair hypothesis is well understood in the a-

glycoside (axial) and P-glycoside (equatorial) examples.^* Both systems are

hydrolyzed under identical conditions but the axial anomer is hydrolyzed via the

ground state chair conformation. The equatorial anomer first undertakes the twist-

boat conformation in order for the lone pair of electrons on oxygen to be

antiperiplanar to the leaving group {Scheme 19). Once antiperiplanar, the leaving

group (methanol) is released. Water then comes in and attacks the carbocation,

forming both the a and P hemi-acetals.
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a- Glycoside

HO

HO
HO

Is »Jm,

^ISf-^^^ H,OH—
not shown
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HO

i
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\
"

I

HO-tH--/-^ HO
HO-.,./-y-~fV HO

H
O H OH A S " 'oh

Scheme 19. a, /3-Glycoside hydrolysis mechanism.

Applying such a stereochemical argument to the DIMBOA-MOM model does not

seem appropriate because of the free rotation which we believe exists around the

MOM group. This free rotation should allow for proper stereoelectronic

requirements to be met and hydrolysis to occur. Unfortimately acid hydrolysis fails to

remove the protecting group.

Mechanism of Inhibition and **N, "C NMR.

As previously described in Scheme 5, DIMBOA may inhibit papain in several

different manners. In order to frilly elucidate the mechanism of action more
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information is necessary. In order to begin this task '^ NMR spectra of DIMBOA

methyl acetal, DIMBOA and the corresponding amide (HMBOA-Me, HMBOA)

derivatives are needed. Chemical shifts for DIMBOA-Me and HMBOA were

obtained and are shown in Figure 6.
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Preparations of a benzyl sulphenamide analog of 2,4-dimethoxyacetanilide were

attempted and it appears to be problematic. A variety of synthetic pathways

involving the addition of benzylsulfenyl chloride and 2,4-dimethoxyacetanilide were

attempted but all failed to yield the desired material. Further exploration into the

synthesis of the sulphenamide will be needed in order to obtain an '^ spectra of a

sulphenamide standard.

Conducting papain inhibition studies using NMR techniques requires '^

labeled DIMBOA because of the many nitrogen centers throughout papain.

Enriching DIMBOA with 10% '^ should allow identification of the nitrogen signals

and overcome the low natural abundance of '^ (0.37%). The synthesis of the

labeled material was achieved by nitrating 3-methoxyphenol with 60%(v/v) HNO3

ilO%^^N){Scheme 20).

. HN03 —- \CX^^-^ NO2

Scheme 20: '^ Methoxynitrophenol synthesis.

The labeled nitrophenol was then treated using the standard procedure developed for

the unlabeled materials. Ideally a '^C labeled sample at the C-2 position ofDIMBOA

would provide information about the involvement of the hydroxyl group at that

position, and a '^C label at the C-3 position would assist in determining the role of an

isocyanate. Once all of the spectra have been acquired a mechanism of action can be

determined or postulated and the development ofmore specific inhibitors undertaken.
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Enzyme Inhibition Assays

DIMBOA was assayed against papain to ensure reproducibility of reported

inhibition curves. Previously published data on DIMBOA inhibition of papain were

least squares fitted to a double exponential equation.^ The equation that described

the model is as follows (Figure 7).

E + I A^ E, + I A^ E,,

Figure 7: Double exponential kinetic model for DIMBOA activity.

The above expression describes a system where modification of one amino acid

residue of the protein does not affect a second residue fi"om being susceptible to the

inhibitor. The same authors also conducted an amino acid analysis of the bound

protein and found that only cysteine and serine decreased significantly compared to

the native protein. We believe that serine is involved in the formation of an acetal

with the hydroxyl group at the two position of DIMBOA and that upon amino acid

analysis formation of dehydroalanine results (Scheme 21).
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Scheme 21: Amino acid analysis products.

This would explain the decrease of serine in the amino acid analysis. To confirm

this an amino acid analysis with the monitoring of dehydroalanine would be required.

It has been shown in the literature that dehydroalanine can be a product of the

dehydration of serine in polypeptides. More specifically, site directed mutagenesis

was utilized in the identification of serine- 143 as the precursor of dehydroalanine in

the active site of histidine ammonia-lyase.'^ It was also discovered that lantibiotics

such as nisin (food preservative) and epidermin (acne treatment) contain afi-

dehydroamino acids of both serine (dehydroalanine) and threonine

(dehydrobutyrine).'"' It is believed that an enzyme catalyzed dehydration is

responsible for the formation ofthe a^-dehydroamino acids.

After conducting preliminary inhibition studies with DIMBOA we found that

a correlation with the above model to be insufficient or inadequate. The data did not

fit the expected double exponential expression shown in Figure 8. When the model
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was simplified to a single exponential a better correlation was obtained. The new

model involves the modification of only one essential amino acid residue to

inactivate the protein.'"^ For papain this would mean that modification of Cys25

inactivates the protein. The equation for this model is expressed as follows in Figure

8, where

(A)^ ^ -kAt

(A)o ^

Figure 8: Single exponential equation.

kA is the activity constant. We believe that this model better describes the actual

kinetics because although serine can form an acetal with the hydroxyl group at

position two of DIMBOA, it appears unnecessary for inhibition to occur. What may

be occurring is that a second molecule ofDIMBOA is responsible for the formation

of a hemi-acetal with serine. Experiments described in Perez and Niemeyer's paper

using 2-deoxy-DIMBOA showed rate constants that are very similar to that of

DIMBOA's (13).

^X Vs:x
I I

OH OH

DIMBOA 2-Deoxy-DIMBOA

(13)

This lead us to believe that the hydroxyl group at the two position ofDIMBOA was

not an essential feature for papain inhibition. A semi-log plot of activity vs. time for

DIMBOA using the postulated model is as follows (Figure 9).
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Figure 10: Inactivation of papain by the amide HMBOA.

With these preliminary results it appears that the new model fits the

experimental results but further work is needed in order to confirm this conclusion.

Additional trials using various concentrations ofDIMBOA are also needed in order to

obtain an inhibition constant (Ki).

Chemistry of Inhibition

As described in Scheme 4, inhibition of papain with DIMBOA can take

several different pathways. It is our understanding that inhibition most likely

proceeds by direct attack of the thiolate on the hydroxamic nitrogen. This
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mechanism of action has been previously suggested in the literature/' It has also

been shown that electron donating groups on the aromatic ring enhance reactivity of

these compounds toward thiols. It is believed that resonance between the ring and

nitrogen helps to stabilize the positive nitrogen which is directly attacked by thiolate

(14)

MeO

(14)

This ion pair is then susceptible to nucleophilic attack by a thiolate, forming a

covalent linkage and rendering the enzyme inactive. It is this electronic nature that is

key to designing a cysteine protease inhibitor. By incorporating the appropriate

subunits for enzyme specificity and by controlling ring substitution it is believed that

a highly specific and potent enzyme inhibitor can be obtained.

Future Work

One of the first tasks for continuing in the design of a potent cysteine protease

inhibitor for papain is the elucidation of the mechanism of inhibition. This would

require the use of a high field NMR instrument for measuring '^ chemical shifts of a

bound sample of '^ DIMBOA to papain. A sulphenamide analog of DIMBOA-

methyl acetal would also be beneficial in the assignment of the '*N chemical shift of

the bound protein. Once the information, is obtained, the mechanism of inhibition
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can be determined.

Incorporation of other structural features into the aryl hydroxamate is

necessary in order to design a highly specific and potent inhibitor of the proteases

papain or cathepsin B. One structural feature that can aid in this task is the

incorporation of hydrophobic groups at the S2 position. Cathepsin B can also accept

a basic residue at this site.

derived from tyrosine (15).

103-105
One of the first compounds of interest would be

O..^.OH

(15)

These compounds would provide valuable information for the binding at the S2 site

on the enzyme. In addition to modifications at the S2 site the S2' is also an area of

interest. This site is known to accept acidic groups such as the carboxyl group.

One series of compounds could involve the replacement of the C-2 hydroxy group for

a carboxy terminal chain (16).

''Y^^^co.h^

^2*

(16)
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Once preliminary results on these inhibitors are obtained further modifications

could be made to take full advantage of the binding sites (S2, S2') With positive

pharmacological results a lead candidate could be obtained and further explored.
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Conclusion

A new synthetic pathway to the generation of various natural and synthetic

hydroxamate analogues (2,4-dihydroxy-l,4-benzoxazin-3-ones) has been developed.

The new synthesis involved coupling of ;-propyl-a-bromo-a-methoxymethyl

glycolate with an appropriately substituted nitrophenol, and occurred yields in excess

of 80%. The key step to an efficient route to the hydroxamate analogues was the

chemoselective removal of the methoxymethyl (MOM) protecting group. The MOM

group was easily removed with boron trichloride in a chemoselective fashion with

yields greater then 85%. With the samples in hand an initial inhibition study of

papain was conducted using DIMBOA. Previously published data on the inhibition

of papain with DIMBOA suggested fitting the data to a double exponential equation.

We found that this was not sufficient and a single exponential equation was used.

The data fit the single exponential equation with good correlation but fixrther trials

are needed in order to obtain a Ki. The mechanism of inhibition of papain with

DIMBOA is also not known. In order to elucidate the mechanism of action an '^-

DIMBOA analog was prepared. '^ Nuclear magnetic resonance (NMR) spectra

were obtained for the labeled material and for various reference standards. These

will provide chemical shift reference signals for future papain inhibition studies.

Overall, a new and efficient route to the synthesis of cyclic hydroxamates of the

benzoxazine family has been achieved with excellent yields. This new methodology

gives an efficient route to producing gram quantities of the desired materials.

Investigation into the inhibition of papain with DIMBOA has also led to the discovery
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that a single exponential equation may be more appropriate than the previously

published double exponential equation. '^ NMR spectra of a labeled '^ DIMBOA

analogue as well as a variety of standards was also performed. These will be crucial

as reference standards for the elucidation of the mechanism of inhibition. With all of

this information at hand we are now one step closer to developing therapeutic agents

for the fight against diseases like arthritis, bone resorption and malignant tumor

development.
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Materials and Methods

General

All reagent chemicals were purchased from the Aldrich Chemical Company

except where indicated. Solvents were purchased from Caledon. Isopropanol,

carbon tetrachloride and dichloromethane were dried over 4 A sieves for a minimum

of twenty four hours. N-Bromosuccinimide was recrystallized using water biweekly

to keep the reagent free of impurities.*' Melting points were obtained on an

Electrothermal capillary melting point apparatus and are uncorrected. For 'H and '^C

NMR spectra, chemical shifts were expressed in 5 (ppm) and couplings are described

using the following notation: s (singlet); d (doublet); t (triplet); q (quartet); m

(multiplet); dd (doublet of doublets); IR spectra are reported as cm"' and intensities

as vs (very strong); s (strong); m (moderate), br (broad). Chemical shift assigimients

of '^C NMR spectra was accomplished using the '^C chemical shift module (Ver.

1.01) accompanying ChemWindows(Ver. 3.0).

Chromatography

Thin-layer chromatography (TLC) was performed on aluminum backed silica

plates (Whatman, AL-SIL-G/UV, 250 jim). Visualization was performed under UV

light, and by staining in an iodine chamber. TLC's of the hydroxamic acids and their

amides could be visualised by dipping the silica plates in a 5% H2SO4 solution in

MeOH followed by heating on a hot plate.*^ The hydroxamic acids gave a purple-

brown color while the amides stained to yield a beige color. Hydroxamic acids could
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also be visualized by dipping in a FeCls solution*'"*^ which results in a deep purple

colour for a positive test.

Column chromatography (gravity) using Terochem 1919 silica (normal type)

was used for purification of some of the nitrophenols and for the /-propyl-o-

methoxymethyl-a-(o-nitrophenoxy)glycolates. A column with a diameter of 2.5 cm

by 80 cm containing 500 g of silica gel was used for the phenols and a column 2 cm

by 60 cm with 325 g of silica was used for the /-propyl-a-methoxymethyl-a-(o-

nitrophenoxy)glycolates.

Spectrophotometers

'H NMR spectra were recorded at 200 MHz on a Bruker AC200 instrument.

'^ NMR spectra were recorded on a Bruker 300 MHz instrument. '^C NMR spectra

were also recorded on a Bruker AC200 instrument at 50.3 MHz. 'H NMR and '^C

NMR were referenced to the solvent peak (CDCI3 'H 7.24, '^C 77.0; Acetone dg 'H

2.13, '^C 30.7, 207.5; DMSO d6 'H 2.62, '^C 40.6). Mass spectra were recorded on a

Kratos concept IS double focusing instrument interfaced to a Kratos DART/MACH3

data system. Ultraviolet (UV) spectra were recorded on a Milton Roy Spectronic

Genesys 5. Infrared (DR) spectra were obtained on a BOMEM Hartmann & Braun

MB-Series FT-IR.

Buffers

Phosphate buffers (50 mM) were prepared from KH2PO4 and K2HPO4 in

deionized water at pH 6.2 and pH 6.8. All measurements were made on a Fisher

Accumet pH meter and pH adjustments made using 10% HCl or 10% NaOH.
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Synthesis

/-Propyl-O-Methoxymethylglycolate

/-Propyl-o-methoxymethylglycolate was prepared by esterification of the

commercially available glycolic acid. The ester was then protected following a

variation of the method by Gras et al.'°^ Glycolic acid 50 g (0.66 moles) and 200 ml

of /-propanol was refluxed in toluene containing 0.5 g of/>-toluenesulfonic acid. The

mixture was refluxed in a Soxhlet extractor containing 4 A molecular sieves. The

vessel contents were allowed to reflux overnight. The reaction mixture was cooled

and washed twice with 10% Na2C03 and once with brine. The organics were dried

(anhydrous MgS04) and evaporated to give 60 g of a clear light golden liquid. The

liquid was distilled at 66 °C and 20 mm Hg to give 56 g (72 %) of a clear liquid.

Protection of the hydroxyl group of /-propyl glycolate was accomplished by refluxing

56 g (0.47 moles) of the ester with 5 equivalents of dimethoxy methane (300 ml) in

300 ml of dichloromethane having a catalytic amount of p-toluene sulfonic acid (0.5

g). The mixture was refluxed over night in a Soxhlet extractor containing 4 A

molecular sieves. After the appropriate time the solution was washed twice with 10

% Na2C03 and once with brine. The organics were then dried (MgS04) and

evaporated to give 65 g of a clear golden liquid. The liquid was then distilled at 78

°C and 18 mm Hg to give 60g (77 %) of a clear colorless liquid.

MS(EI)m/z

yC 162 (1.3), 161 (7.7), 131 (54.1), 103 (48.8), 89 (66.8), 75 (53.2), 61 (62.7),

60(100);
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^HNMR (Acetone d^

8 5.11 (m, 1H),4.71 (s,2H),4.13 (s,2H),3.40 (s,3H), 1.27 (d,6H);

^^CNMR (Acetone di^

5 169.38, 96.15, 68.21, 64.26, 55.42, 21.51;

m (Neat)

2950 cm"' (s), 1740 cm'' (s), 1200 - 1050 cm"' (s);

*H NMR, "C NMR on Ethyl-O-Methoxymethylglycolate and Ethyl-

O-Methoxymethyl-a-Bromoglycolate

Ethyl-0-Methoxymethylglycolate was prepared in the same fashion as the

above /-propylglycolate. Similar yields were obtained.

^HNMR(CDCl3)

d 4.73 (s, 2H), 4.22 (q, 2H), 4.16 (s, 2H), 3.40 (s, 3H), 1.30 (t, 3H);

^^CNMR(CDCl3)

6 172.1, 98.5, 66.4, 62.9, 52.7, 16.2;

Ethyl-0-methoxymethyl-«-bromoglycolate was prepared using the typical

bromination procedure described on page 52 and an NMR sample was prepared by

pipeting a small quatity of the reaction mixture into an NMR tube. The sample was

placed in the NMR magnet with the instrument lock signal deactivated. 'H and '^C

spectra were then obtained following the usual data aquisition procedures.

'HNMR(Ca4)

d 6.10 (s, IH), 4.95 (d, IH), 4.68 (d, IH), 5.27 (q, 2H), 3.40 (s, 3H), 1.34 (t, 3H);
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"CNMR(CCQ

d 164.0,94.3,75.9,61.5,58.4,13.8;

5-Methoxy-2-Nitrophenol

Synthesis of the nitrophenol was accomplished by using the method of

Hartenstein and Sicker.'"* The method involved mild conditions to avoid oxidation

of the benzene ring. 3-Methoxyphenol 20 g (0. 16 moles) was added to 750 ml ofH2O

and 16 g (0.23 moles) of NaNOa. The suspension was kept dark and stirred between

and 2 °C for 30 minutes while 75 ml of 4 N H2SO4 was added dropwise. The

mixture was then allowed to stir a further 30 minutes until a red brown suspension

was obtained. The brownish precipitate (nitroso phenol) was filtered and added to

400 ml of H2O. Over a 90 minute period 400 ml of 37 % v/v HNO3 was added

dropwise and the temperature maintained between 20 -25 °C. After addition of the

acid stirring was continued for 1 hour and the precipitate filtered to give a

brown/yellow solid. The nitrophenol was recrystallized in methanol to give light

lemon yellow needles (16.5g, 60%). M.p. 92-93 °C, (lit.'"' m.p. 95 °C).

MS(EI)m/z

yC 169 (100), 153 (2.4), 139 (13.3), 1 1 1 (13.7), 79 (10.5);

^HNMRfCDClj)

5 11.10 (s, 1H),6.07 (d, 1H),6.55 (m,2H),3.89 (s,3H);

^^CNMR (CDCls)

6 166.97, 157.67, 126.67, 126.63, 109.30, 101.36, 55.98
;
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IR (KBr)

3300 cm "' (br), 1480 cm "' (s), 1260 cm ' (s);

5,6-Dimethoxy-2-NitrophenoI

This nitrophenol was prepared using a variation of the literature procedure by

Orphanos and Taurins.'^*' The readily available 1,2-dimethoxy benzaldehyde

underwent Bayer-Villager oxidation with 85% m-CPBA to give the formate ester.

5,6-Dimethoxy benzaldehyde 10 g (0.06 moles) and 17 g (0.12 moles) of w-CPBA

were heated under reflux in dry dichloromethane overnight. The mixture was then

cooled to room temperature and filtered of /w-chlorobenzoic acid. The

dichloromethane solution was then washed three times with 10% Na2C03 , once with

H2O and dried (MgS04). The solvent was then removed to produce 1 1 .03 g (92 %) of

a light golden liquid. ^H NMR indicated the complete conversion of the aldehyde to

the formate.

^HNMRiCDCh)

5 8.28 (s, IH), 7.06 (t, IH), 6.87 (dd, IH), 6.77 (dd, IH), 3.89 (s, 3H),

3.83 (s,3H);

The above formate was dissolved in 50 ml of glacial acetic acid and added dropwise

at room temperature to a solution of 2.6 ml of HNO3 in 20 ml of AcOH. Complete

addition of the substrate was accomplished after 2.5 hours. The deep red solution

was then heated to 90 °C for a further 30 minutes. The solution was then added to

500 ml of ice water and extracted with EtOAc. The organic layer was evaporated and

brought up in 150 ml of 10% NaOH at 100 °C for 1 hr. The aqueous layer was
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acidified and filtered to give 3.0 g (25 %) of a bright yellow solid. M.p. 101-102 °C,

(lit.'" 102-103 °C).

MS(EI)m/z

M" 199 (100), 182 (89.3), 167 (17.2), 156 (15.8), 139 (36.5), 123 (12.7), 109 (17.0),

96 (18.7), 80 (16.3), 66 (16.4), 53 (19.6);

'HNMR (CDClj)

5 7.93 (d, IH), 6.58 (d, IH), 3.98 (s, 3H), 3.92 (s, 3H);

"CNMRiCDCh)

5 159.88, 150.61, 137.48, 129.08, 121.41, 103.85, 60.98 , 56.55 ;

m (KBr)

3450 cm "^
(br, s), 1280 cm "' (m);

4,5-Diniethoxy-2-Nitrophenol

4,5-Dimethoxy-2-nitrophenol was synthesized following the procedure

described above for 5,6-dimethoxy-2-nitrophenol. 3,4-Dimethoxybenzaldehyde (18.0

g, 108 mmol) was oxidized to the formate ester using 85% ot-CPBA (20.7 g). The

uncharacterized formate ester (16.8 g, 92 nmiol) was nitrated in acetic acid at room

temperature. After completion of the reaction, the mixture was poured into ice-water

and after about 10 minutes yellow crystals precipitated. The crystals were filtered

off and dissolved in 150 ml of 10 % NaOH and heated to 80 °C for 1 hour.

Acidification (HCl) of the mixture resulted in a precipitate which was filtered and

dried to yield 10.4 g (50 %) of a lemon yellow solid. M.p. 145-147 °C, (Lit."° 145-

146 °C).
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MS(EI)m/z

IvT 199 (100), 184 (33.9), 153 (3.4), 137 (4.8);

5 7.46 (s, IH), 6.54 (s, IH), 3.96 (s, 3H), 3.89 (s, 3H);

'^CNMR (CDClj)

5 157.96, 153.18, 143.24, 125.78, 105.09, 100.55, 56.57 , 56.35
;

IR (KBr)

3475 'cm (br), 1280 'cm (m);

General Procedure for Bromination

Bromination of z-propyl-o-methoxymethyl glycolate was achieved using NBS

and an incandescent light. /-Propyl-a-bromo-a-methoxymethylglycolate was

prepared fresh before each coupling procedure. Carbon tetrachloride was dried over

4 A molecular sieves. A typical bromination involved 2.0 g (12.3 mmol, 1.5

equivalents of the glycolate with respect to the phenol to be coupled) in 50 ml of dry

CCI4 under a positive N2 atmosphere. To the stirring solution was added 2.4 g (13.5

nmiol) ofNBS. The mixture was stirred and an incandescent light was placed along

side. After 3 hours bromination was complete as judged by the presence of the less

dense succinimide. The mixture was filtered and added directly to a stirring solution

of the phenol and allowed to reflux over night.

Typical Coupling Procedure

A typical coupling procedure involved addition of freshly prepared /-propyl-a-

bromo-a-methoxymethyl glycolate to a stirring solution of the nitrophenol in dry
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dichloromethane. Dichloromethane was dried over 4 A molecular sieves for a

minimum of 24 hours prior to use. Once /-propyl-a-bromo-o-methoxymethyl

glycolate was added the mixture was set to reflux under a nitrogen atmosphere

overnight. After 20 hours the solution was cooled, filtered and washed a minimum of

three times with 10 % K2CO3 to remove any unreacted phenol. The expensive

phenols were recovered by acidifying the carbonate solutions and yields were

corrected for the recovered phenol.

Purification of i*-Propyl-0-Methoxyraethyl-a-(<>-Nitrophenoxy)

Glycolates

After a coupling procedure the nitrophenoxy glycolates were purified by

column chromatography using silica gel and a 4:1 hexane:ethyl acetate solvent

system. A general method of purification involved using approximately 325 g of

silica in a colxmin with an i.d. 2.4 cm and length of 600 cm. An initial 1.5 L of

solvent was collected after the sample was introduced on the column and 30 fractions

of 50 ml each were collected. Generally the fractions with the desired product ranged

between flasks 15 and 25.

General Procedure for Reductive Cyclisation

Introduction of the cyclic hydroxamic portion of the molecule was

accomplished using a variation of the method of Coutts ' for similar a-(o-

nitrophenoxy) esters. All cyclizations were carried out at room temperature.

A typical cyclization involved the dropwise addition of the a-(o-

nitrophenoxy) glycolate (6-9 mmol) to a stirring mixture of Ig ofNaBHt and 100 mg
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of 10% Pd/C in a 1:1 HaO/Dioxane (80 ml) solvent system. Once addition of the

nitrophenoxy glycolate was accomplished (2 hours) the mixture was stirred for a

further 30 minutes. It was then filtered of the catalyst (Pd/C), acidified (HCl) pH 3-5

and extracted three times with EtOAc. The organics were dried (MgS04) and

evaporated to yield the desired hydroxamic acid whose structure was confirmed by

means of the ferric chloride test.

General Procedure for Deprotection

Deprotection of the hydroxamic acid and amide materials was accomplished

using a 1.0 M boron trichloride solution in dichloromethane. 2-0-Methoxymethyl-4-

hydroxy-2H-7-methoxy-l,5-benzoxazin-3-one (MOM DIMBOA) 3.5 g (13.7 mmol)

in 150 ml of dry dichloromethane was cooled to -40 °C using a liquid

nitrogen/isopropanol bath under a nitrogen atmosphere. To the stirring solution was

added 3.2 equivalents (48 ml) of 1.0 M boron trichloride. The mixture was allowed

to warm to -5 °C (1 hour) and 100 ml of H2O was added. The mixture was washed

two times with H2O, dried (MgS04) and evaporated to yield 2.4 g (83 %) of a light

beige solid. M.p. 165-166 °C (decomposition), (Lit.^* 162-163 °C).

4-Hydroxy-2H-l,4-Benzoxazin-3-one

o-Nitrophenol was dissolved in petroleum ether at room temperature. To the

stirring solution was added dropwise an ethanolic solution of KOH. The ethanolic

KOH solution was added until precipitation ceased. The orange solid was filtered off

to produce a bright orange potassium o-nitrophenoxide. This salt (10.8 g, 61 mmol)

was suspended in 100 ml of DMF at 70 °C. To the stirring mixture was added
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dropwise a solution of 6.8 ml of ethyl-a-bromoacetate in 20 ml of DMF. Addition

was carried out over 1 hour and allowed to reflux for a further three hours. The

mixture was then filtered of KBr and the filtrate added to 200 ml of H2O. The

mixture was then extracted twice with CHCI3. The organics were dried (MgS04) and

evaporated to give 8.5 g (62 %) of an orange oil which solidified overnight in the

reftigerator. M.p. 41.5-43 °C.

MS(EI)m/z

M" 225 (86.2), 196 (100), 180 (26.1), 168 (50.2);

'HNMRfCDClj)

5 7.85 (dd, IH), 7.52 (m, IH), 7.05 (m, 2H), 4.77 (s, 2H), 4.25 (q, 2H),

1.28 (t,3H);

"CNMRfCDOj)

S 167.70, 151.29, 133.91, 125.76, 121.72, 115.30,66.66,61.67;

JR (KBr)

1740 cm' (s), 1220 cm' (s);

The solid ethyl-a-(o-nitrophenoxy)acetate (5.0g, 22 nmiol) was then

reductively cyclised to yield 3.28 g (89 %) of a fluffy beige solid. The solid was

recrystallized using acetone to give a fluffy white sohd. M.p. 169-170 °C, Lit."' 167-

169 °C.

MS (EI) m/z

Nf 165 (3.4), 149 (31.4), 120 (100);

^HNMR (Acetone dt)

5 10.63 (s, 1H),7.23 (dd, IH), 7.00 (m,3H),4.71 (s,2H);
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"CNMR (Acetone d^)

8 161, 144, 132, 124.13, 123.04, 116.42, 113.72,68.62 ;

IR (KBr)

1675 cm"' (s), 1645 cm' (s), 1600 cm' (s);

4-Hydroxy-7-Methoxy-2H-l,4-Benzoxazin-3-oneand

7-Methoxy-2H-l,4-Benzoxazin-3-one

Synthesis of both 4-hytiroxy-7-methoxy-2H-l,4-benzoxazin-3-one and 7-

methoxy-2H-l,4-benzoxazin-3-one followed the procedure of Atkinson et al.*' 5-

Methoxy-2-nitrophenol (8.0g, 47 mmol) was dissolved in 400 ml of acetone

containing 24 g of K2CO3. Ethyl-a-bromo acetate (5.3 ml, 47 mmol) was added and

the mixture was set to reflux overnight. After cooling, the mixture was filtered and

added to 400 ml of water. After three extractions with CHCI3 the organics were

combined, dried (MgS04) and evaporated to yield 7.2 g (62 %) of a yellowish solid.

M.p. 36-38 °C.

MS (E/I) m/z

M^255 (19.9), 209 (19.8), 181 (66.1), 136 (30.5), 101 (34.3), 59 (100);

^HNMRfCDOj)

5 8.02 (d,lH),6.58 (dd, 1H),6.45 (d,lH),4.76 (s,2H),4.27 (q,2H),

3.87 (s,3H), 1.30 (t,3H);

"CNMR (CDCI3)

6 167, 163, 143, 128.1, 128.0, 106, 102, 68, 62, 56, 13;

IR (KBr)

1740 cm"' (s), 1240 cm"' (s);
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Ethyl-a-(5-methoxy-2-nitrophenoxy) acetate (3.2 g, 12.5 mmol) was then

reductively cyclized to yield 2.43 g (98 %) of a brownish 4-hydroxy-7-methoxy-2H-

l,4-benzoxazin-3-one. The hydroxamic acid was recrystallized using an ethyl

acetate/hexane mixture (10 % EtOAc) to yield clear pink crystals (2.10 g, 84.7 %)

M.p. 122-125 "CLit."' 125-127 °C.

MS (EI) m/z

M" 195 (30.9), 179 (100), 150 (53.6), 136 (40.7);

'HNMR(DMSOd^

8 10.63 (s, 1H),7.12 (d, 1H),6.60 (s,d, 2H), 4.72 (s,2H),3.71 (s,3H);

"CNMR (DMSO d<J

5 159.06, 155.93, 144.55, 123.11, 113.69, 107.42, 102.41,68.05,55.44;

IR (KBr)

1680 cm-' (s), 1230 cm' (s);

The amide 7-methoxy-2H-l,4-benzoxazin-3-one was synthesized by reducing 4.1 g

(16.1 nmiol) of ethyl-a-(5-methoxy-2-nitrophenoxy) acetate using 2.0 g of 10 % Pd/C

in 200 ml of EtOAc. Hydrogen pressure was kept at approximately 10 psi for 1 hour.

Once hydrogenation was complete the mixture was filtered using Celite and

evaporated to yield 2.6 g (90 %) of a brown solid. The solid amide was recrystallized

using acetone to yield 2.5 g (87 %) of a white solid. M.p. 119-121.5 °C

(decomposition to black oil);

MS (EI) m/z

Nf 179(100), 164(11.1), 150(19.2), 136(32.5), 108(11.9);
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'HNMRfDMSOda)

6 10.48 (s, 1H),6.78 (d,lH),6.50 (s,d, 2H), 4.50 (s,2H),3.65 (s,3H);

^^CNMR (DMSO dt)

5 164.11, 155.39, 144.04, 120.55, 116.12, 107.64, 102.42,66.73, 55.34;

IR (KBr)

1740 cm"' (s), 1250 cm"' (s);

/-Propyl-0-MethoxymethyI-a-(<>-Nitrophenoxy)GlycoIate

/-Propyl-o-methoxymethylglycolate (l.Og, 6.2 mmol) was brominated with

NBS (1.1 g, 6.2 mmol) in 75 ml of CCI4. The a-brominated glycolate was then added

to a refluxing solution of o-nitrophenol (0.85 g, 6.1 mmol) in 50 ml of CH2CI2 and

1.0 ml (excess) of triethylamine. Work-up and purification of the mixture gave 1.5 g

(82 %) of a clear light yellow oil. Rf 0.26 (4:1, Hexane/EtOAc);

MS(EI)tn/z

U" 299 (0.5), 268 (0.2), 238 (6.6), 212 (10.0), 183 (100), 122 (29.3);

^HNMR(CDCl3)

6 7.82 (dd, IH), 7.52 (m, IH), 7.29 (dd, IH), 7.17 (m, IH), 5.74 (s, IH),

5.11 (m, 1H),5.02 (d, 1H),4.87 (d, 1H),3.44 (s,3H), 1.28 (d,3H),

1.22 (d,3H);

"CNMRiCDCh)

5 165.19, 148.86, 141.53, 133.55, 125.21, 122.85, 119.00,95.25,94.01,70.18,

56.35,21.25;

IR (Neat)

1750 cm"' (vs), 1485 cm"' (s), 1360 cm "' 1224 cm"' (s). 1 105 cm"' (s);
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4-Hydroxy-2-0-Methoxymethyl -2H-1,4-Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(o-nitrophenoxy) glycolate (0.92 g, 4.4 mmol)

was reductively cyclized using 0.52 g ofNaBH, and 0.055 g of 10 % Pd/C in 40 ml of

1:1 HzO/dioxane. A light beige solid 0.610 g (88 %) was obtained. M.p. 132-134 °C;

Rf 0.67 (10:1, CHzCh/MeOH);

MS(EI)m/z

yC 225 (7.5), 209 (48.6), 180 (64.5), 59 (100);

^HNMR (Acetone d^

5 9.91 (s, IH), 7.40 (d, IH), 7.23 (m, 3H), 5.68 (s, IH), 4.99 (d, IH),

4.65 (d, IH), 3.36 (s, 3H);

^^CNMR (Acetone dt)

5 158 , 142 , 129 , 126 , 124 , 1 18 , 113 , 95 , 57 ;

IR (KBr)

1680 cm' (s), 1500 cm' (m);

2,4-Dihydroxy-2H-l,4-Benzoxazin-3-one(DIBOA)

Deprotection of 0.5 g (2.2 nmiol) of 4-hyd^oxy-2-0-methoxymethyl-2H-l,4-

benzoxazin-3-one using 6.7 ml (6.7 mmol) ofBCI3 resulted in a light beige solid

(0.33 g, 82 %). M.p. 155-156 °C (Dark brown oil), Lit."^ 155-156 °C; Rf 0.18 (10:1,

CHjClz/MeOH);

MS(EI)m/z

Nf 181 (4.3), 163 (10.7), 135 (100), 79 (39.5);
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^HNMR(DMSOd^

5 10.88 (s, IH), 8.12 (d, IH), 7.24 (d, IH), 7.04 (m, 2H), 5.68 (d, IH);

^^CNMR(DMSOd()

5 157.52, 140.56, 128.69, 123.65, 122.39, 116.97, 112.87,91.98;

IR (KBr)

1680 cm"' (vs), 1500 cm "'
(m);

2-0-Methoxymethyl-2H-l,4-Beiizoxazui-3-one

/-Propyl-0-methoxymethyl-a-(o-nitrophenoxy) glycolate (0.54 g, 1.8 mmol)

was hydrogenated at 10 psi of H2 in 25 ml of ethyl acetate containing 0.75 g of 10 %

Pd/C. Once hydrogenation was complete as judged by TLC the solution was suction

filtered of the catalyst and evaporated to yield 0.35 g ( 94 %) of a white solid. M.p.

126.5-128 °C; Rf 0.90 (10:1, CHaCU/MeOH);

MS(EI)m/z

Nf 209 (69.9), 180 (82.7), 148 (100), 121 (95.2);

'HNMR (Acetone d«)

5 8.01 (s, IH), 7.04 (m, 4H), 5.54 (s, IH), 5.00 (d, IH),

4.82 (d, IH), 3.35 (s, 3H);

^^CNMR (Acetone df)

5 161.2, 140.6, 121.8, 120.9, 118.3, 116.0,94.2,93.1,56.1
;

IR (KBr)

1710 cm' (vs), 1500 cm' (s);
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2-Hydroxy-2H-l ,4-Benzoxazin-3-one (HBOA)

Deprotection of 0.31 g (1.5 mmol) of 2-6>-methoxymethyl-2H-l,4-

benzoxazin-3-one was accomplished using 4.4 ml (4.4 mmol) of 1.0 M BCI3/CH2CI2

in 50 ml of dry dichloromethane. After work up and evaporation 0.22 g (90 %) of

HBOA was obtained as a white crystalline solid. M.p. 193-195 °C, Lit."'* 201-203

°C; Rf. 0.57 (10:1, CH2Cl2/MeOH);

MS(EI)m/z

W 165 (27.5), 136 (100), 108 (15.0), 80 (22.3);

'HNMRfDMSOdf)

5 10.75 (s, IH), 6.93 (m, 4H), 5.45 (s, IH);

"CNMR (DMSO df)

8 162.42, 140.56, 126.61, 122.85, 122.25, 117.19, 115.42,90.24;

IR (KBr)

1700 cm-' (vs), 1500 cm-' (s);

i-Propyl-0-MethoxymethyI-a-(5-Methoxy-o-Nitrophenoxy)Glycolate

/-Propyl-O-methoxymethylglycolate ( 7.2 g, 44 mmol) was brominated with

NBS (8.3 g, 46 mmol) in 150 ml of CCI4. The a-brominated glycolate was then

added to a refluxing solution of 5-methoxy-2-nitrophenol (5.0 g, 30 mmol) in 500 ml

of CH2CI2 and 20 ml (excess) of triethylamine. Work-up and column

chromatography of the mixture gave 6.89 g (78.6 %) of a clear light yellow oil. Rf

0.13 (4:1, Hexane/Ethyl Acetate);
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MS(EI)m/z

yC 329 (0.1), 299 (0.4), 268 (4.2), 242 (5.8), 213 (100), 183 (17.6), 152 (16.2);

'HNMR (CDCI3)

5 7.94 (d, IH), 6.78 (d, IH), 6.67 (dd, IH), 5.75 (s, IH), 5.08 (m, IH),

5.02 (d, 1H),4.89 (d, 1H),3.87 (s, 3H), 3.44 (s, 3H), 1.27 (t, 6H);

"CNMRiCDClj)

8 165.35, 164.11, 151.57, 134.65, 127.82, 108.15, 104.93,95.55,94.14,70.30,

56.53,55.94,21.42;

IR (Neat)

1740 cm' (vs), 1620 cm' (vs), 1500 cm' (vs);

4-Hydroxy-7-Methoxy2-0-Methoxymethyl-2H-l,4-Benzoxazm-3-one

/-Propyl-0-methoxymethyl-a-(5-methoxy-2-nitrophenoxy) glycolate (5.6 g,

17mmol) was reductively cyclized using 3.0 g of NaBH4 and 0.3 g of 10 % Pd/C in

240 ml of 1:1 H20/dioxane. The resulting product (3.78 g, 88 %) was a light beige

solid. M.p. 132 -135 °C; Rf 0.59 (10:1, CH2CI2);

MS(EI)m/z

Nf 255 (9.8), 239 (4.4), 192 (72.6), 121 (100), 71 (77.9);

^HNMR (Acetone df)

5 7.29 (d, IH), 6.70 (m, 2H), 5.65 (s, IH), 4.99 (d, IH), 4.63 (d, IH),

3.76 (s, 3H), 3.35 (s, 3H);

^^CNMR (Acetone d()

5 158.26, 154.42, 140.87, 122.11, 113.03, 107.53, 102.99,93.48,93.05,54.64,

54.45:
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IR (KBr)

1680 cm' (vs), 1500 cm' (vs);

2,4-Dihydroxy-7-Methoxy-2H-l,4-Bcnzoxazin-3-one(DIMBOA)

Deprotection of 3.5 g (13.7 mmol) of the above 7-inethoxy-4-hydroxy-2-(9-

methoxymethyl-2H-l,4-benzoxazin-3-one using 48 ml (48 mmol) of 1.0 M

BCI3/CH2CI2 resulted in 2.6 g (90 %) of a light beige solid. M.p. 165-166 °C (dec),

Lit.'^ 162-163 °C; Rf 0.15 (10:1, CHiCU/MeOH);

MS(EI)m/z

yC 21 1 (7.6), 193 (16.6), 165 (100), 150 (49.0), 106 (35.2);

^HNMR(DMSOdt)

5 8.14 (d, 1H),7.17 (d, 1H),6.65 (s, 1H),5.65 (d, 1H),3.73 (s, IH),

3.36 (s, IH);

"CNMR (DMSO da)

5 156.80, 156.02, 141.613, 122.43, 113.61, 107.55, 103.35,92.37,55.42;

IR (KBr)

1680 cm"' (vs), 1500 cm' (m);

7-Methoxy-2-0-Methoxymethyl-2H-l,4-Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(5-methoxy-2-nitrophenoxy) glycolate (1.9 g,

5.8 mmol) was hydrogenated at 10 psi in 50 ml of ethyl acetate containing 2.5 g of 10

% Pd/C. Once complete the solution was filtered ofthe catalyst with the aid of Celite

and evaporated to give 1.1 g (79 %) of a white fluffy solid. M.p. 172-173 °C;
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Rf 0. 12 (10: 1, CHjClz/MeOH);

MS (EI) m/z

Nf 239 (100), 209 (32.6), 178 (74.7), 150 (85.0);

'HNMR (Acetone dti)

5 6.95 (d, 1H),6.65 (m,2H),5.51 (s, IH), 5.00 (d, 1H),4.62 (d, IH),

3.75 (s, 3H), 3.35 (s, 3H), 2.82 (s, IH);

^^CNMR (Acetone d<^

5 159, 156, 140, 119, 115, 108, 102,93,91,54.3,54.1;

IR (KBr)

1680 cm"' (vs), 1500 cm"' (s);

2-Hydroxy-7-Methoxy-2H-l,4-Benzoxazin-3-one (HMBOA)

Deprotection of 0.75 g (3.1 mmol) of the above 7-methoxy-2-0-

methoxymethyl-2,4H-l,4-benzoxazin-3-one was accomplished using 3.2 ml (3.2

mmol) of 1.0 M BCI3/CH2CI2 in 20 ml of CH2CI2 at -70 °C. After the usual work up

and evaporation, 0.55 g (90 %) of a white crystalline solid was obtained. M.p. 203-

206 °C, Lit."'* 196-198 °C; Rf 0.53 (10:1, CHjCb/MeOH);

MS (EI) m/z

U" 195 (49.7), 166(100), 138(21.0), 124(23.6), 110(19.5);

^HNMR (DMSO dt)

8 7.87 (d, IH), 6.82 (d, IH), 6.59 (s, IH), 5.45 (d, IH), 3.69 (s, 3H),

3.33 (s, IH);

"CNMR(DMSOdt)

8 161.90, 155.39, 141.44, 120.07, 115.75, 107.75, 103.45, 90.42, 55.33;
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IR (KBr)

1680 cm''(vs), 1500 cm' (s);

i-Propyl-0-Methoxymethyl-a-(4,5-Methylenedioxy-2-Nitropbenoxy)

Glycolate

/-Propyl-O-methoxymethylglycolate (3.2 g, 19.7 mmol) was brominated with

NBS (3.53 g, 19.8 mmol) in 80 ml of CCI4. The a-bromo glycolate was then added

to a refluxing solution of 4,5-methylenedioxy-2-nitrophenol (2.14 g, 12.7 mmol) in

250 ml of CH2CI2 and excess (20 ml) of triethylamine. Work-up and column

chromatography of the orange oil gave 3.91 g (94 %) of a clear light yellow oil. Rf

0.15 (4:1, Hexane/EtOAc);

MS(EI)m/z

M^ 313 (0.2), 282 (2.9), 227 (100), 197 (54.7), 183 (1 1.0) 166 (32.3);

^^HNMR (CDOs)

5 7.41 (s, IH), 6.84 (s, IH), 6.09 (s, 2H), 5.61 (s, IH), 5.12 (m, IH),

4.99 (d, IH), 4.87 (d, IH), 3.44 (s, 3H), 1.27 (d, 6H);

"CNMR(CDCl3)

5 165, 152, 147, 143, 105.3, 103.0, 101.9, 98.5, 94.2, 70.3, 60.3, 56.5, 21.5;

IR (Neat)

1746 cm' (s), 1526 cm"' (s), 1482 cm"' (s);
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4-Hydroxy-6,7-Methylenedioxy-2-0-Methoxymethyl-2H-l,4-

Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(4,5-methylenedioxy-2-nitrophenoxy) glycolate

(2.30 g, 6.7 mmol) was reductively cyclized using 1.43 g ofNaBHj and 141 mg of 10

% Pd/C in 100 ml of 1:1 HjO/dioxane. A white solid 1.52 g (84 %) was obtained.

M.p. 148-149°C (black oil);

MS(EI)m/z

Ivf 269 (5.1), 253 (100), 223 (30.5), 192(71.3), 179(64.8), 152(53.7);

'HNMR (Acetone dti)

5 6.89 (s, 1H),6.74 (s, 1H),6.03 (d,2H),5.65 (s, 1H),4.95 (d, IH),

4.67 (d, 1H),3.33 (s, 3H);

"CNMR (Acetone dt)

6 156.05, 144.11, 143.81, 135.16, 123.53, 102.26, 100.12,95.53,94.66,94.29,

56.00;

JR (KBr)

1680 cm"' (vs), 1500 cm"' (vs);

2,4-Dihydroxy-6,7-Methylenedioxy-2H-l,4-Benzoxazin-3-one

Deprotection of 0.50 g (1.9 mmol) of 4-hydroxy-6,7-methylenedioxy-2-0-

methoxymethyl-2H-l,4-benzoxazin-3-one using 5.8 ml (5.8 mmol) of 1.0 M

BCI3/CH2CI2 resulted in 0.42 g (99.8 %) of a beige solid. M.p. 151.5-153°C

(decompostion). Lit."' 152-153°C; Rf0.10 (10:1, CHzCU/MeOH);
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MS (EI) m/z

VC 225 (7.3), 209 (66.9) 179 (100), 152 (28.3), 123 (24.6);

^HNMR(DMSOd<)

5 6.83 (s, IH), 6.75 (s,lH), 5.97 (d, 2H), 5.57 (s,lH);

"CNMR(DMSOdt)

5 157.05, 143.04, 142.37, 134.77, 122.59, 101.32,99.60,94.79,92.11;

IR (KBr)

1680 cm-' (s), 1500 cm' (s);

6,7-Methylenedioxy-2-0-Methoxymethyl-2H-l,4-Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(4,5-methylenedioxy-2-nitrophenoxy) glycolate

(0.61 g, 1.8 mmol) was hydrogenated at 10 psi in 50 ml of ethyl acetate containing

1.0 g of 10 % Pd/C. Once hydrogenation was complete as judged by TLC the

solution was filtered of the catalyst and evaporated to give 0.41 g (91 %) of a white

solid. M.p. 193-195°C; Rf 0.09 (3:1, Hexane/EtOAc);

MS (EI) m/z

UC 253 (3.4), 239 (100), 225 (36.2) 209 (36.4), 178 (82.8), 150 (74.7);

'HNMR(DMSOdt)

5 6.77 (s, 1H),6.52 (s, IH), 5.95 (d, 2H), 5.44 (s, 1H),4.93 (d, IH),

4.64 (d, IH), 3.30 (s, 3H);

"CNMR (DMSO dt)

5 159.0, 142.3, 142.1, 133.2, 119.7, 101.8,98.8,96.1,92.4,55.6;
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IR (KBr)

1680 cm"' (vs), 1500 cm"' (vs);

6,7-Methylenedioxy-2H-l,4-Benzoxazin-3-one

Deprotection of 0.26 g (1.0 mmol) of 5,6-methylenedioxy-2-0-

methoxymethyl-2H-l,4-benzoxazin-3-one was accomplished using 3.1 ml (3.1 mmol)

of 1.0 M BCI3/CH2CI2 in 50 ml of dichloromethane. After work-up and evaporation

0.18 g (84 %) of a white solid was obtained. M.p. 200 °C (decomposition); Rf 0.17

(10:l,CH2Cl2/MeOH);

MS(EI)m/z

Nf 209 (71.6), 180 (100), 152 (65.9), 122 (14.9), 95 (13.6);

^HNMR(DMSOd()

5 6.68 (s, 1H),6.50 (s, 1H),5.92 (d, 2H), 5.46 (s, IH);

"CNMR(DMSOd^

5 162.0, 142.5, 142.1, 134.6, 119.9, 101.0,99.7,96.7,90.2;

IR (KBr)

1680 cm"' (s), 1500 cm"' (s);

/-Propyl-0-Methoxymethyl-a-(5,6-Dimethoxy-2-Nitrophenoxy)

Glycolate

/-Propyl-0-methoxymethylglycolate (1.43 g, 8.8 mmol) was brominated with

NBS (1.73 g, 9.7 mmol) in 75 ml of CCI4 The a-bromo glycolate was then added to

a refluxing solution of 5,6-dimethoxy-2-nitrophenol (1.21 g, 6.1 mmol) in 100 ml of
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CH2CI2 and 2.6 ml of triethylamine. Work-up and purification of the oil gave 1.94 g

(89 %) of a clear light yellow oil. Rf 0.24 (3:1, Hexane/EtOAc);

MS (EI) m/z

M" 298 (8.2), 272 (6.4), 243 (69.7), 197 (100), 182 (53.0);

'HNMR(CDaj)

5 7.74 (d, 1H),6.75 (d, IH), 5.68 (s, 1H),5.15 (m, 1H),4.90 (q,2H),

4.11 (s,3H),3.86 (s,3H),3.37 (s,3H);

"CNMRiCDClj)

5 165.6, 157.7, 144.5, 142.3, 137.6, 121.2, 106.8, 97.8, 64.6, 69.6, 61.3,

56.3,56.1,21.5;

IR (KBr)

1760 cm' (s), 1600 cm-' (s);

4-Hydroxy-7,8-Dimethoxy-2-0-Methoxymethyl-2H-l,4-Benzoxazin-

3-one

/-Propyl-0-methoxymethyl-a-(5,6-dimethoxy-2-nitrophenoxy) glycolate ( 1 .36

g, 3.8 mmol) was reductively cyclized using 1.02 g of NaBHj and 120 mg of 10 %

Pd/C in 80 ml of 1:1 HzO/dioxane. A beige solid 1.07 g (99 %) was obtained. M.p.

124-126.5 °C;

MS (EI) m/z

269 (0.1), Nf 62 (100);

^HNMR(DMSOd^

6 7.02 (d, 1H),6.80 (d, 1H),5.73 (s, IH), 5.02 (d, 1H),4.62 (d, IH),

3.82 (s, 3H), 3.80 (s, 3H), 3.37 (s, 3H);
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^^CNMR(DMSOd()

5 156.3, 151.0, 139.9, 135.7, 124.7, 108.0, 107.5, 94.6, 94.4, 61.2, 56.7, 56.2;

IR (KBr)

1680 cm"' (s), 1500 cm' (s);

2,4-Dihydroxy-7,8-Dimethoxy-2H-l,4-Benzoxazin-3-one

Deprotection on 0.83 g (2.9 mmol) of 4-Hydroxy-7,8-dimethoxy-2-0-

methoxymethyl-2H-l,4-benzoxazin-3-one using 9.3 ml (9.3 mmol) of 1.0 M

BCI3/CH2CI2 resulted in 0.52 g (74 %) of a beige solid. M.p. 151-152°C

(decomposition). Lit."' 145-146°C; Rf 0.18 (10:1, CHaCU/MeOH);

MS(EI)m/z

yC 241 (6.3), 223 (23.2), 195 (100), 180 (59.8), 109 (28.5);

^UNMR(DMSOd()

5 7.32 (d, 1H),7.15 (d, 1H),6.12 (s, 1H),4.17 (s,3H),4.14 (s,3H),

2.90 (s, IH);

"CNMR(DMSOd<)

5 157.0, 149.3, 138.3, 134.9, 123.8, 107.0, 106.0, 92.2, 60.4, 56.1;

IR (KBr)

1680 cm' (s), 1500 cm"' (s);

7,8-Dimethoxy-2-0-Methylmethoxy-2,4H-l,4-Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(5,6-dimethoxy-2-nitrophenoxy) glycolate (0.46

g, 1.3 nmiol) was hydrogenated at 10 psi in 50 ml of ethyl acetate containing 0.92 g
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of 10 % Pd/C. Once hydrogenation was complete as judged by TLC the solution was

filtered of the catalyst and evaporated to give 0.28 g (81 %) of a white solid. M.p.

163-165°C;

MS (EI) m/z

W 269 (100), 237 (48.0), 208 (69.4), 180 (46.6);

'HNMR(DMSOd<)

5 6.71 (s,2H),5.58 (s, IH), 5.03 (d, 1H),4.82 (d,lH),3.81 (s.3H),

3.80 (s, 3H), 3.37 (s, 3H);

"CNMR(DMSOd()

6 165, 156, 145, 139, 127, 114, 112,98,97,66,61,60;

IR (KBr)

1680 cm"' (s), 1500 cm"' (m);

7,8-Diinethoxy-2H-l,4-Benzoxazin-3-one

Deprotection of 7,8-Dimethoxy-2-0-methoxymethyl-2,4H-l,4-benzoxazin-3-

one (0.21 g, 0.8 mmol) was accomplished using 2.4 ml (2.4 mmol) of 1.0 M

BCI3/CH2CI2 in 50 ml of dichloromethane. After work-up and evaporation 0. 14 g (80

%)ofa white solid was obtained. M.p. 180-182°C; Rf 0.18 (10:1, CHzClz/MeOH);

MS (EI) m/z

W lis {11.%), 196 (100), 181 (38.7), 154 (20.6);

^HNMR(DMSOd^

5 6.98 (d, IH), 6.69 (d, IH), 5.62 (d, IH), 3.78 (s, 6H);

^^CNMR (DMSO dt)

5 163, 151, 141, 136, 123, 1 10, 107, 92, 61, 57;
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IR (KBr)

1680 cm "'(s), 1500 cm' (m);

/-Propyl-0-Methoxymethyl-a-(4,5-Dimethoxy-2-Nitrophenoxy)

Glycolate

/-Propyl-O-methoxymethylglycolate (1.87 g, 11.5 mmol) was brominated with

NBS (2.26 g, 12.7 mmol) in 75 ml of CCI4. The a-bromo glycolate was then added

to a refluxing solution of 4,5-dimethoxy-2-nitrophenol (1.51 g, 7.6 mmol) in 250 ml

of CH2CI2 and 2.7 ml of triethylamine. Work-up and column chromatography of the

clear brown oil resulted in 2.45 g (90 %) of a clear light yellow oil. Rf 0.23 (3:1,

Hexane/EtOAc);

4-Hydroxy-6,7-Diniethoxy-2-t>-Methoxymethyl-2H-l,4-Benzoxazin-

3-one

/-Propyl-(9-methoxymethyl-a-(4,5-dimethoxy-2-nitrophenoxy) glycolate ( 1 .20

g, 3.3 mmol) was reductively cyclized using 0.95 g of NaBHt and 120 mg of 10 %

Pd/C in 80 ml of 1:1 HaO/dioxane. A light brown solid (0.78 g, 87 %) was obtained.

M.p. 1 57-159°C (decomposition);

MS(EI)m/z

W 269 (100), 237 (48.1), 208 (66.2), 180 (62.9);

'HNMR(DMSOd^

5 7.00 (s, 1H),6.77 (s, IH), 5.64 (s, 1H),4.97 (d, 1H),4.62 (d, IH),

3.81 (s,3H),3.79 (s,3H),3.34 (s, 3H);
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'^CNMR(DMSOd()

5 161, 151, 150, 139, 126, 109, 105, 99, 98, 62, 61, 60;

IR (KBr)

1680 cm"' (s), 1500 cm"' (s);

2,4-Dihydroxy-6,7-Dimethoxy-2H-l,4-Benzoxazm-3-one

Deprotection of 0.15 g (0.53 mmol) of 4-hydroxy-6,7-dimethoxy-2-0-

methoxymethyl-2H-l,4-benzoxazin-3-one using 1.8 ml (1.8 mmol) of 1.0 M

BCI3/CH2CI2 resulted in 0.11 g (87 %) of a beige solid. M.p. 152.5-153 °C

(decomposition). Lit.'" 154-155 °C; Rf 0.07 (10:1, CHzCU/MeOH);

MS(EI)m/z

W 241 (9.4), 225 (20.6), 195 (100), 180 (67.8), 71 (59.8);

'HNMRfDMSOdf}

6 7.26 (s, 1H),7.14 (s, 1H),6.01 (d,lH),4.14 (s,3H),3.72 (s,3H);

"CNMR (DMSO d^}

8 157.0, 145.1, 144.2, 134.0, 121.4, 102.9, 98.7, 92.3, 56.3, 56.1;

IR (KBr)

1680 cm"' (s), 1500 cm"' (m);

6,7-Dimethoxy-2-0-Methoxyniethyl-2,4H-l,4-Benzoxazin-3-one

/-Propyl-0-methoxymethyl-a-(4,5-dimethoxy-2-nitrophenoxy) glycolate (0.41

g, 1.1 mmol) was hydrogenated at 10 psi in 50 ml of ethyl acetate containing 0.81 g

of 10 % Pd/C. Once hydrogenation was complete as judged by TLC the solution was
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filtered of the catalyst and evaporated to yield 0.28 g (90 %) of a white solid. M.p.

141-143.5 °C;

MS(EI)m/z

UC 269 (100), 239 (35.9), 208 (50.8), 195 (27.2), 180 (30.6), 168 (40.2);

'HNMR(DMSOdt)

5 6.72 (s, IH), 6.66 (s, IH), 5.46 (s, IH), 4.97 (d, IH), 4.62 (d, IH),

3.75 (s, 3H), 3.73 (s, 3H), 3.34 (s, 3H);

"CNMR(DMSOd<)

5 161.4, 146.4, 146.2, 134.6, 120.2, 104.1, 102.4, 94.1, 93.2, 56.9, 56.7, 56.0;

IR (KBr)

1680 cm"' (s), 1500 cm' (s);

6,7-Diinetboxy -2H-],4-Benzoxazin-3-one

Deprotection of 6,7-dimethoxy-2-0-methoxymethyl-2H- 1 ,4-benzoxazin-3-one

(0.18 g, 0.67 mmol) was accomplished using 2.2 ml (2.2 mmol) of 1.0 M

BCI3/CH2CI2 in 50 ml of dichloromethane. After work-up and evaporation 0. 13 g (86

%) of a white solid was obtained. M.p. 205-208 °C (decomposition); Rf 0.17 (10:1,

CHjClz/MeOH);

MS(EI)m/z

yC 209 (2.2), 180 (6.2). 165 (100), 150 (42.9), 106 (26.2);

^HNMR(DMSOd()

5 6.66 (s, 1H),6.53 (s, IH), 5.38 (s, 1H),3.70 (s,3H),3.67 (s,3H);

IR (KBr)

1680 cm"' (s), 1500 cm' (m);
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Synthesis of 10% 7-Methoxy-4-Hydroxy-2-Methoxy-2H-l,4-
Benzoxazin-3-one (10% '^N)

5-Methoxy-2-Nitrophenol (10% '^N)

60% HNO3 (10%'^, Cambridge Isotope Uboratories, Andover MAX5.0g,

47.5mmol) dissolved in 75ml of acetic acid and 15ml of acetone was cooled to 5 °C.

3-Methoxyphenol (5.37g, 43.3mmol) was dissolved in 32ml of acetic acid and added

dropwise over a period of one hour to the nitric acid solution. Once addition was

complete the deep red mixture was stirred an additional 30 minutes. The solution

was then added to 200ml of crushed ice and left to stand for 30 minutes. The yellow

red solid was filtered to give 3.85g of final product. The material was recrystallized

using 30ml of ethanol to yield 2.6g (36%) of a light yellow solid. Rf 0.82 (CH2CI2).

Methyl a-Methoxy-a-(5-Methoxy-2-Nitrophenoxy)acetate (10% '^N)

Methyl methoxyacetate (0.55g, 5.3mmol) in 50ml of carbon tetrachloride was

set to reflux. Bromine (0.84g, 5.3mmol) in 20ml of CCI4 was added dropwise over

45 minutes. Once addition was complete the mixture was refluxed an additional 15

minutes. Once the mixture cooled a stream of nitrogen was bubbled into the CCI4.

The clear and colorless solution was then added to a solution of 5-methoxy-2-

nitrophenol (10% '^XO 60g, 3.6mmol) in 75ml of CH2CI2 and 1ml of triethylamine.

The mixture was refluxed for 16 hours, cooled and washed twice with 10% K2CO3.

The mixture was washed again with water, dried (MgS04), filtered and evaporated to

give a clear yellow liquid (0.88g, 92%). Rf 0. 19 (3:l;Hexane/EtOAc).
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2,7-Dimethoxy-4-Hydroxy-2H-l,4-Benzoxazm-2-one (10% '^N)

MethyI-<z-methoxy-a-(5-methoxy-2-nitrophenoxy)acetate

(10%'^X0.88g,3.2mmol)in 10ml of dioxane was added dropwise to a cooled (10°C)

rapidly stirring suspension of 10% Pd/C (50mg), NaBH, (0.50g, 13mmol) in 40ml of

1:1 dioxane/water. Addition was complete after 30 minutes and the mixture was

stirred an additional 30 minutes. Once stirring was complete the mixture was filtered

and acidified to pH 4. The clear purple solution was extracted immediatly using

three 30ml portions of ethyl acetate. The organic layers were combined, dried

(MgS04) and evaporated at reduced to give a clear yellow oil. Hexane was added

and the cloudy mixture was placed in the freezer overnight. Filtration produced 0.27g

(38%) of a light beige solid.

^HNMR(DMSO-d^

d 7.20 (d, IH), 6.75 (m, 2H), 5.40 (s, IH), 3.73 (s, 3H), 3.52 (s, 3H);

"NNMR (DMSO-d^

d -206.83 (s);

7-Methoxy-2,4-Dihydroxy-2H-l,4-Bemoxazin-2-one (10% '^N)

Demethalation of 0.27g (1.2mmol) 2,7-Dimethoxy-4-Hydroxy-2H-l,4-Benzoxazin-

3-one (10% '^) was accomplished using 3.6ml (3.6mmol) of a IM solution of boron

trichloride. The acetal in 25ml ofCH2CI2 was cooled to -50 °C and boron trichloride

added dropwise. Once addition was complete the mixture was wanned to room

temperature and stirred for 2 hours. At this time 5ml ofTHF was added followed by
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25tnl of water. The CH2CI2 layer was removed and the aqueous layer extracted once

with EtOAc. The combined organics were evaporated to give a dark oil. This oil was

suspended in 10ml of THF and added dropwise to a rapidly stirring solution of

Ag2C03 (0.5g) in 2:1 H2O-THF (20ml). This was stirred for 20 minutes and filtered.

The filtrate was extracted three times with EtOAc. The organics were combined,

dried (MgS04) and evaporated to a volume of approximately 3ml. Hexane was added

dropwise until a cloudy suspension formed. This was placed in the refiigerator over

the weekend to give 126mg (50%) of light beige solid.

^HNMR(DMSO-d<)

6 7.21 (d,lH),6.62 (dd,lH),6.59 (s, 1H),5.70 (s, 1H),3.53 (s,3H);

2.81 ( br. s, IH);

Papain Inhibition

Activation ofPapain

Activation of Papain (Sigma) was achieved in a solution containing 20mM

dithiothreitol (DTT), 50mM acetate buffer, pH 5.2 and ImM EDTA for 30 minutes at

27.9°C. After 30 minutes papain was seperated using a Sephadex G-25 column

equilabrated with the phosphate buffer, pH 6.8."^ The concentration of activated

papain was estimated fi^om the absorption coefficient at 278nm (£= 52 OOL/mol cm),

and a Mr of 23 700.''^ Activated papain was stored on ice and used immediately in

an inhibition trial.

Determination ofFree Sulphydryl Groups

The thiol content of activated papain was determined with 5,5' dithiobis-(2-

nitrobenzoic acid) (DTNB).''' A 20mM solution in 50mM sodium phosphate buffer.
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pH 7.0 was prepared. 0.05ml of this reagent was added to a mixture of 2ml papain

solution (28//M) and 1ml buffer (200mM sodium phosphate, pH 8.0, 3mM EDTA).

After 6 min. the absorbance at 412nm was found to be 0.372. An extinction

coefficient of 13 600 Umol cm was used for a free sulphydryl group."* This resulted

in a 0.7% mol of free thiol per mol of protein.

Inactivation ofPapain by DIMBOA'^

Inactivation of papain by DIMBOA was accomplished using pseudo-first

order conditions. Active papain (1.1 x 10"^ M) was assayed with DIMBOA (1.0 mM)

and 0.1ml aliquots were taken at five minute intervals for a 30 minute period. These

aliquots were diluted 30 fold in order to measure the decrease in enzymatic activity.

Enzyme activity was measured vAth 0.2mM N-carbobenzyloxyglycine-/?-nitrophenyl

ester as substrate in 50mM acetate buffer, pH 5.2. An absorbance increase at 340nm

was measured for the release of /7-nitrophenol. A fresh solution of N-

carbobenzyloxyglycine-p-nitrophenyl ester was prepared for each trial in acetonitrile.

The acetonitrile concentration in the assay mixture was 3%.
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