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THE SYNTHESIS OF MYCOBACTIN ANALOGS AND HETEROCYCIO

SCAFFOLDS FROM ACYLNITROSO HETERO-DIELS-ALDER CYCLADDUCTS

Abstract

By

Brian Scott Bodnar

The focus for this dissertation involved two maiojects that complement the
known chemistry of acylnitroso hetero-Diels-AldétA) reactions. The first project
involved the synthesis of novel mycobactin analiogs) nitroso HDA cycloadducts, and
also included the discovery and study of a newlmgis of imidazoles. The second main
project involved developing new ways to use ackbsib HDA cycloadducts to
synthesize biologically useful heterocyclic molessul

In chapter 2, the rationale behind the synthesisngcobactin analogs was
described. In chapter 3, the synthesis of mycabactalog fragments is described from
amino acids and acylnitroso HDA cycloadducts. Gérag described the assembly of
mycobactin analog fragments into fully elaborated aeprotected 1,2-diol-containing

mycobactin analogs. General strategies towardgsyhéhesis ofx-hydroxy carboxylate-
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containing mycobactin analogs were also presensedi@l as interesting results from
biological assays on final molecules and intermtedia

In chapter 5, the discovery of a new method fotlsgsizing imidazole analogs of
mycobactin fragments from azides and 2-amidoa@glavas described. The initial
reaction, optimization of reaction conditions, andimited study of reaction scope was
presented as well as the results of biologicalyasparformed on selected intermediates.
This discovery provided a new method for synthegizinidazole-containing mycobactin
analogs as well as a general method for preparisgbstituted- and 1,2-disubstituted-
imidazole-4-carboxylates in three steps from seaeboxylic acids, and azides.

Chapter 6 described the development of the adddfazides to acylnitroso HDA
cycloadducts and the effect of alkene strain ootragty. The scope of the reaction was
investigated as well as conversion of the triamliproducts to aziridines. The
significance of this research as it related to $ethesis of aziridine- and triazoline-
containing 5’-norcarbocyclic nucleosides and bigagation chemistry was also
described.

In chapter 7, other ways of utilizing the acylogo HDA reaction were
investigated. Preliminary results on addition @zdalkanes to cycloadducts, Brgnsted
acid-catalyzed opening of cycloadducts, acylnitf@+2] homo-Diels-Alder reactions,
and acylnitroso cycloadditions to indotetho-quinodimethanes were presented. A
discussion of their significance toward the synies$ biologically useful molecules was

also included.
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CHAPTER 1:
APPLICATIONS OF THE ACYLNITROSO HETERO-DIELS-ALDEREACTION IN

ORGANIC SYNTHESIS

1.1 Introductory remarks

The nitroso hetero-Diels-Alder (HDA) reaction proes access to 3,6-dihydro-
1,2-oxazines¥.3 or 1.4) from nitroso compounds.1 and diened.2 (Scheme 1.1). The
use of the nitroso HDA reaction in a number of betit efforts has been review&dand
illustrates the utility of this powerful method.

This dissertation will detail the exploration ofdwnain projects that complement
the known chemistry of nitroso HDA reactions. Thst project involved the synthesis
of mycobactin analogs from bicyclic nitroso HDA tyadductsl.4 and will be described
in detail in chapters 2-4. The second project Ived the investigation of new reactivity
of bicyclic cycloadductd.4 and will be described in detail in chapters 64i.order to
place the work presented in this dissertation withie proper context, this chapter will
detail the rich chemistry surrounding HDA reactioofs acylnitroso compounds and

nitrosoformate esters.

n
0] TR 0 (
NI — N | or O
R” = R” _N
11 1.2 1.3 R 14

Scheme 1.1. The nitroso hetero-Diels-Alder reactio
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1.2 Nitroso compounds

The nitroso functional group has been intenselglistlisince the first synthesis of
nitrosobenzene by Baeyer more than one hundred yegi An early report found that
nitroso compounds could add to activated methylgneups to form azomethine
compounds (the Ehrlich-Sachs reactidajd since this discovery, the nitroso group has
been found to participate in nitroso aldol reactifit® ene reaction¥’ hetero-Diels-

Alder reactions, and other fundamental organic gsses.

1.2.1C-Nitroso compounds and simple nitroso compounds

The simplest nitroso compound, nitroxyl or hypomits acid (HNO), has seen
limited use in cycloaddition reactions due to itghhpropensity to dimerize with loss of
H,O to form nitrous oxidé> ' In contrast,C-nitroso compounds have been used
extensively as dienophiles in cycloaddition reawigFigure 1.15: ** *” Cyanonitroso

1.5 arylnitroso 1.9, pyridylnitroso 1.10*® a-halonitroso 1.68*%%

o-acetoxynitroso
1.6b,?* 2vinylnitroso 1.7, iminonitrosol.8%* acylInitrosol.11,'" and nitrosoformate ester

1.12° compounds are all commonly used in HDA transforomst

Koo L by
H. O NC. .O e e -0
N~ N~ R N~ N~ R N~
(nitroxyl) 15 1.6a (X=ClI) 1.7 1.8
1.6b (X=0Ac)

A C 0 0

\\ //O \\ //O /O /O
R/ N R/\)\N R)J\N/ ROJ\N/

1.9 1.10 1.11 1.12

Figure 1.1. Examples ofc-nitroso compounds



Arylnitroso compoundsl.9 were among the first discovered and are stable
reagents that react slowly with dienes in [4+2] logddition reactiond. Electron-
withdrawing groups on the aromatic ring greatly ederted the reactiod. Similar
effects were observed for nitrosoalkane compout@dd twere substituted at the-
position such as chloronitroso specle8a®?* and acetoxynitroso specigé$b?* #* The
most reactive nitroso compounds include those tyreconnected to an electron-
withdrawing group, and nitroso compouril$, 1.8, 1.11, and1.12 are among the most

reactive nitroso dienophiles in HDA reactions.

1.2.2 Heteroatom-nitroso compounds

Compounds where the nitroso group is directly cotetk to a heteroatom
possessing a free electron pair are much lessiveabnC-nitroso compounds toward
dienes because of resonance stabilization of theosni moiety (Figure 1.2).
Consequently, HDA reactions of heteroatom-nitroempounds are studied much less

compared to thelC-nitroso counterparts.

+ —_
R—.X_—N—kg) - R—_)S—N—O

Figure 1.2. Resonance stabilization of X-N=0O compaods

Deactivation of the dienophilic character of nisampounds through resonance
stabilization (Figure 1.2) can be overcome if noelgairs of electrons are available for
rTedonation. Some noteworthy examples that makeotii@is concept includ@-nitroso

phosphine oxided.13°?® and Snitroso sulfonyl compounds.14 (Figure 1.37° N-
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nitroso compound4.15 were found to be unreactive toward dieffesyen though the

presence of the sulfonyl group should diminisheffect of lone pair stabilization.

o o R ﬁ' o)
1] Y ~a- NN
ROp o ¢ S, N
RO N R N
1.13 1.14 1.15

Figure 1.3. Examples of heteroatom-nitroso compowts

1.3 Acylnitroso compounds

Acylnitroso speciesl.11 and nitrosoformate estefis12 which will herein be
referred to collectively as “acylnitroso species™acylnitroso compounds”, are among
the most reactive nitroso dienophiles. First pegabas transient intermediates in the
oxidation of hydroxamic acid¥,the only early evidence of the existence of atydsd
species were products resulting from nucleophiiack at the acylnitroso carbonyand

[4+2] cycloaddition reaction¥.

1.3.1 Preparation of acylnitroso compounds

Since acylnitroso compounds$.11 are extremely reactive species, they are
prepared and used situin chemical reactions (Scheme 1.2). By far thestneommon
method for preparing acylnitroso compoundsll is through oxidation of the
corresponding hydroxamic acid163' Generation of acylnitroso compourid41in this
manner has been realized using a multitude of tiongdithat include, but are not limited
to, the use of periodate, Swern oxidatioriead and silver oxid& and Dess-Martin

periodinan€® There are also a number of methods that repgrigetierate acylnitroso



compoundsl.11 from hydroxamic acid4.16 by transition metal-catalyzed oxidations
with hydrogen peroxide as the stoichiometric oxtdfdi° A thorough study of metal

catalysts that perform this transformation has beported*

o}
L on
R” "N
H
1.16 o
_+ - R /
R—C=N-O o] I N\;_
+ - R
1.17 RsN—O -
3 hv N~
1.18
0 -R'CN
D L
J s A R™ON

I Rh'!

d orA
1.11
o
1.20

1.19

Scheme 1.2. Synthetic routes to acylnitroso spesie

Other methods commonly used to prepare acylnitrggecies1.11 include
oxidation of nitrile oxidesl.17* cycloreversion from 9,10-dimethylanthracene adsluct
1.19% photochemical generation from 1,2,4-oxadiazoledties 1.18** and

rearrangement of nitrocarbenes generated from diazgpoundd.20*

1.3.2 Structure and reactivity of acylnitroso compads

Although acylnitroso compounds have been studiadwell over 50 years,
relatively little is known about their structuréAcylnitroso species were first detected
spectroscopically in the gas phase in 1991 by akrdtion-reionization mass

spectrometrdf and then in solution in 2003 by time-resolvedanéd spectroscopy. It



is estimated that the lifetime of the acylnitrogmedes at infinite dilution in organic
solution is on the order of 1 M§.

Acylnitroso compoundsl.11 can exist in either an @s (1.11-cis) or strans
(1.114rans) conformation along the carbonyl-nitrogen bondy(ffe 1.4). Based on data
reported in the literature, the preference for\aegiacylnitroso speciek.11to exist as
either conformemust be calculated on a case by case basis. Addily, the preference
for either conformer is not necessarily minor, aadorted energy differences between
the seis and strans conformers of various acylnitroso species havesed from about

0-2 kcal mof to nearly 15 kcal mat*®>3

o (0]
Ao =—= &y
R N 1
(0]
1.11-cis 1.11-trans

Figure 1.4. seisand stransisomers of acylnitroso compounds

In addition to participating in HDA reactions withenes to providé&-acyl-3,6-
dihydro-1,2-oxazined.3 and in ene reactions to providéallyl hydroxamatesl.24
acylnitroso compound4.11 also undergo a number of other transformation$é®e
1.3). The high stretching frequency of the cartbahyacylnitroso compounds.11(1735
cmH)* reflects their susceptibility to nucleophilic attaat the acylnitroso carbonyl. In
the presence of nucleophiles such as water, amiaed, hydroxamic acids, the
corresponding carboxylic acids.21, amides1.22 and O-acylhydroxamated.23 are

obtained, respectively.
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Scheme 1.3. Reactions of acylnitroso compounds

One of the earliest reactions observed with aaylad compound&.11was their
tendency to be deoxygenated by phosphines to ysgdyanatesl.26 through the
phosphonium intermediate25 (Scheme 1.4} Interestingly, nitrosoformate estersl1
(R=alkoxy) yield products arising from the genesatof the acylnitrene speci@é27, due
to the unfavorable migratory aptitude of the alkosyybstitutent from phosphonium
intermediatel .25

Acylnitroso compoundsl.11 have also been known to generate symmetrical
anhydrides1.30 and nitrous oxide in the absence of other reastamresumably, this
process proceeds through nitroso dinie28 which undergoes a 1,2-acyl shift to

compoundl.29followed by an intramolecular cyclization evé#t.
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Scheme 1.4. Other reactions of acylnitroso compods

1.4 The acylnitroso hetero Diels-Alder reaction

The most common use of nitroso compounds has iedoltheir ability to
participate in [4+2] cycloaddition reactions. Tiirst nitroso HDA reactions using aryl-
and alkylnitroso compounds were reported by Widatemand Arbuzov® in 1947 and
1948, respectively. One of the earliest examples [dDA reaction using an acylnitroso
compound was reported by Kirby in 1973 where atydsd compounds were generated
in the presence of thebaing.31) to afford cycloadduct4.32 selectively in high yield

(Scheme 1.5

thebaine (1.31)

Scheme 1.5. Cycloaddition reported by Kirbyet al.



The remarkable selectivity observed in acylnitrdd®A reactions provides
access to 3,6-dihydro-1,2-oxazines and ultimatedyaiminoalcohols. This section will
document efforts toward the study of mechanisnectiity, and asymmetric variants of

the acylnitroso HDA reaction.

1.5 Mechanism

The mechanism of the acylnitroso HDA reaction haserb studied
computationally by Hou¥' *®and was found to proceed in a concerted fashimugh a
highly asynchronous transition state (Figure 118)the calculated transition state, the C-
N bond distance is shorter than the C-O bond, vésene the product, the situation is
reversed. Additionally, the authors found that énelotransition statel.33-endo, was
preferred over thexotransition state].33exo, by 8.6 kcal mét based on RB3LYP/6-
31G*//RB3LYP/6-31G* theory® The nitrepulsion exhibited by the nitrogen lone pair,
termed the “exo lone pair effect®, ®° is responsible for this strong preference for the

placement of the substituent on the nitrogen ierhoposition.

=\ -\
r- \ r- \
/ \ 2.690 / \
£ \ { \
~< \ ~< \
\ \
\

2.049) 70 : 70
D &
1.33-endo 1.33-exo0
AH¥= 455 AH¥= +14.1

Figure 1.5. Computed energies for nitroso HDA tragition states



The combined preference for placement of the swiesti on the nitrogen in an
endo position with the shorter C-N bond distance in tiansition state can explain the

high regio- and stereoselectivities observed fgingitoso HDA reactions.

1.6 Regioselectivity

The regioselectivity of intermolecular acylnitrod®A reactions has been studied
experimentally ®' as well as through the use of computational metffbd Most
unsymmetrical dienes add to nitroso compounds setgatively according to the general
scheme below (Scheme 1.6). 1-Substituted 1,3-gli@n®4 provide oxazinesl.35
(termed the “proximal” product in the literature)itiv high selectivity, whereas 2-
substituted 1,3-dienek 36 provide the oxazine$.37 (termed the “distal” product in the
literature) with moderate selectivity. Regiosdalatt in nitroso HDA reactions is
rationalized based on frontier MO theory, and deemgth substituents that are strongly
electron-donating or electron-withdrawing provideycloadducts with higher
regioselectivity than dienes with substituents e only weakly electron-donating or
electron-withdrawing® It should also be noted that in most cases sblpelarity has

been shown to have little effect on regioselectivitt intermolecular nitroso HDA

reaction?
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Scheme 1.6. General regioselectivity observed fansymmetrical dienes

Similar trends for regioselectivity are observed $obstituted cyclic dienes in
acylnitroso HDA reactions (Scheme 1.7). When bagdmoxamic acid was oxidized in
the presence of substituted cyclohexadieh88aandl1.38h cycloadductd.39and1.40
were obtained with moderate regioselectidity.

In most cases, arylnitroso and acylnitroso spegielsl products with the same
regioselectivity, however in a few cases the selites are reversed. For example,
opposite regioselectivities were observed wiheacyl-1,2-dihydropyridinesl.41 were
reacted with arylnitroso and acylnitroso compoundsylnitroso compounds afforded
adducts 1.42°%% ® while acylnitroso compounds resulted in cycloadslut.43%

Reasoning for this observed difference in regiageley has not been proposed.
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Scheme 1.7. Examples of regioselectivity in nitroDiels-Alder reactions

1.7 Stereoselectivity

There are a number of reviews detailing the useasyimmetric nitroso HDA
reactions in organic synthesis: > ® *° Methods for performing asymmetric nitroso HDA
reactions include the use of chiral nitroso dienlesh chiral dienes, and with mixed
success, the use of chiral catalysis. All threethddse general approaches toward

asymmetric nitroso HDA reactions will be descriliefly in the following sections.

1.7.1 Asymmetric induction using chiral acylnitragienophiles

The use of chiral acylnitroso dienophiles, spealficas chiral auxiliaries, is the
most common method for inducing chirality in acyloso HDA reactions. A variety of
chiral acylnitroso specie$.44 have appeared in the literature that have beendfda

offer the 1,3-cyclohexadiene adduc#5with excellent diastereoselectivity (Figure 1.6).

12
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Figure 1.6. Examples of chiral acylnitroso species

All acylnitroso speciesl.44 were prepared in situ by oxidation from the
corresponding hydroxamic acid. Substituted pydioks 1.44a-coffered cycloadducts
1.45in high diastereomeric exces$@sAdditionally, a variety of camphor derivatives
1.44d-f have also been report&d.3* *° Other auxiliaries include imidazolidin-2-one
1.44g" and compound.44h® derived from menthol.

Chiral a-substituted acylnitroso compounds that undergomasgtric HDA

S 5 66 and

reactions have included nitroso specie46 derived froma-amino acid
nitroso specie.47, derived from mandelic acid (Figure 1°7)>* °”"° These auxiliaries

benefit from relatively simple preparation from dég available sources of chirality.

13
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Figure 1.7. Other chiral acylnitroso species

1.7.2 Asymmetric induction using chiral dienes

The use of both chiral cyclic and acyclic dienesliastereoselective acylnitroso
HDA reactions has been reported in the literatug@nerally, using chiral acyclic dienes
yields cycloadducts in lower diastereomeric ex¢kaa does the use of chiral acylnitroso
dienophiles. This is probably a result of the a$yonous transition state of the nitroso
HDA reaction, where the nitrogen substituent isdtiipsized to be closer in proximity to
the diene than the oxygen lone pairs. This, im,tyrlaces the chiral moiety of 1-
substituted acyclic dienes spatially distant frohe tbulk of the incoming nitroso
dienophile.  Nevertheless, chiral acyclic dienesiehdeen successfully used in
asymmetric nitroso HDA reactions and include chikadienyl lactams1.48" "2

pseudoephedrine-derived oxazolidirked9’® and chiral 1-sulfinyl diene.50 (Figure

1.8)./47

0 CO,R —N_© Tol. o
N “H LS
= = =
X 148 X 1.49 X 1.50
up to 84% de
modest % de >98% de

Figure 1.8. Examples of chiral acyclic dienes
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Compared to chiral acylic dienes, chiral cyclicraie often yield cycloadducts
with excellent diastereoselectivity. Hudlicky h@ported the use of chiral diene$la
and1.51b,obtained by microbial oxidation of halobenzenasasymmetric nitroso HDA
reactions (Scheme 1.8). Cycloadductd.52were obtained in high yields with complete
diastereo- and regioselectivity. Conversion oflegdducts1.52 to conduramine A-1

(1.53 was also described.

BU4N|O4
CbzNHOH
K ﬁ} e EI

1.51a (X=ClI) NH;
1.51b (X=Br) 1.52 conduramine A-1 (1.53)

Scheme 1.8. Use of chiral diene for acylnitroso cipaddition

1.7.3 Catalytic asymmetric nitroso HDA reactions

For many years, attempts at developing a cataggigmmetric nitroso HDA
reaction resulted in only extremely low ee values. (15%)"" It was not until 2004,
when Yamamoto published an asymmetric nitroso HRAction with pyridylnitroso
speciesl.54 that an effective catalytic asymmetric nitroso AlBeaction was realized
(Scheme 1.9 This ground-breaking discovery should prove veseful for the
synthesis of enantiomerically pure oxazirfe85 however a similar method for the

acylnitroso HDA reaction is still lacking.

15



Cu(PFg)(MeCN),
= 10 mol% o)
¥ | > NN
O\\N N CH,Cl,, -85 T to -20 T X
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<
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0 ‘

Scheme 1.9. Catalytic asymmetric pyridylnitroso cgloaddition

The difficulties faced in the development of a bata asymmetric method for the
acylnitroso HDA reaction have included an extrenfabjile background reaction and the
susceptibility of acylnitroso species to dimeriz€hese problems plagued the study of
aryl- and heteroaryl nitroso species for some tinefore Yamamoto’s discovery;
however, acylnitroso compounds are more reactiae #ryl- or heteroarylnitroso species
and react as rapid or more rapidly without catalydtan as a Lewis acid-bound
acylnitroso specie¥: *® A better understanding of the metal coordinatibemistry of
acylnitroso species will be essential for the depsient of a catalytic asymmetric

acylnitroso HDA reaction.

1.8 The acylnitroso hetero Diels-Alder reactionsofid-phase
Although acylnitroso HDA reactions have been widabed in organic synthesis
in solution, there have only been a few accountsp@fforming acylnitroso HDA

K9-8 utilized solid-

reactions on a solid-support. One example repobgdKrchna
supported hydroxamic acids57 derived from alcohold.56 on Wang resin (Scheme
1.10). Hydroxamic acid$.57 were oxidized using tetrabutylammonium periodatéhie
presence of dienes to yield cycloadductl

16
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Scheme 1.10. Example of acylnitroso Diels-Alder asolid phase

Other solid-supported nitroso HDA reactions repbrty Quadrelli include the
generation of acylnitroso compounds from solid-sums nitrile oxide¥ and the
photochemical generation of acylnitroso compoundsmf solid-supported 1,2,4-
oxadiazole-4-oxide4.59 and 1.63 (Scheme 1.11%® Upon irradiation, compounds59
generated the solid-supported nitrile60 and acylnitroso compound.61 that was
trappedin situ with cyclopentadiene to afford cycloadduc62 Alternatively, 1,2,4-
oxadiazole-4-oxidel.63 was irradiated and provided benzonitrile.64) and solid-
supported acylnitroso compourdde5 that was subsequently trapped by dienes to yield

cycloadducts such as compouhéa
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Scheme 1.11. Another example of acylnitroso Diefdder on solid phase

1.9 Chemistry of 3,6-dihydro-1,2-oxazines

Most of the utility of the acylnitroso HDA reactidn organic syntheses stems

from the rich chemistry of their cycloaddition prads, 3,6-dihydro-1,2-oxazinds3 and

1.4. Oxazinesl.3 and 1.4 contain allylic oxygen and nitrogen substituents, N+O

bond, a Weinreb amid&,and an alkene. The rapid construction of suclide wariety of

functional groups in one molecule allows access nomber of molecular scaffolds from

simple bicyclic cycloadduct$.67 (Scheme 1.12). Consequently, structural modiboat

of cycloadductsl.67 fall under one of four main areas:Acyl bond cleavage to yield

oxazinesl.68 N-O bond cleavage to yield amino alcohtlg1, C-O bond cleavage to

yield compoundsl.72-1.75 and alkene modification to compounti$9 and/or1.70Q

18



Additionally, both monocyclic oxazinesl.3 and bicyclic oxazines1.67 have

demonstrated the ability to undergo a number ofraegements and other chemical

reactions.
} .
NH n N R
o bl
HO,C JOL 1.68 o)

g R
1.74
n N R .
| hydrolysis
«_Co T ydroly T
HOC 169 alkene C-O bond o--M OH
modifications ! \ T
LI}N cleavage " N._O or "N R
SRl @y N
R S (@]

v " i 1.72 Mo 173
X N R N-O bond
(0] cleavage
HO " N__R R’ " _N__R
bl hig
o) o)

Scheme 1.12. General chemical modifications of bichc 3,6-dihydro-1,2-oxazines

The carbonyl of cycloadductk.67 is susceptible to hydrolysis under relatively
mild conditions (when R = alkyl or aryi}. This provides the basis for removing many of
the chiral auxiliaries previously described in sattl.4.3.1. The following section
details various transformations of cycloaddu&t67 commonly utilized in synthetic
organic applications. Although most of the metHodg has been developed using
bicyclic oxazines1.67, much of the chemistry presented here is alsoicgipé to

monocyclic oxazines.4.



1.9.1 Alternative routes to 3,6-dihydro-1,2-oxazine

While the nitroso HDA reaction is an excellent noetHor preparing 3,6-dihydro-
1,2-oxazines, alternative methods for preparingeaheeterocyclic systems exist and have
been reviewed® " Methods of preparing monocyclic 1,2-oxazines hiaetuded using
alken&® and enyn® % ring-closing metathesis reactions, the additionnitfones to
methoxy allene® and activated cyclopropan®s,® and the use of nitroso aldol
reactions”

An example of an alternative synthesis of bicycli@-oxazine systemg.4
involved an intramolecular nitrone [3+2] cycloadilit (Scheme 1.13f. The aldehyde
1.76 derived fromL-arabinose, was converted to nitrdnh@&7 which cyclized selectively

to yield oxazined.78and1.79

+.
/3 ' 5 :

MeNHOH ﬁ‘l 1A >(O LM 0 4
B ~ > ) _— 02 /N/ € + T 3 o)
> C NER /
(e} 2 B 1 N.

\

TrO O O TrO 3 4 (0]
x x . ><OO Me
1.76 1.77 1.78 1.79
major minor

Scheme 1.13. [3+2] cycloaddition route to 3,6-dihyd-1,2-oxazines

1.9.2 N-O bond cleavage

Reductive N-O bond cleavage is one of the most lyidélized methods for
derivatizing 1,2-oxazines. Common reagents thatitizte N-O bond cleavage include
molybdenum hexacarbonyl (Mo(C&Jf° %" zinc in acetic acid, catalytic hydrogenation,
and samarium diiodid®: * Other methods of N-O bond reduction include tse of

photochemicaP® and enzymati®® processes.
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N-O bond reduction of monocyclic 1,2-oxazirfe80 yielded 1,4-aminoalcohols

1.81, which have been cyclized using manganese diaidieprovided access to pyrroles

1.82(Scheme 1.14)%

R* R4 . R
" | ? MolCO,, " | o e, Rji?N—Boc
R2 N goc R? NHBoc R

RY 180 R' 181 R 1.82

Scheme 1.14. Pyrrole synthesis using N-O bond redign

Treatment of racemic cycloadduct (%83 with molybdenum hexacarbonyl
yielded the aminocyclopentenol (3)84 (Scheme 1.15). The Miller group has developed
a kinetic enzymatic resolution method that yielé@@antiomerically pure acetate ()85
and aminocyclopentenol (984 using an immobilized lipase fromCandida
antarctica’®® Acetate (-)1.85has been an important intermediate in the syrahefsh’-

norcarbocyclic nucleosides, which will be covenedection 1.6.1.

AcO\@,NHBoc
N

43% conv.

Mo(CO OAc Ry
ﬁN/BOC NEEBH:B HO~ C) NHBoc _Novozyme 435 CrLesownee
) —_— > +
O CHchZ
(+)-1.83 (4)-1.84 wet heptane HOI,.@.\\NHBOC

(-)-1.84

Scheme 1.15. Enzymatic resolution of a racemic aleol

Other methods of N-O bond reduction have includizahieative ring-opening

reactions similar to that reported by Grierson (3ol 1.16Y** 1,2-Oxazinel.86 was
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treated with TBAF to provide pyrrol&.87. The anion intermediate.88 generated by
treatment with fluoride vyielded the aldehyde intedmate 1.89 that subsequently
underwent dehydrative cyclization to afford therpig 1.87. Intramolecular cyclization
to the pyrrolo-castanospermine produc®0 was effected using KH in DMF. This
reaction sequence was similar to that reportedHerbase-catalyzed decomposition of
dialkyl peroxides (the Kornblum DelLaMare rearrangety® and has also been

reported for other monocyclic oxazine systeing'®

SiMe,tBu

Scheme 1.16. Alternative method of N-O bond cleaga

1.9.3 C-O bond cleavage

The Miller group discovered that Lewis acids comlddiate C-O bond breakage
of cycloadducts1.91 and 1.92 in the presence of alcoholic solvents to afford
hydroxamates1.94-1.96 (Scheme 1.17°" %  Presumably, this transformation
proceeded by coordination of the Lewis acid to lilgdroxamate portion of the oxazine

system through a structure similar to comple®3 The reaction was found to be
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moderately selective for the 1téans hydroxamatel.94 however, 1,Zis hydroxamate

1.97was not observed.

(I)H CI)H
n n
RO/..@/N\”/Bn @/N\H/Bn
(6] > 0]
OR 1.95

; 1.94
n 0O Fell ( 4 P 1,4-trans 1,2-trans
ANJ\/ pp _orCu' y ,N/\<O ROH (major) (minor)
> o. >
/ 6 1 N
(0] M

OH OH
1.91 (n = 1) M =Fe, Cu n | n l{] B
1.92 (n=2) Lo RO@/N\H/BH NrE
o} o}
1.96 OrR 197

1,4-cis 1,2-cis
(not observed)

Scheme 1.17. Lewis acid-mediated C-O bond cleavage

The C-O bond has also be cleaved in the presend&raisted acids to yield
products arising from intramolecular cyclizatior&clieme 1.18). For example, Procter
reported that when cycloaddu&t98 derived from mandelic acid, was treated with
aqueous HCI in dioxane, hydroxylamifiel00was obtained®® *° Interestingly, when
cycloadduct1.91 was treated under the same conditions, hydroxarhét®2 was
obtained"® It would appear that both reactions proceededutiin the bicyclic
intermediatesl.99 and 1.101, respectively; however, no explanation was giventhe

different products arising from hydrolysis.
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Scheme 1.18. Brgnsted acid-mediated C-O bond cleae

Treatment of cycloadduct.91 with Grignard reagents in the presence of Cu
resulted in the selective formation of hydroxamdtd®3arising from attack at the “C”
position and minor amounts of hydroxamate404 arising from attack at the “B”
position (Scheme 1.18§' Similar reactivity was observed when bicyclic logziducts
1.67 were treated with dialkylzinc reagents in the pree of copper catalysts: 3
Even though attack at the carbonyl was expecteedas studies by Kedk,no products
arising from attack at position “A” were observedgain, this probably illustrates the
weakening of the C-O bond that arises from metatdioated species such as complex
1.93 This method was applied toward the synthesisydfoxamatel.105 a potent 5-

lipoxygenase inhibitot*!
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Scheme 1.19. C-O bond cleavage using Grignard reads

Other unexpected reactions have been reported wdeyinitroso HDA
cycloadducts were treated with Grignard reagentd/hen 9,10-dimethylanthracene
adduct1.106 was treated with excess MeMgCl in THF, the unudliaieric nitrone
compound1.107 was obtained in 76% vyield (Scheme 1.28). The authors have
proposed a possible mechanistic explanation fos tlEsult, however the details

concerning the formation of compouhd 07are still not clear.

>\,/ MeMgClI
2 N / (excess) _
O o o
: THF
J I 7 7 -scwoc
1.106 76%

1.107

Scheme 1.20. Unusual reaction with a Grignard reamt

Upon treatment with Pd(0), cycloaddudtd08yieldedrrallyl speciesl.109that
were trapped with nucleophiles and provided digdeyclopentenedl.110 selectively

(Scheme 1.21%°" '** Reductive transmetalation afallyl species1.109 with In(l)
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yielded indium compleX.111that was trapped with reactive aldehydes and lest@amd
yielded 1,4eis cyclopentenesl.112® The exact nature of the structure of indium

complex1.111is not fully understood at this time.

o) oH OH
— |
Pd(0) No_R Nuc  pNuc N__R
Vo el O G iy ¢
J s, 0 ©
Pd 1109 1.110
1.108 : :
llnl (2.5 eq)
OH OH OH
N._R| RCHO N. R
m/ R N \n/
-0 H o)
In""?
1.112
1.111

Scheme 1.21. C-O bond cleavage using Pd/In chemyst

1.9.4 Alkene cleavage and modification
Compared to other functionality in bicyclic oxazrie4, relatively little effort has

been concentrated on modifying the alkene portibnthe 3,6-dihydro-1,2-oxazine
system. Accordingly, the strained nature of thexa-3-aza-bicyclo[2.2.1]hept-5-ene
system has been under-utilized for its potentigirtamote selective functionalization of
the alkene system. Only a handful of transfornmatibave been made to the alkene
moiety in bicyclic oxazined.4 (Scheme 1.22). Oxidative cleavage of cycloadducts
yielded diacid compound$.113 Additions to the alkene have included the [3+2]

cycloaddition of nitrile oxides to form compounds.11l4a and 1.114p"" %

119-121
1

dihydroxylation to yield diols1.11 and alkylidenecyclopropanation to yield

oxazine1l.115'% Other studies have shown the alkene of bicyliazines1.4 to be

26



suitable for ring-opening cross metathesis reastiand yielded in structurdsl16aand

1 116b123, 124

.R e R g R
N - N P
n(((:'\\‘ RuO, or KMnO, 4o \ N, 3 N
O \ R'—C=N-0 R' H (0] v 0
HOZC 1.113 _ / H 1.114a H 1.114b
L,PtOAC (2.5 mol%) / 0s0,
PhCCH ("
Ph .Bz or KMnO,4 HO N/R
,N metathesis HO | d
© H
1.115 n n H 1.117
R,M + /\(HWR'
O-N, 0N,
R R

1.116a 1.116b

Scheme 1.22. Examples of alkene modification/clesye of bicyclic adducts

Additions to the alkene of bicylic oxazirie4 have often proceeded with high
facial selectivity, but not with high regioseleitiv Consequently, dihydroisoxazoles

1.114and1.115were obtained as a 1:1 mixture.

1.9.5 Other chemistry and rearrangments

In addition to the chemistry outlined above, adytso HDA cycloadductd.3
and 1.4 have patrticipated in a number of other unusual medhanistically interesting
transformations’ *?° Kirby reported that when ergosteryl acetatel{8 was treated
with acylnitroso compounds in refluxing benzenelogdductl.119was obtained along
with the unusual dihydrodioxazing.121 (Scheme 1.23%°® When the reaction was
repeated at O °C, the regioisomeric cycloaddict§9andl1.120were obtained, however

upon heating to reflux, cycloadduttl20was transformed into the dioxazine compound
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1.121 through a [3,3]sigmatropic rearrangement. Oxadirfl9 did not undergo the

rearrangement, which was explained by steric crowdf the dioxazine product.

> &Ph
1119 A 1.120 0
ergosteryl acetate (1.118) Ph
60 C 60 C l [3,3]
O%%
AcO S Y
? o
1121 N=({
R

Scheme 1.23. [3,3] rearrangement of an ergostergycloadduct

1.10 Synthetic applications of intermolecular agytiso hetero Diels-Alder reactions

The utility of the intermolecular acylnitroso HDA&action in organic syntheses is
reflected by the wide variety of molecules that aceessible using this chemistry. The
following section will outline various classes oblecules that have been synthesized

using acylnitroso HDA methodology.

1.10.1 Carbocyclic nucleosides
Carbocyclic nucleosides, in which the furanose exygf the nucleoside is
replaced by a methylene unit, have received atterftr their use as antiviral agents.

131 Aristeromycin 1.123 is the direct carbocyclic nucleoside analog oéraxsine
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(2.122 and has demonstrated potent antiviral propetiideed to the inhibition of
AdoHcy hydrolase (Figure 1.8 The synthesis and study of carbocyclic nucleaside
has been an important area of therapeutic researuth, many methods have been

developed that allow access to this class of médscu

NH, NH,
OH
</N | N </N | N
NP> N N SN
HO X N HO N < | L
N ~
HO N NH,
HO  ©OH HO  ©OH
adenosine, X=0 (1.122) neplanocin A (1.124) carbovir (1.125)

aristeromycin, X=CH, (1.123)

Figure 1.9. Representative carbocyclic nucleosides

The Miller group has published a number of papergarding the use of

acylnitroso HDA methodology to construct carboayctiucleoside analods. 33437

Enantiomerically pure acetate ()85

obtained from the kinetic enzymatic resolution
process described earlier, was used to synthearm®ayclic uracil polyoxin C1.12%)

and its epimer through the intermediatel26 (Scheme 1.24Y> *® The opposite
enantiomer of acetate (1185 was used to synthesize the carbocyclic fragment of

nucleoside J3°

H
O~ _N._0O
NH, T
Py NO, N~
MeO,C~ "NO, MeO,C~
AcO\Q,NHBoc - Meozc}}gNHBoc—’, H /
Pd(OAc),, PPhg H :

HO  OH
Y NaOAc
(-)-1.85 1.126 carbocyclic uracil

polyoxin C (1.127)

Scheme 1.24. Synthesis of carbocyclic uracil polyio C
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Cowart has also published a method for synthesiaragarbocyclic nucleoside
analogs such as compountid33and1.131from cycloadductl.83 (Scheme 1.25%*
From acetonidd..128 N-O bond reduction followed by inversion of thieadol group
through an oxidation/reduction sequence yieldedradtl.129 The nucleoside base was
installed using Mitsunobu conditions and yieldedhpoundl.130which was ultimately
transformed into analog.131 This method suffered from low yields for the &ihobu
reaction, so an alternative strategy was emploliatirhade use of Paallyl chemistry
to install the base directly from cycloadduti83 and yielded hydroxamaté.132
Reduction of the hydroxamate followed by dihydr@tign and deprotection provided an

efficient route to analofy.133

cl
Cl '
NS ¢ N
< NP
){ BocHN@.\\OH \ N/) BocHN N
I S N N
il}r\fo - oﬁl} P T sk TBAD, PPh -
N N. , S
Boc Boc > ° 050 1130
(+)-1.83 1.128 low yield
1.129 l
Me, N SN l
NH, NH;
NN MeoN" SN
N N N
H N 7 SN N | /) /)
. oH N I J ——=5 HnN NN H,N NTN
LiH, Pd,dbag N NT N \Q' \Q,
PPh3 Boc \Q, 1.132 S 1133 o 41131
HO  ©OH HO  OH

Scheme 1.25. Carbocyclic azacarbocyclic nucleosidralogs
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1.10.2 Azasugars

The nitroso HDA reaction allows the construction 3)6-dihydro-1,2-oxazine
rings that possesses the required substitutioerpaftbr the synthesis of many azasugars.
The use of the nitroso HDA reaction for azasugarttssis has been reviewed? and
allows access to both pyrrolidine and piperidingaslwanalogs.

Acyclic dienesl.134d" 1*9142and1.1350* have been used toward the synthesis
of pyrrolidine-based sugar derivatives (Scheme )1.26ycloadductsl.135 have been
obtained in high yield and diastereoselectivityihydroxylation afforded diol.136with
excellent facial selectivity, and N-O bond reductidollowed by intramolecular

condensation provided access to pyrrolidihds37.

X* * *
_ 0s0,4 , Ho HO,
=~ [ChzN=0] o NMO HO,, 0 Pd/C "
- E— | ll\l — . ll\l — T NH
; “Cbz HO" “Cbz HO"
1.134 R R 1135 R
X+ = 1.136 1.137
OI)\CO tBu T0|/,,+/O_ R =Me, H
N 2 -5
| %
a annnnn b annnnn

Scheme 1.26. Synthetic route to pyrrolidines

Piperidine-based sugar derivatives have been ssitftk utilizing an acylnitroso
HDA reaction with 1,2-dihydropyridine$.138 (Scheme 1.27). While nitrosoformate
esters yielded mixtures of cycloaddudtd39and1.14Q the use of acylnitroso species
derived from carboxylic acids selectively yieldegtloadductl.132 Facially selective
dihydroxylation followed by catalytic hydrogenatiofelded the azasugar derivatives

1.141and1.142
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A CO2Me [RcoN=0] N” R Qo
——> g and/or )X\N
AN N/COZMe R N/COZMe
1.138
1.139 1.140
R = Ph, Bn, Me
(only 1.139) 1) 0sO,4, NMO 1) 0sO,, NMO
R = OBn, OMe, NMe, acetone, H,0 acetone, H,0
(mixtures obtained) 2) Hp, Pd/IC 2) Hp, PdIC
OH OH
HO N-co,Me ROCHN N-co,Me
HO HO
1.141 NHCOR 1.142 OH

Scheme 1.27. Route to azasugars from 1,2-dihydrajgines

1.10.3 Tropane and related alkaloids

Ever since the first landmark synthesis of tropmdgh.143 by Robinson in
19171 the tropane alkaloids have continued to elicit ititerest of synthetic organic
chemists (Figure 1.10). Various members of thpane alkaloids include nortropanes
(1.149, homotropanesl(149, scopine 1.146, and polyhydroxylated nortropanes such

as calystegined (147).

Me H H H H
N N N N N
@) HO
OH
HO OH
HO
o HO

tropinone nortropanes homotropanes scopine calystegines
(1.143) (1.144) (1.145) (1.146) (1.147)

Figure 1.10. Structures of the tropane alkaloid fenily

A number of acylnitroso HDA approaches to the trepalkaloids have been

reported, and all follow the same general schems¢ dutlined by Kibayashi (Scheme
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1.28)1** N-O bond reduction of cycloadducts148provided the aminoalcoholk149

An intramolecular cyclization yielded the aza-bedgropane systeth15Q

n ) R
( j\ o) N
—_— —_—
N R HO N A/:d
(0] H )n
1.148 1.149 1.150

Scheme 1.28. General synthetic route to the troparskaloids

This general approach to tropanes has been exteadbd enantioselective total
synthesis of (-)-epibatidinel (157 (Scheme 1.29}" % Chiral nitrosoformate ester
1.151was generated in the presence of digrd&2 and yielded the three cycloadducts
1.153 1.154 and 1.155 with moderate selectivity. Cycloaddu&tl53 was used to

complete the synthesis of (-)-epibatididel67) through intermediat#.156

7z R
0 | ¥
M o = L
RN T 0 “__N
1.151 1.152 1153
42%
le, PtO,
O
YR H = Cl
N A~ C N |
/ | N
o N —
H 1.156 (-)-epibatidine (1.157)

Scheme 1.29. Total synthesis of (-)-epibatidine
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Other groups have utilized similar approaches tdvilae synthesis of members of
the tropane family such as the nortropan&si44,'*® homotropanes 1(149,""**°

scopine {.146 and pseudoscopirie and polyhydroxylated nortropangsi47°% 1°2

1.10.4 Amaryllidacea alkaloids and related strueur

Alkaloids from plants in theAmaryllidacea family have been used in the
treatment of cancér? Members of this family of alkaloids include lyawe (1.158,
pancratistatin 1.159, deoxypancratistatinl(160, narciclasine 1.161), and lycoricidine

(1.162 (Figure 1.11).

OH OH
HO,,@ HOW_~_ LOH
o) o) " OH o)
<o:©w'\‘ <oj;:(\”/<'\%( <O
R O

lycorine (1.158)

pancratistatin, R=OH (1.159) narciclasine, R=OH (1.161)
deoxypancratistatin, R=H (1.160) lycoricidine, R=H (1.162)

Figure 1.11. Structures of the amaryllidacea alkalids

Acylnitroso HDA reactions to substituted 1,3-cyadahdienes have been used in
the synthesis of the amaryllidacea alkaloids. Hbdlicky group has published synthetic
routes to narciclasinel (161).”® *** °° Nitrosoformate estet.164was oxidized in the
presence of the chiral diedel63and yielded cycloaddudt.165 (Scheme 1.30%* A
one pot Suzuki-Miyaura reaction followed by N-O Horeduction yielded the key

intermediatel.167 that was further elaborated to furnish narciclas{h.16]). Other
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routes to the amaryllidacea alkaloids and theie csiructure have been reported that

utilize acylnitroso HDA reactions through a simitaethodology™> *>>*%°

Br

) QZ >< \K <Z jQ/B(OH)Z

1.166
+ — (o) BI’J]\ >
e) 70% /N OMe 1) Pd(PPh3)4, Na2CO3
Br o PhH, EtOH, H,0, A
2) Mo(CO)g, reflux
MeO~ ~NHOH 1165 ) Mo(CO)s
1.164 45%

Scheme 1.30. Synthetic route to narciclasine

The total synthesis of the related fused polycypleridine-containing alkaloid
(+)-streptazolin 1.170 has also been reported by the Miller group (Seharg1)'°% 16
Chiral cyclopentenol (-}-.184 was converted to intermediate168 that furnished
compoundl.169using an intramolecular aldol condensation. Seleanstallment of the

Z-alkene was realized using a silicon-tethered -dloging metathesis strateégy and

ultimately provided (+)-streptazoliil (170.

OH
BocHN\gOH . OYN OH o
—
OEt \Q’
(-)-1.84 o)
1.168

1.169 (+)-streptazolin (1.170)

Scheme 1.31. Synthetic route to (+)-streptazolin
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1.10.5 Amino acid analogs and other biologicallpartant molecules

The acylnitroso HDA reaction has provided accesa tmmber of novel amino
acid analogs and other biologically important males. The Miller group has reported
the synthesis of a variety of therapeutically ral@vmolecules. A number of amino acid
analogs have been synthesized that are structusaliylar to antibacterial diacid
compoundsl.171°? through the oxidative cleavage of nitroso HDA ogdductsl.4
(Figure 1.12§" %3187 Other syntheses reported by the Miller group hiactided the
preparation of biologically active agents such &xXBL812 (.172, LY354740 analogs
1.173 5-lipoxygenase inhibitord.105" phosphodiesterase inhibitdf§;*"® and the

conformationally restricted substrate analog oéghore biosynthesis 174"

H,oN.__NH HO,C,
O con b Ho PHCOR T e,
RHN : HN,, WCO,H
'I\l:>)n HO,C
R O 4=copH
B OH S
COH NHAC N2 N~oH
1.171 1.173 O
BCX-1812 (1.172) 1.174

Figure 1.12. Representative biologically active stctures

Other amino acid analogs have been synthesized ft@Bycycloheptadiene-
derived cycloadduct.175(Scheme 1.32Y? Oxidative cleavage of the alkene afforded
diester 1.176 and N-O bond reduction providethesediaminopimelic acid (DAP)

analogs such as compouhd 77
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MeO,C

] + ? Q
E i H,, Pd/C M~ N
BocHN\_)J\N — HZ('; T s MeO ;i ~ Y ToMme
R Hy CI OH
: 0 > NH3
1.175 MeO,C 1.176 1.177

Scheme 1.32. Synthesis of meso-DAP analogs

1.10.6 Natural product derivatization

Ever since Kirby reported acylnitroso HDA reactiomsth thebaine’ the
acylnitroso HDA reaction has been used as a metbiodynthesizing natural product
derivatives. The benefits of using nitroso HDAateans for this purpose include the
often exquisite stereo- and regioselectivity of theloaddition as well as the rich
chemistry of their products.

A number of efforts have used the nitroso HDA rigacto provide access to
steroids and novel analogs and derivatf?e$?® "> The Miller group has recently
disclosed a strategy for natural product derivatrathat exclusively utilizes nitroso
cycloaddition chemistry to prepare analogs of ratproducts from a variety of
molecular classe¥?

Thebaine has provided an interesting look intodhemistry that can be used to
offer structurally novel derivatives of natural guxts in a few steps using the chemistry
of nitroso HDA cycloadducts. Kirby has reporteduanber of unusual reactions that use
acylnitroso cycloadducts of thebaitle?”” In a recent example, Sheldrake has reported
the selective opening of the thebaine skeleton foyoloadductsl.178 using samarium
diiodide (Scheme 1.33)®  Similar to other reactions of acylnitroso HDA
cycloadducts® samarium diiodide facilitated N-O and C-C bondawgkege in one pot

and provided the novel derivatilel79
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MeO

Sml, (2 eq)

_— = O,

77% N NMe
|v|eoz<:\/')"\‘\'JI
0~ 'R

1.179

Scheme 1.33. Thebaine analogs from an unexpectedg cleavage

1.11 Synthetic applications of intramolecular agytiso hetero Diels-Alder reactions
Intramolecular nitroso HDA reactions have been useithe synthesis of natural
products, alkaloids, and other biologically impattenolecules. Although intermolecular
nitroso HDA reactions are often regioselectiveheeng the acylnitroso group to the
reacting diene affords oxazines regiospecificalygl aften diastereoselectively. This
section will survey the use of intramolecular rswdHDA reactions in the synthesis of a
variety of alkaloid classes and will again emphasize utility of the nitroso HDA

reaction as a method to construct complex strulcsysiems.

1.11.1 Monocyclic alkaloids

The simplest alkaloids that have been synthesiz#izing intramolecular
acylnitroso HDA reactions are the monocyclic aliddéo The synthesis of compounds
1.182 from acylnitroso specie$.180 represents a general method that often closely
resembles the initial steps in the synthesis of aogdic as well as polycyclic alkaloid
systems (Scheme 1.34). Preliminary studies inateés by Keck® and KibayasHf'*2®

provided the necessary methodology required forenetaborate structures.

38



) OR, ) OR, ) OR;
0 0 Neducion O
NN T Ty redton 97y
o o) HO
n=12 g, R, R
1.180 1.181 1.182

Scheme 1.34. General route to monocyclic alkaloids

Recently, Kibayashi published the enantioseledidtal synthesis of (+)-azimine
(1.186 and (+)-carpainel(187 that highlighted the use of the intramoleculaylaitroso
HDA reaction (Scheme 1.383* Acylnitroso compound.183underwent a spontaneous,
stereoselective HDA reaction and formed oxazin#84 which, over a number of
synthetic steps, was transformed into the monoméwmy intermediate 1.185
Dimerization of the monomeric unlt185through the formation of the two ester bonds

yielded the aforementioned natural products86and1.187

OBn
o) Ir}l\
o -~
MOMO
1.183

(+)-azimine, n=1 (1.186)
(+)-carpaine, n=3 (1.187)

Scheme 1.35. Synthesis of (+)-azimine and (+)-caipe
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1.11.2 Decahydroquinoline alkaloids

Decahydroquinoline alkaloids have been synthesumedg similar methodology
to monocyclic alkaloids. The synthesis of (-)-léps A (1.192, B (1.193, and C
(1.199 was reported in 2001 (Scheme 1.58)® The synthesis of the lepadin family
also illustrated an important difference betweenitiira- and intermolecular acylnitroso
HDA reactions regarding the effect of solvent pityaon reaction selectivity. Selectivity
in intermolecular nitroso HDA reactions has mostenfbeen insensitive to solvent
polarity; however, the use of aqueous media foramblecular acylnitroso HDA
reactions has resulted in significant enhancementidastereoselectivit}?’ Thus, when
hydroxamic acidlL.188was oxidized in agueous solvent mixtures, cycloatltl. 190was
formed more selectively over cycloaddidci89than when the reaction was performed in
traditional nonpolar solvents. Cycloadddci90was transformed into the monocyclic

intermediatel.191 which was further transformed into the (-)-lepesdi.192-1.194

BnO
ZHN” S0 _ 105 N"o ——=,
~. OH solvent o)
OMOM ~_OMOM
1.188 1.189 1.190

solvent: CHCl5, dr =1:1.7
DMF/H,0, dr = 1:6.6

(-)-lepadin A (1.192):
X=H2, R=COCH20H

(-)-lepadin B (1.193):
X=H,, R=H

(-)-lepadin C (1.194):
X=0, R=COCH,0OH

(@) ~OTBDPS
T L) —
L =

N
Bz

1.191

Scheme 1.36. Total synthesis of (-)-lepadin A, Bnd C
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Using similar chemistry, Kibayashi has also repbrtee synthesis of the

pumiliotoxin alkaloids'®"
1.11.3 Indolizidine and pyrrolizidine alkaloids

Pyrrolizidine and indolizidine alkaloids have basolated from a wide variety of
natural sources and have demonstrated interestifglogital properties™
Representative compounds for this class of alkalthdt have been synthesized using an
intramolecular acylnitroso HDA strategy include swsine (.195 and its
derivatives'®* **fasicularin {.196 and lepadiformine1(197,"** and other indolizidine

alkaloids (Figure 1_131)§0, 182, 192, 195-202

H =
“1OH
N NCS : S
swainsonine (1.195) CeHiz HO— CgH13

fasicularin (1.196) lepadiformine (1.197)

Figure 1.13. Representative indolizidine and pyrrbizidine alkaloids

The synthesis of a particularly interesting membkethe pyrrolidizine class of
alkaloids, (+)-loline {.20)) was reported using an intramolecular acylnitré$bA
strategy (Scheme 1.37 2** Hydroxamic acidl.198was oxidized to yield the oxazine
1.199 Subsequent modifications yielded the intermedia200which was converted to

(+)-loline 1.201
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X BuyNIO, N I~ o
B SN —_ . >
,H CeHe, 1t _N HO N N
HO 0
(0]
1.198 1.199 1.200 (+)-loline (1.201)

major isomer

Scheme 1.37. Total synthesis of (+)-loline

1.11.4 Bridged oxazinolactams using type Il intrégoalar cycloadditions

The vast majority of intramolecular acylnitroso HDéactions have involved the
use of dienes tethered at the 1-position. “Typgeidtramolecular acylnitroso HDA
reactions are tethered at the 2-position of thealig-igure 1.14), and provide access to

bridged oxazinolactam compounds.

"TYPEI" (¢ N" o | N" ™0
X O 0
=0
"TYPEII" \Z N — | Ne)
|
~ o

Figure 1.14. Type | vs. Type Il intramolecular HDAreactions

Recently, the synthesis of the tricyclic core o #kaloid steninel(205 has
been reported using a type Il intramolecular atydsd HDA reaction (Scheme 1.385.
Ethyl esterl.202was converted to a hydroxamic acid and upon oxidagielded the

tricyclic structurel.203 Subsequent modification lead to advanced intdiatel.204

42



1) NH,OH PMBO:..
2
COE 2) Bu4NIO4 N
H 0
OTBS 50% OTBS

dr=6:1
1.202 1.203 1.204 stenine (1.205)

Scheme 1.38. Recent example of a type Il acylniso cycloaddition

Other examples of the use of type Il intramolecaleylnitroso HDA reactions in
synthetic applications have been reported by tre$fnour’°?*and have demonstrated
the potential of these often overlooked variatioos the more typical type |

intramolecular acylnitroso HDA reactions.

1.12 Summary

The acylnitroso HDA reaction is a valuable tool fiee synthetic organic chemist
since it allows for the rapid, selective constroctiof a the versatile 3,6-dihydro-1,2-
oxazine system. This chapter has described hovehbmistry of the oxazine ring has
been utilized in the synthesis of a wide arrayiofdgically active molecules and natural
products from functionalization of tid¢-acyl, N-O, C-O, and C=C bonds of nitroso HDA
cycloadducts. The following chapters of this ditsteon will describe 1) the synthesis of
novel mycobactin analogs through the use of acgsit HDA methodology (chapters 2-
4), 2) the discovery of a new method for constngtimidazoles from amino acids
(chapter 5), 3) the development of new chemistay tiapitalizes on the strained nature of
bicyclic acylnitroso HDA cycloadducts (chapter @nd 4) the investigation of new

directions and future research regarding the useyhitroso HDA reactions (chapter 7).
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CHAPTER 2:
DESIGN OF NEW MYCOBACTIN ANALOGS FROM ACYLNITROSO

CYCLOADDUCTS

2.1 Introductory remarks

The following three chapters of this dissertatiasatibe an application of the
acylnitroso HDA reaction toward the synthesis ofvelomycobactin analogs. The
chemistry described in the preceding chapter a$ agehew synthetic strategies were
employed in the synthesis of the target mycobautaiogs.

This chapter describes the origin of this projenl dow the target mycobactin
analogs will help to provide a better understandihthe biological activity demonstrated

by mycobacterial siderophores.

2.2 Tuberculosis: a global health problem

Mycobacterium tuberculosis the pathogen responsible for the deadly disease
tuberculosis (TB), which causes nearly 2 millioratths per year worldwide. TB is the
leading cause of death worldwide from a single pa#m, claiming more lives each year
than all other tropical diseases combififd?** Someone in the world is newly infected
with TB bacilli every second and overall one-thafdthe world’s population is currently
infected with TB**? For most that are infected, TB exists in a restin “latent” stage,
and only five to ten percent of people infected wécome sick or develop the disease
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during their lifetime. For those who have HIV ohevhave otherwise compromised
immune systems, active infections are much morelyiko develop. A weakened
immune system combined with TB infection is espécideadly, and as a result, TB is
the leading cause of death for those who are HIsitjwe 2% 212214

TB has long been thought of as a disease that afifd¢ts the underdeveloped
nations of the world; however, the emergence oalarming number of strains resistant

to first-line, second-line, and even last resottgdtherapies has resulted in a number of

efforts to combat a growing worldwide TB epidemic.

2.2.1 Difficulties associated with TB drug therapie

M. tuberculosiss an intracellular human pathogen that colonirethe alveolar
sacs in the lungs. Mycobacteria are gram-positigeteria that are covered with an
unusually thick cell wall consisting largely of mofic acids2.1 (Figure 2.13" which
contain alkyl chains from 60-90 carbon atoms 16ig.This unusually tough cell wall
allows theM. tuberculosigo survive phagocytosis by the host macrophagdsesults in
a high level of resistance to host defense mecten&nd conventional drug¥. M.
tuberculosiss therefore effectively walled-off inside the hghagosome where it forms

a lesion, called a “tubercule”, that is the pathdg@mamesaké-**’

O OH

HOMRZ

R 21
R, R?=long alky! chain

Figure 2.1. Mycolic acid general structure
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Due to this unusual cell wall structure and theeaxe difficulties associated with
effective transport of drugs to the pathogen, catigeal antibiotics are ineffective in the
treatment of TB!® There is a vaccine available for the treatmenfTBf the bacille
Calmette-Guérin (BCG) vaccine, that protects adasemvere forms of childhood
tuberculosis; however, immunity to TB weakens impladcence and does not offer
protection in adulté?’ In the 1940s and 1950s, a number of drugs wesedéred that
demonstrated clinical anti-TB activity. Currenthere exist a variety of “first-line” and
“second-line” drugs used to treat the disease (Eigu2). First-line anti-TB drugs
include rifampin 2.7), isoniazid 2.3), pyrazinamide Z.4), and ethambutol 2(6).
Second-line drugs include the fluoroquinolones suwsh ciprofloxacin Z.10 and
ofloxacin @.13, injectable agents such as the aminoglycosidesptsimycin 2.12),
kanamycin 2.8), and amikamycin2.9), oral bacteriostatic agents such as ethionamide

(2.5), cycloserineZ.11), and other drugs such p@minosalicylic acidZ.2).%*°
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Figure 2.2. Structures of first- and second-line iti-TB drugs

2.2.2 The growing problem of drug resistance

Although there a number of anti-TB drugs are in tis# treat infection, the
emergence of strains resistant to first- and setioedanti-TB drugs is of growing
concern, especially since tuberculosis is quicklépelop resistance to antibiotics. In
1944, the first anti-TB drug, streptomyci@.12), was isolated and reported to have
antimycobacterial activitf?® Resistance to the antibiotic was reported soeretfter’*
Astonishingly, the first person to be treated vaitteptomycin at the Mayo Clinic in 1944
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developed resistance to the didgy! The rate of spontaneous mutation resulting in
resistance to antibiotics iM. tuberculosisis at a level that makes treatment of this
disease with single-drug therapies ineffectit’e??? As a result, the current treatment for
TB as specified by the World Health OrganizationH®) is tailored to combat the
development of resistance using a variety of deffefirst-line drugs.

The current method of treatment for TB, DirectlySetved Therapy Short-course
(DOTS), is a multi-disciplinary program that invelr a daily treatment with isoniazid
(2.3), rifampin @.7), pyrazinamideZ.4), and ethambuto2(6) for 2 months followed by
4 months of daily doses of isoniazRlg) and rifampin 2.7) with constant monitoring by
clinicians?*® %% 223 unfortunately due to inconsistent or partial tneent, patient
noncompliance with regular drug treatments (pasiemill stop taking the drugs when
they “feel better”), prescription errors by doctaws clinicians, and unreliable drug
supplies, resistance has developed and is a prdbfettf

Strains that are resistant to a single drug haea ldbecumented in every country
surveyed, and multi-drug resistant tuberculosis BALB), strains that are resistant to
multiple first-line drugs, have emerg&d: % Earlier worldwide statistics reported that
one in every ten new infections is resistant teast one anti-TB drug®

Recent data suggests that the problem of resistenggowing even more.
Extensively (or extremely) drug-resistant TB (XDB)Tdoes not respond to known anti-
TB drugs and is especially lettfal: #* #2> XDR-TB is defined as being resistant to first-
line drugs rifampin Z.7) and isoniazid4.3) plus fluoroquinones and at least one of the
injectable drugs capreomycin, kanamyd@r], or amikamycin2.9).%*° In a rural district

in KwaZulu Natal, South Africa, of the 536 patiemtgh TB, 221 had MDR-TB and 53
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of those were defined as XDR-TB. Of the 53 infdoteth XDR-TB, only one survived
the infectior?®® XDR-TB has been identified all over the world afidm a broad
sampling of nearly 18,000 TB isolates between 2800 2004, 20% were identified as

MDR-TB strains and 2% were XDR-TB straiffé.

2.2.3 Current strategies and the development ofdrengs

The growing trends in anti-TB drug resistance imihigt the implementation of
the DOTS program is not enough. The WHOQO’s new SiBpStrategy defines specific
objectives and components directed toward halting &#eginning to reverse the
incidence of TB by 2015. A vital part of that plawnll be to foster research in the
development of new classes of drugs to combat MBRamd XDR-TB as well as the
HIV/TB problem?%°2%8

For the first time in decades, there are nearlydB@gs in development for
tuberculosis that target a variety of areas suclhcedk growth, carbon uptake, cell
maintenance, cell wall biosynthesis, ATP depletaoid pH imbalance, protein and lipid

synthesis, and DNA replication and transcriptioig(e 2.3)>*" 223 229
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Figure 2.3. Representative anti-TB drugs in devefment

The development of new drugs has been aided bydétermination of the

§30-234

complete genome sequence Kbrtuberculosi as well as the isolation of a number

of antimycobacterial natural produéfs: 2® PA-824 @.14),%* thought to interfere with
mycobacterial cell wall synthesis, as well as th@rydiquinoline compound TMC207
(2.15,%8 found to inhibit an ATP synthase proton pump, t@ve of the more exciting
compounds in clinical trials that have demonstragedeptional activity against TB.

Other anti-TB compounds in development include piyerole compound2.162%% 4°

7, 241

UDP-galactopyranose synthesis inhibitdrl mycolic acid biosynthesis inhibitor
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2.18%*? dTDP-rhamnose biosynthesis inhibit@.19%*® peptidoglycan biosynthesis
inhibitor 2.20** and mycothio-S-conjugate amidase (MCA) inhibRa212*

Recently, compound®.23a and 2.23b were reported as demonstrating anti-TB
activity (Figure 2.4¥*?*" Compound®.23aand2.23bare substrate analogs of salicyl-
AMP (2.22 and inhibit the first step in the synthesis ofaolyacterial siderophores, the
mycobactins and carboxymycobactinsAminosalicylic acid 2.2) has also been thought
to inhibit the first step in mycobacterial sideropé biosynthesi§*® ?*° The inhibition of
siderophore synthesis and disruption of mycobdt@wa transport represent attractive
targets for the development of new anti-TB dru@$ie next sections of this chapter will
detail mycobacterial iron transport mechanisms ahd therapeutic potential of

mycobactin analogs synthesized using acylnitroséBemistry.

NH> NH,
~N
OH O o O ) OH O o\\ /O | )
sallcyI-AMP (2.22) R=0 (2.23a)
R=NH (2.23b)

natural substrate
substrate analogs

Figure 2.4. Salicyl-AMP analogs as anti-TB inhibibrs

2.3 Iron acquisition in mycobacteria

2.3.1 Biological importance of iron
Iron is an essential nutrient for virtually all fos of life that is involved in crucial

biological processes such as respiration, energgyation, and DNA synthesis. The
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ability of an organism to acquire iron is therefare essential aspect for its survival, and
this includes mammals and other vertebrates asaselimple microorganisms such as
mycobacteria.

The acquisition of iron is made difficult due toettow solubility of Fe(lll) in
aqueous environments at neutral pH ranges. At pHirY the absence of chelating
ligands, the total amount of soluble iron (defined F&'ny + Fe(OHj'ng +
Fe(OH)' ag) is in the range of 1dto 10 M.** 2% 251 golubility of iron increases by
102 M for every unit decrease in pH so that at a p3,dhe concentration of soluble iron
is 10° M.?*® For bacteria and other microbes that can grohighly acidic conditions,
iron acquisition is therefore not often a probleMycobacteria reside in the phagosome
of macrophages, where the pH is between 6.1 and>%6d&nd at this pH range, the
concentration of free Fe(lIl) would be only 1-10'mg.**®

Iron acquisition for mycobacteria is made even mdifécult due to the host's
natural tendency to limit available iron upon irtffen. In humans, most of the available
iron is associated and sequestered by iron-containeme proteins, the iron transport
proteins transferrin and lactotransferrin, anditba storage protein ferritifi*® 3 Upon
infection with a pathogen, humans and other mammilisttempt to limit the amount of
available iron even further by restricting the amioof iron circulating in the body in the
form of transferrin and also by restricting theimsigtion of dietary irorf*® Through the
use of these strict iron-withholding measures, filee serum concentration of soluble
Fe(lll) is as low as 16 M.>*

In order to combat the host iron-withholding medbars and satisfy the

organism’s nutritional iron requirements, microargans such as mycobacteria have
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developed sophisticated iron acquisition systeras énsure a constant supply of iron is
made available to the microbe. Three general nmesims are used by microorganisms
to aquire iron: 1) use of iron-chelating molecute®wn as siderophores, 2) low-affinity
Fe(lll) transport directly from host iron sourcesid 3) ferric ion (Fe(l1f}) reduction to

the much more soluble ferrous ion (F(l))before transport (Figure 2.5 224 2%

......

T

* siderophore '—
---------’!\H"—"Ff "'--. ----- B =5
 siderophore

~ Host Fe(lll) ) |
L SOUrCes

Y

microbe
Intracellular
iron pool

__

.

1)

Fe(ll}

reductase

(soluble)

Figure 2.5. Mechanisms of microbial iron transport

2.3.2 Siderophores

The most common mechanism of iron acquisition ircrobes is through the
production of siderophores, or low molecular weigbn-specific chelating molecules.
Siderophore-mediated iron transport is operatiamal number of microorganisms, and a
number of reviews have been published that covisrttipic>! 2°* 26263 Sjderophores
are exceptionally strong iron-binding moleculedenfexhibiting iron-binding constants

ranging from 18’ to as high as £ This high binding constant is a result of the
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structure of many siderophores, which often utittaee bidentate iron-binding ligands to
form stable 1:1 octahedral complexes with iron(ll)lMost siderophores use either
hydroxamic acids, catechols, arhydroxy carboxylates as iron-binding ligands wath
few exceptions. General structures of some sidengs will be discussed here.

Many siderophores use one iron-binding ligand esiekly for binding (Figure
2.6). Siderophores that have been isolated tligteubnly hydroxamates as iron-binding
ligands include compounds such as ferrichron®24, ferricrocin @.25, and
deferrioxamine B Z.26.%°°® Representative siderophores that utilize onledaals for

264

iron-binding include enterobactir2.@7),”" and the related structures fluvibactth28)

and agrobactin(29.2°°

OH

OH

HN™ O
OH O

O
O 0.0
V\E O OH
HO 0 OH
N N
o)

enterobactin (2.27)

ferrichrome, R=H (2.24)
ferricrocin, R=CH,OH (2.25)

OH
OH
0]
PN o OH e} OH
HoN N OH N/ HO
OH HN
O (@)
O
O OH HN N NH
~N
PPN ; B
© N H fluvibacti 1, (2.28)
uvibactin, n=1, (2.
OH o agrobactin, n=2, (2.29)

deferrioxamine B (DFO, 2.26)

Figure 2.6. Representative siderophores that utite one Fe-binding ligand
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A far greater number of siderophores have beemtstlthat use more than one
type of ligand to bind iron (Figure 2.7). Manytbese mixed-ligand siderophores belong
to the citrate-based siderophore family andaw$gydroxy carboxylate ligands in addition
to hydroxamates or other ligands. Citrate-basedkersphores include aerobactin
(2.31),%°° nannochelin 2.32),%°% 2%" staphyloferrin A 2.33,%°® schizokinen 2.35),2%% 27°

acinetoferrin 2.36),2'° 271273

and the unusual siderophore rhizofer@a3(Q) that utilizes
two a-hydroxy carboxylate ligands in addition to two rmodentate carboxylate ligands
for iron-binding in a 1:1 iron-siderophore compfé%. The siderophore pseudobactin

(2.34) utilizes all three types of iron-binding groupa: catechol, ana-hydroxy

carboxylate, and a hydroxamate.

H H HO,C,H O OH O H CO,H

0 N\/\/N o HO\NWNWNWN/OH
3 Py " oo A
Oﬁ‘\" OH HO o ) H R o

aerobactin, R=Me (2.31)

nannochelin, R=
' =
(2.32) & T

OH Y9 3 OH

O OH O H COH

N OH
HO N

co,H 7 HO.CH 0 OH O

staphyloferrin A (2.33)

O OH O

RJ\'.\‘/\/\H H/\/\NJ\R
OH HO O OH

schizokinen, R=Me (2.35)
acinetoferrin, R= 555’ _

pseudobactin (2.34) HO Me (2.36) ST CeHy,

Figure 2.7. Representative mixed-ligand siderophes
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2.3.3 Mycobacterial siderophores

Mycobacteria produce lipid-soluble, mixed-ligand desibphores named
mycobactins. The first mycobactin was isolateadnfid. johneias an aluminum complex
in 1949%’° and as a metal-free compound in 1853.Mycobactins have since been
isolated from nearly every strain of mycobacterfde review of mycobactins published
by Snow in 1978® remains the most comprehensive source of infoomain
mycobactin structure, characterization, and isomati

All mycobacteria produce mycobactins that are stmadly different from one
another, but posses the same structural core @Q8). All mycobactins share the same
group of iron binding ligands: a 2-hydroxyphenylaawline, a central lysine-derived
hydroxamate, and a cyclic lysine-derived hydroxamatAlthough the structure of
mycobactins varies by species, they can be grougiedwo different classes, the P-type
mycobactins and M-type mycobactins, which diffetween one another predominantly
based on the placement of the long alkyl chain thgiarts lipid solubility to the
mycobactin. P-type mycobactins, such as mycobadt{@.37) isolated fromM. phlej
mycobactin SZ.39 isolated fromM. smegmatisand mycobactin T2(39 isolated from
M. tuberculosis contain a long alkyl chain at the central hydroase ligand portion of
the molecule. The M-type mycobactins, such as mgcm M @.40 isolated fromM.
marinumand mycobactin N2(41) isolated fromM. neocaurumcontain a long alkyl chain

in the central 3-hydroxy acid portion of mycobadtackbonée’®
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"P-TYPE" MYCOBACTINS "M-TYPE" MYCOBACTINS

Figure 2.8. Structures of water-insoluble mycobaetial siderophore

Mycobactins are produced by nonribosomal peptigh®gis, and in 1998 the 10-
gene Mbt gene cluster was identified as being mesipte for mycobactin synthesis .
tuberculosi€® Proteins encoded that are involved in mycobasi@synthesis include
polyketide synthetases, peptide synthetases, isgamate synthase (for the production of
salicylic acid), and lysin&-oxygenase. The importance of mycobactins to theviip of
mycobacteria has been demonstrated in a receny sfud mutant ofM. tuberculosis
lacking the MbtB gene, involved in one of the fistéps in mycobactin synthesis. The
mutant demonstrated a considerably decreasedyabilifrow in human macrophages.

In addition to the water-insoluble/lipid-soluble cmpactins, mycobacteria also
produce a variety of water-soluble extracelluladespphores (Figure 2.9). In older
literature, all extracellular mycobacterial sidemopes were termed “exochelins”;
however, it became apparent that there exist twaiindt classes of extracellular

mycobacterial siderophores that differ greatlydgard to chemical structure.
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Figure 2.9. Structures of water-soluble mycobactéal siderophores

The chloroform- and water-soluble siderophoresh@aymycobactin®.42 have

282 and were found to contain

been isolated primarily from pathogenic mycobaef&ti
the same basic structure as the P-type mycobact@erboxymycobacting.42 differ
from the P-type mycobactir’is37-2.39%y the fact that the long alkyl chain on the caintr
lysine-derived hydroxamate terminate in a carbaxgltid or a methyl ester (the methyl
ester may be an artifact of isolatidf). ?®> These molecules were termed
“carboxymycobactins” to reflect their structuraigarities to the mycobactins, although
the name “exochelin” is still used occasionallyhe literature.

The nonpathogenic (saprophytic) mycobactdvlasmegmati@ndM. neocaurum
produce water-soluble peptide-based siderophPoé3and 2.44 respectively>>2%’ In
addition to possessing a completely different csteucture, the exochelins also

demonstrate different mechanisms of iron transporthe role of mycobacterial

siderophores in iron transport will be describethia next section.

58



2.3.4 Use of siderophores in mycobacterial irongpart

As described in section 2.2.1 abole,tuberculosislike all mycobateria, contain
an unusually thick cell wall that is responsible fioost of the difficulties associated with
drug treatments and for host defense immunitiesyeler, the thick cell wall also
complicates the acquisition of nutrients by the abacteria from extracellular sources.
Consequently, mycobacteria have developed a comiptgx acquisition system that
utilizes both the extracellular carboxymycobactns exochelins as well as intracellular

mycobactins (Figure 2.10).

EXTRACELLULAR
MEDIUM

CELL ENVELOPE CYTOPLASM

Reductase

Carboxymycobactin ]
Fe(lll) | = Fe(ll) salicylate

Carboxymycobactin ?
porin?? g
i

:

Fe(lll)
souUrce

internal Fe(lly
storage and usage

I

Fe(ll) salicylata

protein receptor
{IREPR)

Fe(lll) exochelin

Reductase

Figure 2.10. Iron acquisition in mycobacteria

Both carboxymycobactins and exochelins have dematest the ability to aquire

Fe(lll) from extracellular transferrin and intralcéér macrophage iron poof&s 2%
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although the acquisition of iron from intracelluiaon sources was much slower (days
versus hoursj®®

The uptake of Fe(lll)-carboxymycobactins and Fgbkochelins operate through
different mechanisms in mycobacteria. Uptake dflIFecarboxymycobactins is thought
to occur through an energy-independent process asigorin-mediated diffusion, while
uptake of Fe(lll)-exochelins has been shown to iregATP and is thought to involve
IREPs, iron-regulated envelope proteiffs.?®* Release of Fe(lll) from mycobacterial
siderophores occurs through the NADPH-dependentfarycobactin reductase and is
incorporated into iron storage proteins in mycobaatsuch as bacterioferritf®

The role of mycobactins in mycobacterial iron ti@ors is still not clear, even
though it has been demonstrated that mycobacticittdée and are essential for the
growth of mycobacterid® Mycobactins are found within the cell envelope of
mycobacteria and are located next to, but not egxéh, the cytoplasmic membrafié.
Ratledge has proposed mycobactins can serve aspoitary storage of Fe(lll) in the
mycobacterial cell envelope that allows for bettentrol of the mycobacteria over
cellular iron concentration when extracellular cemtrations of iron chand@® Although
mycobactins and carboxymycobactins bind iron vergngly (binding constant on the
order of 18%,%*® Crumbliss has demonstrated that iron exchangedeetvsiderophores

may be an operative, but often overlooked, aspfatticrobial iron transport>* 284 293

2.4 Biological activity of mycobactins and analogs
Mycobacterial siderophores play a vital role in wlyacterial iron acquisition;

however, their biological activity has demonstratedir potential as anti-TB agents.
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Somewhat puzzling is the activity of the closelyated analogous siderophores from
Nocardia and other actinomycetes, which demonstrate potgtdtoxicity against a
number of tumor cell lines. The biological actvdf natural and synthetic mycobactins,
carboxymycobactins, and other actinomycete sidenggzh will be covered in the

following section.

2.4.1 Natural mycobactins and synthetic analogs

Since the first isolation of mycobactins by Snowthe 1950s, mycobactins
produced by one species have demonstrated theyabilaffect the growth of another
species of mycobacteria. Snow first observedwtale many mycobactins promoted the
growth of M. paratuberculosismycobactins MZ.41) and N .42 showed an unusual
growth-depressing effect oil. paratuberculosisM. kansasii and M. tuberculosisat
high concentrations (Figure 2.14§. Later studies demonstrated that mycobactin A, the
siderophore naturally produced . aurum promoted the growth oM. aurum at

concentrations up to M, while heterologous siderophores mycobactinsd) &mad an

inhibitory effect on the growth dfl. aurumat concentrations higher thamust.?%*
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Figure 2.11. Natural and synthetic mycobactins andhycobactin analogs

The ability of synthetic mycobactins to inhibit tgeowth of M. tuberculosisvas
also explored. The first synthetic mycobactin agaynthesized, compou2d45 lacked
Fe-binding groups and had no effect on the grot.cuberculosi€® The same result

was observed for the mycobactin S analoth?*°

Astoundingly, synthetic mycobactin S
(2.38), naturally produced bWl. smegmatisand differing from theM. tuberculosis

produced mycobactin T2(89 by only one stereocenter, demonstrated 99% growth
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inhibition of M. tuberculosisHs/Rv at 12 pg/mL!*®’

Another synthetic mycobactin
analog, compoun@.47, showed significant anti-TB activity as well ancdsvfound to
inhibit the growth ofM. tuberculosisHs/Rv with an MIC of < 2ug/mL2® The

replacement of the 2-hydroxyphenyl-oxazoline ligamith a catechol ligand provided

mycobactin S and T analog®.48 which promoted the growth of a variety of

mycobacterial strains?’

2.4.2 Carboxymycobactins and analogs

Since Snow isolated and reported activity on thiétalof mycobactins to affect
the growth of mycobacteria before the isolationcafboxymycobacting’® very little
information is available on antimycobacterial pmndigs of carboxymycobactins or
analogs. One study, however, reported the solas@lsynthesis of carboxymycobactin
T7 and analogs2(49, which only displayed moderate growth inhibitiohM. aviumat
high concentrations that diminished after 2 wedkgure 2.12Y°° Horwitz has reported
a number of studies on “exochelin 772SM2.50, a carboxymycobactin fronM.
tuberculosis which was found to possess interesting biologicattivity.
Carboxymycobactir?2.50 was found to reversibly inhibit the growth of humaascular
smooth muscle cells (VSMCin vitro with no apparent cytotoxicity, suggesting a
possible use as a therapeutic agent to limit restenfollowing angioplasty*
Additionally, carboxymycobactir2.50 demonstrated the ability to kill T47D-YB and
MCF-7 human breast cancer cells by inducing apogptbsit only reversibly arrested the
growth of normal human mammary epithelial cellshwito apparent cytotoxicityy?

Both of these studies found that another waterkdelghelator, DFO2Z.26) required a
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10-fold excess to have a similar effect and denatest cytotoxicity at those levels:
302 Subsequent studies indicate that the mode ofractf carboxymycobacti.50 in
human breast cancer cell lines may be due to idibbf the iron-containing enzyme

ribonucleotide reductasé®

Q% waa M Q @ jﬁ( N
"OH
\|\’ X=0, NH "exochelin" 772SM
Rl,R2:H, CH3 (2 50)

MeO N MeO
YO oH

o o] 2.49 O o
(moderate growth inhibition of (demonstrated anticancer activity and reversibly
M. avium at high concentrations) blocks the growth of VSMC in vitro)

Figure 2.12. Reported biological activity of synthtic carboxymycobactins

2.4.3 Siderophores from other actinomycetes

The biological activity exhibited by carboxymycobiac2.50 is unusual when
compared to the biological activities observed rfimycobactins and synthetic analogs
(section 2.4.1); however, similar anticancer atgivhas been reported for the

siderophores isolated from other actinomycete sgdétigure 2.13).
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Figure 2.13. Biologically active siderophores fronother actinomycetes

Amamistatins A 2.51)*** and B @.52),%% **®isolated fromNocardia asteroides
demonstrated cytotoxicity to P388 mouse lymphocigickemia cells (I 15 and 16
nM, respectively), and amamistatin 2.%1) was found to have anti-proliferative effects

against MCF-7 breast, A549 lung, and MKN45 stomaaficer cell lines (163 0.48, 0.56,

07, 308 309 and

0.24 pM, respectively). The structurally related formobactir2.$3
nocobactin NA 2.54**° were also isolated frofNocardia asteroidesbut were not tested

for anticancer activity. Asterobacti.b9, another siderophore isolated fra¥ocardia
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asteroides does not possess the same structural corBochrdia siderophores, but
displayed potent anticancer activity across a tanécell lines®'*

BE-32030 compounds A-E2(95, isolated from Nocardia sp. A32030,
demonstrated growth inhibition against P388 mows&kdmia as well as three human
tumor cell lines™? The nocardimicin series A-R(56) was isolated fromanother strain
of Nocardig and exhibited inhibition of the muscarinic M3 eptor>** 3 Brasilibactin
A (2.57,*®isolated fromN. brasiliensis exhibited cytotoxicity against mouse leukemia
and human epidermoid carcinoma KB cellss§l3.02 and 0.04ig/mL, respectively§®
Oxachelin .58, isolated from Streptomycessp. GW9/1258, exhibited antifungal
activity, but did not display activity against tuneell lines>*’

The siderophores isolated fradocardiadisplay structural characteristics that are
unmistakably similar to the M-type mycobactins, wlyactins M 2.40 and N @.41).
The total synthesis of amamistatin B.32 and analogs as well as their biological
activity was recently reported; however, amamistall (2.52 and analogs only
demonstrated moderate growth inhibition against. tuberculosis at high
concentrationd®® Unpublished work by the Miller group has also destrated that the

anticancer activity of mycobactin analdgl7was negligible.

2.5 Mycobactin analogs from acylnitroso cycloadduct

Based on the interesting and seemingly conflictimogical activity observed
for mycobactins and carboxymycobactin analogs drel related siderophores from
Nocardig the Miller group has been interested in probimg tlass of molecules through

the synthesis and biological testing of novel myaim analogs. The following section
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will describe the design of new mycobactin analtgsugh the use of an acylnitroso
HDA synthetic strategy. The full synthetic detadithis project will be described in

chapters 3 and 4.

2.5.1 Design of target mycobactin analogs
In an effort to better understand the structuresaigt relationships (SAR)
surrounding the mycobactin core structure, theaigfroup has reported the synthesis of

a number of mycobactin analggs *9°>%°

and has recently reported the synthesis of the
related siderophore, amamistatin B52) and analogd>> *° Through the isolation of
naturally occurring mycobactins and using synthetethods from the Miller group and a

number of other synthetic research groups, we @aneable to access structural variations

along a considerable portion of the mycobactin stmecture (Figure 2.14).

Bold = areas of variation
)\H‘\ easily accessible or
synthesized

n \ﬂ/ “OH ~——_____ Nocurrently accessible

natural or synthetic variations!

Figure 2.14. Accessible mycobactin analogs

An area of the mycobactin structure that has besy martially analyzed is the
modification of the central iron-binding hydroxamdigand. While non-iron binding

amide analogs of the central iron-binding hydroxemare readily accessible (analog
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2.45,%%° synthetic strategies that investigate replacenuénthe central iron-binding
group with alternative binding functionalities havet yet been explored.

We have reasoned that using an acylnitroso HDAhg{itt strategy, we would be
able to access mycobactin analogs that replaceetheal iron-binding ligand with either
an a-hydroxy carboxylate ligand (analog@s60aand2.60b), or a weaker metal-binding

group, a 1,2-diol functionality (analog@s6laand2.61b) (Figure 2.15).

Natural siderophores: Targeted analogs of
mycobactins Sand T mycobactins S and T
s N i J\)i Y N i J\)CL
N\ * \ *
N N\,)ko N N, N N 0 N N
= OH OH
OH o = H OH o Ho [

(e}
\H *=R, 2.60a
,,,,,,,,, : PeTTTTTT T *=S,2.60b

o 1 a-hydroxy carboxylaté oy ‘
777777777 ! analogs

*=R, mycobactin T (2.40)
*=S, mycobactin S (2.39)

O o
SR LI
N N o N N
OH
OH o H o
*=R, 2.61a
=S, 2.61b

1,2-diol analogs

Figure 2.15. Synthetic mycobactin analog targets

o-Hydroxy carboxylate groups are ubiquitous irondang groups that are found
in numerous other siderophores (see section 2&n2)the 1,2-diol moiety, although not
found in many naturally occurring siderophores,also a weak iron-binding group.

Additionally, the four analog®.603 2.60h 2.61aand2.61h would be expected to have
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solubility characteristics that are closer to theboxymycobactins and may be expected

to exhibit biological activities that mirror thosé€the more water-soluble siderophores.
The four targeted analo@s60a 2.60h 2.613 and2.61bwere of interest due to

the differences in activity exhibited by the natlyraccurring mycobactins T2(39 and

S (.38, where the reversal of the configuration of otexencenter fronik to S resulted

in a complete reversal of biological activity agdiM. tuberculosigsection 2.4.1).

2.5.2 Synthetic strategy

The retrosynthetic strategy toward the synthesitheftarget mycobactin analogs
2.60and2.61was similar to the synthesis of other mycobactimpounds carried out by
the Miller group (Scheme 2.1). Disconnection @& gentral ester and amide bonds of the

target compound®2.60 and 2.61 provided three fragments A2.62, B (2.63 and C

(2.64).

O o) o)
A i e LI
N N o N N
OH
OH o H 0

R=CO,H (2.60)
R=CH,OH (2.61)
OH

J

o

H,N
o OH o
N + + HO N N\OH

Fragment A (2.62 Fragment C (2.64)
g

R OH
Fragment B (2.63)

Scheme 2.1. Retrosynthetic analysis of target malaéles
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Fragment A 2.62 was accessible ultimately fromn-serine benzyl ester and
methyl salicylate. Fragment Q.64 was accessible from the commercially availd®le
or S3-hydroxybutyrate and Cbz-protectedysine. Retrosynthetic analysis of fragment
B (2.63 lead us to the acylnitroso HDA cycloaddu2t66 derived from 1,3-

cyclooctadiene (Scheme 2.2).

HO H R
HoN
Mo 264 X
E X
N~ "R
2.63 0]
R OH N R % 2.66

R=CO,H, CH,OH N—0

Scheme 2.2. Retrosynthetic analysis of fragment B

There were two distinct pathways to fragment2868 from cycloadduc2.66
One pathway resulted from N-O bond reduction todimeno alcohol intermediat2 64,
wherein the final synthetic step involved cleavafehe olefin, and the other pathway
resulted from oxidative cleavage of the olefin gtloadduct2.66 wherein the final
synthetic step involved N-O bond reduction. Ountbgtic plan was to explore both

possible pathways in an attempt to arrive at thetrafficient route to fragment 2.63).
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In the synthetic direction, fragments 2.2, B (2.63, and C 2.64) were
synthesized separately followed by fragment assginabhrrive at the targeted analogs

2.60a 2.60h 2.613 and2.61h

2.6 Summary of project goals
Overall, the goal of this project was to provide tiarget molecules in order to
better understand the SAR surrounding the mycabaxire structure as it pertains to

anti-TB and anticancer activity. The specific aiofishis project were as follows:

* Provide an efficient route to synthetic fragmeniBAand C as well as
develop synthetic methods for fragment assembly

* Synthesize the-hydroxy carboxylate analogs of mycobactins S and T
compound®.60aand2.60b

* Synthesize the 1,2-diol analogs of mycobactins&Tgrcompound®.61a
and2.61b

» Assay all intermediates and target compounds faogical activity against
M. tuberculosishuman prostate (PC-3) and breast (MCF-7) cedklin

The following two chapters will detail the syntleegfforts toward these specific
aims and will also describe the biological activity the intermediates and target
compounds. Chapter 3 will detail the chemistry@umding the synthesis of fragments
A, B, and C. Chapter 4 will detail the chemistiyrsunding the assembly of fragments
A, B, and C and efforts toward the synthesis ajeéacompounds. Biological activity of

compounds and intermediates will also be describetiapter 4.
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CHAPTER 3:

SYNTHESIS AND STUDY OF MYCOBACTIN ANALOG FRAGMENTS

3.1 Introductory remarks

The following chapter will detail the synthesis feigments A 2.62), B (2.63,
and C R.64 (Figure 3.1). Section 3.2 will also describe Hyathesis of fragment A
analogs based on interesting an unexpected bialogativity of an intermediate in the
synthesis of fragment A2(62. All biological data for fragments and analogdl Wwe
detailed at the end of chapter 4. The synthesisaginent C 2.64) is straightforward

and will be covered in this chapter in section 3.6.

(0]
HoN
OH (RorS)

0 /o

\ OH }\/U\

N HO N N\OH

OH 0 R” “OH o
Fragment A (2.62) Fragment B (2.63) Fragment C (2.64)

R=C02H, CHon

Figure 3.1. Fragments A, B, and C

Two synthetic routes to fragment R.§3a and 2.63b have been explored
(Scheme 3.1). Method #1 involved alkene cleavageyoloadduct2.66 as the initial

important transformation followed by N-O cleavaddle intermediat®.65 Method #2
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involved N-O bond reduction of cycloaddi66 as the initial important transformation
followed by alkene cleavage of the intermediatedn¥no alcohoR.64 Each route has

been detailed separately in sections 3.4 and &pectively.

METHOD #1

|

/ /
(0]

T

H R” “OH
N-O bond HO N\ﬂ/R alkene 2.63a (R=CO,H)
cleavage o cleavage 2.63b (R=CH,0H)
2.64

R
alkene 0= N-O bond
cleavage HO,C N§O CO,H cleavage
U \ 0
HoN
0 2.65 2 on
A

METHOD #2

|

Scheme 3.1. Two methods used to synthesize fragrmén

3.2 Synthesis of fragment A

Fragment A 2.62 was derived from methyl salicylat8.{) and protected serine
3.3(Scheme 3.2). The most efficient route to fragmfeand analogs followed a strategy
that was similar to those reported for the synthesf other salicylate-based
siderophored?: 297 304 395 Nethyl salicylate 3.1) was converted to the protected
salicyclic acid3.2in two steps in high overall yield. Amirge4 was prepared from Boc-
protected serine3.3 in two steps in equally high yield. Coupling oérime 3.4 to
salicylate3.2 was effected using a water soluble carbodiimideléanly yield amide.5
in excellent yield. Alternatively, amid&5 was synthesized by first converting salicylate
3.2to an acid chloride using oxalyl chloride and baia DMF followed byN-acylation

(Scheme 3.3).
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1) BnBr, K,COj

@[COZME CH3CN, 60 C ©:C02H
OH 2) KOH, H,0 OBn

a1 reflux 97% 3 EDCeHCI o OH
EtsN
—
CH2C|2 N COZBn
oH  1)BNBr,K,CO, __OH 93% OBn
CH3;CN o ClI 3.5
. —
BocHN™ “co,H 2 HCl EO HaN~ CO,Bn
3.3 86% 3.4

Scheme 3.2. Synthesis of amide from methyl salieg¢ andL-serine

OH

i
@ECOZH 1) (COCI),, DMF (cat.) ©fLN CO,Bn
> H
OBn 2) 3.4, DIPEA, CH,Cl, OBn
32 97% 3.5

Scheme 3.3. Alternative amide formation

The cyclization of compounds similar to ami@e to oxazolines has been
reported in the literature using a variety of reagesuch as thionyl chloridé® and
Burgess's reagefit® We found that cyclization of amid5to oxazoline3.8 was easily
performed using PEG-supported Burgess's reagdntScheme 3.43'° Although vyields
of oxazoline3.8 were satisfactory, the conditions appeared tormecessarily harsh and
resulted in mixtures that required careful purifica. Additionally, although PEG-
supported Burgess’s reageh¥ is prepared in one step from chlorosulfonyl isoate
(3.6), this reagent decomposes readily and is diffitultandle.

A milder, higher-yielding alternative to PEG-supigar Burgess'’s reagent was the
use of diethylaminosulfur trifluoride (DAST) as mted by the Wipf group?® The use

of DAST allowed oxazolin&.8 to be obtained in high yield and was sufficientlgan
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enough to allow the purification of oxazoliBe3 by recrystallization. Hydrogenolysis of

the benzyl ether and ester afforded fragmeri2.83).

3.7

o) OH . 1:1 THF/dioxane ™\

/[ reflux . o H2 Pd/C
N” >CO,Bn 6% N l 1
H N"co,Bn MeOH CoH
OBn

~ DAST e OBn 99%
35 CH,Cl,, -78 T 3.8
92%
(H) 1) Efl—i, - O\\ //O o DAST = diethylaaninosquur trifluoride
C'_g_N:CZO 2) EtN EN" N7 07 PEG EtN-S—F
3.6 3.7 F

Scheme 3.4. Completion of fragment A synthesis

Through the use of this synthetic route, fragmerf2 82 was obtained in 5 steps
from methyl salicylate in 70% overall yield. Momaportantly, all intermediates could
be purified through recrystallization alone and didt require chromatographic

purification.

3.3 Fragment A analogs as small-molecule anti-TlBmaunds

The Miller group has previously found oxazoliBe8, a synthetic intermediate
toward the synthesis of mycobactirf6to have growth inhibitory activity againM.
tuberculosis’" 32 Subsequently, oxazolirg28 was synthesized and tested for biological
activity against various mycobacterial species, amdour surprise, appeared to be

selective foiM. tuberculosigTable 3.1).
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TABLE 3.1

ANTI-TB ACTIVITY OF INTERMEDIATE 3.8

0
¢ ?%\l
N™ “co,Bn

OBn 3.8

Mycobacterium sp. MIC (uM)

M. tuberculosis Hz7Rv ~ 7-12
M. smegmatis >250
M. vaccae >250
M. fortuitum >250
M. avium >32

3.3.1 Fragment A analogs: modifying stereochemisitny substitution

An analog of fragment A, compourdll, was synthesized from benzoic acid as a
non-Fe-binding analog following a similar routeth@ one outlined above (Scheme 3.5).
Amide 3.9 was prepared through carbodiimide-mediated cogphith serine estes.4,
and dehydrative cyclization to oxazolirg210 proceeded through the use of DAST.

Hydrogenolysis afforded the analBdL1

EDCeHCI o) oH
3.4, EtN L DAST @0 Hz, Pd/C o
PhCO,H ————> N~ Sco,Bn ——— > N j\ E—— ©—<\ j\
CH,Cl, ©)LH C%z%z N"co,Bn MeOH N co,H
96% 3.9 ) 3.10 99% 3.11

85%

Scheme 3.5. Non-chelating fragment A analog

Through the us®-serine instead df-serine, fragment A analogs15and3.16
were synthesized (Scheme 3.6). Starting from BoteptedD-serine, serine benzyl

ester3.12was synthesized in excellent yield. Amide couplwvith either benzoic acid or
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salicylate3.2 afforded the amide8.13 or 3.14 respectively in high yield. Cyclization
with DAST followed yielded fragment A analo@sl5and3.16 Additionally, oxazoline
3.8 was oxidized using DBU and bromotrichlorometifahéo the oxazole compound

3.17(Scheme 3.7).

_OH
o =
1) BnBr, K,CO4 _ _OH 3.2 or PhCO,H B
Boc-D-serine > + A - H
2) HCI, E,0 H3N™ ~CO,Bn CH,Cl, R
93% 3.12 3.13 (R=H, 75%)
3.14 (R=0Bn, 80%)
CH,CI
DAST 2-2
-78 C

O~
A
N™ “co,Bn
R

3.15 (R=H, 86%)
3.16 (R=0Bn, 70%)

Scheme 3.6. Fragment A fronD-serine

Q—<Ol _DBU, BrCCl; Q_< j\
N
N™ “co,Bn CH2C'2 CO,Bn

OBn 70%
3.8

Scheme 3.7. Synthesis of an oxazole

3.3.2 Fragment A-based hydroxamates and hydroxaconis
A number of hydroxamate and hydroxamic acid analog$ragment A were
synthesized with the dual purpose of expandingsthecture-activity relationship (SAR)

around the biologically active oxazoline interme€ia 8 as well as providing substrates
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for use in acylnitroso HDA reactions. The synthasi hydroxamates and hydroxamic
acids will be described here, and HDA reactions baldescribed in chapter 4.

We hypothesized that methyl esters would provideseful starting material for
hydroxamate synthesis, and methyl e8t@0was prepared from serine methyl e&€r8

in two steps in excellent yield (Scheme 3.8).

OH
oH 3.2, EtN o
- EDC-HCI _DAST _
3 - 0 B l
HsN~ ~CO,Me 2> OB C%ZSC'Z CO,Me
3.18 93% 319 87%

Scheme 3.8. Synthesis of methyl ester compound

The synthesis of hydroxamat821-3.23from esters3.20 and 3.8 was studied
using two methods (Table 3.2). Following publishgdocedures?® 3%* O-
benzylhydroxylamine hydrochloride (OBHAeHCI3.27) was prepared fromN-
hydroxyphthalimide .24 in two steps (Scheme 3.9). O-allylhydroxylamine
hydrochloride as well as hydroxylamine hydrochlerahd OBHA<HCI 8.27) were used

for the synthesis of hydroxamatgé®1-3.23(Table 3.2).
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TABLE 3.2

SYNTHESIS OF HYDROXAMATES FROM ESTERS

@) _ o+ ) 0]
N COZRl N \ORZ
OBn o)

OBn
3.20 (R:=Me) 3.21 (R%*=H)
3.8 (R'=Bn) 3.22 (R2=CH,CH=CH,)
3.23 (R%=Bn)
Entry Ester R? Conditions Product  Yield/result

1 3.20 H KOH, MeOH 3.21 21%
2 3.20 allyl KOH, MeOH 3.22 no product obtained
3 3.8 H KOH, MeOH 3.21 no product obtained
4 3.8 allyl KOH, MeOH 3.22 20% (impure)
5 3.20 H MezAl, CH,Cl, 3.21 decomposition
6 3.20 allyl MezAl, CH,CI, 3.22 decomposition
7 3.20 Bn MesAl, CH,Cl, 3.23 decomposition

Weinreb® and other&® %’ reported that hydroxamates can be obtained from
methyl esters using trimethylaluminum-complexeshgfiroxylamines; however, when
these conditions were attempted on e3t2@ only decomposition and complex mixtures
were observed (Table 3.2, entries 5-7). Although-Yielding, the use of methanolic
potassium hydroxide allowed for the isolation chgenably pure hydroxamic aci21
and impureO-allyl hydroxamate3.22 (Table 3.2, entries 1-4). The reason why no

product was obtained in entries 2 and 3 (Table\B&&) not clear.
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NH
O O 1) NoHy NH
BnBr, EtzN EtOH, reflux
N—OH > N—OBn > O 3.26
CH3CN, reflux 2) HCI, Et,0

+

o ~99% 0 82% .

3.24 3.25 Cl' H3N—-OBn

3.27

Scheme 3.9. Synthesis @-benzylhydroxylamine hydrochloride

The use of carboxylic acida62 and3.11rather than estef®.20 and 3.8 for the
synthesis of hydroxamates was more successful €Ta8). While the use oN-
hydroxysuccinimide (NHS) and dicyclohexylcarbodidai (DCC) produced a complex
mixture, using water-soluble carbodiimide as afvating agent for aci@.62yielded the
desiredO-benzyl hydroxamat@.28 (Table 3.3, entries 1 and 2). Higher yields were
obtained when the reaction was performed in aqueonditions with careful control of
the apparent pH of the mixture rather than wherre¢hetion was performed in an organic
solvent (Table 3.3, entries 2 and®3). The use of carboxylic aci@.11, derived from
benzoic acid, yielded the hydroxam&t29in somewhat lower yield (Table 3.3, entry 3),
which was attributed to the low solubility of cakytic acid 3.11in the aqueous solvent
mixture.

Other hydroxamates and hydroxamic acids were peéepasing similar methods.
Since the oxazol8.30was not soluble at all in THFA® mixtures, acetonitrile was used
as the solvent when treated with EDCHCI| and OBH@kldNd provided hydroxamate
3.31in moderate yield (Scheme 3.10). Hydrogenolys$ithe benzyl hydroxamatg.28

cleanly provided the hydroxamic a@d32in excellent yield.
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TABLE 3.3

SYNTHESIS OF HYDROXAMATES FROM CARBOXYLIC ACIDS

O OBHA*HCI O

W - L

N™ “co,H N ~OBn
R R o

2.62 (R=0OH) 3.28 (R=0OH)
3.11 (R=H) 3.29 (R=H)
Entry  Acid Conditions Product  Yield/result
1 2.62 i. NHS, DCC; ii. NaHCO4 3.28 complex mixture
2 2.62 EDC-+HCI, EtzN, CH3CN 3.28 48%
3 2.62 EDC-HCI, pH=4.5, THF/H,O 3.28 83%
4 3.11 EDCeHCI, pH=4.5, THF/H,O 3.29 39%
0 EDCAHO, Etah 0
O =S8 ()0
N™ “co,H CH4CN N “OBn
3.30 66% 331 O
0o H,, Pd/C o
N H Y e N H
N N-oBn  MeoH N N on
OH OH
(0] (0]
3.28 98% 3.32

Scheme 3.10. Synthesis of other hydroxamates angdnoxamic acids
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Hydroxamates of un-cyclized analogs of fragment Arev also prepared.
Hydrogenolysis of compound&9 and 3.5 afforded the carboxylic acid3.33 and 3.34
(Scheme 3.11). Aqueous coupling with OBHAHCI na¢eld by EDC+HCI provided the

hydroxamate8.35and3.36

J: O /[ OBHAHCI
©\)k comn M PUC ©\)\N co _ EDCHC ©\)k
MeOH H THF/H,O
R pH=4.5
3.9 (R=H) 3.33 (R=H, 99%) 3.35 (R=H, 71%)
3.5 (R=0Bn) 3.34 (R=OH, 99%) 3.36 (R=OH, 71%)

Scheme 3.11. Synthesis of hydroxamates of hydroxainide intermediates

3.4 Synthesis of fragment B using method #1

3.4.1 Nitroso-hetero Diels-Alder reactions

The synthesis of fragment B compouri§3a and 2.63b began with a nitroso
HDA reaction. A variety of cycloadduc&38-3.43were prepared in order to investigate
conditions for subsequent alkene- and N-O bondvelga reactions (Scheme 3.12).
BocNHOH @.37) was prepared from hydroxylamine hydrochloride ane step in
excellent yield and was treated with periodatehia presence of cyclopentadiene, 1,3-
cyclohexadiene, and 1,3-cyclooctadiene to yieldlagaducts3.38 3.39 and 3.4Q,
respectively. Hydroxamatg 41 was similarly treated with periodate in the preseof

cyclopentadiene and 1,3-cyclooctadiene to yieldoadducts3.42and3.43
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n
Boc,O @

n
NaH003 NaIO4 (
NH,OHeHC| ——————> BOCNHOH ———> n-Boc
THF/H,0 MeOH/H,0 5

3.37 0C

99% (¥)-3.38 (n=1, 58%)

(+)-3.39 (n=2, 69%)

% %n (+)-3.40 (n=4, 55%)
( n

NalO
CbzNHOH ———— » N-Cbz
MeOH/H,0O 5
3.41 0T

(+)-3.42 (n=1, 62%)
(+)-3.43 (n=4, 55%)

Scheme 3.12. Preparation of cycloadducts

A variety of conditions were studied for the cyaddion reactions witlcis,cis-
1,3-cyclooctadiene in an attempt to increase tleddyof cycloadducB.40 the direct
precursor to fragment B compoun@s63 (Table 3.4). Typically the reaction was
performed by adding an agueous solution of sodienogate to a mixture of the diene
and N-hydroxycarbamat&.37 in methanol and water (Table 3.4, entry 1); howeeae
considerable decrease in the yield of cycload@u$d was observed when a solution of
N-hydroxycarbamat&.37 was added to a mixture of sodium periodate andlitee in
MeOH/H,O (“reverse addition”, Table 3.4, entries 1-2).tehestingly, when this same
order of addition was performed using 4BUO, in chloroform instead of NalQin

methanol/water, a lower yield of cycloadd@c#0was not observed (Table 3.4, entry 4).
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TABLE 3.4
OPTIMIZATION OF HETERO-DIELS-ALDER REACTIONS WITH ,B-

CYCLOOCTADIENE

3.37
—_— A\N/Boc
conditions / O/

(#)-3.40
Entry  Oxidant Conditions Yield
1 NalO,4 MeOH/H,0, 0 T-rt 55%
2 NalO4 MeOH/H,0, 0 T-1t?  29%
3 NalO,4 "on H,0O", 0 T-rt N.R.?
4 BuyNIO, CHCl3, 0 C-rt 54%
5 NalO4-SiO, CH,Cly, rt 35%
6 CuCl (15 mol%) CHyCly, rt 33%°
tBUOOH (1 eq.)
79 FeCl; (3mol%) CH,Cly, rt decomp.
H,0; (8 eq)
HZN/\/ NH»
(15 mol%)

NOTE: (a) "reverse addition” 3.37was added to diene and oxidant; (b) N.R.=no reagf{c)
product was contaminated with Cu salts; (d) uddd instead 088.37, intended product was cycloadduct
3.43instead 08.40

Sharpless and others have reported that cycloaddiactions in particular can
benefit from reacting “on water” compared to reagtin solution®?® ***however, when
the reaction using NalOwas performed “on water”, no cycloadds:#0 was obtained
(Table 3.4, entry 3).

Periodate supported on silfch ***was identified as a suitable replacement for
periodate in solution; however, cycloadd3c#0was only obtained in low yield (Table

3.4, entry 5). Similarly, unfavorable results wetsserved when metal-based oxidahts
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were used in the cycloaddition reaction, resultmgither decomposition or low yields of
cycloadducB.40(Table 3.4, entries 6-7).

While cycloadditions with cyclopentadiene and cheradiene were observed to
be exceptionally rapid, cycloadditions with 1,3dogrtadiene were comparatively
sluggish, and required higher temperatures to gehceAs an example, wheéh37 was
oxidized using Swern-Moffatt® conditions (i. oxalyl chloride/DMSO; ii. BX) at -78 °C
in the presence dfis,cis1,3-cyclooctadiene, only a low yield of cycloadd3c40 was
obtained, presumably due to the slow rate of theAHEaction compared to
decomposition of the nitroso species at such lawperatures. The highest yields of
cycloadduct3.40 were recorded when the reaction was performedgubialQ, in a
methanol/water mixture at room temperature, anceta@mperatures often resulted in a

lower yield of cycloadduc3.4Q

3.4.2 Alkene cleavage reactions of cycloadducts

Oxidative cleavage reactions were investigated gusiyclopentadiene- and
cyclohexadiene-derived cycloaddu@s38 and 3.39 Olefin cleavage of cycloadducts
3.38 and 3.39 was attempted using ruthenium tetroxide followedtk®atment of the
crude mixture with excess diazomethane in ordeshtiain diester compounds44 and

3.45(Scheme 3.13).
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QOZMe

9} (5)-3.44
1) RuCls (2.5 mol%) n=1 Boc V™ T
(" NalO, (4 eq) % Zome
N/BOC CC|4/CH3CN/H20 63%
of 2) CH,N,, Et,O
(4)-3.38 (n=1) n=2 £O;Me
(+)-3.39 (n=2) o
recovered SM N:j (#)-3.45
Boc” Y
CO,Me

Scheme 3.13. Oxidative cleavage of cycloadducts

Cycloadduct3.38yielded the diester compourdM4in good yield; however, the
alkene of cycloadducB.39 was resistant to oxidative cleavage under theselitons.
Initially, we hypothesized that the difference eactivity may be due to less ring-strain
inherent in the bicyclo[2.2.2]-system than the bloj2.2.1]-system; however, perhaps a
more plausible reason for the lack of reactivitghtihave been due to inexperience with
the chemistry in the author's hands. Fortunatglgtassium permanganate effected
oxidative cleavage of the alkene of cycloaddB@&9 and yielded the crude diacki46
(Scheme 3.14). Diaci8.46 was treated with excess diazomethane to afforcettiph
ester3.45 or with exces®-benzylN,N’-dicyclohexyl-isourea3.47) to afford dibenzyl
ester3.48 Isourea compoun@®.47 was prepared according to published procedure
(Scheme 3.15).

When cycloadducB.38 was treated with ruthenium tetroxide followed by a
excess of isoured.47, dibenzyl ester compoungl49 was not isolated and a complex
mixture was observed. Since benzyl esterificatising isourea3.47 often required
heating to proceed, it is possible that the diaoigrmediate decomposed under the

reaction conditions.
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CO,Me

CH,N
ez, ? (+)-3.45
Et,O ~N
CO,H 2 Boc Y
R 63% Co,M
LG\N/BOC KMnO,, Na,CO4 (?:) ° 2Vie
71 >
(@] acetone/tBuOH N
Boc : CO,Bn
B 44:1),-10 T : =2
(+)-3.39 (44:1) COH v 5 .
85% (+)-3.46 L 'j (2)-3.48
PhCH, BOC/N _
82% CO,Bn

Scheme 3.14. Oxidative cleavage of cyclohexadieserived cycloadduct

OBn
CuClI (30 mol%
BnOH, 60 C N ”

N,N'-dicyclohexyl- 94%

carbodiimide (DCC) 341

Scheme 3.15. Preparation dD-benzyl isourea compound

1) RuCl3 (2.5 mol%) CO-Bn
L0

NalO, (4 eq)
ZE\/N/BOC CCI4/CH3CN/HZO/ R Q} (£)-3.49
(0] 2) 34—7, PhCH3 BOC/N <
(+)-3.38 CO,Bn

Scheme 3.16. Attempted preparation of dibenzyl est compound

With an understanding of the oxidative cleavagetreas of cycloadduct8.38
and 3.39 oxidative cleavage reactions of cycloadd3c#0 were investigated using
ruthenium tetroxide and KMn{Scheme 3.17). Diacid intermedi&&0was prepared
using either ruthenium tetroxide or KMpO Treatment of diacid.50 with excess
isourea3.47 yielded dibenzyl ester compourdd5l, but separation of est&.51 from

N,N’-dicyclohexylurea (DCU) was difficult. Cyclic hyokylamine 3.53 could be
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obtained by treatment of diac&l50with excess diazomethane followed by deprotection
of compound3.52 but was more easily prepared in one-step frontidli&.50 by

treatment with thionyl chloride in methanol.

RUO4
Boc Boc
ot N-O CH,N N-O
n-Boc _ KMnO, HO,C., WCO,H M2~ MeO,Cr,, CO,Me
g Et,0
(#)-3.40 71%
(+)-3.50 (+)-3.52
3.47 o | 1) HCl(g), Et,O
PhCH, 65% 2) NaHCOj4
BOC\
N-O H
BI’]OZC/,. ,\\COZBn \N_O
U | 1)SOCI,, MeOH Meo,C.. WCO,Me
2) NaHCOj4 Q
+)-
_ (£)-3.51 61%
inseparable from DCU (+)-3.53

Scheme 3.17. Oxidative cleavage reactions of cymttadiene cycloadduct

Olefin cleavage using ozonolysis was also studid cfyclooctadiene-derived
cycloadducts. Marshall has reported direct pramaraof diester compounds from
alkenes by ozonolysis using potassium hydroxidel@oholic solvent§®* Using this
method, diester compoun8.52 was obtained in low vyield from cycloaddudt40
(Scheme 3.18). We were also interested in metti@ianight differentiate the two ester
groups of diester compourdl52 Treatment of cycloadduBt43with excess ozone and
bicarbonate in CkCl,/methanol was anticipated to yield the two peroxtdenpounds
3.54 and 3.55 We hoped that treatment of the mixture with @cenhydride and
pyridine would afford compound356 and3.57. however, only a complex mixture was

observed.
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Boc\

N—-O
ZEgN/BOC O3, KOH MeO,C.,, wWCOo,Me
o CH,Cl,, MeOH

-78 C

\

(#)-3.40 saot (£)-3.52
Boc, o-©H HO-g Boc
e O3 NaHCO3 _ |opc, N0 [ - o>"" N-0_ cHo
o CH,Cl,, MeOH Q OMe e U
(4)-3.43 78T
(#)-3.54 (#)-3.55
ACZO
pyridine, CH,Cl,
Boc Boc
\ \
OHCu,@,\\COZMe N MeOZC/,,©,\\CHO
(¥)-3.56 complex (¥)-3.57

mixture

Scheme 3.18. Alkene cleavage using ozonolysis

A fortuitous discovery occurred when cycloaddugi40 and 3.43 were treated
with excess ozone followed by reduction of the dadenintermediate with sodium
borohydride (Scheme 3.19). As expected, the ddohmound3.58 was obtained when
cycloadduct3.40 was treated with ozone followed by reduction withBH,; however,
when cycloadducB.43 was treated with the same conditions, the bicyajidroxamate

3.59was recovered in 48% yield along with benzyl atidbh
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1) 05, -78°C (+)-3.58
R 2) NaBH,, -10 C
o CH,Cl,, MeOH

o
(+)-3.40 (R=Boc) 0//<
(¥)-3.43 (R=Cbz) R=Cbz I N-O
/, AN
— OH
48%
(+)-3.59

Scheme 3.19. Unexpected formation of a cyclic hyalkamate

Presumably, both cycloaddu@st0and3.43 provide the diol compound&60in

the course of the reaction (Scheme 3.20). Under lihsic conditions, alkoxide

intermediate3.61 could attack théN-alkoxycarbamate carbonyl to yield the tetrahedral

intermediate3.62 Breakdown of the tetrahedral intermediate shgudtd hydroxamate

3.59along with 1 equivalent of alcohol ROH.

o= @

N—O e N_O AN
//,,. .‘\\\ - ., "
N-COR > _ HO Q OH 0 Q OH
o

(+)-3.40 (R=tBu) (+)-3.60 (1)-3.61
(4)-3.43 (R=Bn) 1
step A
o _
//< QVO OBn
(e} O0—X\«
[ N-O [ N-O
’, .\‘\\ /". .\‘\\
ROH + Q OH <«——— OH
step B
()-3.59 (#)-3.62

Scheme 3.20. Proposed mechanism for hydroxamaterritation
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In order to probe this reaction further, cycloaddsi6é4 was prepared (Scheme
3.21). We reasoned that the trifluoroethyl grolgging more strongly electron-
withdrawing than a benzyl group, might result irnigher yield of hydroxamat8.59
The trifluoroethylcarbamate3.63 was prepared from 2,2,2-trifluoroethanol and
successfully underwent cycloaddition with cycloaltsme when treated with periodate to
yield cycloadduct3.64 although a clean sample of adddc64 was never obtained.
Ozonolysis of an impure sample of cycloadddi@4 followed by treatment with NaBH
yielded the desired hydroxama®es9 but in low yield. Oxidation of alcohd.59 to

aldehyde3.66was accomplished using Swern-Moffatt oxidation.

Tfeoc @
1) CDI

. o Nalo
—— 2) NH,0H HCI= L _ Nalog, /N/Tfeoc + impurities
THF/pyridine FsC~ O "NHOH MeOH/H,0 o
58% 3.63 51% (2)-3.64
1) O3, -78 T
31% | 2) NaBH,4, -10 T
CH,Cl,, MeOH
O o}
1) (COCI), 0//<
- < PMSO JUN-O ., _..HNO_
Fragment B i S— "
-~ Q 2) EtN Q oH T HO U OH
CH,Cl,
(+)-3.66 54% (+)-3.59 (+)-3.65
31% not observed

Scheme 3.21. Investigation of hydroxamate-formatio

It is unclear why a lower yield of hydroxam&&9was obtained in this reaction;
however, if the strongly electron-withdrawing 2;2;@uoroethoxy group increased the

electrophilicity of the carbamate carbonyl, it wible likely that this would also increase

91



the likelihood of the carbamate being removed katiment with NaBkl As a result,
compound3.65would be expected, however only a low yield of toy@mate3.59 was
isolated from the reaction mixture.

Although we envisioned the use of hydroxamadtB9 as a substrate for the
synthesis of fragment Bg-amino acid analogs, and other biologically inteéngs

molecules, time did not permit additional investiga of this methodology.

3.4.3 N-O bond reduction of intermediates

N-O bond reduction of diester compourig4 and3.45was unsuccessful using
either Mo(COY*® %" or freshly prepared samarium diiodide (Scheme)3.22 all cases,
complex mixtures were observed and the desirdtydroxy esters3.67 and 3.68 were

not isolated.

;COzMe Mo(CO)s BocHN CO,Me
9:}})” w/ and wo/NaBH,;  zy . "l .oH
N— CH3CN/H,0
Boc 0.Me reflux COxMe
2
(+)-3.44 (n=1) (+)-3.67 (n=1)
(1)-3.45 (n=2) (+)-3.68 (n=2)
COyMe BocHN.__CO,Me
\ Sml
9:> ﬂz%» \g‘\\OH
BOC/N / THF
Co,Me CO,Me
(1)-3.44 (1)-3.67

Scheme 3.22. Attempted N-O bond reductions

A more thorough study of N-O bond reduction comais was performed on the

cyclic hydroxylamine compounda52and3.53 (Table 3.5). A variety of conditions has
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been reported to reduce N-O bonds in the literaincbuding the use of hydrogenolysis,

&% 99 1% inc/acetic

NiClo/NaBH,,**®> molybdenum hexacarbon$fl, *” samarium diiodid
acid, and sodium-mercury amalgafi. When compound8.52 and 3.53 were treated

with most of these conditions decomposition and mer reaction mixtures resulted;
however, we were pleased to find tlehydroxy ester3.69 was obtained in a modest
39% vyield upon treatment of hydroxama&t&2 with samarium diiodide (Table 3.5, entry

4). All attempts to optimize the reaction condisoonly resulted in lower yields of

compound3.69,
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TABLE 3.5

INVESTIGATION OF N-O BOND REDUCTIONS OF DIESTER INERMEDIATES

R RHN CO,Me
MeozC”'@"‘COZMe reducion (#)-3.69 (R=Boc)
(+)-3.70 (R=H)
435 (s
Entry R Reduction conditions Yield/result
1 Boc i. TFA, Et3SiH, CH,Cl, complex mixture
ii. H, (up to 3 bar), Pd/C, MeOH
2 Boc Mo(CO)g, CH3CN/H,0, reflux recovered 3.52
3 Boc Zn, HOAc, A recovered 3.52 + mixture
4  Boc  Smly THF 22-39% yield of (+)-3.69 |
5 Boc Na-Hg, Na,HPO,, THF/MeOH complex mixture
6 H H, (up to 3 bar), Pd/C, MeOH, HOAc complex mixture
7 H H, (up to 3 bar), Pd/C, MeOH, HCI complex mixture
8 H H,, Pd/C, MeOH, HCI, A complex mixture
9 H H, (up to 3 bar), Pt,0, MeOH, HCI complex mixture
10 H Mo(CO)g, CH3CN/H,0, reflux complex mixture
11 H Zn, HOAc, A recovered 3.53 + mixture
12 H Sml,, THF complex mixture
13 H Na-Hg, Na,HPO,, THF/MeOH complex mixture

3.5 Synthesis of fragment B using method #2

Through the use of method #1, the only protecteagrfrent B compound
accessible waga-hydroxy esteB.70 This method was abandoned shortly thereafter due
to the success of the alternative strategy, met#tiodUsing method #2, protected forms

of both a-hydroxy carboxylate compound.63a and 1,2-diol compoun@.63b were
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prepared in excellent yields from cycloadddcdQ Additionally, enantiomerically-
enriched compounds could be accessed through tredogenent of a kinetic enzymatic

resolution process. Details of these proceduréseidescribed in the following section.

3.5.1 N-O bond reduction of cycloadducts

Similar to the strategies employed using methodH#d jnvestigation of chemical
techniqgues and procedures was initially exploreihgushe cyclopentadiene- and
cyclohexadiene-derived cycloadduBt88and3.39 The N-O bond of cycloadducss38
and 3.39 was reduced using molybdenum hexacarbonyl andnlglegielded 1,4-
aminoalcohols3.71 and 3.72 (Scheme 3.23). Typically, N-O bond reductionsngsi
Mo(CO) are performed with 0.7-1.0 equivalents of the ezadf °’ however, as reported
previously in the Miller group® only 30 mol% of Mo(CQ) was required for the
reaction to proceed when excess NaBtas added. A qualitative survey of a variety of
other inorganic reducing agents @Sg03;, NaSO;, NaS,0s5, NaHSQ, Na ascorbate, Na
oxalate) revealed that the use of sodium sulfitd andium oxalate were suitable
replacements for sodium borohydride. Protectionalebhols3.71 and 3.72 yielded

compounds3.73-3.75

RCI
( n n . . n
LJ\LN/BOC Mo(CO)e, NaBHs 5. ii\/ _NHBoc imidazole  _  po. \/—99_/\ _NHBoc
5 CH3CN/H,0 CH,Cl, or DMF
65 C
(+)-3.38 (n=1) (4)-3.71 (n=1, 80%) (+)-3.73 (R=Ac, n=1, 65%)
(+)-3.39 (n=2) (+)-3.72 (n=2, 85%) (+)-3.74 (R=Ac, n=2. 58%)

(#)-3.75 (R=TBS, n=1, 91%

Scheme 3.23. Investigation of N-O bond reductions
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The use of sub-stoichiometric molybdenum hexacafboand sodium
borohydride to reduce the N-O bond of the cyclodietae-derived cycloadduBt40was
unsuccessful (Scheme 3.24). One full equivaleno{CO) and higher temperatures
were required before cycloaddugd0was completely consumed in the reaction, which
offered 1,4-aminocycloocten8l76in excellent yield. Alternatively, samarium diidd
was used to effect the same transformation, albddwer yield. Protection of alcohol
3.76yielded compound3.77-3.79without incident.

The same sequence was successful when performedClmrrprotected

cycloadduct3.43 which offered alcohol$3.80 and 3.81 in excellent yields (Scheme

3.25).
Mo(CO)g, NaBH, //
‘ CH3CN/H,0, 65 C /4 l
Ac,0, pyridine
or
Mo(CO)g BocHN OH BnBr, NaH, THF BocHN OR
J\N/BOC - = >
/ / CH3CN/H20 _Or .
o reflux TBSCI, imidazole
95% . DMF
(#)-3.40 (+)-3.76 (4)-3.77 (R=Ac, 98%)
(3)-3.78 (R=Bn, 80%)
‘ Sml, (#)-3.79 (R=TBS, 95%)
THF 79%

Scheme 3.24. N-O bond reduction of cyclooctadiemerived cycloadduct

CbzHN OH TBSC| CbzHN OTBS
- N/Cbz Mo(CO)g imidazole
4 g CH3;CN/H,O DMF

reflux
(+)-3.43 (+)-3.80 (1)-3.81

87% 93%

Scheme 3.25. N-O bond reduction of Chz-protectedcloadduct
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As described in chapter 1, eliminative ring-openiegctions have also been used
to effect N-O bond cleavage of acylnitroso HDA oadducts® 1% Recently, Toste has
reported”’ the desymmetrization ahesebicyclic endoperoxid®.82 to y-hydroxyenone
3.84 via a chiral base-catalyzed Kornblum DelLaMare regagement (Scheme 3.265.
Tertiary amine3.83 providedy-hydroxyenone3.84 in excellent yield and enantiomeric

excess.

Reported by Toste (J. Org. Chem. 2006, 128, 12658):

Zﬁgo 3.83 (10 mol%)  HOw. O 99% yield
’ 0,
o CH,Cl,, 1t 9% ee

meso-3.82 6h 3.84
Proposed mechanism:
H
> NRs
/O —> 384
(@)
g0
meso-3.82

Scheme 3.26. Kornblum-DelLaMare Rearrangement repted by Toste

Through analogy, we hypothesized that cycload8utd could undergo a similar
ring-opening process to providgaminoenone3.85 using tertiary amine catalysts;
however, when cycloadduBt40 was treated with triethylamine in GEl,, no reaction
was observed (Scheme 3.27). The addition of exassse or heating of the reaction
mixture had no observable effect on the reactidwcording to eliminative N-O bond
cleavage reactions of monocyclic oxazines as regohly Kefala®* and Desat®

stronger bases may be needed in order to obtaip@amal3.85
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CH,Cl,
(+)-3.40 rt to reflux

- BocHN 0
oc
/N/BOC (cat. to excess) // .
0 V/4

3.85

Scheme 3.27. Failed attempt at the Kornblum-DeLaMi@ rearrangement

3.5.2 Oxidative cleavage reactions: synthesis-bf/droxy carboxylates

A variety of conditions were examined for the oxida cleavage of the olefin of
protected 1,4-aminocycloocteno&77-3.79 (Table 3.6). Oxidation conditions used
included permanganate (Table 3.6, entries 1-4heniim tetroxide (Table 3.6, entries 5-
9), and Os@Oxon€® with and without added sodium bicarbonate (Tab& 8ntries
10-13). The crude diacid intermediates were sukeaty esterified to methyl esters
using excess diazomethane (Table 3.6, entries 8, 4, and 9) or esterified to benzyl
esters using phenyldiazometha3e88 (Table 3.6, entries 2 and 6) or benzyl bromide
and potassium carbonate (Table 3.6, entry 3). Wiiezomethane3 88 was prepared

by flash vacuum pyrolysis (FVP) from hydrazd#h87 (Scheme 3.28°

TsNHNH, H 1) NaOMe
PhCHO S NHTs — >  PhcHN,
MeOH Ph™ N 2) FVP
3.87 3.88

Scheme 3.28. Preparation of phenydiazomethane
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TABLE 3.6
INVESTIGATION OF OXIDATIVE CLEAVAGE CONDITIONS FORPROTECTED

1,4-AMINOALCOHOLS

BocHN

OR?2
BocHN\C>;OR1 conditions
—_—

(+)-3.77 (R1=Ac)

(+)-3.78 (R'=Bn) RPO _“qmt
(+)-3.79 (R'=TBS) o
Entry Alkene Conditions 2 R! R? Product (yield)/result
1 (#)-3.77 . KMnOy; ii. CH,N, Ac Me  (4)-3.86 (33%)
2 (¥)-3.77 i. KMNQy; ii. PACHN> Ac Bn complex mixture
3 (¥)-3.77 i. KMNnQy; ii. BnBr, K,CO3;  Ac Bn complex mixture
4 (¥)-3.79 i. KMNQy; ii. CH,N, TBS Me 100% recovery of (+)-3.79
5 (1)-3.77 i. RuQy; ii. CH,N, Ac Me (1)-3.86 (75%)
6 (¥)-3.77 i. RuQy; ii. PACHN, Ac Bn complex mixture
7 (¥)-3.78 i. RuQy; ii. CH,N, Bn Me complex mixture
8 (+)-3.78 i. RuQy; ii. isourea 3.47 Bn Bn inseparable from DCU
9 (3)-3.79 i. RuQy; ii. CH,N, TBS Me complex mixture
10 (1)-3.77 0s0,4,0xo0ne Ac H complex mixture
11 (¥)-3.79 0s0,4,0xo0ne TBS H complex mixture
12 (*)3.77 0s0,4,0xone, NaHCO3 Ac H complex mixture
13 (1)-3.79 0s0,, Oxone, NaHCO3 TBS H complex mixture

NOTE: (a) RuQ= RuC} (2.5 mol%), NalQ (4 eq); KMnQ = KMnO, (2.5 eq), NsCO; (5 eq).
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While most of the conditions resulted in complexxtuies of products, alkene
3.77 was successfully transformed to dimethyl e@&6 Higher yields of compound
3.86 were observed when ruthenium tetroxide was usdtieasxidant compared to the
use of potassium permanganate (Table 3.6, entiaesl b).

Alkene compounds3.77 and 3.79 were resistant to dihydroxylation using
OsQ/NMO (Scheme 3.29). The RuflTeCk/NalO, system has been reported to be an
alternative method to effect clean and mild dihygtation of alkene$* however, when
compounds3.77 and 3.79 were treated with these conditions, complex meguof

products were observed.

HO  OH

RuCl3 (3 mol%) BocHN OR
NalO,, CeCl;  2o¢HN OR  oso, NMO gy
complex _ // A/ -
mixture
” EtOAC/CH3CN/H,0 THF/H0

(#)-3.77 (R=Ac) 3.89
(+)-3.79 (R=TBS)

Scheme 3.29. Failed dihydroxylations of protectetl,4-aminocyclooctenols

The use of ozonolysis to cleave the alkene wasideresl as a possible milder
alternative to the use of transition metal oxidan®hen acetat8.77 was treated with
ozone and potassium hydroxide in &Hp/methanof** the expectedr-hydroxy ester
3.69 was only recovered in 8% vyield (Scheme 3.30). Titsgor compound recovered
from the reaction mixture was the decarboxylateshmound3.90in 39% yield. Similar
results were observed when alcol3ol'6 was treated with the same conditions, which

indicated that deacetylation was probably theahgiep in the transformation. Marshall
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has reported decarboxylation to occur with othestguted allylic alcohol substrates

under these conditiorié?

(0] (0]
BocHN BocHN
OMe OMe
BocHN OR O3, KOH
= +
CHzclz, MeOH
-78 C
MeO Y
(¥)-3.76 (R=H) ‘OH MeO @]
(+)-3.77 (R=Ac)
()-3.69 3.90
R=H 10% 46%
R=Ac 8% 39%
(0]
BocHN
OMe
BocHN OR
Oa KOH (4)-3.91 (R=Bn, 20%)
CH,Cl,, MeOH (4)-3.92 (R=TBS, 54%)
-78 C
(+)-3.78 (R=Bn) MeO
(¥)-3.79 (R=TBS) OR
(0]

Scheme 3.30. One-step synthesis of diester compdsn

When benzyl ether3.78 and silyl ether3.79 were treated with the same
conditions, the ester compoun8®1 and3.92 were recovered in low to moderate yield
(Scheme 3.39). Deprotection of acet&t86 with potassium carbonate in methanol
yielded a-hydroxy ester3.69 (Scheme 3.31). Compared to the synthesia-bfydroxy
ester3.69using method #1, this sequence affordeldydroxy esteB.69in higher overall

yield from cycloadducB.40(55% for method #2 vs. 28% for method #1).

101



o) )
BocHN BocHN
OMe OMe
K,COs
_
MeOH
MeOS~onc  78% MeO~ o
()-386 O *)-369 0

Scheme 3.31. Synthesis of arhydroxy ester compound

3.5.3 Alkene cleavage reactions: synthesis of lgPedmpounds

Due to the successful use of ozonolysis to cleaeealkene of protected 1,4-
aminocyclooctenol compounds78 and3.79to yield diester compounds91 and3.92
we examined the use of ozonolysis to synthesizerdthgment B compounds. Protected
1,4-aminocyclooctenoB.79 was subjected to ozonolysis followed by treatmerth
polymer-supported triphenylphosphine (PS-PPto yield dialdehyde3.93 (Scheme
3.32). Ozonolysis of alkenes79 and 3.81 followed by subsequent reduction of the
ozonide intermediate with NaBtbffered the diol compounds94and3.95in excellent
yield. Silyl deprotection was effected with tetwdammonium fluoride and yielded the
triol compounds3.96 and 3.97. Treatment of triols3.96 and 3.97 with excess 2,2-
dimethoxypropane and catalyfpetoluenesulfonic acid resulted in complex mixtuoés
acetal products; however, when only one equivabérit,2-dimethoxypropane was used

in the reaction, acetonid@s98and3.99were obtained in excellent yields.
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RHN RHN

OH OH
1) O3, -78 T
RHN OTBS  2) NaBH,, -10 T TBAF
- >~
CH,Cl,/MeOH THF
(#)-3.79 (R=Boc) 95-99% HO_~orgg 8590%  HO_ -,
(#)-3.81 (R=Cbz)
(+)-3.94 (R=Boc) (+)-3.96 (R=Boc)
1) 0y, 78 T (#)-3.95 (R=Cbz) (#)-3.97 (R=Cbz)
R=Boc | 2) PS-PPhs, -10 T
69% ) 3 Me,C(OMe),
p-TsOH (cat.)
THF, rt
RHN RHN
e OH
(+)-3.93 (#)-3.98 (R=Boc)
(#)-3.99 (R=Cbz)
7 "0TBS o

f-

Scheme 3.32. Ozonolysis reactions on alkene intezdiates

From acetonide3.98 we hypothesized that 1,2-diol-containing fragméht
compound3.101 could be obtained through direct oxidation or tigio initial oxidation
to an aldehyde intermediate, compouBd 00 (Scheme 3.33). Direct oxidation to
carboxylic acid3.101from acetonide3.98was tested using both ruthenium tetroxide and
TEMPO/PhI(OAc). While carboxylic acid3.101was observed, the reactions did not
proceed cleanly and difficulties were encounterednd purification that resulted in
product decomposition. We then examined conditifamsoxidizing aldehyde3.10Q
prepared easily from acetoni@®98 using Swern-Moffatt oxidatiof® or Dess-Martin

periodinan€*! to the desired carboxylic ac&101
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RuCls, NalO4 or //

TEMPO,PhI(OAc), 7”7 l
(0]
BocHN
BocHN OH BocHN o OH
Swern oo
or - T . ]E)rotectedél,Z-diol
Dess-Martin ragment
5 periodinane 5
/O /O O
O7Q 95-99% O7Q O7Q
(+)-3.98 (#)-3.100 (#)-3.101

Scheme 3.33. Strategies toward the synthesis o2-Hiol 3.101

A number of conditions were investigated to oxididehyde3.100to acid3.101
(Table 3.7). Due to the difficulties previously cemntered during the attempted
purification of carboxylic acid.10], crude reaction mixtures were treated with excess
diazomethane to obtain a yield of methyl eStd02 Sodium chlorite effectively yielded
methyl esteB.102(Table 3.7, entries 1-2). The use of a chloriceevenger (2-methyl-2-
butene, Table 3.7, entry 3§ 3* yielded appreciably more est8rl02 than when no
scavenger was added Table 3.7, entr§*4)Using oxon€* only decomposition was
observed (Table 3.7, entry 3). A low yield of es3€102 was observed using AQ,

generatedn situ using AgNQ/KOH346 347

(Table 3.7, entry 5). Potassium permanganate
with added phase transfer agent benzyltriethylamumorchloridé*® offered the highest
yield of ester3.102 Additionally, the oxidation was very clean anfteced nearly pure

carboxylic acid3.101without purification (Table 3.7, entry 6).
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TABLE 3.7

INVESTIGATION OF REACTION CONDITIONS FOR THE OXIDAION OF AN

ALDEHYDE
B o | 0
BocHN X BocHN BocHN
@] OH OMe
conditions CH:N,
T e —_—
Et,O
'//O '//O '//O
(#)-3.100 07Q ()-3.101 07K (#)-3.102 07K
Entry Oxidation Conditions Yield [(£)-3.102]
1 NaClO,, H,0, not determined
tBuOH, H,0
2 NaClO,, NaH,PO, 44%
2-methyl-2-butene
tBUOH, H,0
Oxone, DMF complex mixture
KMnO,4, BNNEt;CI 72%
MeOH, H,0 (91% vyield of 3.101)
5 AgNO3;, KOH 24%
EtOH, H,0

Two strategies were also examined toward the sgiglod orthogonally-protected
o-hydroxy carboxylate compour8l103 (Scheme 3.34). An important aspect of these
two strategies from either silyl eth@94 or acetonid&.98was the ability to differentiate

between the two ester groupandb.

105



BocHN
OH

HO oy
OTBS

(+)-3.94

BocHN

R30.D
o)

OR?

(¥)-3.103

BocHN
OH

b "/O

(#)-3.98 O7Q

Scheme 3.34. Strategies towana-hydroxy carboxylate 3.103

Formation of acetonid®.104from diol 3.94 failed under all attempted conditions

(Scheme 3.35). Oxidation of alcoh8l104 followed by a deprotection-oxidation-

protection sequence should have yielded comp@uhd3 Alcohol 3.98 was protected

as acetat8.105 and the acetonide group was cleanly removed doige diol 3.106

Giacomelli et al has reported the use of a TEMPO oxidation usimgclsibometric

trichloroisocyanuric acid to selectively oxidizeettprimary hydroxyl of a 1,2-diol

349

group”™ When these conditions were used on 8idl0G§ only complex mixtures were

obtained.
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BocHN
OH p-TsOH (cat.)

MeZC(OMe)z // _______ - -
- | (¥)-3.103 | - :

THF /4 > 5

o ,

HO HO

“oTBS oTBS
(4)-3.94 (¥)-3.104
Cl< )k .Cl
BocHN BocHN BocHN BocHN OAG
ACZO PPTs (cat) TEMPO 9{
pyr|d|ne MeOH CH,Cl,
93% 76% O 1on
(2)-3.106 (#)-3.107

(+)-3.98 (#)-3. 105

Scheme 3.35. Toward the synthesis athydroxy carboxylate 3.103

3.5.4 Synthesis of enantiomerically pure 1,2-dmhpounds fragment B

The Miller group has reported the synthesis of &oarerically pure 1,4-
aminocyclopentenols using a kinetic enzymatic negmh % 137 138 18 \we enyisioned
the use of a kinetic enymatic resolution procesa agans to generate enantiomerically
pure fragment B analogs from 1,4-aminocycloocténdé To our delight, when alcohol
3.76 was treated with vinylacetate and immobiliz€&ndida antarcticaB lipase
(Novozyme 435) in a mixture of dichloromethane amdt heptane at 37 °C, the
enantiomerically-enriched alcohol @)76 and acetate (+3-77 were obtained with
excellent yield and optical purity (Scheme 3.36)Alcohol (-)-3.76 was easily
transformed into acetate )77, and acetate (+3-77was easily transformed into alcohol
(+)-3.76 The enantiomeric excess was calculated basechalysis of the Mosher ester

of alcohols (+)3.76and (-)3.76as well as racemic alcohol (8)76
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Z>0Ac

BocHN OH Novozyme 435 BocHN OH BocHN.,, wWOAc
CH,Cl,, heptane

37C
(+)-3.76 (-)-3.76 (+)-3.77
48% vyield 48% vyield
98% ee >99% ee
Ac,0 K,CO
9 99% | 2~ -3
98/Olpyridine 0lMeOH
BocHN ::: LOAC BocHNn-©-\\OH
(-)-3.77 (+)-3.76

Scheme 3.36. Kinetic enzymatic resolution of 1,4¥anocyclooctenol

While the Mosher ester analysis allowed for theedeination of enantiomeric
purity, this did not allow us to determine the db® configuration. Based on a recent

report by Choiet al**°

absolute configuration of primary amines with apaaent chiral
center could be determined by analysis of thie{2-nitrophenyl)prolyl (2-NPP) amides.
Based on reported success of this method on stasctimilar to compound3.77, we
decided to use this method to determine absolutdigtoation. Nitrophenylprolines
3.108 and 3.109 were prepared according to literature proceduBzhéme 3.375°
Compound3.77 was converted to thB- andS-2-NPP amides.110and3.111through

deprotection and EDC-mediated amide coupling.
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*

F
NaHCO; N~ TCO.H
O2N D- or L-proline
> 02N
EtOH, H,0 \©

reflux

98% (R)-2-NPP (3.108)
(S)-2-NPP (3.109)

. H
1) TFA, CH,Cl, y oA
BocHN OAc 2) NaHCO4 N
3) 3.108 or 3.109 O,N 0
EDC*HCI, HOBt
()-3.77 CH4CN 3.110 (*=R, 81%)
3.111 (*=S, 98%)

Scheme 3.37. Synthesis df-(2-nitrophenyl)proline (2-NPP) amides

'H NMR and COSY NMR were used to assign the chensiiits of all protons
in 2-NPP amide8.110and3.111(Figure 3.2). Following the model for determioatiof
absolute chemistry ai-chiral amines as reported by CHifithe absolute configuration
for the 2-NPP amide8.110and3.111was determined asRMS based on the pattern of
AS*®values (Figure 3.3). The distribution and magietofA3™ values is in agreement
with reported values for similar structures. Tlagistency and reliability of the use of
2-NPP amides as a method for determining absoluéiguration was reported to be a

consequence of intramolecular hydrogen bonding.

2.57 2.57
. 1.97
6.89 . 6.85 5.35
5.55
/ e 441 | 462 / 5.62
363 H / 3.63 / H Z /
2.82 ]/N . N OYT
2N 194 ¢} 192 0 7%
7.0 1.44 7.03 ( 1.45

7.76 1.88 7.41 1.65
74l 1.36 1.10

(R)-NPP amide (3.110) (S)-NPP amide (3.111)

Figure 3.2. Chemical shifts §) of all protons in NPP amides 3.110 and 3.111
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R! ASRS values: | where A3RS = &7 - 5°
NHz g1

Rzﬁ/

2
H R°<0 -0.29

-0.10
/ / +0.29 RHN OAc
H / —>

N o
N \H/ \ o
+0.03 absolute stereochemistry:

O,N o] \O 1R, 4S
( +0.02
+0.23 -0.01
+0.26

Figure 3.3. Absolute stereochemistry of NPP amideés110 and 3.111

Following the method reported in section 3.5.3, #m@antiomerically pure
alcohols (+)3.76 and (-)3.76 were used to prepare both enantiomers of acetonide
containing fragment B compoun@s101(Scheme 3.38). Alcohol3.76 were converted
to silyl ethers3.79in excellent yield. Ozonolysis and reduction wstidium borohydride
yielded diols3.94 which were deprotected to yield triaBs96 Acetonide protection
followed by the optimized two-stage oxidation sempeeafforded compounds101 No

epimerization was observed from careful analysiS@NMR spectra for all compounds.
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OH
2 3 1) O3,-78 C
TBSCI
BocHN L 4_OH  imidazole BOCHN\O/OTBS 2)NaBH,, -10C
DMF CH,Cl,/MeOH 6
(1R,4S)-3.76 95% 82,2%-2.;8 95% HO - rgs
(1S,4R)-3.76 : ' (2R,7S)-3.94
(2S,7R)-3.94
5 TBAF
90% THF
o)
BocHN OH BocHN BocHN BocHN
KMnO,4 1) (COCl), p-TsOH
BNNEt,Cl . Dbvso MeZC(OMe)Z
-
MeOH 2) Et;N
H,0 CH,CI
2 2%12 829
o) o
5 90% 86%
(2R,7S)-3.96
(2S,7R)-3.96
(2R,7S)-3.101 (2R,7S)-3.100 (2R,7S)-3.98
(2S,7R)-3.101 (2S,7R)-3.100 (2S,7R)-3.98

Scheme 3.38. Synthesis of enantiomerically pureafgment B compounds

3.6 Synthesis of fragment C

Fragment C, often termed the “cobactin” fragmentrigicobactin literature, is
derived from lysine and 3-hydroxybutyrate. Theldaing synthesis is largely based
upon earlier reported syntheses by Mifi&?*°and the recently reported synthesis of the
related siderophore, Amamistatin®®. For the initial step of the reaction sequence, th
diazotization of protectedL-lysine 3.112 was performed using nitroferricyanide
according to the procedure reported by BaldWiiScheme 3.39). Alken®.114 was
produced in the reaction in addition to hydroxyeadine3.113 arising from subsequent
The crude mixture was treated witD-

dehydration of compound3.113

benzylhydroxylamine hydrochloride and EDC<HCI undgqueous conditions to yield the
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two hydroxamate$.115and3.116 Alternatively, the crude mixture was treatedhwit

excess diazomethane to yield methyl es3et47and3.118

OH OH
3113 H  3.115 (43%)
NH; CbzHN" >CO,H OBHA-HCl ~ CbzHN OBn
Nap[Fe(CN)sNO], EDCeHClI o)
= —_—
+ +
H,0, pH=9.5 THF/H,0
CbzHN CO,H 60 C ~ pH=4.5 ~
3.112 3.114 H 3.116 (29%)
N<
CbzHN™ ~CO,H CbzHN OBn
e}
Et,0,0 T ~1: 3 ratio
= OH

+

CbzHN” ~CO,Me CbzHN”~ “CO,Me
3.117 (20%) 3.118 (38%)

Scheme 3.39. Diazotization of lysine

Alcohol 3.115was converted to mesylaB119 and cyclization to hydroxamate
3.120and hydroximate3.121was effected by potassium carbonate in refluxiogt@ne
(Scheme 3.40). While deprotection of hydroxan®ai0proceeded without incident to
yield the amine3.122 as an HBr salt, deprotection of hydroxim&d21 resulted in
considerable decomposition.  Coupling of amiBel22 with either R- or S3-
hydroxybutyrate yielded benzyl-protected cobactin (3.1249 or benzyl-protected

cobactin S3.125, respectively.
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OH OMs

MsCI K2CO3
H >
N pyridine R acetone CbzHN (0]
CbzHN OBn CbzHN oBn reflux  CPZHN z I

95% N
o o OBn

3.115 3.119 3.120 (67%) 3.121 (26%)

HBr/HOAc
99% HBr/HOAc CH-CI
CH,Cl, 272
o HO _
M EDC-HCI, HOBt Et3 /Q Br /Q
- +
HO N N, o
N OB CH3CN HN Y,
o N

3.124 (CObaCtin T-OBn, *=R, 88%) 3.122 3 123\0Bn
3.125 (Cobactin S-OB, *=S, 71%) ' '

ZT

Scheme 3.40. Synthesis of protected cobactins Slah (fragment C)

3.7 Summary of fragment synthesis

This chapter described the synthesis of mycobathigments and analogs.

Fragments AZ.62 and C (cobactin8.124and3.125 were synthesized in a few steps

from methyl salicylate 3.1) and lysine3.112 respectively (Scheme 3.41). Both
hydroxy carboxylate compound8.69 3.86 3.91 and3.92 and 1,2-diol compounds

3.101 were prepared from acylnitroso cycloadd@c#0 Using a kinetic enzymatic

resolution process, racemic alcol¥¥6 was used to prepare enantiomerically pure 1,2-

diols 3.101 The assembly of all fragments and the synthafsis2-diol- anda-hydroxy
carboxylate-containing mycobactin analogs as webialogical activity will be covered

in chapter 4.
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FRAGMENT A

5 steps

CO,Me
—_—
98 — .
OH

70% overall

0
o
N™ “co,H
OH
2.62

3.1 yield
FRAGMENT B
O
BocHN OM
1) N-O reduction €
/N/Boc > .
o 2) alkene cleavage
(#)-3.40 (RuO,4 or O3, KOH/MeOH)
MeO “,
OR
(0]
N-O reduction

Y

1) enzymatic resolution

(+)-3.69 (R=H)
(+)-3.86 (R=Ac)
(+)-3.91 (R=Bn)
(+)-3.91 (R=TBS)

protected a-hydroxy carboxylates

BocHN_ 2
OH

BocHN0,0H

(+)-3.76
FRAGMENT C
NH,

CbzHN™ ~CO,H
3.112

2) alkene cleavage
(O3, NaBHy,)

5 steps

—_—
—_—

24% overall
yield

Y

7
6]

(2R,7S)-3.101
(2S,7R)-3.101

O#
protected 1,2-diols

3.124 (Cobactin T-OBn, *=R, 88%)
3.125 (Cobactin S-OB, *=S, 71%)

Scheme 3.41. Summary of fragment A, B, and C syrgkes
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CHAPTER 4:
ASSEMBLY OF MYCOBACTIN FRAGMENTS AND SYNTHESIS OF

MYCOBACTIN ANALOGS

4.1 Introductory remarks

Two strategies for the assembly of fragments2/63), B (2.63, and C 2.64
were examined toward the synthesisuefiydroxy carboxylate mycobactin analog$0
and 1,2-diol mycobactin analog@$1(Scheme 4.1). The first strategy involved couplin
fragments A2.62 and B .63 to form mycobactic acid analogsl and4.2 followed by
esterification with fragment (64 to yield analog2.60and2.61 The second strategy
utilized an esterification of fragments B.§3 and C 2.64) to form B-C fragmentg.3
and 4.4 followed by amide coupling with fragment R.62 to yield analog2.60 and
2.61 Both strategies were examined during the coafghis project. Progress toward
the synthesis of all mycobactin analogs will becdiégd in this chapter. Other areas that
will be detailed in this chapter include an invgation of an alternative strategy toward
mycobactin analogs, recommendations for futureisgidnd a report on the anti-TB and

anticancer activity of all tested intermediates amngobactin analogs.

115



MYCOBACTIC ACID

R=CO,H (4.1)
R=CH,OH (4.2)

o
0

H

0 OH \N N
\ OH OH

N * - > OH o
OH o
2.62
2.64

o o) o)
\AR I AL
N N 0 N N
OH
OH o) e

R=CO,H (2.60)
R=CH,OH (2.61)

B-C FRAGMENT

R=CO,H (4.3)

2.63 -
R oH R~ “on RECH20H (4.4)

T 2.62
o) o) o)
H,N H,N }\/U\
2 OH }\/lCJ)\ 2 o) H N\OH
—_—
* Ho N N\OH o
o)

Scheme 4.1. Two strategies toward fragment assembl

4.2 Synthesis of mycobactic acid analogs: assewofbdyand B fragments

4.2.1 Direct coupling of fragments A and B

A-B fragments, termed “mycobactic acids” in theetiture?” 2929 3%yere
prepared through the direct coupling of fragment(262 with either a-hydroxy
carboxylate fragment B compound3.§9 and 3.86) or 1,2-diol fragment B compound
3.99 |Initially, the synthesis ofi-hydroxy carboxylate-containing mycobactic acidswa

investigated. The Boc-protecting groupocehydroxy este.96 was removed using HCI
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in ether followed by EDC-mediated coupling with aghne 2.62 (Scheme 4.2). A
mixture of amidesgt.5aand4.5b was obtained along with the diacylated compodr&l
Using an excess of oxazolid62 only diacylated compound.6 was obtained in

moderate yield.

o) 0
\ H N H
BocHN.__CO,Me N N.7-CO;Me N N.* CO,Me
. OH 0

1) HCI, Et,0 OH o)

2) EDC+HCI, HOB, Et;N
CH4CN OH o

2 *
‘ O (2S,7R)-4.5a N\)k
MeO,C” “OH Q—<\1 R 7 4es Me0,c” OH N 07 cozMe
N™ “co,H o~

(4)-3.69 oH (inseparable mixture) 4.6
2.62
Equiv 2.62 % 4.5 % 4.6
1 31% 23%
10 0% 47%

Scheme 4.2. Synthesis of-hydroxy carboxylate mycobactic acid analogs

To avoid the isolation of the diacylation produdc6, a-acetoxy esteB.86 was
treated under the same conditions (Scheme 4.3hwAyield of mycobactic acid analogs
4.7aand4.7b was obtained as an inseparable mixture of diasteges. Compound.86

was also coupled to benzoic acid and provided eli€stmpoundt.8in good yield.
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BocHN CO,Me N
1) HCI, Et,0 OH lo)

-

:2/40
ZT

2) EDC+HCI, HOB, EtgN

o)

4 H
COzMe N N\/COZME

+ OH o =

CH5CN
5 o 4.7a . 4.7b
Me0,C~ “OAc 8 l Me0,C~ “OAc Me0,C~ ~OAc
N
(+)-3.86 CO2H

OH 262 | |
(inseparable mixture)
32%
H H
PhWN CO,Me PhTN CO,H
1) TFA, CH,Cl, o LiOH o -
» ﬁ#» complex mixture
2) PhCcOCI THF/H0
EtzN, CH,Cl,
84% MeO,C~ “OAc HO,C~ “OH
(¥)-4.8 (#)-4.9

Scheme 4.3. Synthesis of-acetoxy carboxylate mycobactic acid analogs

The attempted global deprotection of compouAd by hydrolysis was
unsuccessful. Consequently, compouddss, 4.5b, 4.7a and4.7b were left protected
until conditions for deprotection were optimized.

Protected 1,2-diol compourgi99was deprotected by hydrogenolysis and the free
amine was subsequently coupled to oxazolih&2 using a carbodiimide-mediated
coupling reaction (Scheme 4.4). Mycobactic acidl@gs4.10aand4.10bwere obtained
in excellent yield as a separable mixture of diasteers.

0 0
CbzHN \ N N N
z OH N OH N ~"0H
OH O -
+

1) Hy, Pd/C, MeOH OH 0

P

2) EDC+HCI, HOBt, CH,;CN

0
_, ol _,
o Q—<N coH 4.10a o 4.10b o
(#)-3.99 Of OH 262 | O7Q | 07Q

(separable isomers)
85%

Scheme 4.4. Synthesis of protected 1,2-diol mycaitia acid analogs
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4.2.2 Mycobactic acid analogs from lysine

While the focus of this project was the synthegisi-dwydroxy carboxylate- and

1,2-diol-containing mycobactin analogs, other agalovere also envisioned.

We

hypothesized that fragment B anal@g$2and4.13would be easily synthesized frdm

lysine and provide access to alternative mycobadiid analogs (Figure 4.1).

natural mycobactin

fragment B

)
H-5N
2 OH H OH
4.11 2.63a
R.__N.
N oH O~ on
o) o)
)
OH
O\”/N\
o)

o]
N H,oN
2 2 OH
a-hydroxy carboxylate-
and 1,2-diol- fragment
2.63b B analogs
H
OH
OH
H,N
2 NH,
lysine-based
fragment B analogs
4.12 4.13
R HO
H NH,
o]

Figure 4.1. Lysine-derived analogs of fragment B

Lysine-derived fragment B analogsl5 4.18 and4.21 were readily synthesized

from protected lysine derivativeés14and4.19(Scheme 4.5). Cbz-protected lysihé4

was treated with thionyl chloride in methanol, whigpon neutralization yielded amine

4.15 Protection of Cbz-lysind.14 yielded the orthogonally-protected lysidel6 that

was transformed into benzyl ested7. Deprotection and neutralization of lysidel7

yielded aminet.18 Amine4.21was prepared similarly from the orthogonally pobeel

lysine4.19through the benzyl ester interm

11

edidt20in excellent yield.
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NH3 NH;
1) SOCl,, MeOH

—
Y o

4.14 2) NaHCO, 4.15
_ 97%
0,C~ “NHCbz MeO,C” "NHCbz
94% Boc,0, NaHCO3
THF/H,0
NHBoc NHBoc NH,
BnBr, K,CO4 1) HCI, Et,O/THF
CHsCN 2) NaHCO; 4.18
93% 92%
HO,C~ “NHCbz BnO,C~ “NHCbz BnO,C~ “NHChz
4.16 4.17
BocHN.__CO,H BocHN.__CO,Bn H,N._CO,Bn
= BnBr, K,CO4 : 1) HCI, Et,O/THF :
—_— ’
CHZCN 2) NaHCO3
4.19 4.20 421
99% 90%
NHChz NHCbz NHCbz

Scheme 4.5. Synthesis of lysine-derived fragmenta®alogs

With lysine-derived amineg.15 and 4.18 in hand, EDC-mediated coupling
reactions with carboxylic acid8.11, 2.62 or 3.34 yielded the amide%.22-4.26in
moderate to excellent yields (Scheme 4.6). Siigilaamine 4.21 was coupled to
oxazoline carboxylate3.11and2.62as well as thiazoline carboxyla#®29and4.30and

provided amided.27, 4.28 4.31, and4.32(Scheme 4.7).
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o 4150r4.18 Q_<
Q_<\ l _EDCHCI

CO,H CHscN

CO,R'
3.11 (R=H) 4.22 (R=H, R'=Me, 41%)
2.62 (R=0OH) 4.23 (R=0OH, R'=Me 52%) NHCbz
4.24 (R=H, R'=Bn, 35%)
4.25 (R=OH, R'=Bn, 36%)
OH
0 4.15
N OH EDC HCI
OHH o T chHeN
79% CO,Me
3.34 4.26
NHCbz

Scheme 4.6. Synthesis of lysine-derived mycobacticid analogs

o 421
Q_Q j\ _EDC-HCI \/COZBn
N

CO,H CH3CN
R
3.11 (R=H) 4.27 (R=H, 65%)
2.62 (R=OH) 4.28 (R=0OH, 77%)
NHCbz
S 421
Q_<\ l _EDC-HCI \/cozsn
N™ “co,H CHgCN
R
4.29 (R=H) 4.31 (R=H, 75%)
4.30 (R=0OH) 4.32 (R=0OH, 64%)
NHCbz

Scheme 4.7. Synthesis of more lysine-derived my@afic acid analogs

While the synthesis of mycobactin analogs usingnas#.15 4.18 and4.21was
not attempted, we wanted to prepareamino ester4.33 and a-amino acid4.34 for
purposes of biological evaluation (Scheme 4.8). dridgenolysis of4.22 and 4.25
appeared to proceed to completion; however, comgedr83 and 4.34 were obtained

along with complex mixtures of products.
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O O

N\ H N H ,

N N H,, Pd/C N N impure or
HL» complex mixture

OH OH

0 MeOH 0
4.22 (R=Me) COzR 4.33 (R=Me) COzR
4.25 (R=Bn) \hichs 4.34 (R=H) NH,

Scheme 4.8. Failed deprotections of lysine-derivedycobactic acid analogs

4.2.3 Alternative strategies toward A-B fragments

While the strategies toward mycobactin anal@g® and2.61outlined in Scheme
4.1 are straightforward and were ultimately sudtgssve also examined alternative
strategies toward the synthesis of mycobactin gsal®ne strategy initially investigated
was to perform the acylnitroso cycloaddition usimgdroxamate3.32 and “build-in”
fragment B from cycloadducts35(Scheme 4.9). Efforts toward the investigationhis

strategy are described in this section.

Q—< @ ™ s 4l1and4.2
NHOH (i) alkene cleavage

and N-O reduction

Scheme 4.9. An alternative strategy toward mycobéc acid analogs

The acylnitroso HDA reactions of hydroxamaBe82and3.21were studied using
cyclopentadiene (Scheme 4.10). We were pleasédddhat treatment of hydroxamates
3.32 and 3.21 with sodium periodate in the presence of cyclopeiene provided
cycloadductst.36 and4.37 in excellent yield. Amino acid-derived acylnitiospecies

have been used as dienophiles in diastereoselenttveso HDA reactiong; & ©°
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however, no diastereoselectivity was observeditbeeacylnitroso species derived from

hydroxamate8.320r3.21

° ¥
NalO
G oLl 41
MeOH/H,0
OR o

O<Ctort
3.32 (R=H) 4.36 (R=H, 90%)
3.21 (R=Bn) 5.37 (R=Bn)
dr.=11:1.0

Scheme 4.10. Acylnitroso HDA reactions of fragmer hydroxamates

Based on unpublished results from the Miller growe, hypothesized that the
phenol functional group of cycloadduets36 was potentially problematic for oxidative
cleavage reactions. To avoid these potential prab) coupling reactions using diester
compounds3.44, 3.45 and 3.48 were investigated (Scheme 4.11). Deprotection of
compounds3.45 and 3.48 with TFA yielded hydroxylamine sal#.39and4.40 When
hydroxylamine3.44 was treated with the same conditions, decompaositias observed;
however, deprotection of compourd4 was effected using HCI gas to provide the
hydrochloride sal4.38 Storage of amine sal#38-4.40resulted in decomposition,
therefore amine sal&e39and4.40were treated with sodium bicarbonate to yieldftbe
amines4.41 and 4.42 which were isolated as meta-stable compoundseatiirent of

hydrochloride sal#.38with bicarbonate resulted in decompaosition.
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Cl
o n HCI 0 n NaHCO3 -
[ ) —_— [ ) ———— » decomposition
/N / Et20 HZN /
Boc - + -
Co,Me Co,Me
(4)-3.44 (4)-4.38
TFA
CH,CI
2Cl =1
COR TFA COR GOR
0 N\in TFA o) NaHCOs o)
II\I ) - = HII\I — % Hl{l
BOC/ 3 CHzclz 2+ - (n=2) -
CO,R  (n=2) CO,R CO,R
(+)-3.44 (n=1, R=Me) (+)-4.39 (R=Me) (+)-4.41 (R=Me)
(+)-3.45 (n=2. R=Me) (+)-4.40 (R=Bn) (+)-4.42 (R=Bn)

(+)-3.48 (n=2, R=Bn)

Scheme 4.11. Deprotection of hydroxylamine fragmes

Reaction conditions for coupling cyclic hydroxylares4.38 4.41, and4.42 to
oxazoline carboxylat@.62 were examined (Table 4.1). The use of EDC incaugtle
did not facilitate amide bond formation and redlilten either no reaction or
decomposition (Table 4.1, entries 1, 3, and 5). CHEbBediated coupling in aqueous
conditions was only effective for hydroxylamine ts4l38 and provided hydroxamate

4.43in low yield (Table 4.1, entry 2).
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TABLE 4.1

ATTEMPTED COUPLING REACTIONS WITH CYCLIC HYDROXYLAMNES

COR CO,R
0 T2 . O 0
o N conditions Q , )"
g e A
CO,H  HN—, CO.R
OH - OH
2.62 ) CO,R o 2
- 1:1 mixture of diastereomers
Entry n R amine form conditions Product (yield)/Result
1 1 Me  HCl salt EDC-HCI, EtzN, CH3CN complex mixture
2 1 Me HClsalt EDCeHCI, H,0, pH=4.5 4.432
3 2 Me free base EDC-HCI, EtzN, CH3CN complex mixture
4 2 Me free base EDC-HCI, H,0, pH=4.5 N.R.P
5 2 Bn free base EDC-HCI, Etz3N, CH3CN  N.R.P
6 2  Bn free base EDC-HCI, H,0, pH=4.5 N.R.P

NOTE: (a) Desired product was detected by nomindl NPurification afforded 20% yield after
purification; however, compound was impure by NM®) N.R.=no reaction observed.

The use of aqueous EDC-mediated coupling condittonamine salé4.38 was
also examined for other carboxylic acids (Schemi@)4. Carboxylic acid.34 failed to
provide compound4.44 when subjected to EDC and amide38 As a point of
comparison, Cbz-serine was treated with the same conditions asaifailed to provide

the desired hydroxamate proddcis
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CO,Me
o OH o CoaMe HO. 2
\ oH | C.’:> EDC-HCI o ﬁI)
Ho 5 HaN— H0 N
OH come| PO OHH o  CO,Me
3.34
()-4.38 4.44
OH CO,Me
CI— :COZMe HO
OH o EDCeHCI o
CbzHN + |:> 79 N
o H,N H20 CbzHN
+ pH=4.5 o  CO,Me
Cbz-L-serine CO.Me
(+)-4.38 4.45

Scheme 4.12. Failed coupling reactions wit-acylated serine derivatives

The use of similar strategies was explored witHayctadiene cycloaddu&.40
and diester compoun®l53 (Scheme 4.13). Surprisingly, the Boc-group oflegdduct
3.40 was resistant to deprotection using standard tiondiand 80% of compouri40
was recovered after treatment with excess HClheret Similarly, cyclic hydroxylamine

3.53 resistedN-acylation with benzyl chloride or with EDC-medidteoupling with

benzoic acid.
N/Boc HCl 6{ » recovered 3.40
g Et,0 (80% recovery)
(+)-3.40
PhCO,H Ph
Meozcl,,Co),\\cone CH5CN MeO,C, ,(N;O),\\COZMe
PhCOCI, EtsN .
(#)-3.53 7”7 (+)-4.46
CH,Cl,

Scheme 4.13. Attempted coupling of cyclooctadierrived hydroxylamines
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The surprising amount of resistance exhibited lyrbyylaminest.38 4.41, 4.42,
and 3.53 to N-acylation may be attributed to the steric effefttloe neighboring
carboxylate group (Figure 4.2). The carboxylateugris expected to be spatially most
distant from the hydroxylamine group in compoudd38 and closest to the
hydroxylamine group in compour153 If reactivity is based upon a steric effectsthi
might explain the observed increase in reactivitthe hydroxylamine compounds. This
effect may also explain the resistance to N-O bwmdlction along with the unusual

stability observed for compourgl53

OMe
(@) O oM
OMe € o
o ? 9
HN HN HN
N N4 >,<
T/OMe /) o
(@) (@) OMe
4.41

OMe
3.53

increasing steric -
hindrance

-< increasing reactivity

Figure 4.2. Reasoning for descreasing reactivityf diester compounds

4.3 Preparation of mycobactin analogs

4.3.1 Synthesis of 1,2-diol-based mycobactin Sagsal

1,2-Diol-based mycobactin analo@s1 were prepared by forming the central
ester bond first followed by amide coupling withadment A 2.62. Various
esterification conditions were investigated forgaeng B-C fragmentd.4 (Table 4.2).

All conditions tested used 1 equivalent each ofemaic carboxylic acid3.101 and
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protected cobactin S fragmefBt125 to yield the two diastereome47 and 4.48
Esterification using 2,4,6-trichlorobenzoyl chlait.49 and triethylamine (conditions
developed by Yamaguchiif provided the two esters47 and4.48in 54% vyield (Table
4.2, entry 1). Equally effective was the use ofeQuivalents of water-soluble
carbodiimide and 30 mol% of 4-pyrrolidinopyridind.§0*>* (Table 4.2, entry 4);
however, the use of less EDC ah&0 gave esterd.47 and4.48in lower yield (Table
4.2, entry 3). The central ester of mycobactinl@gsmhas been synthesized by Miller
using a Mitsunobu esterification meth©d. Although the use of this method did yield
the desired ester products, the reaction was ngtalean and difficult to purify (Table
4.2, entry 2). Optimally, the este4s47 and4.48 were synthesized using an excess of
water-soluble carbodiimide and either 1 equivalehtDMAP>** 3*° or a mixture of

DMAP and 4-pyrrolidinopyridine4.50 (Table 4.2, entries 5 and 6).
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TABLE 4.2

ESTERIFICATION OF B AND C FRAGMENTS

11
BocHN i Ho N Moen BocHN i /'\)(1 B HN\)(i /'\)(1
[o]o} oc [o]o}
OH 0 o’ N N <07 N N
H OBn B H OBn
o . o

3.125 (1eq)
conditions 4.47 4.48
(#-3101 | '
(1 eq) o] o] o)
O7Q O7Q O7Q
Entry conditions additive(s) solvent Yield/result a
1 4.49 (2 eq), EiN (2 eq) DMAP (30 mol%) CH,Cl, 54%
2 PPh3 (1.2 eq), DBAD (1.2 eq) none CH,Cl, observed product? a o O
3 EDCeHCI (1.2 eq), 4A MS 4.50 (8 mol%) CH3CN  24%° . ‘ N
4 EDCeHCI (2 eq) 4.50 (30 mol%)  CH,Cl, 42% N~
Cl Cl
5  EDCeHCI (4.5 eq) DMAP (1 eq) CH,Cl,  69% 4-pyrrolidinopyridine
6  EDCeHCI (4.2 eq) DMAP (25 mol%) CH,Cl, 69% 4.49 (4.50)

4.50 (25 mol%)

NOTE: (a) yields are reported as isolated yield#hefmixture of diastereome4s47and4.48 (b)
observed products ade47and4.48where stereochemistry at * is reversed; (c) re&5% of cobactin
3.125

The use of TMSOT/2,6-lutidiré° was investigated as a mild method to remove
the Boc- protecting group of estergl7 and4.48without destruction of the acetonide and
ester groups (Scheme 4.14). Upon treatment ofrsedtd7 and 4.48 with these
conditions, approximately equal amounts of compsuh81-4.53were obtained. This
result indicated a complete lack of selectivitytive course of this reaction, but also
demonstrated the possibility of using compodrieBfor the final coupling reaction in the
synthesis of 1,2-diol-containing mycobactin anal@gsl. We were pleased to find that
when estergl.47 and 4.48 were treated with aqueous TFA for 15 minutes fedld by
neutralization with sodium bicarbonate, compodrisBwas obtained in good yield.
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o) 0 Q 0 o)
H,oN /’\)’L N BocHN J\)’L N
(6] N \ (6] N N
H OBn H OBn

o o o o
BocHN /'\)k N 451 452
© H “OBn TMSOTf mixture of two mixture of two

¢} 2,6-lutidine diastereomers diastereomers
- . [0) OH

4.47+4.48 CHCl O7Q OH
o O
o] HoN U
. 2 N
(0] 1) TFA/H,0, 15 min O N N ‘ all observed by LC/MS
H 5 OBn

2) NaHCO;
65%

4.53
mixture of two

diastereomers
0] 0] OH
H,N /'\)k
2 o N N, OH
H OBn

o

4.53
mixture of two
diastereomers

OH

OH

Scheme 4.14. Acidic deprotections of B-C fragments47 and 4.48

Compound 4.53 was used directly without purification for the seluent
carbodiimide-mediated coupling with oxazoline catfate 2.62 (Scheme 4.15). The
use of DCC and NHS as activating agents for thdigepigation provided the desired
amide 4.54 however, even after purification the product wamtaminated with a
substantial amount of the DCC by-product, dicyclotherea (DCU). Preferably, the
peptide ligation was effected using water-soluldebodiimide and HOBt to provide

amide4.54in higher yield.

o
1) NHS, DCC, THF Q_QJ\H/H o) u@
N 0 N N
o 2) 4.53, NaHCO3, H,0 o T oI oen
\j\ 51%
N™ “co,H 4.54

o 4.53, EDC*HCI, HOBt mixture of two
2.62 OH diastereomers

OH

Y

\

CH,Cl,
65%

Scheme 4.15. Synthesis of mycobactin core structur
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The removal of the benzyl group of compoutd4 by hydrogenolysis was
assumed to be relatively straight-forward; howewefair amount of optimization was
required before arriving at conditions that proddke desired compourl56 (Scheme
4.16). Compoundt.54 was stirred with 15 wt% of Pd/C (15 wt/%) in a hygen
atmosphere, but the starting compodn®4 was recovered unchanged from the reaction
after 8 h. With the addition of a catalytic amoohtHCI or HOAc, compound.54 was
completely consumed in 3 h. Upon further invesitgg we realized that the N-O bond
had reduced under the acidic conditions and praviie amide compoundk55 rather

than the desired hydroxamat&e

o o o)
Hy, PAIC, H* (cat.) \ § u ,
> N (@) H NH
o)

MeOH, 3h OH o
67%
4.55
0] o o mixture of two
N H diastereomers
N OH
N o] N N OH
OBn
OH o H 5
4.54
mixture of two
OH diastereomers
OH 0o o) 0
S AR I
N o) N N
OH H OH
O (@]
H,, Pd/C
' > 4.56
MeOH, 1h mixture of two
43% OH diastereomers
OH

Scheme 4.16. Synthesis of 1,2-diol analogs of mgaotin S
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Increasing the amount of Pd/C catalyst to 30 wttherathan 15 wt% allowed for
the clean conversion of compouddb4 to the desired hydroxamate56 in under 60
minutes; however, the amide by-proddcs5 was also obtained. We were prepared to
purify compound4.56 using preparatory HPLC; however, upon attemptedddiition of
the reaction mixture in acetonitrile, white solahrained un-dissolved. Separate analyses
of the filtrate and the solid revealed that thadscbmpound was composed entirely of
the desired, pure hydroxamate compodrisl This serendipitous discovery allowed for

the purification of the final compourtl56by trituration with acetonitrile.

4.3.2 Synthesis of 1,2-diol-based mycobactin T eyl

While the target 1,2-diol mycobactin S anath§6 was prepared as a mixture of
two diastereomers using racemic B fragmedtl0l, we sought to prepare
stereochemically pure 1,2-diol mycobactin T analiogs the pure enantiomers 8101
Using the same procedures as outlined above, enagrtically pure B fragment3.101

were coupled to the protected cobactin T compduthd4(Scheme 4.17).
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BocHN._ 2
OH

7
0

-

(2R, 7S)-3.101

0
BocHN\Z)J\OH

7
O

-

(2S, 7R)-3.101

4.50 (35 mol%)

’

CH,Cl,
57%

0] = 0]
3.124 BocHN -
EDC+HCI (4.5 eq) O/\)J\N g
DMAP (35 mol%) H 5 n
457
o
O7Q

~2:1 mixture of epimers

(@] = (@]
3.124 BocHN -
EDC+HCI (4.5 eq) o/\)J\H N\OBn
o)

DMAP (35 mol%)
4.50 (35 mol%)

’

CH,Cl, 4.58

55% (o)

-

~2:1 mixture of epimers

Scheme 4.17. Esterification of enantiomerically pe B fragments

Close inspection of th&’C NMR spectra of ester4.57 and 4.58 revealed the
presence of additional signals in the spectra. lysmof COSY and HETCOR spectra
for esters4.57 and4.58indicated epimerization had occurred at the steeter adjacent
to the ester carbonyl. This result was deduceddmgparing the’C NMR spectra of
4.57and4.58with esterst.47and4.48 Based om\d values for the epimers df57 and
4.58 as well as the tendency of carbodiimide-mediatedpling reactions to lead to
epimerization, we hypothesized that epimerizaticnuored at & This epimerization
was not observed in thH€C NMR spectrum for the mixture @.47 and4.48 Careful
analysis of cobactind.124and3.125as well as the enantiopure and racemic forms of B
fragments3.101did not show evidence of epimerization occurrimigmpto esterification.

In order to compare directly to the NMR spectrumtfe mixture of ester4.47and4.48
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enantiopure B fragment8.101 were subjected to the esterification conditionggis
protected cobactin S compouBBdL25t0 yield estergl.59 and4.60 (Scheme 4.18). As
before, thé*C NMR spectra were ef.59and4.60were compared to the mixture 4#7

and4.48 The signals of the epimeric compoundglif9 and4.60 did not overlap with

the mixture of ester4.47and4.48 The site of epimerization was again hypothesired

be C.

(0] O
L] N ¥
EDC<HCI (4.5 eq) H OBn

DMAP (35 mol%) 0o

(2R, 75)-3.101 4.50 (35 mol%)
(2S, 7R)-3.101 CH,Cl, (7R)-4.59
7 (7S)-4.60

65% o
O7L mixture of epimers

Scheme 4.18. Esterification using cobactin S fragent

Esters4.57 and 4.58 were treated with aqueous TFA and neutralizedr dffe
minutes in order to provide compourdl$1l and4.63in excellent yield (Scheme 4.19).
Water-soluble carbodiimide-mediated coupling witkazoline carboxylate.62 in the

presence of HOBt yielded amidé$2and4.64
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e} _
o) o 9 = 9
N\ H
N
HaN o/A\v/M\ N N \g/M\O/A\V/M\N N
‘oBn 2.62 OH H OBn

EDCeHCI © o
1) TFA, H,0 HOB
2) NaHCO;4 CH,Cl, 4.62
63% 55% L OH
o) © o 9 9
\ B
N
HoN /\)‘L N N O/\)kN N
o N oB
OBn 2.62 OH H n
o) o)
EDCeHCI
1) TFA, H,0 HOB
458 ————> " .
2) NaHCO, CH,Cl, 4.64
73% 55% L OH

Scheme 4.19. Assembly of A, B, and C fragmentsmf/cobactin T analogs

The final deprotection step in the synthesis of-dig?-based mycobactin T
analogs was carried out using the same method ajel for the synthesis of
mycobactin S analogt.56 Hydrogenolysis of compound$.62 and 4.64 provided

hydroxamateg.65and4.66 (Scheme 4.20).

o L 9 = 0 0o R« B o

\ B \ -

N N O/\)kN N, N N O/\)kN N,
OBnN OH

OH o "0 OH o) "0
H,, Pd/C
B
4.62 MeOH 4.65
“'OH “'OH
OH

o] H o - 0 o H (0] = (0]

\ B \ s

N N%o/\)k,\l N, N Né)ko/\)kN N,
OBn OH

OH o H o OH o H o
H,, Pd/C
—_—
4.64 MeOH 4.66
OH OH
OH OH
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Scheme 4.20. Synthesis of 1,2-diol analogs of mgaotin T

4.3.3 Proposed routes dehydroxy carboxylate analogs

At this time, a-hydroxy carboxylate mycobactin analog§$0 have not been
synthesized. Direct coupling of-hydroxy carboxyate-containing B fragmer&$3 or
mycobactic acid analogé.1 to protected cobactind.124 or 3.125 presents would be
problematic and unselective (Scheme 4.21). Predecthydroxy esters.86 3.91, and
3.92could be converted to the unprotected compodn@is-4.69 however, esterification

with cobactins3.1240r 3.125would provide mixtures of the estet¥0and4.71

i J\)(i
BocHN
© H N\OBn
O

BocHN BocHN HO N N, HO
OMe OH Ho [ OBn OR
o)

LiOH - 3.124 or 3.125 and/or

BocHN

Meo. ., HO CH

‘OR "'OR
o] o)

o}
+)-3.86 (R=A (+)-4.67 (R=Ac) BnO, H
8-3.91 ERzBﬁg (¥)-4.68 (R=Bn) N NWO OR
(+)-3.92 (R=TBS) (+)-4.69 (R=TBS) I I

4.71

Scheme 4.21. The problem of differentiating carbaptic acid groups

While it is possible that the neighborimghydroxy, alkoxy, or acetoxy group
would provide some role in providing selectivity #.70 over4.71, a larger group may

be necessary to increase this selectivity. Oraegly may involve the use of the tris(4-

136



tert-butylphenyl)methyl group, or “supertrityl®Tr) group, as a protecting group for the
alcohol as in compound.72 (Scheme 4.22). Designed initially by Stoddfdras a cap
for assembling rotaxanes, the supertrityl group Rabsequently been used to
differentiate the functionalization of primary hgeyl groups of cyclodextrin§® The
bulky supertrityl group should therefore stericaliynder esterification at the adjacent

carboxylic acid to selective provide esferQ

o) o) o) /Q
BocHN BocHN J\/U\ N
OH  31240r o N OBn
o)
E

BocHNOOSTr 3.125
e YT
-————
4.70

4.72 HO o HO
‘OSTr OSTr

STr="super trity!" 473 g }\/ o

(atNaray -

| 7\ — | selectivity for 4.70 over 4.71???
| — \_/ | sterically

| congested

7 N\

Scheme 4.22. Strategy for blocking esterificatiobased on sterics

Alternatively, esterification of tha-hydroxy carboxylate group could be blocked
through the preparation of a 1,3-dioxolan-4-onechéne 4.23). The synthesis of 1,3-
dioxolan-4-ones fronu-hydroxy carboxylates has been documented in theature®*
31 and application of this method to compouh@4 will yield 1,3-dioxolan-4-onet.75

Esterification with cobacting.124 or 3.125 as outlined above (section 4.3.2) should

provide ested.76and ultimatelya-hydroxy carboxylate mycobactin analdsQ
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Other methods toward-hydroxy carboxylate analogs may also involve aaurgd
investigation of compounds that present differdiytiprotected hydroxyl or carboxylate
groups such bicylic hydroxamat8.59 or diol 3.106 (described in chapter 3).
Unfortunately, time constraints did not allow fofudl investigation into the potential of
these intermediates toward the synthesis cehydroxy carboxylate analogs of

mycobactinsZ.60.

Mezc(oMe)z

0 0 0 0 /Q
BocHN BocHN BocHN J\/U\ N
OH p-TsOH OH (@) H OBn
(@]

OH

Scheme 4.23. Strategy for blocking esterificatiobased on protecting groups

4.4 Biological activity of compounds

All fragments, analogs, and synthetic intermediatesye tested for growth
inhibitory activity againstM. tuberculosis strain H7Rv (American Type Culture
Collection, Rockville, MD) using the Microplate Atear Blue Assay (MABAJ? 363
following incubation for one week in glycerol-alaetsalts medium (GAS) as well as in
GAS medium without added iron and with added Tw88n(GAST)*"® Additionally,
activity against non-replicatiniyl. tuberculosiswas determined using the low oxygen
recovery assay (LORAY* by exposing low oxygen-adaptét! tuberculosiscontaining a

luciferase gene to test compounds under anerolidittans for 10 days. After 28 h of
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recovery in air, the luciferase signal was measward MIC values were reported.
General toxicity of compounds was assessed usatgnalard VERO cell assay.

Many compounds were also tested against prostatdm@@ast cancer lines, PC-3
and MCF-7 cells, respectively. Most compoundsetésiere inactive in all assays;
however, a number demonstrated moderate to higinpptin assays and are represented

in this section.

4.4.1 Mycobactin fragments and analogs

As expected based on earlier tests of oxazd@iBgsee chapter 3), fragment A
analogs demonstrated growth inhibitory activity iageM. tuberculosis(Table 4.3). A
large number of other fragment A analogs with dtmes similar t03.8 have been
synthesized by other members of the Miller groupdra not reported here. Clear trends
have not emerged from the limited SAR data surrounthis class of molecules. Data
from collaborators has indicated that oxazoliB8 affects genes associated with

mycobactin production iM. tuberculosis
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TABLE 4.3

BIOLOGICAL ACTIVITY OF FRAGMENT A ANALOGS

R? o
anti-TB (MIC values) PC-3 tox. (IC s5q)
oy compand R -GS ST Ln b Ve
1 3.8 OBn Bn S 7.4 7.2 50.2 0% >128
2 3.16 OBn Bn R 3.1 1.3 >128 ND >128
3 3.20 OBn Me S 118 >128 ND 0% ND
4 3.10 H Bn S 5.3 3.8 63.0 0% >128
5 3.15 H Bn R 2.0 1.0 58.8 ND >128
6 3.11 H S >128 >128 >128 ND ND
7 2.62 OH S >128 >128 ND 0% ND

NOTE: ND = not determined. MIC values are repode80% relative to controls with no added
test compound.

Hydroxamate analogs of fragment A (syntheses regom chapter 3) were
inactive againsi. tuberculosisbut surprisingly demonstrated anticancer actiggginst
PC-3 cells (Table 4.4). CompouBd28 demonstrated the highest potency against PC-3
cells with an estimated kg value of 11uM (Table 4.4, entry 1). Analo8.36 which
lacks the oxazoline ring, was inactive in the ammer assay (Table 4.4, entry 2).
Additionally, hydroxamic acid3.32 was far less potent than benzyl hydroxanta8
(Table 4.4, entries 1 and 3). Finally, hydroxam28 also demonstrated antifungal
activity against a variety of strains relevant tee tagrochemical industry (data not

shown/provided).
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TABLE 4.4

BIOLOGICAL ACTIVITY OF HYDROXAMATE FRAGMENT A ANALO GS

OH
o) 0 H
H N.
Q_QN Ne_ N OR?
OR H
R! o Rl @)
A B

anti-TB (MIC values) PC-3

Entry Compound Structure 1 2 GAS GAST LORA % inhibition ICgg
v omp RORT am) M) (M) 20pM(96h)  (um)

1 3.28 A OH Bn 127 >128 >128 94% 11
2 3.36 B OH Bn ND ND ND 0% ND
3 3.32 A OH H >128 >128 >128 20% ND
4 3.29 A Bn >128 >128 >128 2% ND
5 3.35 B Bn ND ND ND 0% ND

NOTE: ND = not determined. MIC values are repode80% relative to controls with no added
test compound. 1§ values are estimated.

Analogs of fragments B and C were found to be galyemactive againsi.

tuberculosisand PC-3 cancer cell lines.

4.4.2 Assembled fragments and analogs

Lysine-derived mycobactic acid analogs surprisinglgmonstrated moderate
anticancer activity (Table 4.5), and were found tetdemonstrate growth inhibitory
activity againstM. tuberculosis The mode of action for these molecules was tualied;

however, continued study of this class of molecwdsspossible anticancer agents is

greatly encouraged.
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TABLE 4.5

BIOLOGICAL ACTIVITY OF LYSINE-DERIVED MYCOBACTIC ACID ANALOGS

o) o OH o}
4 H H 4 H ,
\ N N N \ N._CO:R
1 1 -
R o) . H o R o =
2
CO,R 5

2
A CO,R c
NHCbz NHCbz NHCbz
PC-3
1 2 % inhibition  1Cgq
Entry Compound Structure R R 20 UM (96 h) (M)
1 4.23 A OH Me 93% 8
2 4.22 A H Me 76% 37
3 4.25 A OH Bn 92% 15
4 4.24 A H Bn 93% 17
5 4.26 B OH Me 19% ND
6 4.28 C OH Bn 93% 2.5
7 4.27 C H Bn 82% 15

NOTE: ND = not determined. kgvalues are estimated.

Mycobactic acid analogg.5 and 4.6 did not demonstrate anti-TB activity;
however, compound.6 showed moderate growth inhibitory activity again&IF-7 cells
(Figure 4.3). At the time this dissertation wabrmsiited, the biological activity of most
mycobactin analogs had not been received; howeamnpounds4.54 4.62 and4.56

were found to be inactive against PC-3 and MCFnteacell lines.

0 o} 0 o o
SR R Pt
N N._CO,Me N N._CO,Me N N o N N,
OR
OH o OH o OH o) H 9

o 4.54 (*=S, R=Bn)
45 OH 4.62 (*=R, R=Bn)

MeO,C~ “OH ,N;Jko Cco,Me 4.56 (*=S, R=H) OH
o/: OH

anticancer activity not determined 4.6 i tivity (PC-3 or MCE-7)
no anti-TB activit no anticancer activity -3 or -
Y MCF-7 (ICg0 = 18 uM) anti-TB activity not yet reported
no anti-TB activity

Figure 4.3. Biological activity of other assembledhycobactin analogs
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4.5 Conclusions and recommendations for furthetystu

The synthesis of 1,2-diol-containing analogs of abactin S 4.56 and
mycobactin T 4.65 and 4.66) has been reported using acylnitroso HDA chemistry
Additionally, strategies for the synthesis af-hydroxy carboxylate analogs of
mycobactins S and R(60 have been proposed.

Additionally, 1,2-diol compound#.77 provide access to a number of other
potential metal-binding compounds (Scheme 4.24ipl Eleavage with periodate would
yield aldehyde4.78 which could be subsequently converted into compded.79-4.82
Based on a recent report by Mandghl|**® 1,2-diol4.77 could be converted into epoxide

4.83 which provides access to compouddd4-4.86

4.84 (X=S)

/ j 4.85 (X=NHR)
1) PPh, I, j X
o)

NalOy4 imidazole, A
- - -
2) NaH
R ~O H "0 OH

o \
4.79 (R=0OH) 4.78 4.83 486
OH
Nuc

4.80 (R=NHR') B
4.81 (R=ORY)
4.82 (R=NHOR)

Scheme 4.24. Proposed route to other analogs frahy2-diol compounds

The strategies reported in this chapter can be tessynthesize other mycobactin
analogs, and should aid in the development of streectivity-relationships (SAR)

surrounding the mycobactin structure.
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CHAPTER 5:
A NOVEL SYNTHESIS OF IMIDAZOLES FROM AZIDES AND 2-

AMIDOACRYLATES

5.1 Introductory remarks

In the previous chapters, the synthesis of mycabauatalogs from acylnitroso
cycloadducts was described. Recall from chapt#aBwe previously discovered that a
synthetic intermediate toward the synthesis ofrfragt A, oxazoline8.8, demonstrated
impressive growth inhibitory activity againgt. tuberculosisHs7Rv in vitro (Figure 5.1).
Subsequently, the Miller group has focused efftotsard the synthesis of analogs of

oxazoline3.8, some of which have been described in chapter 3.

o
\
Q_<Nj\’(oan

OBn o}

Figure 5.1. Synthetic intermediate with anti-TB ativity

This chapter will detail the discovery and inveatign of a novel synthesis of
imidazoles5.3 from 2-amidoacrylate5.1 and azide$.2 during an attempt to synthesize

analogs of oxazolin®.8 (Scheme 5.1).
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O -+ RZ
OH k o R2-N—N=N \
R ~X . - N
+ 4—>> leﬁkN OR > R14<\ ‘ 3
HsN~ ~CO,R3 N N OR
o)
5.1 53 O

Scheme 5.1. Novel imidazole synthesis from azidmsd 2-amidoacrylates

5.2 Design of project

5.2.1 Azides as a tool for generating chemical rdiye
Azides are valuable intermediates in organic cheynikat facilitate a wide array

of chemical transformations. A number of reviewsl dooks have been published that
describe the range of azide structure, propersigsthesis, and reactivify°3’> The
reactivity of azides is best explained if one cdass the polar mesomeric resonance
structuresA-C of the azide functional group (Figure 5.2). StowesA andC explain the
nucleophilic character of the proximal nitrogentif@gen “a”), and structure& and C
clearly illustrate the electrophilic character bietdistal nitrogen of the azide group
(nitrogen “c”). In some cases, nitrogen “a” camoafeact as an electrophile; however,

most azide chemistry is explained based on thismgéneactivity patterf®’

-+ + - - +
RN3 = R—N—N=N —=<—> R-—N=N=N —<—> R—N—N=N
A B C
+'/\— + '/\_
E R—N—N=N Nuc
a b c

Figure 5.2. Structure and general reactivity trend for organic azides
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As stated above, azides participate in a numberingportant organic
transformations (Scheme 5.2). Azides react witbsphines to form iminophosphoranes
5.4 (the Staudinger reactior)’ that can by hydrolyzed with water to form amines,
participate in aza-Wittig reactions, and facilitatke formation of peptide bonds
(Staudinger ligation). Acyl azideS.5 rearrange thermally with concomitant loss of
nitrogen to form isocyanatés6 (Curtius rearrangement), and is a useful transhtion
in a number of syntheses. Azides also participat@a number of other interesting
rearrangments, a topic which has been excellenthgred by Murphy®® Azides are also

369, 371-375
7,

precursors to nitrenes. which can be generated thermally, by photolysis, o

using metal complexes (metallonitrenoids)3®

Staudinger reaction/reduction Dipolar cycloaddition
s PR’ - H,0 RNH, X=Y R ~Ns
R-N-N=EN ——— RN-PR; ———> + R-N-N=N + or — N N
N 5.4 O=PR' X=Y x=Y
Curtius rearrangment Nitrene chemistry
R
Om o -+ A or hv ) |
i A NucH iy REN-NEN — = | RN | ———= N
R N-N=N ————> R—NCO ——> - . —
NG N, RHN" “Nuc z A AN
5.5 5.6 .
Schmidt-Aubé reaction 4
0 ia—q O i
-+ LA T _
R—N—N=N + )k  — \%J'\L R 5 R')LN/R
R’ R’ R' R’ N, R’

Scheme 5.2. Common reactions of organic azides

Most recently, great attention has been given pwldr cycloaddition chemistry
using azides, especially azide cycloadditions tyras 5.8 to generate triazoles (the
Huisgen cycloaddition, Scheme 58J. Thermally, mixtures of 1,4-triazol&9 and 1,5-
triazoles5.10 are obtained at high temperatures, typically im ioeld*>*° Sharpless has
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described the use of Cu(l) salts to effect the tamdiof azides5.2 and alkynes.8 to
form 1,4-triazoles5.9 selectively under very mild condition®3% Later work by
Sharpless described the reversal of this selegtigiform 1,5-triazole$.10 using Ru(l)

complexes??

1 N,
RA N
RLn-N=N | CUO) H R?
Ry N N Rl\N,N\\N A 5.2 5.9
>_{ + >_< < +
H R? R H R>——H Ry Ny
5.9 5.10 58 Ru(l) \—{
mixtures R? H
5.10

Scheme 5.3. Proposed route to fragment A analogsing azide cycloadditions

This mild, specific, and high yielding transfornmatihas been the “poster child”
of the concept of “Click Chemistry’®* 3% a term coined by Sharpless for describing
reactions that are “modular, wide in scope, giveyvhigh yields, generate only
inoffensive byproducts that can be removed by nmmatographic methods, and be
stereospecific (but not necessarily enantiosele¢f? Consequently, the copper-
catalyzed Huisgen cycloaddition reaction has bessd un a number of applications and
is a perfect method for reliably connecting molesulinder mild condition§®*# we
have developed a similar cycloaddition reactiont timay be useful for this purpose
through azide additions to acylnitroso cycloadddttsThis topic and its potential use in

this area will be covered in chapter 6.
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5.2.2 Proposed strategy to mycobactin fragmentaa@s using azide chemistry

As stated above and covered in chapter 3, oxaz@li@eand similar structures
demonstrated impressive anti-TB activity vitro, and we have been interested in
synthesizing other fragment A analogs as potergrabll-molecule anti-TB drugs.
Typically, amides.11were transformed into oxazolinBsl2to generate other oxazoline
and oxazole analogs of compourd8 (Scheme 5.4). We realized that through
dehydration to the dehydro-alanine derivative, 2emacrylate5.1, a [3+2] dipolar
cycloaddition using azides could provide triazati®el3 and5.14 as well as aziridines
5.15 Additionally, we hypothesized that aziridirte45might potentially provide access
to the interesting (but probably unstable) oxazdis.16 Since azide additions to 2-
amidoacrylate$.1 were not reported in the literature, we were gdg&xd to learn about

the reactivity of these systems.

R2
OH N-N N=N
o) "-H,0" o) R®N3 o/ N ., O W
1 — J = AN TSR
R "N” "CO,R® RY "N” "CO,R® R "N” "CO,R® RY "N "CO,R®
H H H H
5.11 5.1 5.13 5.14
-N
"-HZO"l DAST 2
2
o) 0 o) NG
R 1 R—( j<NHR2 < 1\
1 3
N COZRS N COzR3 R H COZR
5.12 5.16 5.15

Scheme 5.4. Proposed synthesis of fragment A angdousing azide chemistry

As will be described in this chapter, although azdlditions to 2-amidoacryaltes
5.1 did not provide compounds 13-5.15after isolation, a new synthesis of imidazoles

5.3was discovered that provided imidazole analogsxaoline3.8.
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5.3 Synthesis of starting materials

5.3.1 Synthesis of 2-amidoacrylates

Various 2-amidoacrylates and derivatives were giged from serine or
threonine esters in two steps. Serine e!et8 and 3.4 were N-acylated with benzoic
acid 6.17) and substituted benzoic acifisl8 and5.19 and provided amides.20, 3.9,
5.21, and 5.22 (Scheme 5.5). Copper-mediated dehydration usirajemsoluble
carbodiimidé® effected the conversion of amid&20Q 3.9, 5.21, and 5.22 to 2-
amidoacrylate$.23-5.26in excellent yield. Alternatively, thH-acylation reaction was
carried out using an acid-chloride strategy, whigas used to form amidB.27 in

excellent yield. Dehydration of ami&e27 provided 2-amidoacrylate.28

EDCeHCI
EDC-HCI, Et;N

OH
. G Y |
CO,H CH,C 30 mol%
2 vz, N co,r (30Mo%) N~ “CO,R'
_  _OH H CH,Cl, H
R cl R R

L

+
5.17 (R=H) H3N COsR' 5.20 (R=H, R'=Me, 63%) 5.23 (R=H, R'=Me, 95%)
’ = '= 9 = '= 9
5.18 (R=OMe) 3.18 (R'=Me) 39(R T, R Bn‘,_96 %) 5.24 (R_H, R Bln_, 99%)
- " 5.21 (R=OMe, R'=Me, 55%) 5.25 (R=OMe, R'=Me, 93%)
5.19 (R=NO,) 3.4 (R'=Bn) _ — = =
5.22 (R=NO,, R'=Me, 36%) 5.26 (R=NO,, R'=Me, 90%)
OH EDCe<HCI
1) (COCl), (0] /[ CuCl 0]
DMF (cat.) 30 mol% JL
519 ——————— N~ >CO,Bn _B0more) N~ “CO,Bn
2) 3.4, DIPEA H CH,Cl, H
CH,Cl, OyN O,N
5.27 97% 5.28

97%

Scheme 5.5. Synthesis of 2-amidoacrylates

While the strategy described above was effectivkerahable, we found the two-

step procedure could be carried out in a two-stage;pot synthesis from serine esters
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3.18 and 3.4 (Scheme 5.6). Treatment of the amine with benzwad 6.17),
triethylamine, and EDC followed by treatment witkcess EDC and CuCl provided the

2-amidoacrylates.23and5.24

1) 5.17, Et;N 0
o LOH EDCeHClI J\
. > N~ “CO,R
HN CO,R 2) EDC-HCI H
CuCl (30 mol%)
3.18 (R=Me) CH,Cl, 5.23 (R=Me, 63%)

3.4 (R=Bn) 5.24 (R=Bn, 77%)
ONE-POT

Scheme 5.6. One-pot synthesis of 2-amidoacrylatesm serine esters

The use of threonine methyl est&®29 provided theN-benzoylated compound
5.30 (Scheme 5.7). Dehydration using the standardopobtprovided 2-amidoacrylate
5.31in excellent yield as a 29:1 ratio in favor of thalkene as determined usinig
NMR.**! The selective formation of tlenti-elimination product, th&-isomer, indicated
the mechanism of the dehydration reaction probalolgs not proceed throughssn

elimination process.

EDCe<HCI
Me OH EDC+HCI Me CucCl Me H

_ I 5.17, EtsN o) IOH (30 mol%) o) ]:
Cl  + 3 s
HeN~ Yco,Me  CH2Cl Ph)J\H co,Me  CHCl Ph)J\” CO,Me

5.29 63% 5.30 97% 5.31

E/z =1:29

Scheme 5.7. Synthesis of 2-amidoacrylates from #wnine methyl ester

Other 2-substituted acrylates were synthesizedgusarine methyl este8.18

(Scheme 5.8)N-tosylation provided sulfonamide32 which upon dehydration afforded
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the 2-sulfonamidoacrylaté.33 in excellent yield. Following reported literature
procedures, 2-acetamidoacryl&84'?* and 2-formamidoacrylats.35"* were prepared

in one-pot from serine estdrl8

OH EDC-HCI
TsClI 00 CuCl o o
DIPEA N (30 mol%) 7 JL
NTco,Me T > N Sco,Me
CH20|2 H CH20|2 H
820  Me 5.32 97% Me 5.33
- _OH
cl /[ Ac,0 o)
+ _—
H3N COZMe Et3N Me N COZME
3.18 40% 534
K,CO3
Et3N (cat.) j)\ J\
methyl formate H N CO,Me
70% 5.35

Scheme 5.8. Synthesis of other acrylates from seei methyl ester

5.3.2 Synthesis of azides

Since the use of organic azides will also be deedrin the next chapter (chapter
6), the synthesis of all azides used throughouwt dssertation will be presented herein.
There are a variety of methods available for thettssis of azide¥®’ 3% 3™* Secondary
and primary alkyl azidess.36a-c were synthesized through displacement of the
corresponding bromide following the procedure oetli by Alvarez (Scheme 5.8

Halogen displacement similarly provided tosyl az6l&7).**
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NaN3 5.36a (R=Bn)
R—-Br ———— > R-Br 5.36b (R=CgH;-)

DMSO, rt 5.36¢ (R=cyclopentyl)
78-98%
\
NaNg /©/\S/\N3
TsCl >
acetone, H,O
92% 5.37

Scheme 5.9. Synthesis of azides by displacemenhafides

Following theOrganic Synthesiprocedure for the preparation of phenyl azide
(5.389,*?° only 17% vyield of the desired product was obtaii®dheme 5.10). Aryl
azidesb.38aand5.38bwere prepared more easily from the correspondniignas 5.39a

and5.39bthrough a diazonium ion intermediate.

NaNO,, HCI N3
PhNHNH, >
Et,0, H,0

17% 5.38a

1) H,S0,, NaNO,

NH N
/@/ 2 2) NaNs /©/ 3
R R

hexanes, H,O

5.39a (R=H) 0T 5.38a (R=H, 71%)

5.39b (R=OMe) 5.38b (R=OMe, 43%)

Scheme 5.10. Synthesis of aryl azides

5.4 Preliminary studies and investigation of a meaction

5.4.1 Discovery of a new method for the synthekismma@azoles
When 2-amidoacrylat.23was heated with benzyl azide at reflux in toluésre

2 days, imidazolés.40a was obtained as the main product of the reactioxtune
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(Scheme 5.11). Additionally, the main byproduct tbé reaction was assigned as
enaminone5.41la The structure of the imidazo40a was confirmed using Xx-ray

crystallography (Figure 5.3).

Bn\ BnHN H
0] BnN; (1.5 eq) N I[
P J\ > Ph—{ ]\ * HN™ >co,Me
Ph N COzMe PhCH3, reflux N CO->Me /g
H 2 days 2 P S0
5.23 5.40a 5.41a
29% 7%

Scheme 5.11. Initial result of azide addition to-2amidoacrylate 5.23

Figure 5.3. X-ray structure for imidazole 5.40a

5.4.2 Structure of the by-product

As was the case for imidazo®40g the structure and alkene geometry of
enaminone5.41a was confirmed using x-ray crystallography (Figwsel). Close
examination of the bond lengths revealed that tf#)eN(2) bond length (1.336 A) was
significantly shorter than C(8)-N(1) or C(12)-N(2yhich were 1.425 A and 1.456 A,
respectively. This indicated significant delocatian of the N(2) lone pair into the
alkene, and very little delocalization of the amid&ogen into the alkene, as would be
expected for the enamine structure.
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&ci4
GClG
1.456 A
c13@
C17 c123-*‘
5% P ,{/1.336 A
/N? %1/ 4 58 0 HN |‘/1_359/3\
OCHj

@N; cs g/@ : ,&
MQOI C
ﬁ C6 \
c4% P

Figure 5.4. X-ray structure of byproduct with seleted bond lengths shown

This delocalization is represented by the two tan@ioc forms, enaminé.41a
and imine5.42a (Figure 5.5). Further evidence of the equilibriletween tautomers
5.41aand5.42ain solution is supported by tHel NMR data, which clearly illustrated

the exchangeability of the tautomeric proton.

Bn Bn
N._H HN.__H
N
P
HN™ ~Cco,Me HN™ ~Co,Me
Ph™ SO Ph” S0
5.42a 5.41a

Figure 5.5. Representation of byproduct structure
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5.5 Similar reactions reported in the literature

Based on similar imidazole syntheses reported enliterature, we hypothesized
that the 2-amido-3-aminoacrylate byprod6ctl is an intermediate in the synthesis of
imidazole 5.40 Reports by other groups using compounds simitar2-amido-3-
aminoacrylatés.41 that support this hypothesis are presented insésion, and formed
the basis for a proposed mechanism of the transfitom that will be presented in the
following section (section 5.6).

In the late 1950s and early 1960s, Shaw describdeel dynthesis of
aminoimidazoles5.45 and 5.46 from formamidoamidines.44 (Scheme 5.12¥"4%
Yields reported for imidazoles.45 and5.46 were variable, and sometimes selective for
either isomer depending on the reaction conditior&milar work was reported by
Hopkins et al*** where thionamidé.47 provided imidazolethiol$.48 in moderate to

good yield.
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Shaw et al

R
RHN NH \ NH, H NHR

N
HN:/(H/NHZ A H_<\N]/\H/NH2 * H_<\Nj|/\H/NH2

H® "O 544 545 O 5.46 O
Hopkins et al
R2
H,N__S TMSOTT (3 eq) \ R3
Et3N (4 eq) N
RZ\NfRS o R I
2%12 N SH
R0 46-84% 548
5.47
Reiter et al
3 3 2 2
RLN, R |NHR Rl R
O NaOH
AN _»’ RY — R1—<\ |
HN HN EtOH
R Ao A N™ “cor*
R0 RY S0 T 550 5.51
5.49

Scheme 5.12. Literature reports of imidazole formton from 2-amido-3-aminoacrylates

Reiter has published a number of articles on twesion of isoxazoles.49to
imidazoless.51in a few steps through the intermediacy of 2-ar8elmminoacrylaté.50
(Scheme 5.125" %2 Excellent yields of imidazole5.51 were reported under these
conditions.

Particularly interesting were reports by Svete Stahovik****" that highlighted
the transformation of 2-amido-3-arylaminoacryléies? and5.55to imidazoles.53and
5.56 (Scheme 5.13F* %*®* The authors reported that competing condensatfothe
amide carbonyl oxygen and the ester group yieldethllle amounts of compoun8$54

and the interesting heterocy&es7.
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Ar Me

Me NHAr \N Me N
NHAr
P o) G

HN™ "CO,Me A N CO,Me 0,
Ph O 552 5.53 5.54
R, R, R,
R2
Me N
| N
PPA _
Me NH N Me + N\ R1
)CJ)\ | 130-140 T Ph—<\NI o R
Ph” "N~ “CO,Me COMe  Ph
H 5.56 5.57
5.55
3 examples 9-24% 13-20%
1 example 32% 65%

Scheme 5.13. Research by Svete and Stanosilal

Other additions of azides to acrylates and othdruasaturated carbonyl
compounds5.58 have been reported in the literature (Scheme 3°#4§° A common
feature observed for all of these reactions wa®lex regioselectivity for triazolines
5.59 which often upon loss of nitrogen and rearrangdmgelded vinylogous amides

5.6Q While there are numerous examples of ifitfa?*®' ***and intermoleculd

0-442
additions of azides to compountl$8as well as a number of examples of cyclizations of
2-amido-3-aminoacrylates and related structurefonm imidazoles, to our knowledge,
no reports have described a one-pot procedure tm fonidazoles5.3 from 2-

amidoacrylates.1

2 - R?
R RN ,N\N P -N,
1 8 4-N R R1 o)
RWO ——> R* Wo —_— =
R! 3
H R® H R® gaNH R
5.58 5.59 5.60

Scheme 5.14. Addition of azides ta,B-unsaturated carbonyl compounds
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5.6 Proposed reaction mechanism

Based on similar reactions reported in the litemat(see section 5.5) and the
chemistry of organic azides, we proposed a mechathat explained the formation of
byproduct5.41laand imidazoles.40a (Scheme 5.15). Dipolar cycloaddition of benzyl
azide to 2-amidoacrylate.23 should afford the regioisomeric triazolin®$0 and5.61,
although literature precedent from Adfand other®’ indicated that the formation of
triazoline5.60would be greatly favored over the regioisomerigzioline5.61 Thermal
decomposition of triazoline5.60 and 5.61 would provide compoundS.62 and 5.63
which, upon extrusion of nitrogen, would yield ethaziridine5.64 or imine 5.42a
Tautomerization of imine5.42a would provide E-enamine5.65 or the observed-
enamine byproduct5.41g which upon intramolecular cyclization would prdei

imidazole5.40aafter dehydration of tetrahedral intermediatgt

N
o I\KIW:Nw Nz _
o] NE —_ N—Bn
L BN, S §<
Ph H co,Me | /> Ph H COzMe HN™ ~CO,Me
5.23 5.60
Ph o 5.62 o o N’Bn
BnN; — X
Bn, -N; P N “CO,Me
BN, H Ny H
N : 5.64
g O
N Ph™ "N~ “CO,Me HN" COMe
Ph%\l H /l% 22
N"co,Me 5.61 Ph~ Yo 563
5.40a l'NZ
\'Hzo
I?n Bn< L‘%n
Bn HN N NH
HOo_ N l [ &H —_— ‘ OMe
h>< l HN™ CO,Me HN™ “CO,Me HN
Ph N
Co,Me o)
H Ph™((Q 541a Ph™ "0 5424 Ph™ "0 565
5.66

Scheme 5.15. Proposed mechanism of imidazole fortiwan
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At this time, the formation of iminé.42a from breakdown of an aziridine
intermediate5.64 cannot be excluded. We also considered the phiysif a nitrene
mechanistic pathway. Although nitrenes have beenegted thermally from alkyl
azides, typically temperatures in excess of 150-F70 are required® 3% 37
Additionally, the nitrene generated from benzyldazivould be extremely unstable and
nitrenes with adjacent C-H bonds are known to ugolexpecially rapid rearrangement
to yield imines?®® 374375

Based on the proposed mechanism, we expected girédtla to provide
imidazole5.40g since theZ-enamine5.41laappeared to be an intermediate toward the
production of imidazol®.40a We were surprised to find that when enantinElawas
subjected to the reaction conditions, no imidagof®awas observed b{H NMR (Table
5.1, entry 1). Added benzyl azide did not fadiétshe transformation or decomposition
of enamine5.41a(Table 5.1, entry 3). The addition of catalypi¢oluenesulfonic acid
resulted in decomposition of enamibdlaand again no imidazok40aformation was
observed (Table 5.1, entry 2). Although literatymecedent indicates that enamine

byproduct5.41acan cyclize to imidazol6.40g our results results indicated that enamine

5.41amust not be an intermediate in the mechanism@soged.
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TABLE 5.1

CONVERSION OF BYPRODUCT TO AN IMIDAZOLE

BnHN H Bn
| N
HN™ >CO,Me » Ph— |
conditions N™ “co,Me
Ph e}
5.41a 5.40a
Entry Additive Conditions Result
1 none PhCHg, 190 € no reaction
2 10 mol% pTsOH PhCH3, 190 C decomposition
3 excess BnN3 PhCHs;, 190 € no reaction

5.7 Optimization of the reaction

5.7.1 Solvent

In an effort to optimize reaction conditions, thiteet of solvent on imidazole
formation was studied (Table 5.2). 2-amidoacrya®4 was treated with benzyl azide
either acetonitrile, toluene, nitromethane, or dmgormamide at 110 °C for 24 h and
the crude reaction mixtures were analyzed'HyNMR spectroscopy. Toluene and
nitromethane appeared to be the most suitable misier the reaction, with the use of
nitromethane as the solvent providing slightly mionelazole5.40bthan the reaction in
toluene (Table 5.2, entries 2 and 3). Both of éhsslvents were chosen for further

optimization studies.
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TABLE 5.2

EFFECT OF SOLVENT ON IMIDAZOLE FORMATION

o Bn BnHN
BnN; N j\
)J\ J\ > ph—<\ ]\ + |
Ph N COan So|vent N HN COan
H 110 T, 24 h COZBn
5.24 5.40b Ph™ "0 5.41p
Entry Solvent Conversion @  Yield of 5.40b P
1 CH3CN 18% 11%
2 PhCH3 57% 41%
3 CH3NO, 75% 50%
4 DMF 34% 33%

NOTE: (a) determined b+ NMR. (b) determined b{H NMR using 1,2-dichloroethane as an
internal standard

5.7.2 Reaction conditions

The effect of temperature, azide equivalents, tiame additives on the yield of
imidazoles5.40aand 5.40b and 2-amido-3-aminoacrylate byprodubtdlaand5.41b
were studied (Table 5.3). It is clear that tempeehas a pivotal role in the reaction,
since only trace amounts of imidazole40aand5.40b were observed at temperatures
lower than 100 °C and the yield of imidazoteg0aand5.40bincreased with regard to
reaction temperature. Likewise, we found the timhehe reaction could be shortened
from 2-4 days to 18 h if the temperature of thectiea was increased from refluxing
toluene to 190 °C in a sealed tube (Table 5.3jentr and 9). Increasing the equivalents
of benzyl azide appeared to be slightly detrimemtatthe yield of imidazole5.40b
obtained, and yielded more of the byproddtlb (Table 5.3, entries 9 and 11). Optimal
yield of imidazoles5.40 were obtained when the reactants were heated uertelin a

sealed tube at 190 °C overnight (Table 5.3, enfriasd 10).
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TABLE 5.3
INVESTIGATION OF REACTION CONDITIONS FOR THE ADDITN OF

BENZYL AZIDE TO 2-AMIDOACRYLATES

BnHN
Bn |

j)\ J\ BnN %\N | HN™ CO,R
3 Ph j\ + 2
N A

Ph H COzR conditions CO,R Ph o)
5.23 (R=Me) 5.40a (R=Me) 5.41a (R=Me)
5.24 (R=Bn) 5.40b (R=Bn) 5.41b (R=Bn)
Entry R (S;tll\:\ls) Solvent T(e‘gp Time Additive(s) 5.40a/5.40F;esumy5“i|1dl§/;).41b

1 Me 15 CHCl3 60 5 days none incomplete reaction

2 Me 15 PhCH3 110 2 days none 29

3 Me 15 PhCH3 110 4 days none 33 4

4 Bn 15 PhCH3 110 4 days none 39 10

5 Bn 15 PhCHj3 110 4 days 4A MS 39 19

6 Bn 15 PhCH3 110 4 days MgBr,*OEt, decomposition?

(20 mol%)
7 Me 1.3 xylenes 150 26 h none 52 13
Bn 15 PhCH3 140-170 4h none incomplete reaction
(MW)

9 Bn 15 PhCHj3 190° 15 h none 63 18
10 Me 15 PhCH3 190° 15h none 54 27
11 Bn 3.0 PhCHj3 190° 15 h none 54 25
12 Bn 3.0 CH3NO, 190° 15h none 40 ND¢
13 Bn 1.5 PhCH3 190° 15h pTsOH 50 3

(20 mol%)
14 Bn 15 BMIM*BF,  rt-110 4 days none incomplete reaction
15 Me 15 CHCI3/ reflux 2 days none incomplete reaction

MeOH (1:1)

NOTE: (a) isolated mostly benzamide (PhCQOINflom the reaction as the major decomposition
product. (b) reaction was performed in a sealed and heated in an oil bath. (c) ND = yield not
determined.

Since cycloadditions and many other organic reastltave benefited from being

performed in ionic liquidé** we also attempted the transformation in BMB&, (5.69),
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which was prepared from 1-methylimidazole followiaditerature procedure (Scheme
5.16)*° Using5.68 as the solvent or as a co-solvent mixed with tduter increased

solubility was detrimental to the progress of teaation (Table 5.3, entry 14). A similar
detrimental effect was observed when mixtures oblablic solvents were used such as

chloroform/methanol mixtures (Table 5.3, entry 15).

=\ oG =\ ,C NaBF, /=\ ,BFa
> _ —_— _N N
Me-NsN cheen ot MemNoNS T o Me™ Pz I
88% 5.67 92% BMIM*BF, (5.68)

Scheme 5.16. Preparation of an ionic liquid

We explored the possibility of accelerating thectea by the addition of lewis
acids to the reaction mixture. From a panel of mmm lewis acids, MgBfOEL was
identified as promising based on a qualitative wtudUnlike the qualitative study, the
addition of MgBpeOE®L to the reaction appeared to promote decomposiibnhe
starting 2-amidoacrylaté.24 and we isolated benzamide (PhCOMNHas a major
decomposition product (Table 5.3, entry 6). Thditah of catalyticp-toluenesulfonic
acid did not have an effect on the yield of imidazn4Q but resulted in lower yields of

2-amido-3-aminoacrylatge.41(Table 5.3, entry 13).
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5.8 Scope of the reaction: preliminary results

5.8.1 Effect of modifying the acrylate

We have begun to investigate the scope of theioabised on modification of
the acrylate starting material (Table 5.4). Berazide additions were carried out using
the optimized conditions from Table 5.3 for acrgk$.235.26 5.28 5.34 and5.35
Substitution of the phenyl ring of acryl&ae23with the electron-withdrawing nitro group
(acrylate5.26) resulted in a great increase in the yield of ithelazole product (Table
5.4, entries 2 and 4). Conversely, substitutionthe® phenyl ring with the electron-
donating methoxy group (acrylabe25 resulted in a complex mixture of products (Table
5.4, entry 5). It is tempting to hypothesize tithts is a result of decreased
electrophilicity of the amide carbonyl, but thatplyhesis cannot be fully supported
without further study. The 2-formamidoacrylae35 and 2-acetamidoacrylatg.34
provided good yield of imidazole produ&s/5and5.73 respectively (Table 5.4, entries

6 and 7).
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TABLE 5.4
SCOPE OF IMIDAZOLE SYNTHESIS: MODIFICATION OF THE@RYLATE
STARTING MATERIAL

Bn BnHN
0 BnN; |

N
)J\NJ\ > R1—<\1 *  HN” "COR,
H

R{ CO2R2  phCH,, 190 T N
sealed tube, 15 h CO2Rz RI X0
Imidazole Byproduct
Entry  Acrylate Ry R, (Y%yield) (Yyield)
1 5.24 Ph Bn 5.40b (63) 5.41b (18)2
2 5.23 Ph Me 5.40a (54) 5.41a (27)°
3 528  p-NO,Ce¢H,  Bn 5.69b (63) 5.70b (8)°
4 526  p-NO,CgH, Me  5.69a ()¢ 5.70b (-)¢
5 525  p-OMeCgH, Me  5.71(-)¢ 5.72 (-)¢
6 5.34 Me Me 5.73 (74) 5.74 (14)°
7 5.35 H Me 5.75 (71) 5.76 (21)°

NOTE: (a) Only one isomer detected. (b) Isolate@dm8:1 mixture of isomers. (c) Yield is
approximate; the compound was isolated as a mixtitreimpurities. (d) Complex mixture obtained.

Additionally, we also wanted to explore the podgipdf forming imidazole5.77
from the threonine-derived acrylaie31 (Scheme 5.17). Treatment of acrylat81 with
benzyl azide in refluxing toluene resulted in awsloonsumption of acrylat&.31;
however, a complex mixture was obtained. Whiledhs evidence that imidazoke77
and 2-amido-3-aminoacrylake78were formed in the reaction, we could not obtaese
compounds pure from the reaction mixture. We ®alaated to explore the possibility of

using 2-sulfonamidoacrylat&33to “trap” the enamine byproducks79 and5.80 since
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these compounds would not be able to undergo cgblgdtration to imidazole products;

however, a complex mixture of products was obtained

Bn

Me \ BnHN, ,Me
o) | BnN; N-_-Me I
)J\ > Ph—<\ I +
Ph N~ "CO,Me PhCHg, reflux N COM HN COy;Me
H 7 days 2Me
5.31 5.77 Ph™ "0 578
E/Z =1:29
| COMPLEX MIXTURES OBTAINED
o 0 J\ BNN; Y BnHN._ _H H._NHBn

SSN” > Co,Me /AR | ¥ |
H 2 PhCHg, 190 T TsHN” “CO,Me  TsHN™ “CO,Me
Me sealed tube, 18h

5.33 5.79 5.80

Scheme 5.17. Azide additions to other acrylates

While the imidazole reaction does appear to haweesgenerality with respect to
the acrylate, additional studies will need to bdgrened to accurately describe the full

scope and limitations of this chemistry.

5.8.2 Effect of modifying the azide

Acrylate 5.24 was subjected to the aryl azides phenyl azil@8g and p-
methoxyphenyl azide5(38b) in nitromethane at reflux in an effort to ascertéhe
applicability of this chemistry toward the use oflaazides (Scheme 5.18). When
methoxyphenyl azide was used, we were able to mbraidazole5.81 in low yield;
however, the use of phenyl azide under the samditomms resulted in only a complex
mixture. Similarly, treatment of acrylafe23with tosyl azide %.37) in refluxing toluene

also led to a complex mixture of products.
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20% COan

©/N3 5.81

CH3NO,, reflux y/ %
/ane

5.24

complex mixture

)OL )& SNs gy

/A complex mixture
Ph H CO,Me  PhCHyg, reflux

5.23

Scheme 5.18. Addition of other azides to acrylates

5.9 Aziridination of 2-amidoacrylates

In order to ascertain whether aziridine$4 are intermediates in the proposed
mechanism, an alternate route to aziridine compsunehs investigated. 2-
Formamidoacrylat&.35 was subjected tdl-tosyliminoiodinane5.82*"® and a copper(l)
catalyst (Scheme 5.18}" After stirring at room temperature, no reactioasvobserved
except for the generation pftoluenesulfonamide from decomposition of iminormahe
5.82 Even after heating for 4 days, acrylat85 was recovered relatively unchanged

from the reaction mixture.
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5.82
o [CU(CH3CN),]PFg NTTS

J M emoe) gy N
H™ "N “CO,Me /A
H CH3CN, rt to reflux

5.35 H® "0 583

KOH

PhI(OAC),
TsNH, —————» TsN=IPh

MeOH

45% 5.82

Scheme 5.19. Attempted aziridination of 2-formamidacrylate 5.35

5.10 Imidazole from oxazolines

We hypothesized that imidazote40b would be obtained from oxazolin&s10
When benzyl azide and oxazoliBel0 were heated to reflux in toluene for 7 days, no
reaction was observed (Table 5.5, entry 1); howewben a catalytic amount of acetic
acid was added to the reaction mixture, imidazolb as well as acrylat®.24 were
observed within one hour. From this result, wedtlipsized the addition of lewis acids
and brgnsted acids to a mixture of oxazolh&0 and benzyl azide would provide
imidazole 5.40h  p-Toluenesulfonic acid was able to effect the trammshtion of
oxazoline3.10in toluene and provided imidazde40bin 49% yield (Table 5.5, entry 3);
however, when the reaction was performed in acttienwith or without addedp-
toluenesulfonic acid, no reaction was observed I€rélb, entries 4 and 5). It is also
interesting to note that although a catalytic antoah acetic acid promoted the
conversion of oxazolind.10to imidazole5.40h when heated in a 4:1 mixture of toluene
and acetic acid, the rate of the reaction was naloer (Table 5.5, entries 2 and 6).
This result, combined with the lack of reactivity acetonitrile, seems to be an effect of

solvent polarity. Finally, a panel of lewis acasre investigated in a qualitative study
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for potential use in catalyzing the transformatainoxazoline3.10 to imidazole5.40h
Again, MgBr*OEY, yielded the best results of the qualitative stadyg was added to the
reaction in refluxing toluene, and once again teeothposition product, benzamide, was

isolated as the major component of the reactionturex(Table 5.5, entries 7 and 8).

TABLE 5.5

ONE-POT FORMATION OF IMIDAZOLES FROM OXAZOLINES

B
Ph_<\o BnN3 (.1_.5 eq) _ Ph—<\N |
N CO,Bn conditions N CO,Bn
310 5.40b
Entry  Conditions Additive Result

1 PhCHj, reflux none N.R.2
2 PhCH3, reflux HOAC (cat.) 5.40b observed
3 PhCH3, reflux p-TsOH (20 mol%) 5.40b (49% vyield)
4 CH4CN, reflux none N.R.2
5 CH3CN, reflux p-TsOH (20 mol%) N.R.2
6 4:1 PhCH3/HOAC, reflux none trace 5.40b observed
7 PhCH3, reflux MgBr,*OEt, (20 mol%) trace 5.40b observed
8 PhCHs;, 90-140 C b MgBr,*OEt, (20 mol%) decomposition®

NOTE: (a) N.R. = no reaction (oxazoliBelOunchanged). (b) reaction was performed in a deale
tube. (c) the major decomposition product isolatead benzamide (PhCONH

Since 2-amidoacrylat®.24 was observed in the acid-catalyzed conversion of
oxazoline3.10 to imidazole5.40b it appeared that acrylate24 was an intermediate
along this pathway. To test this hypothesis, okae®.10was treated with catalytig-

toluenesulfonic acid in refluxing toluene (Schem20). Within an hour acrylatg.24
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was observed, and after a few hours, oxazold#0 was completely consumed.

Additionally, this transformation was also catalg4®y lewis acids.

%O pTSOH (20 mol%) j\
Ph >
N PhCHS, reflux Ph” "N~ CO,Bn
CO,Bn ' H
3.10 5.24
| various lewis acids (20 mol%) T

PhCHg3, reflux

Scheme 5.20. Acrylate formation from oxazolines uter acidic conditions

5.11 Biological activity of imidazoles and acrylate

Selected compounds reported in this chapter wesayad for biological activity
againstM. tuberculosisand PC-3 and MCF-7 cancer cell lines using theesassays
described in chapter 4.

While all imidazole compounds tested were inactgainstM. tuberculosisand
cancer cells, we were surprised to find that ategla.23 5.24 and5.31 demonstrated
moderate anticancer activity against PC-3 cell slin@able 5.6). We have not
hypothesized the mode of action of acrylafe23, 5.24 and 5.31 however, general

cytotoxicity cannot be ruled out at this time.
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TABLE 5.6

BIOLOGICAL ACTIVITY OF 2-AMIDOACRYLATES

Rl
|
OR?
N
(0]
PC-3

% inhibition  ICxgq
20 uM (96 h)  (uMm)

Entry Compound R 1 R?

1 5.23 H Me 57% 132
2 5.24 H Bn 60% 15
3 531 Me Me 14% ND

NOTE: (a) MCF-7 (G = 8 puM).

5.12 Summary and recommendations for further study

A one-pot synthesis of imidazol&s3 has been discovered from the addition of
azides to 2-amidoacrylat&sl 2-Amidoacrylate$.1 are easily synthesized in two steps
from serine esters, and this synthetic method sgmts an efficient synthesis of
imidazole-4-carboxylate$.3. Preliminary results suggest that this method rbay

general for many acrylatésl, aryl azides and sulfonyl azides are not wellitied.
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CHAPTER 6:

ADDITION OF AZIDES TO ACYLNITROSO CYCLOADDUCTS

6.1 Introductory remarks

The utility of acylnitroso cyclodducts67in organic synthesis has been described
in detail in chapter 1, and a new application ofl@itroso chemistry was described in
chapters 2-4 through the synthesis of mycobactaogs. While extensive chemistry has
been developed around functionalizing the N-O ar@® Gonds of cycloadducts.67,
modifications of the olefin have been mainly linditeto epoxidatiort™

dihydroxylation!®? and oxidative cleavagé? **°

Figure 6.1. Acylnitroso cycloadducts

In an effort to expand upon the versatility of @adductsl.67, we were
interested in selective functionalization of thefml to produce new structural features.
Specifically, we realized that the strained natofeycloadductsl.67 would allow for
functionalization of the alkene that would normallg difficult on unstrained species.
We were encouraged by a recent report by Quadrehil highlighting the addition of

nitrile oxides t01.67 (Scheme 6.1}'" This chapter will describe studies regarding the
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reactivity of 1.67 with azides to form triazolines and their subsedqueansformation to

aziridines.
R [
R'—C=N-0O 6] ~
ﬁI}INJ\R . N\ N R ’\\(I)?I}'N R
0 o) — 0
1.67 R H H
H 1114 H 1115

Scheme 6.1. Nitrile oxide additions to cycloaddustby Quadrelli et al

6.2 Design of project and the synthesis of novetaiocyclic nucleoside analogs
Intermolecular [3+2] cycloaddition reactions ofdes to strained bicyclic alkenes
are well-documented in the literatdfé. *“**** Examples include additions to
norbornene, 2-azabicyclo[2.2.1]hept-5-en-3-one (ABHL) to afford 2’-3’-epimino-
carbocyclic nucleoside$?**® 2 3-diazabicyclo[2.2.1]hept-5-ene8.2 to afford 1,4-

457
S

dihydropyridines,

as well as many other strained systéris™>®

However, the addition
of azides to bicyclic oxazines such #:88-3.40has not been disclosed in the literature.
Since we wished to specifically probe the role leffin strain on reactivity with azides,
we chose to subject the olefins ®38-3.40as well as protected amino alcoh8l33

3.74, and3.77to reactions with various azides (Figure 6.2).

O ( n
n
KIE\%O lI}NJ\R KI\LN/BOC BocHN;@,OAc
N N.__R o

H g
+)-3.38 (n=1 +)-3.73 (n=1
ABH (6.1) 6.2 © 8-3.39 Eﬂ:zg 513-3.74 En:2§
()-3.40 (n=4) (£-3.77 (n=4)

compounds selected for study

Figure 6.2. Compounds selected for study in azidekene cycloadditions
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Carbocyclic nucleoside analogs represent a riclssclaf biologically active
molecules that display anticancer, antiviral, andsome cases, antibacterial activity.
Most naturally occurring nucleosides such as adeag$.122 contain a furanose core
structure that is replaced with a carbocyclic caseein the case with the naturally
occurring carbocyclic nucleoside, aristeromyciil.123 (Scheme 6.2). 5-
Norcarbocyclic nucleoside8.3 are analogs of carbocyclic nucleosides that reptae
hydroxyl methyl substitutent with a hydroxyl sulbséint, and are accessible using

acylnitroso HDA chemistry.

NH, NH, NH,
N N N BN N AN
N N N
¢ lk) <A <AL
HO/\C\/,N N HO NT N HO\Q,N N
HO  ©OH HO  OH HO  ©OH
1.122 1.123 6.3
nucleoside carbocyclicnucleoside 5'-norcarbocyclic nucleoside
NH, NH, NH,
N S N BN N AN
N N N
.Boc R—Nj3 </ | /) </ | /) </ | /)
N — " HO, N >N HO, NT SN HO, NT N
S A0 A0
(#)-3.38 =< 6.4 iz 65 Iz 6.6
N ~N_ .N N: N-g
R RT N N

aziridine- and triazoline-containing 5'-norcarbocyclic nucleosides

Scheme 6.2. Potential application of azide dipolarycloaddition chemistry

One potential application of the addition of azittesacylnitroso cycloaddu&.38

is toward the synthesis of aziridine- and triazeloontaining 5’-norcarbocyclic

174



nucleoside analogs.4-6.6 Ishikura has published the synthesis of azigeiontaining
carbocyclic nucleosides from the addition of tosyide to ABH 6.1), and much of the
methodology used for the synthesis of compouhdss.6would follow work by Ishikura
and by Miller. The following chapter will detaihé efforts toward understanding and
optimizing the addition of azides to acylnitroscloadductsl.67 as well as reactivity of

the resultant triazoline- and aziridine-containinglecules.

6.3 Addition of azides to acylnitroso cycloadducts

6.3.1 Initial studies
We were very pleased to find that wH&B8was treated with benzyl azid# the

regioisomericexctriazolines 6.7a and 6.8a were obtained in quantitative yield after
stirring for 2 days neat at room temperature (S&én8). Similar reactions of 2-
azabicyclo[2.2.1]hept-5-en-3-one$6.]) reportedly required high pressure for the
cycloaddition reaction to occt® The exospecificity of the reaction is in agreement
with what has been reported in the literature Iategl reactions of bicyclo[2.2.1]hept-5-
ene-2,3-dicarboximide’S? ABH (6.1) and derivative&® 7-oxabicyclo[2.2.1]hept-5-en-2-

| derivatives’®! 462 ande.2.4%2
y

Bn
!
_Boc BnN;3(1.5eq) N/N .Boc N//N .Boc
71 N N N £ N
o neat, rt N—5"~0 N—"~0
48h H Bn H
(#)-3.38 H H
(3)-6.7a (+)-6.8a

99% overall yield
ratio 6.7a:6.8a=1.0:1.1

Scheme 6.3. Addition of benzyl azide to acylnitrascycloadduct
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The stereo- and regiochemistry of triazoliBegaand6.8awas assigned based on
their single-crystal x-ray crystal structures, whidearly demonstrates tlexosynand

exo-antirelationships 06.7aand6.8a respectively (Figure 6.3).

Ni1)

\ \/ N2) /
— " N wa o
o \ \ Na _-J % ._',I %ﬁﬁm— \
1 o3 ot a2 \& " on I : x"

(#)-6.Ta (+)-6.8a

Figure 6.3. X-ray crystal structures of triazolines 6.7a and 6.8a

6.3.2 Effect of different organic azides on thectian

In an effort to ascertain the limitations of thisemistry, we treated alkerg38
with various organic azides under a number of reactonditions (Table 6.1). The
reaction proceeded equally well refluxing in tolaesr chloroform (Table 6.1, entries 4
and 8); however, it was sluggish when stirred iltsan at room temperature (Table 6.1,
entry 2). The steric bulk of the azide had littifect on either the regioselectivity or
yield of the reaction, with primary, secondary,titely, and aryl azides affording

triazolines6.7 and6.8in excellent yield (Table 6.1, entries 8-12).
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TABLE 6.1

REACTIONS OF CYCLOADDUCT 3.38 WITH VARIOUS AZIDES

R
ZE\N/BOC RNj3 (1.5 eq) . |\\1\/N N/Boc .
o conditions N o
(#)-3.38 HH
(1)-6.7
Entry R conditions 2 products ° yield ©
1 Bn A 6.7a/6.8a 99%
2 Bn B 6.7a/6.8a 99%
3 Ad B 6.7b/6.8b 95%
4 Bn C 6.7a/6.8a 88%
5 n-octyl C 6.7c/6.8c 99%
6 cyclopentyl C 6.7d/6.8d 97%
7 Ph C 6.7¢€/6.8e 97%
8 Bn D 6.7a/6.8a 88%
9 n-octyl D 6.7¢/6.8c 81%
10 cyclopentyl D 6.7d/6.8d 86%
11 Ad D 6.7b/6.8b 85%
12 Ph D 6.7¢€/6.8e 99%

NOTE: (a) A = neat, rt, 2 days; B = CH(CIt, 4 weeks; C = CHGJIreflux, 3 days; D = PhCH
reflux, 4 h. (b) ratio 06.7:6.8= 1.0:1.1 in all cases as determinedByNMR. (c) isolated yield. (d) Ad
= 1-adamantyl.

The structures 06.7b-e and 6.8b-ewere assigned using 2D-NMR experiments.
The exostereochemistry was confirmed from the obserdoupling (“W-coupling”)
of H* and H with H>, but not with B (Figure 6.4). The position of the Boc group
relative to the R group was confirmed by HMBC expents based on the observdd
coupling between H(or H') and the carbonyl. The relationship of-H* with the R

group was confirmed by HMBC and ROESY experiments.
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W-coupling . H5 Hs - _3Jcn coupling

Figure 6.4. W-coupling and®Jc-coupling of exo-triazolines 6.7 and 6.8

6.3.3 Addition of azides and the direct synthe$iaziridines

Trimethylsilyl azide has been reported to add tobomene systems and other
bicyclic olefins to yield triazolines and/or azirés directly”®” “®* Since we were
interested in obtaining the unsubstituted aziridif®, 3.38 was subjected to
azidotrimethylsilane (Scheme 6.4). Under a var@tyeaction conditions (neat, 25-80
°C, PhCH, 25-110 °C), only decomposition of the alkene whserved. Tosyl azide
has also been reported to afford aziridines diyéétland upon treatment & 38 with

tosyl azide, we were able to obtain aziridé&0in good yield.

Ts
-Boc _Boc A -Boc
HN N !E TMSN; ZE\/N TsN3 N N
o various o PhCHg, reflux o
H conditions 9h H
H (#)-6.9 (+)-3.38 H (#)-6.10

69%

Scheme 6.4. Direct synthesis of aziridines from cpadduct

6.3.4 Effect of ring strain on alkene reactivity
The effect of alkene strain on the formation cdizolines was also studied. When
the bicyclo[2.2.2] cycloaddu@.39was treated with 1.4 equivalents of benzyl azidatn

at room temperature, no reaction was observed. nV8i#9 was treated with a large
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excess of benzyl azide in refluxing toluene, howeaemixture of triazoline$.11-6.14
was obtained in moderate yield (Scheme 6.5). htrast to bicyclo[2.2.1] cycloadduct
3.38 endetriazolines6.13 and 6.14 were formed along witlexotriazolines6.11 and
6.12 The influence of ring strain on reactivity waspecially evident when
bicyclo[2.2.4] cycloadduct3.40 and monocyclic alkene8.73 3.74, and 3.77 were
subjected to the same conditions. When heatedaneattoluene, only trace amounts of
triazoline products were observed. The sterichihdered spirocylic oxaziné.15 also
did not yield any triazoline products, presumablye do overwhelming steric strain
blocking theexoattack of the azide. From dihydroxylation reastigoerformed by other
members of the Miller group, additions to the akkef spirocyclic oxazin&.15 occur

exclusively on thexoface of the alkene even in such a sterically eromned system.

H (¥-6.11 H (#-6.12
y-Boc _ BnNs (5eq) 62% total yield
o PhCHj; (0.2M) exo:endo=1.6:1.0
H H
(4)-3.39 reflux, 28h ) /N/Boc ) /N/BOC
N.O N ©
N=N Bn N. 7
Bn®™ N
(#)-6.13 (¥)-6.14
n
BOCHN\@/OAC Cbz
N

(#)-3.73 (n=1)
(1)-3.74 (n=2) B3 No reaction or trace
(1)-3.77 (n=4) or /N/Boc conditions amount of product(s)

O

+)-
ZEgN/Boc (+)-6.15
o
(#)-3.40

Scheme 6.5. Addition of benzyl azide to other alkes
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Similar to triazolines6.7 and 6.8, ende and exastereochemistry of triazolines
6.11-6.14was determined using 2D NMR spectroscopic teclasgurhe presence of W-
coupling between Hor H* and H or H, but not B or H® confirmed theexo
stereochemistry of triazolinés11 and6.12 (Figure 6.5). 3Jcy-coupling between either
H* or H* and the carbonyl of the Boc group confirmed thgaghemistry asynor anti,

respectively.

W-coupling . _

Figure 6.5. W-coupling and®Jci-coupling for triazolines 6.11 and 6.12

6.3.5 Investigation of Lewis acid catalysts for thaction

Sharpless has reported additions of azides to atkyrsing the ruthenium(ll)
catalyst6.16 and we tested whether this Lewis acid could ptentbe [3+2] dipolar
cycloaddition of azides with the less activatedealls such as cycloaddg:#0 (Table
6.2). Cycloadduct8.38 and 3.40 were treated with benzyl azide in benzene with and
without the addition of a catalytic amount of Ry@datalyst6.16 and were analyzed using
'H NMR. Interestingly, the addition of cataly8t16 did not only fail to promote the
dipolar cycloaddition reaction, but appeared tawvstbe reaction with cycloaddu&t38

(Table 6.2, entries 1 and 2). No decomposition whaserved in reactions using
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cycloadduct3.4Q and it is possible that the Ru(ll) catalgs16 was responsible for the

decomposition of triazoline produdis/ and6.8.

TABLE 6.2

EFFECT OF RU(Il) CATALYST ON AZIDE CYCLOADDITION REACTIONS

n
AN/BOC RN3 (1.5eq)
o CeHs

(4)-3.38 (n=1) rt to reflux
(¥)-3.40 (n=4)

Entry n additive result
1 1 none 99% conversion
2 1 6.16 (5 mol%) 66% conversion
3 4 none no reaction
4 4 6.16 (5 mol%) no reaction

A variety of other Lewis acids were examined and dbot facilitate azide
cycloaddition reactions to cycloaddu&B8 CycloadducB.38 was treated with excess
(1.5 eq) benzyl azide and a stoichiometric amoun® q) of various Lewis acids
(AgOTf, CuCl, Cu(OTf), Fe(aca) [Rh(OAc)],, In(OTf);, La(OTf), NiCl,, Pd(OAC),
Sc(OTfy, SnCh, Yb(OTf);, and ZnCj). None of the Lewis acids studied facilitated the
reaction at rt in dichloromethane or 2:1 acetdeitd,O, and many Lewis acids were
found to promote decomposition of cycloaddB8c38 through mechanisms outlined in
chapter 1. While these results were disappoinitrig,highly encouraged that additional
studies with other cycloadducts (name3y(Q, at elevated temperatures should be

examined.
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6.4 Reactivity of triazoline products

In the course of this study, we found that triazedi6.7aand6.8awere stable to
temperatures up to 120 °C and did not decomposdilyeim ambient light. When
irradiated below ~300 nnf.7a and 6.8a readily underwent photolytic conversion to
aziridine6.17in 2-4 h (Table 6.3). At wavelengths higher ti3®9 nm, the time required

for the reaction to proceed to 100% conversioneiased greatly (Table 6.3, entry 5).

TABLE 6.3

PHOTOLYSIS OF TRIAZOLINES

IBn
~N _N Bn
-Boc 2 -Boc h
W\ /N or I\\I /N —V> N N/BOC
N 0 _N 0 conditions o
H Bn H H
H H H
(¥)-6.7a (+)-6.8a (#)-6.17
Entry isomer solvent filter time? yield
1 6.7a CHCl; quartz 15h 65%
2 6.8a CHCl; quartz 35h 78%
3 6.7a CH3CN vycor 2h 75%
4 6.8a CH3;CN vycor 3h 67%
5 6.7a CH3;CN pyrex 20 h 93%

NOTE: (a) reactions were monitored by TLC ardNMR.

The conversion of triazoliné.7a to aziridine6.17 was also attempted using
alternative methods (Scheme 6.6). While triazslinere stable almost indefinitely to a
sunlamp, we hypothesized that the addition of aisear such as tetraphenylporphyrin
(TPP,6.18 might facilitate the formation of aziridir@17 at higher wavelengths. Only

triazoline 6.7a was observed when irradiated using a sunlamp énpilesence of a
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catalytic amount of porphyri6.18 in acetonitrile. While triazolines are known to

decompose to yield aziridines and imines underi@ciohditions’®*

the addition of up to
one equivalent of TMSOTTf also did not facilitatee tformation of aziridine.17 and
triazoline6.7awas recovered. Similarly, triazolire7awas resistant to decomposition

with excess pyridine.

sunlamp Ph
TPP (1 mol%) //
CH3CN ”
Bn
pyridine  ,, N N BOC Ph ) Ph
7 '
PhCHj, reflux o
il H /
H +
T™sOTf (#)-6.17 Ph
> tetraphenylporphyrin
CH,Cl, 4 (TPP, 6.18)

Scheme 6.6. Attempted alternative routes to azirides

Surprisingly, N-O bond reduction of triazolin6s7a and6.8a proceeded cleanly
to afford triazolines.19and 6.20 without decomposition of the triazoline ring (Soie
6.7). Triazoline6.19 was cleanly transformed to aziridir®21 upon irradiation in
acetonitrile; however, a complex mixture of produatas observed when triazoli6e20

was subjected to the same conditions. The reasgahié result is unclear at this time.
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l\ll Mo(CO)g HO NHBoc HO NHBoc
N~ _Boc NaBH, hv
\ N ———> H H - H H
N CH4CN
H

o] CH4CN, H,0 Ns Negy N
H 59% N 90% Bn
(#)-6.7a (2)-6.19 (#)-6.21
NN _Boc  Mo(CO)g HO NHBoc
\ N NaBH, hv _
N o] —_— > H H —— > complex mixture
Bn H CH4CN, H,0 ar-N_ N CH3CN
n ~ i
H 9682 59% N
(#)-6.20

Scheme 6.7. Structural elaboration of triazolines

6.5 Possible application of the azide-addition tieadn bioconjugation reactions
Sharplesset al has developed a Cu(l)-catalyzed azide-alkyne [3eiplolar
cycloaddition reaction (Huisgen cycloaddition) thiat remarkably selective and is
compatible with a variety of functional group8. The use of other metal catalysts and
the mechanism of the reaction has also been repSite’®>*" Due to the reliability,
complete specificity, and bio-compatibility of aggland alkynes, this method has found

a number of applications in bioconjugation chergigBcheme 6.8} 394-397. 399-408, 410,

412,413, 417
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Sharpless et al.

Cu(l) _ protein, biopolymer or other
— N ~ complex macromolecules
R— N3
6.21

6.22

Bertozzi et al.

Ne, N

N“ N-R
Cu(I) -free

R—N F
3

T4 Q 'S
6.23 O
6.25

6.24

Scheme 6.8. Bioconjugation chemistry using aziddksine [3+2] cycloaddition chemistry

We envision the use of the azide-alkene [3+2] @dthbtion as an alternative
method for bioconjugation that is complimentaryhe reaction developed by Bertoeti
al.*®® 4% potentially any carboxylic aci6.26 could be converted to the acylnitroso
cycloadduct6.27, and would provide triazoline&28 and6.29 in the presence of azides
(Scheme 6.9). As with the strained alkyh23developed by Bertozzi, regioselectivity is
still an issue with the initial dipolar cycloaddscthowever, unlike triazole§.24 and
6.25 if desired, triazoline$.28 and 6.29 can be converted to aziridin€s30 using
photolytic methods. If sulfonyl azides are usediridines6.30 (where R=SGR’) can be

accessed directly from cycloaddu6t27.
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l '\\I\\ZE\/N
N 0 o
O
6.28
Cu(l)-free R. NzE\N
N _— + —_— d
Iol R—Nj o -N2
//\NZ% J\O 6.30
N
N /
R/ O

6.29

-Z

Scheme 6.9. Proposed use of azide-alkene [3+2]lognddition in bioconjugation chemistry

Although the application of the azide-alkene [3€Z2¢tloaddition has a potential
application in bioconjugation chemistry, the coimhs required for the reaction to
proceed at a significant rate may not be compatiite biological systems or complex
macromolecules. This problem of reactivity couldvercome with the development of
a more reactive acylnitroso cycloaddu6t27 through substitution with electron-

withdrawing substituents.

6.6 Summary and recommendations for further study

This chapter has described the study and develdpofi¢ne addition of azides to
acylnitroso cycloadductsl.67 for the stereoselective formation of triazolinesd a
aziridines. This chemistry has potential applmasi toward the synthesis of novel
aziridine- and triazoline-containing 5’-norcarbolbiymucleoside analogs.4-6.6and in

bioconjugation chemistry.
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CHAPTER 7:
NEW DIRECTIONS FOR ACYLNITROSO HETERO-DIELS-ALDERHEMISTRY:

PRELIMINARY INVESTIGATIONS AND RESULTS

7.1 Introductory remarks

The previous chapters have highlighted the apjpdicatand utility of the
acylnitroso HDA reaction in organic synthesis aravén concentrated on investigating
new reactivity and new applications for the acytgsb HDA reaction. This chapter will
highlight preliminary results of investigations eantleveloping new applications and
reactions using acylnitroso HDA reactions. Whilany of these investigations are
incomplete, they serve to demonstrate the chenpotgntial of the acylnitroso HDA
reaction and will provide indications toward newedtions for research in this area.

The results of four preliminary investigations vk presented here. Two of the
topics, the expansion of the [3+2] dipolar cyclafidd chemistry presented in the
previous chapter and the investigation of acid-ptwd rearrangments, are geared
toward the development of new modifications oflaityoso cycloadduct4.67 (Scheme
7.1). The other two topics, investigation of hobDiels-Alder reactions with
norbornadiene and synthesis of Dimebon analogsyusiiole ortho-quinodimethanes,
are geared toward the investigating the reactioftpcylnitroso species with other diene

systems (Scheme 7.2).
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Scheme 7.1. Graphical overview of sections 2 and 3

R
N\
O
ﬁb \
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I - Ac
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R o . N-R
Alternative dienes for nitroso
hetero-Diels-Alder reactions N
Ac

Scheme 7.2. Graphical overview of sections 4 and 5

7.2 Addition of diazoalkanes to acylnitroso cycldadts

Numerous examples of intermolecular addition ofzdakanes7.2 to strained
bicyclic alkenes7.1 have been reported in the literature (Scheme 7Bjamples of
additions to strained bicyclo[2.2.1] systems inelwatiditions to carbocyclic norbornene
systemd/%4’®  2-azabicyclo[2.2.1]hept-5-en-one  (ABH,6.1),*"" *'® and 2,3-
diazabicyclo[2.2.1]hept-2-ends2*" however, to the best of our knowledge, the [3+2]
cycloaddition of diazoalkane species to acylnitrogoloadductsl.67 has been reported.
The initial dipolar cycloadducts.3 are obtained in the reaction; however, if diazaas

7.2 are used where R is an electron-withdrawing graefpen pyrazolines7.4 are
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obtained directly in reactiorf§” ’® *®9 Alternatively, 4,5-dihydro-B-pyrazoles?.3 have

been decomposed to cyclopropyl compoufids using photolysis or metal-mediated

chemistry*®!

X
N2 /
T2 Y
R™ "H
y ,X —_—
Y
7.1 X
X-Y= CH,-CH, !
C(0)-NR (ABH, 6.1) H
RO,CN-NCO,R (6.2) H 75

Scheme 7.3. Addition of diazoalkanes to other bicjo[2.2.1] systems

Ishikura has used dipolar diazoalkane cycloadditeattions to synthesize 2’,3'-
methano carbocyclic nucleosi@el0from compound.6 (Scheme 7.4)"" *® The initial
cycloadduct¥.7 and7.8 were photolyzed to compou@d. Alternatively, compound
7.9was obtained directly using Pd(Il) chemistry. @amund7.9was used to synthesize

carbocyclic nucleoside analogs such as compaub@

_Boc
_Boc  CHaNa N
N — >
H
O
76 0 H 78 NH,
N A
N
< | y
CH2N2 Boc N N/
? —_—
H 7.10
o N
H 79

Scheme 7.4. Diazoalkane cycloaddition chemistry bdghikura group
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We wished to investigate the reactivity of cycloadd 1.67 with diazoalkane
species. Diphenyldiazomethaneld was prepared from benzophenoiel]) using a
two step procedure (Scheme 7.5). Hydrazdh&2 was easily synthesized from
benzophenone/(11). Oxidation of hydrazong&.12to diphenyldiazomethan&.l3 was
performed using manganese dioxfffe. A number of alternative methods have been

reported in the literatur®> most often using Hg@* %

MnO
_NH 2
o) NoH, N2 Mgso, N,
B = U
Ph” “ph  EtOH Ph” “Ph CH,Cl,  Ph” “Ph
reflux 0Ctort
7.11 7.12 7.13

Scheme 7.5. Synthesis of diphenyldiazomethane

Cycloadduct3.38 was stirred with the crude mixture of diphenyldiamthane
(7.13 in benzene at room temperature (Scheme 7.6)er Affew days, consumption of
cycloadduct3.38 was observed and preliminary evidence suggestedarmation of
pyrazolines7.14 and 7.15 by NMR. Unfortunately, a number of other produatsre
identified in the mixture such as azines resultifigpm decomposition of

diphenyldiazomethane.

.Boc Ph Ph N _Boc N//N .Boc
7 N _ ’\\] ,N + Ph /N
) i O i (0]
@) CBHGr rt H Ph H
(+)-3.38 H ()-7.14 H (¥)-7.15

Scheme 7.6. Addition of diphenyldiazomethane to aacylnitroso cycloadduct
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After confirming the above results, the next staf¢he investigation should be
through the use of the simple diazoalkane, diazbamet (or the safer alternative,
trimethylsilyldiazomethane), as well as the useotifer diazoalkanes (Scheme 7.7).
Based on azide addition reactions (chapter 6) afditian of diazoalkanes to other
bicyclo[2.2.1] systems reported in the literatutee additions are expected to &eo
specific. The stereoselectivity of the diazoalkaaebon is not as apparent from the
literature, and up to four initial adducts.16-7.19 would be expected. These adducts

could be converted to pyrazoliné0and7.21, or to cyclopropanes.22and7.23

(+)-3.38

H (#-7.21

Scheme 7.7. Overview of possible applications ofadoalkane addition chemistry

While work related to this project is incompleteglpninary evidence coupled
with the success of similar reactions reportedhia literature indicate the addition of

diazoalkanes is an interesting avenue of studfutoire research in the Miller group.
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7.3 Acid-catalyzed rearrangements of acylnitrosdaadducts

7.3.1 Origin of this study

As described in chapter 1, C-O bond cleavage adhdnyso cycloadductd.67is
mediated by a number of Lewis acids and other mlphtles due in part to the formation
of species such a&24and7.25(Scheme 7.8). We hypothesized that, given theecor
electrophile, C-N bond cleavage could occur to dyislpecies such a%.29 and
hydroximate product§.30 and7.31 The following section delineates an effort that
originally was geared toward an attempt to redlu® possible alternate reactivity pattern

for cycloadductd.67which yielded an unexpected, yet precedented|tresu

7 = )CJ)\ = A~
Ao S| Ay g
/ / / / 4
e © ©
7.24 (+)-1.67 7.28
C-0bond|| E = cu, Fe, E = oo || C-Nbond
cleavage In, Zn, etc. 77 r| cleavage
\
---E
. 7
N.-O O. =
T W
R
7.25 7.29
Nuc_l Nuc | ???
v
N iy 5 by
Nuc N O N O Nuc O, ~ O. ~»
o Oy ROSIE ot
R R
7.26 7.27  'Nuc 7.30 Nuc /.31

Scheme 7.8. Outline of C-N bond-breaking strategy
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7.3.2 Acid-catalyzed formation of bicyclic hydroxatas

Dimethylsulfate (MgSQO,) has been used as a methylating agent that we
hypothesized might yield hydroximat&s32 and 7.33 upon subsequent methanolysis of
the reactive intermediates (Scheme 7.9). We wangrised to find that a hydroxamate

compound in agreement with structur84was formed in 52% yield!

OMe
MeO O.
N OtBu
j\ J< 1) Me,S0, 7 32
ZE\/N o 2) MeOH ;l +
0 CH,Cl OMe
(+)-3.38 N otsu
OMe 7.33
OH
1) Me,SO, H N
2) MeOH CE /E
> O
CH,Cl, e
29 "
52% (4)-7.34

Scheme 7.9. Attempted C-N bond cleavage reaction

This result was initially very puzzling; however, was apparent that the
dimethylsulfate used was not recently distilled gmwbably contained substantial
amounts of monomethylsulfate (MeO$0 and sulfuric acid, which could account for
the formation of hydroxamaté.34 With this knowledge, a mechanism of the reaction
has been proposed (Scheme 7.10). Protonationctdaryduct3.38 would occur to give
species7.35 or 7.36 Protonated species.35 could result in the loss of the Boc
protecting group, which would certainly lead to gibge, yet unconfirmed, by-products of
the reaction. C-O bond cleavage of spedied6 would yield the allylic catior/.37,
which upon intramolecular cyclization affords compd 7.38 Species.36 might also
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be able to convert to speciés38 directly. Loss of isobutylene from compouidcB8

would yield the hydroxamate compoun@4and also regenerate the acid catalyst.

o +O/H H pH
) )< MeOSOzH Jg )< =N
e - hpo L]
o O 3 A MeOSO3zH
(+)-3.38 : (+)-7.34
MeOSOzH MeOSO;
H OH
)J\ OH SN+
|
O+ @ TR B
H x__0O H
7.36 7.37 7.38

Scheme 7.10. Proposed mechanism for hydroxamaterritation

This mechanism would suggest the reaction wouldged through general acid
catalysis, and we proceeded to optimize the reaatmnditions to yield hydroxamate
7.34 based upon this principle (Table 7.1). As exphcttronger acids yielded more
hydroxamater.34 for the reaction. As an example, whereas 35 mpl#luenesulfonic
acid offered a low vyield (20%) of hydroxamate4in 2 h, only 5 mol% of triflic acid
gave a higher yield (52%) of hydroxamat&4 in only 30 min (Table 7.1, entries 2 and
4). Optimal conditions for the reaction were &in THF using only 1 mol% of triflic
acid (Table 7.1, entry 6). The sulfonic acid-basesin, Amberlyst 15, also promoted the
reaction; however, use of this resin was much gldinen even 5 mol%-toluenesulfonic

acid (Table 7.1, entries 1 and 7).
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TABLE 7.1

OPTIMIZATION OF ACID-CATALYZED HYDROXAMATE FORMATION

4 OH

+ B (
ZE\/N/Boc H C‘:N>:O
0] -0
()-3.38 H (9-7.34
Entry  Acid (amount) Conditions Yield/Result
1 pTsOH (5 mol%) CH,Cl,, rt, 2h incomplete rxn.
2 pTsOH (35 mol%) CH,Cly, rt, 4h 20%
3 TFA (5 mol%) CH,Cl,, rt, 2h recovered 3.38
4 TfOH (5 mol%) CH,Cly, rt, 2h 52%
5 TfOH (5 mol%) CH.Cl,, rt, 30 min ~ 62%
6 TfOH (1 mol%) THF, 0 T, 1h 74%
7 Amberlyst 15 resin  THF, rt, 5 days incomplete rxn.

Encouraged by these results, we proceeded to igaestwhether cycloadducts
derived from larger cyclic dienes could also fornetyblic hydroxamate structures.
Consequently, cycloadduc&39 and 3.40 were subjected to catalytic triflic acid in
dichloromethane, but the expected hydroxamate ptedr.39 and 7.40 were not

observed by NMR or LC/MS (Scheme 7.11).

OH
TfOH (5 mol% N

g ety (7
(@) CH2C|2, rt O

(+)-3.39 (+)-7.39
OH
IN/Boc TfOH (5 mol%) // . N o
(@] CH2C|2, rt // (o)
()-3.40 (£)-7.40

Scheme 7.11. Attempted hydroxamate formation witlarger ring systems
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7.3.3 Similar transformations reported in the &tere

While the formation of bicyclic hydroxamafé34 from cycloadduct3.38 is a
novel reaction, similar transformations have bebkseoved in the literature. Recall that
in chapter 1 the formation of intermediaté©99 and 1.101 under aqueous acidic
conditions from cycloadduct$.98 and 1.91 was highlighted (Scheme 7.1y 109 110
Procter also described the formation of nitrohd2 under the same conditions from
cycloadduct 7.41 (yield undisclosed)'® which may indicate that the proposed
intermediatesl.99 and 1.101 may be better represented by a nitrone struchae the

oxonium ion structures shown.

HO 4+

0 OH NH,CI~
)H/Ph 6N HCI N Ph o)
dN dioxane CE />_<
OH 96% 9 OH (@) Ph
1.98 1.99 1.100 OH
g 4 )
ph BN HCI N  Ph N
—_— E—
ﬁ\ dioxane CE />— Q \H/\Ph
0] 0]
65% +
1.91 OH
1.101 1.102
o
ﬁ J\th 6N HCI N ph
dloxane CE H
O O
7.41 742

Scheme 7.12. Similar acid-promoted reactions repted in the literature

The Miller group has reported similar structuresrfed through intramolecular
ring-closure reactions using Pd(0) chemistry (Sahéni3). When allylic acetaté43

was treated with Pd(0), the expected piperaZid®was not observed and oxazolihd4
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was produced instedd: Miller has also reported the formation of 1,4-batliazepines
7.48 using Pd(0) chemistry from cycloaddudst6'*® Based on unpublished results
from the Miller group, there is a clear indicatithrat nitrones.47 are formed under these
conditions.  The characterization of nitrones47 as an intermediate toward
benzodiazepines.48or a result of a side-reaction is still not claathis time; however,

nitrones7.47form benzodiazepine&48with the addition of Pd(0) catalyst.

Me H H
PHNJ\H/N\@/OAC 1) NaH, DMF . Me) :/ND OIND
o) 2) Pd(PPhg), (cat.) PHN 0 Me” >N
7.43 7.44 P 7.4

5

P=Boc, Ts not observed

o} Q. Q '\?H
N
N\ﬁ Pd(0) / D Pd(0) D
o e} N
NHSO,Ar
2 NHSOAr 50,Ar
746 7.47 7.48

Scheme 7.13. Similar reactions using Pd(0) chemigt

These results seem to indicate that in many ofGH@ bond cleavage events
reported for acylnitroso cycloadducis67, intermediates such as hydroxamai&4
should be considered, and may have a great effetiieostereochemical outcome of the

reaction.

7.3.4 Acid-promoted formation of nitrones
Based upon the formation of nitro@e42 reported by Procter, we then explored

the formation of nitrones from acylnitroso cycloadts7.49and1.91(Table 7.2). Under
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acid-catalyzed conditions, nitron&s50 and 7.51 were not observed and cycloadducts
7.49and1.91were recovered relatively unchanged from the reachixture (Table 7.2,
entries 1 and 2). When cycloaddidci9was treated with one equivalent of triflic acid, a
low yield of nitrone7.50was recovered from the reaction mixture but cyadert1.91

decomposed under the same conditions (Table 7t2e®8 and 4).

TABLE 7.2

NITRONE FORMATION UNDER ACIDIC CONDITIONS

y O

(0] = ,\]J,
P e (TS
/ CH2C|2, rt 270
O A
(3)-7.49 (R=Ph) (3)-7.50 (R=Ph)
(3)-1.91 (R=CH,Ph) (#)-7.51 (R=CH,Ph)
Entry R amount TfOH Yield/Result
1 Ph 5 mol% no reaction
2 CH,Ph 5 mol% no reaction
3 Ph 100 mol% 20%
4 CH,Ph 100 mol% decomposition

A possible explanation for why nitrori&50 was recoverable from the reaction
whereas nitron€&/.51 was not recovered may be attributed to the gresteduility of
nitrone 7.50 compared to that of.51 due totedelocalization (Figure 7.1). Similarly,

nitrone7.42, reported by Proctéf? would benefit fromredelocalization.
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stabilized nitrones

Figure 7.1. Comparing nitrone stability

7.4 Acylnitroso homo-Diels-Alder reaction with nornadiene

7.4.1 Homo-Diels-Alder cycloadditions in the literee

While Diels-Alder cycloadditions with conjugated 34dienes have been
extensively studied, Diels-Alder cycloadditions hvihomo-conjugated dienes (homo-
Diels-Alder reaction) have not received as muckmditbn. First discovered in the late
1950s:%® *"norbornadiene was observed to undergo formal [2}2ycloadditions with
electron-deficient alkenes under thermal conditffis*®*® Lautens has reported
stereoselective homo-Diels-Alder reactions of vingulfones and enones with
norbornadienes catalyzed by cobalt and nickel cergd (Scheme 7.143>%" The
tetracyclic homo-Diels-Alder cycloadducty.52 possess the core deltacyclene
hydrocarbon skeleton7(3. Other research groups have reported stereo- and

regioselective cleavage of the cyclopropane unitedfacyclene systenf& 4%°

Ni(COD),
=\ + _ PPhs 70-90% yield
EWG rt * exo:endo up to 14:1
EWG 7.53
EWG = C(O)R, SO,Ph 7.52 —

Scheme 7.14. Representative homo-Diels-Alder cyaliditions
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Lautens has demonstrated the application of thesncstry with the synthesis of
functionalized diquinane structur@s59 (Scheme 7.155° A formal [2+2+2] homo-
Diels-Alder reaction with substituted norbornadienh&4 followed by reduction of the
sulfone moiety provided tetracyclic compouficbS Regioselective oxymercuration
provided alcohol7.56 after reduction, which was oxidized to keton&7. Baeyer-
Villiger oxidation provided lacton&.58 selectively, and ring-opening of the lactone

provided diquinane®.59

t Bu'o
BU'O 1) Ni(cop), BU© 1) Hg(0,CCF3),
(cat) \[}\ 2) LiAIH, R OH
+ N\ > - H
SO,Ph  2) Na-Hg G/ 80% 256
7.54 88% '
7.55 lJones oxid.
t t t
BUQ y OH LiAlH, BU© o Bu'O
Rt or mCPBA o}
- o -
BF3'OEt2
759 H 757

R=CH20H, COZME

Scheme 7.15. Synthesis of diquinanes reported bylitenset al

Reports in the literature of formal [2+2+2] hetéals-Alder cycloadditions are
rare; however, Kirby reported in 1981 that nitrosoude, generated from cycloreversion
of dimethylanthracene cycloaddug&60, provided the homo-Diels-Alder addut6l in
the presence of norbornadiene (Scheme 7/26J0 the best of our knowledge, this is the
only reported homo-Diels-Alder cycloaddition usimi¢groso dienophiles. In and effort to

expand the scope of the highly useful acylnitrostefo Diels-Alder reaction, we wished
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to explore a formal hetero [2+2+2] cycloadditionoito-Diels-Alder reaction) with

norbornadiene.

o
/N
O —.
O’Q CGHG, A O_N\

CN
7.60 7.61

Scheme 7.16. Reported nitroso homo-Diels-Alder dgaddition

7.4.2 Preliminary results of acylnitroso homo-Diglsler reactions

Even though Kirbyet al only reported obtaining the formal [2+2+2] cycldadt
7.61'" we hypothesize the use of acylnitroso spedidd as dienophiles may vyield
different results (Scheme 7.17). Based upon theeot understanding of acylnitroso
chemistry, the homo-Diels-Alder cycloadduc62 would be an expected product of the
reaction; however, 1:1 adduc®63 and 7.64 arising from formal [2+2] and [4+2]

cycloadditions, respectively, may also be obtained.

v < 7 EXE @
7.62 7.64
formal 2+2+2 formal 2+2 formal 4+2

Scheme 7.17. Possible acylnitroso cycloadductsnginorbornadiene

We first attempted to form homo-Diels-Alder cycldadts 7.62 by direct

oxidation of hydroxamic acid3.37 and7.65in the presence of norbornadiene (Scheme

201



7.18). Using a variety of oxidation methods, ongmplex mixtures were obtained or

products resulting from decomposition of acylnitr@pecies were obtained.

0 . conditions  // ?%
= NHOH A7 7

3.37 (R=OtBu) _ 262 )R
7.65 (R=CH,Ph) | conditions = o

a) NalO,, MeOH/H,0

b) i. (COCI),, DMSO; ii. EtzN
c) Dess-Martin periodinane

Scheme 7.18. Attempted homo-Diels-Alder reactioriy direct oxidation of hydroxamates

Using a similar strategy to the one employed bybiirwe proceeded to
synthesize the dimethylanthracene cycloaddudg and7.68 (Table 7.3). Hydroxamic
acids3.37 and7.65 were oxidized in the presence of 9,10-dimethyleaténe 7.66) to
provide cycloadduct3.67and7.68 The reaction failed to yield cycloaddut67 using
sodium periodate in methanol/water and Swern oiid&t conditions (Table 7.3, entries

341 and

1 and 2); however, oxidation using Dess-Martin qdirané
tetrabutylammonium periodate in chloroform/DMF werecessful (Table 7.3, entries 3
and 4). Solubility of dimethylanthracene66 appeared to play the largest role in the

yield of cycloadduct3.67and7.68
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TABLE 7.3

PREPARATION OF 9,10-DIMETHYLANTHRACENE CYCLOADDUCTS

o ,N)J\R
By + OO0 — s
R” “NHOH 717
3.37 (R=OtBu)

7.65 (R=CH,Ph) 7.66 7.67 (R=0OtBu)
7.68 (R=CH,Ph)

Entry R Conditions Yield/result
1 OtBu NalO4, MeOH, H,O recovered 90% 7.xx
2 OtBu Swern oxidation complex mixture
3 OtBu Dess-Martin periodinane  41%
4 OtBu BuyNIO,, CHCIl3, DMF 61%
5 CH,Ph  BusNIO,, CHCl;, DMF 45%

With cycloadducts.67 and7.68in hand, we proceeded to investigate thermally
generating the acylnitroso species in the presehcerbornadiene (Scheme 7.19). The
reactions were performed in sealed NMR tubes anditored by'H NMR. At room
temperature, dimethylanthracene cycloaddu¢t67 and 7.68 fail to release the
acylnitroso species. At temperatures above 30-4) fthe release of 9,10-
dimethylanthracene7(66) was observed. The formation of 1:1 addut®2 cannot be
confirmed at this time and will require additiostiidies; however, the results at this time

are still encouraging.
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oAy

2 > + 7.66
"Q solvent, A O—N
7.62 R
7.67 (R=OtBu) 0
7.68 (R=CH,Ph) results inconclusive

Scheme 7.19. Attempted homo-Diels-Alder reactiorisy thermally-induced cycloreversion

Performing this reaction using nitrosopyridin$9 might be more suitable for
this reaction, since cycloadditions with nitrosagiyres occur under very mild conditions
(Scheme 7.20). Additionally, based on work by Yam# on asymmetric hetero-Diels-
Alder reactions of nitrosopyridine compourfds$? the use of copper to catalyze the

reaction is an exciting possibility.

7.69 770 )N

Scheme 7.20. Proposed use of nitrosopyridines fthre homo-Diels-Alder reaction

7.5 Indoleortho-quinodimethanes as dienes in the acylnitroso HEsction

Following the example in the previous section ofestigating alternative dienes
for use in acylnitroso cycloaddition reactionssthection will detail a proposal for using
an acylnitroso cycloaddition reaction with indaletho-quinodimethaned.72 to yield
indoles 7.74 and 7.75 analogs of the pharmaceutically active agent, dbiom 7.76)

(Scheme 7.21). Previously used used for many yearussia as an antihistamine and
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sleep-aid, Dimebon7(76 has recently shown promise for the treatment lahéimer’s

and Huntington’s Diseases and other neurologicairdiers %

N /
o) N
R A\
o) N b
N : N
2 O, Dimebon
772 R 7.73 N—4 aze N
R D © —
N

R2 7.75

Scheme 7.21. Dimebon analogs from acylnitroso cgeldditions to indoleortho-quinodimethanes

A number of research groups have demonstrated $ee afi indole ortho-
quinodimethaned.72 in cycloaddition reaction¥2>** Most notably, Dmitrienko has
developed an efficient route to compourtdg2°** >3 While a number of dienophiles
have been shown to add to quinodimethahég there has only been one report of using
a nitroso species as a dienophile. Pindur repattedaddition of nitrosobenzene to
indole quinodimethang.78to yield an inseparable mixture of compoufdéd and7.80
(Scheme 7.228%° This chemistry was not explored further; howevéis result was

encouraging for the proposed reaction sequencemelidn analogs.
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@Egﬂ @E& e @(@ @(@“
DMEA
Br

COPh
COPh . 7.79 COPh 7.80 COPh

yield not reported
obtained as a 4:1 ratio

Scheme 7.22. Reported example of nitroso cycloatidn to indole quinodimethane

The proposed synthetic route to Dimebon analb§5and7.86is shown below
(Scheme 7.23). TheN-acetylation of 2,3-dimethylindole781) was surprisingly
problematic. A number of reaction conditions wextempted; however, all basic
conditions resulted in a by-product that has nenb&ructurally assigned. Protection of

indole7.81under acidic conditions successfully provideddbetylated indol&.82

NBS Br
TsOH (1 mol% 2e
\ PTSOH (1 mol%) \__ e \
N Ac,0, reflux N N Br
H
7.81

\
72% 7 82 Ac 783 Ac
BuyN™l i
Y
(@)
>/R
N o R
o, N e @[@
A\ A\ 0 o} N
N N R)J\N Ac
Ac 7.85 Ac 7.86 6 7.84
1.11

Scheme 7.23. Progress toward Dimebon analogs
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The synthesis of quinodimethang84 follows the procedure outlined by
Dmitrienko™*® *** and when generated in the presence of acylnitspezies, should

provide compoundg.86and7.85

7.6 Summary and recommendations for further study

In summary, this chapter has described short, pigdiry investigations into a
variety of new topics surrounding acylnitroso HDAemistry. Due to time
considerations, many of these projects have nab haéy explored; however, each of
these four topics would be exceptionally suitaleigearch endeavors for future synthetic

organic chemists who wish to investigate acylnarefdA chemistry.
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