Syntheses and transformations of

alicyclic b-aminohydroxamic acids

PhD Thesis

Be8ta Fekete

Supervisor:
Prof . Dr . Ferenc F¢l°p
Dr.M8rta Pal k-

Institute of Pharmaceutic@lhemistry

University of Szeged

2018



CONTENTS

CONTENTS ettt ettt et e e e e et nnnt et e e e e e e e sbbee e e e e e e ssssnnnsnsssaeeeeeaans l.
ABBREVIATIONS ..ottt eete e e st a e e e s e eensste e e e e e s ssnsaeeeeeeeamnneanns Il

PUBLICATIONS .o eeeee s e e e et e e et e e e et e e e eaa e e eenmeennns 1

1. INTRODUCTION AND AIMS ...ttt e 1
2. LITERATURE BACKGROUND .......iiiiiii i emeees 3
2.1  Structure and reactivity of hydroxamic aCids............cccccevviiiiieemiiiiiiiiiienennn. 3
2.2  Pharmacology of hydroxamic acids.................uuuiiiiccmeeeiiiiiiiiieee e e e e eeenens 4
2.2.1 Matrix metalloproteinase inhibitors.............cccoviiiiiieee e, 4
2.2.2 Histondeacetylase iNhibItOrsS...........cccoiiiiiiiiieee e 5
2.2.3 Tumour necrosis facteslpha converting enzyme inhibitars......................... 6.
2.2.4 Carbonic anhydrase inhibitOrS...............oooovviiiiiicee i ]
2.2.5 Lypoxygenase and leukotriengydrolase inhibitors.............ccooovviiiiiiceee... 8
2.2.6 Antibacterial hydroXamiC acCidS............coooiiiiiiiiiiicce e 8

2.3 Synthesis of hydroxamic acids by forming a hydroxamic amdtional group9

2.3.1 Synhesedrom carboxylic acid derivatives.............cccccevvvvvimmeeeveeeeviiiiinnnns 10
2.3.2 Enabling techniques for the synthesis of hydroxamic acids..................... 14
2.4  Synthesis of aromatic and alicycbeamino hydroxamic acids.................... 16
2.5 Ring-closure reaction of anthranilic hydroxamic acids...............cccc..evveee... 19
3. RESULTS AND DISCUSSION ...t eeiemmeees 21
3.1 Synthesis of new ragdc alicyclic #~aminohydroxamic acids...................... 21

3.2  Synthesis of new enantiomer enriched alicybiaminohydroxamic acids....22
3.3 Domino reaction ofdiende and diexa2-aminonorbornene hydroxamic acids
With 0XOCArbOXYIIC ACIAS.........ovveiiiiiiie e e e 28

3.4 Retro Diel§Alder reactions of isoindolo[2;&]quinazolines and pyrroto

[1,2-8]QUINAZONINES. ... ..ottt et e e e e e e e e e e e e e s s 34
4. EXPERIMENTAL oottt sme et e e 39
5. SUMMARY et e e e et e e annna s 42
ACKNOWLEDGMENTS ...ttt eceeie et eenae e e e e e e annaeee e 45
TABLE OF THE SYNTHES IZED COMPOUNDS ......ccovtiiiiiiiiii e 46
REFERENGCES.......ccotiiieiiiie ettt s e e nbe e e e nbe e e emmneenreeee s 47
ANNEX .ottt ettt e me ettt h et e e e et et e e nenaae e e e e nne e e nreas 54



COX
DCB
DBTA
DIAD
DMF
DPTTA
HIV
HPLC
ECM
GC
HDAC
LOX
LTA,
MMP
NMP
NMR
PPh
p-TSA
RDA
SAHA
TACE
TFA
TLC

ABBREVIATIONS

cyclooxygenase

1,2-dichlorobenzene
0O,0-dibenzoyltartaric acid

diisopropyl azodicarboxylate
dimethylformamide
O,0-di-p-toluoyltartaricacid

human immunodeficiency virus

high performance liquid chromatography
extracelular matrix

gas chromatography

hyston deacetylase

lipoxygenase

leukotriene A

matrix metalloproteinase
N-methylmorpholine

nuclearmagnetic resonance spectroscopy
triphenylphosphine

p-toluenesulfonic acid

retroDielsi Alder reaction
suberoylanilidehydroxamic acid

tumor necrosisfactdd conver t i
trifluoroacetic acid

thin-layer chromatography

ng

enzyme



PUBLICATIONS

Papers related to the thesis

Be8t a ,FeMS8rttea Pal k-, HaukBa, MEBEedehyg, F)h
A dominoring-closurefollowed byretro-Dielsi Alder reaction for thereparation

of pyrimido[2,1-a]isoindoleenantiomers

European Journkof OrganicChenistry 2016, 21, 3519 3527,

Be8t a ,FeMS8erttea Malukk-k,a, Ma&tetrienc F¢l °p
Synthesis opyrrolo[1,2-a]pyrimidine enantiomers vialominoring-closure
followed byretro DielsAlder protocol

Molecules2017, 22, 1i 13.

GyulaL a j, k% m@raszN - rGa e Bs-SFkekete M8 r R aal, fkerenc

F ¢ |, WadfgangLindner, AntalP ® { lesrt Is& n

High-performance liquid chromatographic enantioseparation of cfclic
aminohydroxamic acids on zwitterionic chiral stationary pedsased o@inchona
alkaloids

AnalyticaChimicaActa 2016, 921, 84i 94.

Attila Bajtai,Be 8t a ,F eMS8erttea Pal k-, Fer enMichdd¢ | °p,
Kohout, |l stv8n I lisz, Ant al P®t er

A comparative study for the liquid chromatographic enantioseparaitioyclic b-

amino acids and the related cyd#i@minohydroxamic acids on Cinchona alkaloid

based zwitterionic chiral stationary phases

Journal of Separation Scien2€18, 41, 121611223.


http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944
http://www.sciencedirect.com/science/article/pii/S0003267016303944

VI.

VII.

Conference lectuse

Fekete BeS8t a:

Nor bor n@®nnvi8zoahsi dr osxz8 rmst &@xgi ksTer T zr8eraSkscii - i n ¢
vizsgs8l at a

AA Szédg@Ehivesk®mi kT§mbgat §sE®r tEINndydMmM8nyos
el Rad: ¢ ®s e,

Szeged2014 m8j us 7.

Fekete Bes§t a:

Norborn@®mivBohsdr ox § msav akr edacknecivnioz s@yeT raT
Heterociklusos® selemorganikusk® mi rauin k a b i z ¢ t®Baa®mszemes

2015 m§j20.s 27

Fekete BeS§t a:

Pirimido[2,1-a]izoindolok ® sirrolo[1,2-a]pirimidinek e | R 8 I nl o2rtb8sran ® n v §
bbami nohi drox8msavak domi no ®s RDA reakec
Gy - gys z &®&s€ky®ngiyasiz er tSezcihmmpo-lz-iguinai2016.
Herceghalom2016 szeptember 136.



1. INTRODUCTION AND AIMS

The first hydroxamic acid oxalohydroxamic acid was discovered almost 150 years ago
by Lossert! butthis class otompoundsaisedfurther interest just in the beginning of the
1980s due to theiraluablebiological and pharmacological propert{€sgurel).

The hydroxamic acid moietys foundin severalnatural compoundgroduced by planfé
bacteri& and fundi” to help their iron ufmke via chelationDesferrioxamine B, a
hydraxamatetype naturalsiderophordgsynthetized bystreptomyces pilosus well-known

in the treatment afransfusiorinducediron overload® (Figurel).

Synthetichydroxamates can be usefsd wellin many pathophysiological conditiansor
example, ciclopiroX?! is found to be effectivein topical fungal infections while
vorinostat”! (SAHA, suberoylanilidehydroxamic acidies beenapproved bythe Food and

Drug Administrationin the USAasthe treatment of cutaneodscell lymphoma(Figure

1).
o
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Desferrioxamine-B Vorinostat (SAHA)

Figure 1

There are severabplicatiors of hydroxamic acids in organic and analytical chemistry. For
example they can be uskin the spedrophotometricdetermination of vanadium iofisor

in asymmetric synthesis as chiral ligafs.

In view of the growing importance of hydroxamic acid derivatives, the major aimyof
PhD work was todevelop a simple route for the preparation of nealicyclic b-
amindhydroxamic acidsWe achieved theyntheses of newacemic and emgiomeric form

of cis- andtrans-2-aminocyclohexan@ydroxamic acidscis- andtrans-2-aminocyclohex
4-enehydroxamic acids[IV], diende and diexo3-aminobicyclo[2.2.1]hepb-ene2-
hydroxamic acids [I,ll] and diende and diexc3-aminobicyclo[2.2.1]heptanr2-

1



hydroxamic acids[lll] starting from the appropriate esterThe structures of the

synthesizedlicyclic b-amindhydroxamic acids arghownin Figure 2.

C{LNHOH (j)LNHOH ErLNHOH Q)LNHOH
0

NHOH NHOH NHOH NHOH
NH,

Figure 2
Ourfurtheraim was tostudythe diastereoselectivity of the domino ralgsure reaction of
diende and diexa2-aminonorbornenglidroxamic acids with oxocarboxylic acids, to
examine the RDA reaction of the formesbindolo[2,ta]quinazolinones, and to extend
this methodology to obtain novel racemic and enantiomeric
pyrrolo[1,2a]pyrimidine andpyrimido[2,l-ajisoindole derivative§l,1l] (Scheme 1)

o} o} o o)
NOR NOR
Qo e — T — (1
NH, NH, N 2N N 20N

. . /
diendo, diexo (o] ey o} N

Scheme 1

The publications on whh the thesis is based are referrethtequare bracketsyhile other

refelrences are given as superscripts.



2. LITERATURE BACKGROUND

Hydroxamic acidsconstitutea major class of organic compounds. They have a wide
variety of pharmacological actiontargeting cancers, cardiovascular dsesa HIV,
Alzheimeis disease, malariand alergic diseased-dydroxamic acids areonventionally
synthesized fromcarboxylic aci@ and their derivativegesters, acid chloridesyith
hydroxylamine hydrochlorideinde basic conditios in batchreaction However, some
other compoundsnamely,aldehyde, amine, amide and alcohol can also be converted to
hydroxamate with ease. The sefilase synthesis techniques are also gaining importance
for the synthesis of hydroxamacids and these pathways have opened a wide arena for the

synthesis of diverse and complex hydroxamic acids.

The literature part of my thesis focuses ondtracture and reactivity of hydroxamic acids
(2.1), their pharmacology (2.2), conventional and neoonventional synthesis of
hydroxamic acidg¢o form the CONHOH group (2.3). The aim was to present the most
varied synthetic techniques ftre formation ofthe hydroxamic acid functional groulm
the second part ofhe literature section (2.4 and 2.5) the synthess of alicyclic and
aromatic b-amino hydroxamic acids and the rirosure reactions of anthranilic

hydroxamic acidarepresented.

2.1 Structure and reactivityf hydroxamic acids

Hydroxamic acids are weak acids wilp K a (& ag@eous solutiophowevertheir
acidity strongly depends on the electronic properties of the substitlibetscan act as
both N- and O-acids. The type of deprotonation appears to depend on the mode of
substitution, the method usedsolid, liquid or gasphas@, and the nature of the
solvent” Their general formulas R-CO-NH-OH where Ris H or organicgroup The
planar structureand the bond lengths of the moiety indicaitial carbonnitrogen
double bondcharactersimilar to hat found in amide$™ The hinderedrotation about
the Ci N bond result in Zi E isomerism The percentage d& configurationin the Z/E
equilibrium decreases with the increase of $iee of the substituent at nitrogéf!
Hydroxamic acids exhibit ketenol tautomerismand hae several resonance
contributing structurs (Figure 3)*? Keto forms are predominant under acidic
conditions while enol (iminol) forms are more stable in alkaline métfiadydroxamic
acids can exist inZ-keto, E-keto, Z-enol or E-enol forms (Figure 3. From
pharmacological aspextit is important to notethat hydroxamic acids have metal
3



chelating property ahhydrogen bond formation abilitywhich are essential in the
interaction with enzymé$® They can acts both monodentate and bidentate ligand
through their deprotonatednydroxamate moiety and carbonyl oxygern-

Aminohydroxamic acidgorm six-memberedN,N-coordinated ring or fivenembered

O,0-coordinated ring with Cu(llasshownin the case ob-alaninehydroxami@cid in

: 15
Figure 31*°
/OH (6] /H HO /OH HO NH,
>~N N —N =N \ o
R H R OH R R OH /) N— \
Z-keto E-keto Z-enol E-enol o. ,(I) ('3\
oN— N/ N
Z—E isomers and keto-enol tautomerism in hydroxamic acids [1] VRN ! —NH
QP o
0 o) o N
.- O O, o (0] . O
TN, == C=Nf <> L

K N C—NH H
H R H R - 2
The complex of B-alaninehydroxamic acid

Mesomers of hydroxamic acids with Cu(ll)

Figure 3

Because ofhelone electrorpairs of nitrogen and oxygeand the hydrogens tfie amide

and hydroxy grouphydroxamic acid haveseveral possibilities to accept and denat
hydrogento form hydrogerbonds. Theyare able to form intraand intermolecular bonds
as well. This phenomenois of key importancen the interaction with biopolymers and in

this wayin drug design.

2.2 Pharmacology of lgdroxamic acids

Hydroxamic acids strongly chetle metal ionsin the catalytially active site of several
metalloenzyme&? Furthermore they are able to release nitric oxidte living systems

which has physiological and pathophysiological importance time cardiovasculare
system*® In this partof the thesissome pharmacologically reliabteetalleenzymes as

targes of hydroxamatetypedrug candidatewill be introduced

2.2.1 Matrix metalloproteinase inhibitors

Matrix metalloproteinase@MMPSs) are zine and calciuracontainingproteolyticenzymes
(endopeptidasesyvhich are essential in degrading aremodelingextracellular matdes
(ECMs). ECMs havecrucial role incell migration, proliferation, growtland development
while over-expressionis associated withremodelling of heart,arthritis, petodontal
disease, multiple sclerosis and cancéreetastasis and angiogenesi8) Marimastat,
prinomastat and other selective and remiective hydroxamateype MMP inhibitors are in
advanced clinical trial; the therapy ofung cancef$® (Figure 4.
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Figure 4
2.2.2 Histondeacetylase inhibitors

Further promising agents in cancer therapy are inhibitomnafdependent class | and Il
histondeacetylase They take partin cell-cycle progression, differentiation and apoptosis
of malignant cell§!® There can bedundvarious hydroxamic acid derivatis¢HDACIS)

in the literaturd®® Suberoylanilidehydroxamic acid SAHA, vorinostat, Zolinz5, see in
Figure J is one ofthe most welknown, which is alreadyusedin cancer therapy for the
treatment of cutaneous-cell lymphoma?*! Panobinostat and belinostat are more potent
inhibitors of HDAC | and Il than vorinostat (k¢ values in nMconcentrationagainst
HDAC | and HDAC Il = vorinostat: 75.5, 36®anobinostat: 2.5, 13.2; belinostat: 17.6,
33.3)22l Amamistatirs, natural productisolated fromNocardiaasteroideswerefound to

be effectiveagainstMCE-7 breast and MKN45 stomach cancer cell lindgiamistan A
and B also show activity against mouse lymphatic leukemia cells P3§818Cand 16
ng/mL)?® Promising resultshave been foundwith piperazine hydroxamate&* 5-

membered cyclic hydroxamic acitfand othederivative§®” as well?® (Figure 5.

Belinostat

0
Me R I™1™
Me n N—OH
H

5-membered cyclic hydroxamic acids
n =3, 4; R = Ph, 3-indolyl, 3-quinolinyl,
9-Me-carbazol-2-yl,
3-(phenylaminosulphonyl)-phenyl

(0]

hNJ\N’OH

~ _N_ N
R7N

Amamistatin AR = OMe
Amamistatin BR =H Piperazine hydroxamates
R = p-Tol, p-CI-Ph, indolyl

Figure 5



2.2.3 Tumaur necrosis factoralpha convertig enzyme inhibitors

Tumour necrosis factaalpha converting enzyme TACE) is a zinecontaning
metalloprotéase which cleaves prerNF-a (233 amino acid protein) at Ala76 and Val77
and releaseimmunomodulatorycytokine TNF-a.*® Overexpression of TNf causes
numerous patHogical conditions such asrheumatod arthritis, multple myeloma,
atherosclerosisstrokea n d  Cr o h ?8 Bherel dresfiathes studies that highlight the
roleof TNFFai n neurodegenerative disorders |
stroke andri viral or bacterial infectiof® Selective TACEI moleculeslesigned recently
have attracted significanhterest Barlaam et al. synthesizeduccinatebasedhydroxamic
acids and examinedthe inhibition of TACE in whole blood ass&’ Macrocyclic
hydroxamateswere designed by Xue and his-workers and potent molecules were
preparedvith ICsov a | u e s md. P gDact@mhyiroxamic acid were synthesized by
Duan and his cavorkersanddiscoveredrally bioavailablecompounds$™ Cherneyet al.
convertednonselective sulphonamide MMP inhibitors into selective TACE inhibitor
benzothiadiazepinehydroxamate§? Novel b-amino heterocyclic hydroxamic acid
scaffolds containing benzalimidazol TACEI molecules were designed by Ott and his co
workers and tested on whole blood as$iy The nost potentTACE inhibitors are

represented in Figure 6
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Figure 6

2.2.4 Carbonic anhydrase inhibitors

Carbonic anhydrase(CA) are zinecontaining enzymeswhich catalyse the reversible
hydration of carbon dioxide to bicarbonate.idhis procesglays rolein secreting acid in
stomachtransfoming pancreatic juie to alkaline,salivato neutraland influence the water
content ofkidneys and eyes Malfunction of @rbonic anhydrases assocated with
glaucomapbesity, cancers, and epilepsyydroxamic aid and sulfonamide hydroxamate
CA inhibitors are ideal lead molecules for the invention of nelretics, antiglaucoma

agents and antiepileptié8 (Figure 7.

HO GH | x R = H, Me, iPr, iBu
N R = n-C4Fg, CeFs, 4-MeO-CgH,
o] 1 o”S\R X = H, CgHsCHa, 2-NO,-CgH,CH,

Sulfonamide hydroxamic acids

Figure 7



2.2.5 Lypoxygenase and leukotriengydrolase inhibitors

Eicosamids including progaglandins(PGs) and leukotriengLTs) play key roles in the
process of inflammatiorand their malfunction isrelated to several disorders like
rheumatoidarthritis and osteoarthritis, asthnaamd psoriasisPGs and LTsre syntheted
from arachidonic acid AA) via the metalloenzymescyclooxygenase(COX) and
lipoxygenase I(OX).*%) LOX, COX andLTA, hydrolaseinhibitor hydroxamates arable
to act asantrinflammatory and ardasthmatic agentsinoleyl hydroxamic acidstudied as
lipoxygenase inhibitor byutovich and Lukyanova,wasfound tobe effective against 15
and 12LOX.*® Tepoxalinhasbeen approved for the treatment of osteoarthritis in Hdgs.
Wong et al synthesizedb-aminohydraxamic acid derivativeswhich are able to act as
selectiveL TA 4 hydrolase inhibitorén vitro!*® (Figure 8)

Me — — _OH
N
4 H

linoleyl hydroxamic acid

L
o
@N,N ve N O
D N-OH N0

O 5 HO\H/(CH2)n
o)

Tepoxalin LTA, hydrolase inhibitor hydroxamic acids

n=3,4

Figure 8

2.2.6 Antibacterialhydroxamic acids

There can be found several naturally occurringd synthetichydroxamic acids with
antimicrobial effect’®*® They act via chelation of iron (which is essential for bacterial

growth) orthroughselectiveenzymesnhibition.*”’

2.2.6.1 Urease inhibitors

Ureaseis a nicketcontainingenzymeproduced byseweral species includinddelicobacter
pylori (H.p.), which inducesthe hydrolysis of urea to ammonia acatbon dioxide H.p.
infections are related to gastritis, peptic ulcers and gastric carcinGoresequently
ureass havebeenintensively studéd drug targeti*”! Morikawa et al. tested a varietpf
hydroxamic acids(aliphatic, aromatic, amino acid and dipeptide derivatives as well)
againstH.p. ureaseand found aliphatic hydroxamic acids the most poteras™*? Zhu et

al. inventedb-hydroxy-b-phenylpropionylhydroxamic acidss candidate to develop new

8



antiulcer agent$® A series of phenyland diaryhydroxamic acids wereynthesized by

Muri and herco-workersas promising urease inhibit8#% (Figure 9.

H
N\OH OH |O

R _OH
R, O o ® N
R, el H

R R Ri

R = H, Me, OMe, CN, F, Br R = H, Me, OMe, CN, F, Br, R'=H, Cl, OH, OCHg; R2=H, CI;

R'=F, OMe, R2=F 1-Ph-1H-pyrazole, R®=H, CI, NMey; R* = H, F, CI
2,3-methylenedioxy

O

B-Hydroxy-B-phenyl-propionyl

Diaryl and phenyl hydroxamic acids hydroxamic acids

Figure 9

2.2.6.2 Peptide deformylasahibitors

Peptide deformylas@DF) is an enzymewhich removes the formyl group from tine
terminalmethionine of nascent polypept&l& his enzyme is ideal target fmventingnew
antibiotics because it is essential for eubacteria and is not reqémedhe protein
synthesis in eukaryot&8! Hubschwerleret al. described the synthesis bfsulfonyt and
b-sulfinyl-hydroxamic acidsThe rew compounds were tested agaiRDF of various
bacterium specie€( coli, S.pneumoniaH. influenza C. pneumoniaetc) and found that
b-sulfinylnydroxamic acids were more active than the correspondirgulfonyl
derivatived’® Molteni and her co-workers designed a series of benzothiazinone
hydroxanic acidsagainstk. pneumoniaS.aureusandE. colil*”! (Figure 10.

((Ijl)n R3

H H
R2 O N o (6)
R' = CgHs, n-Hex, c-Hex, Bn, 4-MeO-Ph, 4-Br-CgHs, 2- II’\’
naphthyl R = H, iPen, Pen, iHex, phenethyl,
R?= Me, Et, Pr, Bu, Pen, benzo[1,3]dioxol-5-yl, 2-furyl 2-methoxyethyl, 2-ethyl-1,3-dioxolane
R®=H, OH, n=1,2
B-Sulfonyl- and B- Benzothiazinone
sulfinylhydroxamic acids hydroxamic acids

Figure 10

Naturally, bere are several other pharmacological uses of hydroxaaratdbe number of

new promising compounds $$ill increasing.

2.3 Synthesiof hydroxamic aciddyforming a hydroxamicacid functional group

The irst known synthesis of hydroxamic acids was g e | i 0 s depetopedrel€Od.r e
In this method an aromatic aldehydg reacs with sodium nitrohydroxamat®) ( Angel i 6 s
9



salt). This transformationis difficult to carry outand themethodworks only for aromatic
compoundsand itis not applicable for aliphatic hydroxamates

At the end of the 19 century Angeli and Rimini discovered that under strong basic
conditions hydroxamic acid8 are formed from N-hydroxybenzenesulfonaside @) and
aldehydel in good yields.Unfortunately benzensulfonic acid by-product 6) wasfound

in this reactior’® The syntheis starting from benzaldehydéd) is presenteth Scheme 2.

Na2N2O3 NHOH  Angeli's procedure
EtOH/KOH
CHO
O\
[ :] \S\,NHOH

1a \O \\ _OH

4 NHOH ©/ Angeli-Rimini reaction
— .
MeONa, MeOH

3a

by- product

Scheme

2.3.1 Synthesgfromcarboxylic acid derivatives

Recently themost common approach for the synthesis of hydroxamates is the reaction of
carboxylic acid$® or activated carboxylic acid derivatives (esféfamixed anhydridg™"

acyl chloride§?) and protectéef> or unprotecte® hydroxylamine derivatives under
basic conditions. Protected hydroxylamines are highly expensive and there should be an
extra step (deprotection) in the end of the synthesisatethe desired productVhen

using unprotected hydroxylamineghe reactioncan lead to N,O-diacetylated by
producs.®®

Reddy and his colleagues introduced a new synthetic way to produce hydroxamic acids
under mild conditions starting from carboxylic acifla-j. A typical reactioncan be
performed with ethyl chlaformate in E£O at 0A Qo give mixed anhydride§a-j which,

upon treatmenwith hydroxylamine at ambient temperatupeoduce hydroxamic acidia
and8b-j. The method is applicable farwide range of aromatic and aliphatic hydroxamic

acids with bassensitie substituents (hydroxy, halo aester groupsetc.)®* (Scheme 3)

10



0 O O 0
EtOCOCI
R)kOH;’ R)ko)koa _NHOH R)J\NHOH
] Et,O . Et,O/MeOH
6a-j 7a 3a, 8b-j

R =a: Ph,b: iPrc: Bu, d: Pen e CHBr, f: (CH,).Cl, g: (CHz)sCOOE?}
h: 2—C|-C5H4, i 4-HO-CgH4CHy, j 4-MeO-CgHy4

Scheme 3

N8| eetaal proposd that S(1-oxido-2-pyridinyl)-1,1,3,3tetramethyluronium
tetrafluoroborate (TOTT) and hexafluorophosphate (HOTT) together with the related new
thiouronium saltss-(1-oxido-2-pyridinyl)-1,3-dimethylpropyleneuronium tetrafluoroborate
(TODT) and thecorrespoding hexafluorophosphate (HOD®@je efficient reagent®r the

easy, clean and direct preparation of different hydroxamates in high yidlesoupling

of different carboxylic acidéa and 9b,c and N-protecteda-amino acids9d-h with N,O-
dimethyt, O-methyl or O-benzylhydroxylamine hydrochlorides was carried out in
acetonitrile at room temperature with 2 equiv. of trimethylamine in the case of 2T
HOTT, and in DMF with diisopropylethylamine (DIEA) as base wi&DT andHODT

were usedThe use of these reagents allows the preparatidd-mwiethyl hydroxamates

with comparable yields and in a more direct and easy manner than using, for instance, acyl
chlorides. In the case @-benzyl hydroxamateyields were similar or even higher when
compared toother less direct methodologieblexafluorophosphates afforded slightly
higher yields (95%) than the corresponding tetrafluoroborates9(80) in the case of
undecanoic aci®b. Products10-12 wereisolated inhigh yieldswithout racemsatiort>
(Scheme 4)

(\LNMeZ' orm\ jx

i N S NMe; x = BF,: TOTT (’\)l S I\'\/lle X = BF,: TODT J ors
OH X = PFg: HOTT X = PFg: HODT N”
2
6a, 9b-h N,O-dimethylhydroxylamine or R
O-methyl- or O-benzylhydroxylamine hydrochloride, base 10-12

10: R*= R’*= Me, 11: R*= H, R= Me, 12 R>= H, R*=Bn,
6, 9-12: R'= a: Phe b: CH3(CHy)s, ¢: E-C¢HsCH=CH, d: Boc-Ala, e CbzAla,
f: FmocAla, g. CbzGly, h: Boc-Phe

Scheme 4

A simple onepot method was appliedoy Giacomelli et al. for the synthesis of
hydroxamate derivatives af-amino acids and peptidesarting from carboxylic acids
Protectedcarboxylic acidsl13-15 were treated with cyanuric acid (2,4r&hloro-1,3,5
triazine), N-methylmorpholine (NMM) and dimethylamino pyridine(DMAP) in
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dichloromethaa. Next hydroxylamine hydrochloride was added to the reaction mixture
and stirred at room temperaturenti complete conversionto have protected
aminchydroxamic acid46-18in high yields and puritiés! (Schemes).

Cl N Cl

S

N__N 1
R1 0 Cl ll? Q
'll\% > N\HL
- >~ pg” NHOH

Pg OH NMM, DMAP (cat), NH,OH.HCI  ° R2
R? CH,Cl, or DMF

13-15 16-18

Pg:1316: Boc,14,17: Cbz,15,18 Fmoc
R!= H: R = a: Me, b: iPr,c: CH,OH, d: benzy| e CH,COOBN,f: CHiPr,
R'= Me: R =g: iPr, R-R? = h: -(CHy)s-

Schemés

Babuet al. designed a synthesis starting from Frpootectedamino acid chlorigs 19a-i.
First hydroxylamine hydrochloride wadissolved in methanol/wat€B:2), treated with
MgO and thenacid chloridesl9a-i wereadded The mixture stirred at room temperature
until completion producedFmocprotected hydroxamic acids8a-c,e,g,i and 20d,f,h!>?
(Schemep).

2
Ry H RZ H

Fmoc\N)i[(Cl NHOHHCI_ Fmoc. M _NHOH
o MgO N

R' O R" O

19a-i 18a-c,18e,g,i, 20d,f,h

R'=H: RR=a H,b: Me,c: iPr,d: CH(CHg)CH,CHs e: CH,C¢Hs, f: Ph
g: CHaiPr, h: CHOCH,CeHs, R™-R? = i: -(CHy)s-

Schemeb

Imai et al reported the synthesis of primary amides from carboxylic ablgsptecteda-

amino acids, andN-protected dipeptidethroughthe use ofmixed carbonic carboxylic
anhydrides.Their methodis convenient and green because of inexpensive reagents, mild
conditions, and safe byproducts, such as triethylamine hydrochloride, carbon dioxide, and
the corresponding alcoholé&dditionally, they have applied the amidation poepae
variouschiral amidescontaining hydroxamic acithoieties and achieved the synthesis of
(1S2R)-N-Cbztranylcypromine (23) (an antidepressant medicjnevia Lossen

rearrangemefit! (Scheme 7)

12



Ph™\(s) 2 1. CICOOE, Et;N, THF, 0°C, 30 min  Ph o P

Cbz—NH OH 2. NH,OH.HCI, H,0, 0 °C, 30 min Cbz—NH NHOH
14d

17d

(s) 1. CICOOEt, Et3N, THF, 0 °C, 30 min s O
S oH A( ) NHOH Lossen ® I
Ph%(s) " Ph”(S) ——
. . iig PhfR "N~ “OBn
2. NH,OH.HCI, H,0, 0 °C, 30 min o rearrangment
21 22 23

(1S,2R)-N-Cbz-tranylcypromine
Schemer

Smissman and his colleagusgnthesizedunprotected chirah-aminohydroxamic acids
(25a-d) starting from24a-d methyl esters of natural amino acids-ghenylalanine, L
tyrosin, L-tryptophan L-histiding with hydroxylamine hydrochloride under basic
conditions.Stereochemical integrity was ndtexted during the reactio®ptical rotations
of the final products(25a-d) were compare@nd found to be in agreemeunith literature
datd®® (Schemes).

o) o)

NH,OH.HCI, KOH, MeOH R
R{IS))kOMe 20 Cl, KOH, e0= J\ls")LNHOH

NH, 4°C,8-12h NH,

24a-d 25a-d

R =a: Ph b: 4-HO-Cg¢H,4, c: 3-Et-1H-indole,d: 1H-imidazole
Scheme3

L° pp e reba degnonstrated a chiral poslynthesisstarting from Dmannamo-1,4-
lacton derivative27. In the multistep reactigrthe Ci C coupling (Suzuki orSonogashira)
step delivered the structural diversity of tineleculesFinally, desired hydroxamic acids
29ae and 3lef were formed via the aminolysis of ester@8ae and 30af with
hydroxylamin&® (Scheme9).

Me7< - ! Q o
MeOOC N\ R HO‘N R
NHZOH/NaOMe H
0 O

" HO  OH MeOH, rt HO  OH
926 Me Me Me 28a-e 29a-e
27a-e
MeOOC NHZOH/NaOMe
MeOH, rt
30ef 31ef
aR=4lb:R=3l,c R=4Br,d R=3Br, e R =H,f: R=N-CH,-morpholire
Scheme
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2.3.2  Enablingtechnique™ for the gnthesis ohydroxamic acids

Nowadays most of thsyntheses of hydroxamic aci® carried out ina classical way,

(batch reactions) but there can be found some enabling methods. These techniques
reduce reaction time, ease the work up and isolation of products. Enabling synthesis can
be achieved on solid suppst®? by microwave accelerati&ff or in continuous flow
systenf?!.

2.3.2.1 Synthesis by microwave acceleration

Microwave irradiation speedsp reactios by a simple and efficient heatingof the
systemf®¥

Mordini et al. published amicrowaveassisted method for the synthesis of hydroxamic
acids 3a, 16ad and 32d-j. In the first stepmethyl esters3laj were dissolved in
anhydrous methanol under nitrogdallowed by the addition ofhydroxylamine
hydrochloride and KOH to the reaction mixtufEhenthe reaction vessel wasealed
andinserted tathe microwave reactoand stirred for 6 min at 84 CThe synthesis has
good tolerance for a range of functional groups and it is suitablihéosynthesi®of
enantiomerically pure esters as well without tbesl of stereochemical integf
(Schemel0).

o) 0
L NH,OH.HCl, KOH L
R™ "OMe MW, 80 °C, 150 W, 6 min R™ "NHOH
32aj 3a, 16a,d, 33d-j

a: Ph b: BocAla, c: Boc-Phe, d: S-Pro e Boc-Pro,
f: (9-t-butyl 2,2-dimethyloxazolidine3-carboxylate
g: t-butyl (9-1-[(9-2-phenylethylcarbamoyP-methylpropylcarbamate
h: (9-3-(benzylthio}2-((furan-2-ylmethyl)(-butyl)amino}1-((R)-2-methylpiperidinl-
yhpropanl-one,i: (R)-2,2,4trimethyl1,3-dioxolane: 1-(ethylsulfonyl}4-
methoxybenzene

Schemel0

Kurz et al. developed an efficient, fast and convenient method for itheomaveassisted
synthesis of variou®-protected hydroxamic aciq85a0). The reactionsof 4-nitrophenyl
esters33ag and O-protected hydroxylaminesOfbenzyt, O-1-naphtylmethy, O-3,4-
dimethyloxybenzy, O-tetrahydropyranyhydroxylaming were performed in dry toluene

with catalytic amount of glacial acetic acid in sealed reaction vessel in the presence of
different basege.g. TEA, DMAP) Microwave irradiation affordedhe correspondin@®-
substituted hydroxamic aci@Sa-o in yields of 391 94%in 10i 20 mir®¥ (Scheme 1).

14



o NO, o)
. Q HaN-OR' J 0w
R™ O MW R™ N

H
34a-g 35a-0

34R =a: Ph b: furyl, c: naphthy| d: p-(Cbzamino)}phenyl,e: Me, f: t-Bu,
g: furyl h: Bn
35a: R=Ph R'= Bn, b: R= furyl, R'= Bn, ¢: R= naphhyl, d: R=p-(Cbzamino)pheny,
R'=Bn, e R=Me, R'= naphthy| f: R=t-Bu, R'= naphthy| g: R= furyl, R'= naphthy] h:
R=Ph R'= naphthy] i: R=Bn, R'= 3,4dimettoxybenzyl j: R= furyl, R'= 3,4
dimettoxybenzy) k: R= naphthy] R'= 3,4-dimettoxybenzyl,|: R= methyl, R= 3,4
dimettoxybenzy) m: R=Ph R'= 3,4-dimettoxybenzy| n: R=Ph R'= tetrahydropyranyl
o: R=Bn, R'= tetrahydropyranyl

Schemell

2.3.2.2  Continuous flow systems

Reactions in continuouflow systems have great advantages like precise control of
conditions (temperature, pressure, concentratiod,residencéme), improved yields and
selectivityandeasy scaleip.®®!

Martinelli et al. elaborateda continuousflow methodto transformaliphatic, aromatic and
heteroaromaticarboxylic esters intahe corresponding hydroxamic acid§he process
were investigated by veying flow rate, temperature andeaction volume After
optimalisation he methodwas extended to the total synthesis ofHA(38). In the first
stepmethyl suberoyl chloride86 and anilinegave intermediat&7, which was treated with
hydroxylamine under basic conditiori3uring the procedura carboxylic acid byproduct
wasformed With the aim of avoiding timeonsumingmanual purificationa short packed
column containingsilica-supported quaternary amine (ISOLUTE-RKE) was inserted
directly in the reactiorstream Suberoylanilidenydroxamic acidSAHA, 38) wasobtained

in 80% yield andwith 99% purity®® (Schemet2).

o 0 ©/NH2 NaHCO3
Hhoue® e |||
Cl 6 OMe THF/H,0O
36

NH,OH
o (o MeONa, MeOH
©\N s NHoH | < () PEAx =
N ] 3

Schemel2
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2.3.2.3 Synthesis on solid support

Solidphase synthesis ia popular tool in preparationf peptide and oligonucleic acid
libraried®”, but it is a usefulmethod for thesynthese®f hydroxamic acidss well For
instance Taddeiet al. desigred the solid-phase synthesis of conformationally constrained
peptidomimeticgl3 based on a 3;@isubstitutedl,4-diazepar?,5-dione core.

For the solidphase approachhe authorselectechydroxylamine linked to a RBVB 2-
chlorotrytyl resin(39). Coupling with FmocPheOH gaugydroxamate40 (Schemel2).
Mitsunobu cyclgation was carried ouh DMF as solvent, in the presence of 2 eqaf/

DIAD and 4 equivof PPhi n a seal ed tube wunder microwa
After 6 min, the beads were recovered by filtration, washed several times with DMF and
CH.Cl,, and submitted to a second round of reaction under the same conditions. After 3
cycles, the colouresst for free OH18 carried owtith the beads was negative. The Fmoc
protecting group was removed, themed NH, function was acetylated to simplify the
NMR spectra, and produet2 was removed from the resin with TFA/GBl, 1/1 and
isolated in 66% yield.

This heterocycle can bemployedas a new scaffold for combinatorial chemistrand as
conformationatonstrairs for shortpeptidei®?(Schemel3).

N-FmocPheOH,
DMTMM, DIPEA, NMP, DIAD, PPhs FmocHN

OH
(o]
(o) 25% piperidine in DMF H (S) o) DMF Oﬁ/\\
NH;~ O FmocHN(s) : H/ \O i () N-O
4h,rt : MW: 60W, 210 °C S)
040 ~ph , ‘g/<

39

25% piperidine in DMF, \Ph
AcHN Ac,0,DCM, 4
OH DIPEA, rt, 1 h
o ¢ AcHN
N o TFA:DCM:TFE=
HN (S)(S)f O S\ opt 10:40:40, rt, 6 h
N HN S
N )
N T R G
O COOMe X o
43 Ph
42
Schemel3

2.4 Synthesis of aromatiand alicyclic 5-amino hydroxamic acids

A library of 29 anthranilic hydroxamic aciAHA) derivativescontaining a wide range of
substituents with different electronic and steric propehasbeen prepared and testey
Lee and cworkers'® The general strategy was to prepare novel Adéfpoundsi8 and
49 by solidphase synthestsom commercially available carboxylic acid precurséfsand

46, without the need to protect the anilino group. An attractive solution is to use this latter
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function for the attachment of anthranilic acid te tlesin, and to subsequently convert the
free carboxylic group to the hydroxamdtenction by simple coupling chemistry with
hydroxylamine.Hydroxamic acids were obtained in quantitative yields wauith high
purities(Scheme 4).

The arrently availablenonsteroidal antinflammatory drugs (NSAIDs) such as aspirin
are directed at the cyclooxygenase (COX) site, but not the peroxidase (POX) activity of
prostaglandin Bisynthase (PGHS). They are thus unable to inhibit tissue injury associated
with PGHS pergidase activityinduced by fregadicals which can occur independently of
the COX site. A lead compound, anthranilic hydroxamic adé&h(AHA) was found to

have significant PGH®OX inhibitory activity (Cso = 72 nmiM). To define the critical
parameters iI0oPGHSPOX inhibition, the authors investigated 29 AHA derivativigs.
contrast to other peroxidases, PGH%ppears to favour an amino group at d¢inho
position in the aromatic hydroxamic acid peroxidase inhibitors Ai&A. Derivatisation
showed thasubstituentortho and para to the amino group, i.enetato the hydroxarc

acid group are preferred, with electremithdrawing or polarisable substituents
significantly improving inhibition. Electrodonating groups, however, consistently
decrease effiy. All aromatic hydroxamic acid peroxidase inhibitors tested showed
significant cesubstrate activity, except for 3chiodo-AHA, which appears to be a true
PGHS1 peroxidase inhibitorln vitro analysis demonstrated a t&hd improvement in
inhibition with 3,5-diiodo-AHA (ICs0= 7 miM).

R =H, 3ClI, 3-OMe, 3-CF;, 4-Cl, 4-F, 4NO,, 5>NHCOMe,
5-Br, 5-Cl, 5-F, 50H, 51, 5-OMe, 5Me, 5NO,, 6-Cl,
6-F, 6Me, 3,5Cl, 3,5Br, 3,51, 3,5Me,
3-Br-5-Me, 3,4,50Me, 3,4,5,6F, 4,5F, 4,50Me

Scheme 4
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