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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS
levads

Antibiotiku attistiba 20. gadsimta pirmaja pus€, kad Aleksandra Fleminga 1928. gada
atklatais penicilins bija visievérojamakais notikums, liecindja par revolucionara laikmeta
sakumu medicina (1. att.).! Dzives ilgums visas valstis ievérojami palielinajas, slimibas, kas
lidz tam attistitajas valstis bija nearst€jamas un letalas, vargja arstét ar antibiotikam, kluva
iesp&jama sarezgitu kirurgisku operaciju veikSana, cilvékiem ar imansupresiju vai
hroniskam slimibam izdevas cinities vai novérst infekcijas. Lidzigi ieguvumi, lietojot
antibiotikas, novéroti ari jaunattistibas valstis, kur tika arstétas ar piesarpotu partikas
produktu saistitas un citas ar nabadzibu saistitas infekcijas, samazinot saslimstibu un
mirstibu.?® Selmans Vaksmans 30. gadu beigas defingja antibiotiku ka “savienojumu, kas
izveidots ar mikrobu, lai iznicinatu citus mikrobus”. S.Vaksmans identificgja augsné
mitoSos pavedienveida aktinomicitus ka pretmikrobu savienojumu raZotajus, tostarp
neomicinu un streptomicinu, kas bija pirmie aktivie savienojumi tuberkulozes arstéSanai.
S. Vaksmana darbs aizsaka antibiotiku zelta laikmetu no 40. lidz 60. gadu beigam, $aja laika
posma atklatas vairak neka 20 jaunas antibiotiku klases. Izstradatas ne tikai makrolidu,
glikopeptidu, cefalosporinu, hinolonu, azolu u. c. klases, bet arT klases, kas ietver dabiskus
produktus vai sintétiskas antibiotikas, kuru iedvesmas avots ir dabiski produkti (1. att.).1> ¢

Bazas par nepareizu penicilina lietosanu A. Flemings pauda jau 1945. gada. Vins atklaja
stafilokokus, kas bija im{ini pret penicilinu, un paredzgja rezistentu baktériju izplatiS§anos.
Antibiotiku rezistences rasanos izraisija dazadi faktori, piem&ram, parmériga antibiotiku
lictoSana, nepareiza antibiotiku izrakstiSana un plasa izmantosana lauksaimnieciba. Turklat
daudzu farmacijas uzpémumu lémums atteikties no jaunu antibiotiku izstrades, ka arl
picaugosas griitibas iegiit normativo apstiprindgjumu jaunajiem savienojumiem ir izraisijusi
jaunatklato antibiotiku tirdzniecibas samazinaSanos, kas tikai papildina konstatéto
antibiotiku rezistences problému (1. att.).** 11

2050 — Paredzéti 10

1828 —_Sulfonadei 1945 — Flemings sanem 1961 — Tiek dokumentéts 2013 - 131 000 tonnas miljoni antimikrobialas
ek, Lzm?nloll i Nobela prémiju, bridina meticilina rezistentais antibiotiku tika izmantotas rezistences izraisiti naves
bakl?r\al-uV kol par penicilina rezistenci Staphyloccoccus lauksaimnieciba gadijumi katru gadu
arstéSanai o o A
. i 2017 — Kiiniskais
1900 — 3 galvenie 1941 — Penicilins 1950 — 1970 — Tiek 1987 — Lipopeptidi ir Klebsiella
naves iemesli bija kliniskajos  atklatas vairak ka 20 pedsja klase ar Pneumoniae celms ir
infekciju slimibas pétijumos jaunas antibitotiku klases antibiotikam, kas rezisterts pret visam

veiksmigi palaista tirgd komercialajam

antibiotikam

Antibiotiku “zelta laikmets”

1970 - 1980 - Vairak
ka 60 jaunas

2015 - Izzinots pirmais

1939 — Florey un 1948 — Penicilina kolistina rezistentais

ChalpiZole; paniciTht rezistentais Staphyloccoccus antibiotikas nonak tirga mrc-1 géns
no peléiuma kultdram tiek pasludinats par globalu
1929 — Flemings 1943 — Peniciins  P2N9eMIU 1959 — Meticilins tiek 2001 — PVO pazino, ka
publicé pirmo pétijumu tiek dots Il Pasaules lietots penicilina rezistenta antimikrobiala rezistence
par penicilinu kara karaviriem Staphyloccoccus ir “globala sabiedribas

Srstasanai veselibas probléma’

1. att. Mikrobialas rezistences veidoSanas laika skala.

Lai parvarétu noteiktu antibiotiku neefektivitati, ir izstradatas “me-t00” zalvielas, kas
radas eso$o antibiotiku nelielu modifikaciju rezultata. Diemzgl “me-to0” zalvielas darbibas
mehanisms diezgan biezi bija identisks, ka rezultatad arT pret Siem savienojumiem atri
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izveidojas rezistence.’* 2001. gada Pasaules Veselibas organizacija (PVO) pasludinaja
mikrobialo rezistenci par “globalu sabiedribas veselibas problému” un noradija, ka
zinatniskais izraviens lidz miisdienam $aja joma nav noticis. Jaunatklato antibiotiku skaits
pedgjas desmitgad@s ir diezgan ierobezots, un lielaka dala zalu, kas nonak klmika, strada pec
tiem pasiem mehanismiem ka tradicionalas antibiotikas.!®

Meklgjot jaunas, efektivas antibiotikas, ir izmantotas dazadas stratégijas, piemé&ram,
hibridu pretmikrobu lidzeklu, membranas aktivu zalu un baktgriju virulences un patogenézes
inhibitoru izstrade, ka arT alternativu metozu, pieméram, bakteriofagu izmantosana. Cita
jaunu antibiotiku izstrades metode ir vérsta uz galvenajam baktériju vielmainas funkcijam.
Merkesana uz svarigiem, bet nebiitiskiem génu produktiem var but efektivs lidzeklis
baktgriju pielago$anas un izdzivosanas mazinasanai, ka rezultata tiek uzlabota arstéSana ar
antibiotikam, saisinati latentuma periodi, palielinata jutiba pret tradicionalajam antibiotikam
un tadgjadi atvieglota saimnieka imiinsistémas sp&ja izvadit patogenu.®

Sers ir daudzu biomolekulu pamatkomponents, sakot no aminoskab&m, pieméram,
cistetnu, Iidz kofaktoriem un savienojumiem, kas kontrolé redoks homeostazi. Enzimi, kas
iesaistiti cisteina biosintézes cela un atrodami patogénos un augos, bet nav sastopami
ziditajos, ir loti pievilcigi antibakterialie meérki. Ir pieradits, ka cisteina biosintézes
inhib&Sana ietekm@ patogenu sp&ju cinities ar oksidativo stresu, samazina to virulenci un
rezistenci pret antibiotikam.** Cisteina biosintézes pédgjie posmi ietver divu enzimu
darbibu — serina acetiltransferazes (SAT), kas acetil€ serinu, un O-acetilserina sulfhidrilazes
(OASS), no piridoksala 5'-fosfata (PLP) atkarigu enzimu, kas veic B-aizvieto$anas reakciju
acetilserina (1. shéma).

Serina acetiltransferaze (SAT) O-Acetilserina sulfhidrilaze (OASS)

Lys
Lys o HZNI
NH, \ ieksejais H .
AcO OH N aldimins AcO o
\)\[( — = _ o) Z "H N
O v | _ 0 Z|
o e = o __ . oij/ c‘) aréjais
O-acetilserins HO | = o = aldimins
2 S HO |
N Me S
3 (PLP) H 4 H Me
NH Amax = 412 nm ATVERTS AKTIVAIS CENTRS  Apg, = 418 nm SLEGTS AKTIVAIS CENTRS
2
HO OH NH2 }
HS\)\[(OH o
o) hg
1 cisteins O o
SH O 7 o]
argjais %O_ Yko_
aldimins N
- 0 Z "H - o) /N\H
O. 7 | o7 |
P~o O \ P< O o-aminoakrilats
; o
HO . ‘ “SH HO ~+ ‘ Amax = 470 nm, 330 nm
Me N~ "Me
6 H 5 H
Mnax = 418 nm

‘max

1. shema. OASS katalitiskais cikls cisteina (7) veido$anai.

OASS bakterijas atrodas divas izoformas, OASS-A un OASS-B, ko kodésanas génos sauc
ar1 par CysK un CysM. Serina acetiltransferaze (SAT) spg veidot augstas afinitates
kompleksu ar OASS-A, bet ne ar OASS-B.®

Lai izveidotu no PLP atkarigu enzimu inhibitorus, izméginatas vairakas piecjas,
izmantojot struktiira, ligandos vai mehanisma balstitu dizainu. Pirmie m&ginajumi bija versti
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uz dabiska pentapeptida struktirelementu atdarinasanu, veidojot OASS ligandus ar afinitati
mikromolara diapazonda. Ta ka peptidiskiem inhibitoriem nereti nepiemit zalvielam
raksturigas Ipasibas, izmantojot in silico un sintétiskas kimijas metodes, tika izveidoti dazadi
aktivi mazmolekulari savienojumi (2. att.).%

H
/\w‘%ro*‘ w"%/o"'
o © o

M
N Ky HIOASS-A = 1.45 uM Ky SIOASS-A = 1.45 M
_ )sN Ky SIOASS-B = 148 uM

10
OH ( )
F ) N
M%OH
CysK1 inhibitor © OH
ICs0 = 19 NM o]

(0]
8
Kg StOASS-A = 0.067 uM Kg StOASS-A = 0.028 uM
Ky StOASS-B = 1.66 uM Kq StOASS-B = 0.49 uM

1" 12

2. att. Zinamie OASS-A (CysK) inhibitori.

Mehanisma balstiti inhibitori kimiskas reakcijas rezultata veido Kkovalentu
neatgriezenisku proteina—inhibitora kompleksu, kas kavé fermenta katalitisko darbibu. Ir
pétits un zinots par virkni kemotipu, kas darbojas ka mehanisma balstiti no PLP atkarigu
enzimu inhibitori.”

Mikrobialas rezistences pieaugums ir aktualizgjis steidzamaku jaunu medikamentu
mérku noteikSanu. Lai gan PLP atkarigie enzimi veido apm&ram 4 % no Enzimu komisijas
klasificetajiem enzimiem, tikai neliels skaits no tiem ir identific&ti ka potencialie terapeitisko
lidzeklu mérki, un vél mazak ir tie, kuriem ir izstradatas zales. Sis ierobeZotais skaits ir
saistits ar zina$anu trikumu par PLP atkarTgo enzimu saimi un to nozimi dazados biologiskos
procesos. Tomér tas, ka PLP piedalas dazadas reakcijas un ka dazadu PLP atvasindjumu
spektralas izmainas iev@rojami palidz kontol&t reakcijas gaitu, ir tikai divas no iezZim&m, kas
padara Sos enzimus ka interesantus pétijumu objektus.”® Saja aspekta enzimi, kas iesaisiti
cisteina biosintézes cela, ir loti aktuali. OASS ir nozimigs cisteina biosint€zes enzims, kas ir
potencials antibakterialo zalvielu mérkis, tapéc ir svarigi izstradat §1 enzima inhibitorus, lai
izpétitu to lomu antibakterialo zalu atklagana. Ir nepiecieSams identific€t jaunus kemotipus
PLP atkarigo enzimu inhibéSanai un izstradat sintétiskas metodes $o jauno kemotipu
ieglsanai.

Pétijuma meérkis un uzdevumi

Promocijas darba merkis ir mehanisma balstitu no PLP atkariga enzima O-acetilserina
sulfhidrilazes (OASS) inhibitoru sintéze, balstoties eso$ajos kemotipos, jaunu kemotipu
izp&t€ un jaunu sintétisko metozu izstradeé no PLP atkarigu enzimu potencialo inhibitoru
iegliSanai.

Darba mérka Tstenosanai definéti vairaki darba uzdevumi.
1. Izplanot un sintéz&t fokus€tu potencialo OASS inhibitoru biblioteku.
2. lIzstradat efektivu metodi kvaternaro alkinilglicinolu sintézei.

9



3. Izstradat sintétiskas metodes karbonskabes bioizostéra — tetrazola — ievieSanai
molekula.

Zinatniska novitate un galvenie rezultati

Zinatnisko pétijumu gaita parbauditi vairaki zinami un jauni savienojumi ka potenciali
baktériju O-acetilserina sulthidrilazes (OASS) inhibitori. Trifluoralanins atklats ka pirmais
mehanisma balstitais OASS inhibitors. Izpétitas trifluoralanina atvasingjumu struktiras
aktivitates likumsakaribas (SAL).

Izstradatas vairakas jaunas metodes no PLP atkarigo enzimu inhibitoru sintezei.

1. C-Kvaternaro alkinilglicinolu sintézes metode.

2. Metode tieSai tetrazolu C-H funkcionalizésanai, izmantojot turbo Grinjara
reagentu.

3. Metode tetrazolu funkcionalizéSanai ar elektrokimiski noskelamu N-
aizsarggrupu.

4. Metode stereoselektivai aminoskabju analogu sintézei, kas satur tetrazolu ka
karbonskabes aizvietotaju.

Darba struktiira un apjoms

Promaocijas darbs ir tematiski vienota zinatnisku publikaciju kopa. Publikacijas aprakstita
trifluoralanina analogu sint€ze un no PLP atkarigu enzimu inhibitoru sint€zes metozu
izstrade.

Publikacijas un darba aprobacija

Darba galvenie rezultati apkopoti cetras publikacijas. P&tTjuma rezultati prezent&ti astonas
konferences.
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inhibitors as potential antibacterials. OUTREACH FINAL Konference ITN MSCA
INTEGRATE “FIGHTING ESKAPE, THE BAD GANG”, Parma, Italija, 21.—
23. novembris, 2018, mutiska uzstasanas.

K. Grammatoglou. Functionalization of 1N-protected tetrazoles by
deprotonation with turbo Grignard reagent. 11. Paula Valdena simpozijs
organiskaja kimija, Riga, Latvija, 19.—20. septembris, 2019, postera prezentacija.
K. Grammatoglou. Synthesis and Applications of Metalated 1H-tetrazoles.
Balticum Organicum Syntheticum konference (BOS 2022), Vilna, Lietuva, 3.—
6. julijs, 2022, postera prezentacija.

K. Grammatoglou. Synthesis of PLP-dependent enzyme OASS inhibitors and
the development of relevant synthetic methodologies. Springboard vasaras skola
“Major milestones in design and development of novel antimicrobials”, Riga,
Latvija, 23.-25. augusts, 2022, mutiska uzstasanas.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Mehanisma balstitu OASS inhibitoru sintéze

Pétfjuma sakuma tika izveidota fokuséta biblioteku no aminoskabém, kas varétu biit no
PLP atkariga enzima OASS inhibitori (3. att.). Savienojumi 13-17 bija komerciali pieejami,
bet savienojumi 18, 19 sintez&ti citam, nesen public&tam projektam,® un savienojumus 20—
22 sintez€ja misu darba grupa. Bibliotékas skrinings pret OASS atklaja, ka triF-Ala (13)
uzrada inhib&$anas aktivitati ICs0=132 uM (3. att.).

o fFO o
F
F OH ENOH F OH MOH
NH, F NH Me NH; F NHy
14 15 16 17
IC5y=132+13 uM
CO,H o HoN_ COoH HoN COzH
F F ~ Me x OH
COH D/(NH = oH
F™ HN F z NH, OH Me™ "Me
18 19 20 21 22

3. att. Mehanisma balstitu iesp&jamo OASS inhibitoru biblioteka.

Alanina halogénatvasinajumi ir izmantoti ka vairaku no PLP atkarigu enzimu
inhibitori.>® Saskana ar iepriek§ piedavatajiem no PLP atkarigu enzimu inhib&Sanas
mehanismiem, triF-Ala (13) pievienojas enzimam, un no ieks$¢ja aldimina 3 veidojas ar¢jais
aldimins 23 (2. shéma).

N N
F oo 24A H 25A H 26A N 27 N
F _
_ -F
F>H)Lo
NH,* L:o2 -
13 F O F/;;\i—ljg H-Lys :J':
Fo| H co- H2N HN
FMO’ —HF F 2 ¢ F)\rcoz' 0%\
Enz.+.PLP +
n N ZNH / (/NH / NH H,0 _NH
ieksejais Pl ~° ] X Pl O | o F 0O
aldimins | i | 2 |, [P ‘
—
3 23 N N N a N
3 Ho 24B 258 H H
aréjais
Cels B aldimins

2. shéma. Iesp&jamie PLP atkarigo enzimu inaktivéSanas celi ar triF-Ala.

Talak ir iesp&jami divi celi — A cela notiek fluoridjona izSkelSana un dekarboksilésana,

veidojot starpproduktu 24A. Otra fluora jona skelSana un vienlaiciga enzima aktivaja centra
eso8a lizina uzbrukums elektrofila nepiesatinata imina dubultaitei lauj iegtt kovalenti
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saistTtu un neaktivu enzima atvasinajumu 26A. Ja nepiesatinatajam imiam 26A uzbrik
tidens, tas péc sekojosas HF izskel$anas parvérSas par amidu 27. Saskana ar B celu péc
sakotngjas transaldimin&Sanas notiek HF elimin&3ana, iegiistot starpproduktu 24B, kas tiek
paklauts Maikla reakcijai ar aktiva centra lizinu un zaudé vél vienu fluoridjonu, veidojot
neaktivu kompleksu 25B. Péc udens pievienosanas kompleksam 25B un secigas
dekarboksilgsanas un fluora zaudesanas tick iegiits amids 27 (2. shema).> 1

TriF-Ala mijiedarbiba ar abam OASS, OASS-A (vai CysK) un OASS-B (vai CysM),
enzima izoformam pétita ar absorbcijas un fluorescences spektroskopiju. FotokTmiski
pétijumi paradija, ka B,B,p-trifluoralanins (triF-Ala, 13) veido kovalentu savienojumu ar
enzimu, kas izraisa absorbcijas spektra izmainas, salidzinot ar iek$gja aldimina spektriem
miera stavoklT esoSam enzimam. Tas norada, ka reakcija notiek ar kofaktoru. Ka jau mingéts,
OASS-A un OASS-B absorbcijas spektros ir josla pie 412 nm, kas raksturiga iek$€jam
aldiminam 3 (5. att.). P&c triF-Ala pievienoSanas OASS-A spektra paradijas divi maksimumi
pie 440 un 466 nm un divas nelielas joslas pie 360 un 380 nm (4. att.), kas liecina par
starpsavienojumu ar garaku konjugacijas k&di (24B, 5. att.). Absorbcijas joslas pie 466 nm
intensitate 1énam samazinas, veidojoties joslai pie 412 nm. Mazak intensivas spektralas
izmainas novérotas triF-Ala reakcija ar OASS-B diapazona no 400 lidz 500 nm.
Starpprodukta sadaliSanos, ko pavada joslas intensitates samazinajums pie 457 nm un
absorbcijas palielinasanos diapazona no 300 Iidz 350 nm, iesp&jams, var saistit ar
difluorpiruvata veidosanos.

(A) 0.30 —— —— (B) 0.40
5

0.25 F - e
a 2 030
5 0.20 =
% 2 s 025
s S
e 5 L
é 0.15 ,g 0.20
=) o 015}
2 010f 2
< < g0}

.05

o0 0.05

0.00 0.00

300 350 400 450 500 550 600 300 350 400 450 500 550 600
Vilna garums (nm) Vilna garums (nm)

4. att. OASS absorbcijas spektri ar un bez 1 mM triF-Ala. A: OASS-A absorbcijas spektrs
bez inhibitora (melna linija), 1 min (sarkana Iinija), 1 st (zala linija), 3 st (dzeltena linija) un
7 st (zila linija) p&c inhibitora pievienoSanas. B: OASS-B absorbcijas spektrs bez inhibitora
(melna Iinija), 1 min (sarkana linija), 1 st (zala Itnija), 3 st (dzeltena Iinija) un 7 st (zila Iinija)
péc inhibitora pievieno$anas.
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5. att. Savienojumi un to absorbcijas maksimumi, kas novéroti OASS inhibéSanas procesa.

OASS-A reakcija pétita arT ar fluorescences emisiju (6. A att.), un josla, kas paradas pec
ierosinasanas pie 412 nm, nobidijas uz spektra dalu lidz 495 nm. Tas apstiprina, ka
izveidojusies struktiira nav a-aminoakrilats 5 (5. att.). Emisijas josla 1énam samazinas, bet
pec sesu stundu inkub&Sanas, atskirtba no absorbcijas spektroskopijas, kur novérota
sakotngja emisijas spektra atgiana, $aja gadijuma tas nenotika. Tas liecina, ka savienojuma
struktiira, kas absorbé pie 412 nm, atskiras no ieksgja aldimina 27 (5. att.). Pec triF-Ala
reakcijas ar OASS-B un ierosinaSanas pie 412 nm emisijas intensitate sakuma palielinas un
péc tam lénam samazinas (6. B att.). To pavada neliela nobide zilaja spektra apgabala lidz
501 nm, kas p&c septinu stundu inkubgsanas 1énam pariet atpakal uz 505 nm. Sis izmainas

var notikt argja aldimina dél, un neliela nobide uz zilo spektra dalu liecina par parejosa
starpprodukta veido$anos.

(A) (B)
- - v v 5

Fluorescences
intensitate (A. U.)
Fluorescences
intensitate (A. U.)

450 500 550 600 650 450 500 550 600 650

Vilna garums (nm) Vilna garums (nm)

6. att. OASS fluorescences spektri ar vai bez 1 mM triF-Ala. Emisijas spektri registréti pec
ierosinasanas pie 412 nm. A: OASS-A bez inhibitora (melna Iinija), 1 min (sarkana linija),
4 st (zala linija) un 6 st (dzeltena linija) p&c inhibitora pievieno$anas. B: OASS-B bez
inhibitora (melna linija), 1 min (sarkana linija), 3 st (zala Iinija) un 7 st (dzeltena linija) péc
inhibitora pievieno$anas.

Turpinajuma tika veikts p&tijums, lai novértétu F-Ala un triF-Ala iesp&jamo inhib&Sanas
aktivitati uz OASS-A un OASS-B izoformam. Sim noliikam veikti divi dazadi eksperimenti.
Vispirms abas enzima izoformas parbauditas, apstradajot ar pieaugo$am F-Ala
koncentracijam. Noteiktas 1Cso vertibas bija attiecigi 480 = 50 uM uz OASS-A un 1290 +
230 uM uz OASS-B. TriF-Ala gadijuma rezultati liecingja, ka ICs0(OASS-A) =130 =
10 uM un IC50(OASS-B) =940 + 60 uM. Lai noskaidrotu, vai triF-Ala ir neatgriezenisks
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OASS inhibitors, ka liecina dati par citiem no PLP atkarigiem enzimiem, tika izp&tita OASS-
A kinétika dazadas triF-Ala koncentracijas, un rezultati bija atbilsto$i enzima
neatgriezeniskas inhib&Sanas substratiem. Otraja eksperimenta parbaudits enzims péc 85
stundu reakcijas ar 10 mM triF-Ala, kam sekoja pilniga liganda izvadiSana un inkubacija pie
paaugstinatas PLP koncentracijas. Eksperimentu rezultati liecinaja par enzima inhib&$anu,
ko izraisija kovalenta neatgriezeniska aktiva centra atlikuma(-u) modificés$ana triF-Ala dgl.

Misu jaunie OASS inhibitoru meklgjumi ietvéra datorizetas zalvielu izveides (CADD)
metozu izmanto$anu. Tika izmantoti dati par jau identificétajiem OASS inhibitoriem un
strukturala informacija, kas iegiita no inhibitoru un enzima kristalografiskajiem datiem.®
DFSI peptids 28, kas sastav no pédgjiem cetriem SAT (CysE) enzima aminoskabju
atlikumiem, ir ieprieks§ identificéts ka OASS-CysK inhibitors. Sriram grupa zinoja par
OASS-CysK inhibitora 8 p&tijumiem, kuram piemit uzlabota aktivitate, salidzinot ar dabisko
peptidu DFSI 28 (7. att.). Savienojumi 8 un 28 ir konkurgjosi inhibitori, kas enzima aktivaja
centra saistas PLP kofaktora tuvuma.

0] Me
b8 ‘
o} o N
=N N H H
) Ho A~ A A A A A0
H : H
OH O NH o OH
2 “oH
F o}

CysK1 inhibitors DFSI peptids
ICso = 19 M ICs0 = 2.9 uM
8 28

7. att. OASS inhibitori, CysK1 inhibitors 8 un DFSI peptids 28.

Pamatojoties uz Siem datiem, ar Schrodinger Maestro programmas palidzibu tika
izveidots proteina modelis, lai veiktu ligandu bibliotéku virtualo skriningu. Tika izveléti divi
proteini no RCSB proteinu datu bankas (PDB) — OASS holoenzima 2Q3C struktiira no
Mycobacterium tuberculosis kompleksa ar inhib&joso peptidu DFSI un Mycobacterium
tuberculosis OASS-CysK 3ZEI struktira kompleksa ar mazmolekularo inhibitoru 8 (8. att.).

X W Ny

8. att. OASS-CysK komplekss ar inhibitoru 8.

Abas proteina strukttras apstradatas, izmantojot Schrédinger proteinu sagatavoSanas
veidni (Schrodinger's Protein Preparation Wizard). Par pétijuma pamatu izvél&jamies 3ZEI
proteinu, jo komplekss ar zinamo inhibitoru lava noteikt galvenas mijiedarbibas enzima
akttvaja centra. Sekojot iepriek§ noskaidrotajam mijiedarbibam dokinga eksperimenta ar
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TriF-Ala, kas jau bija uzradijis afinitati pret PLP, noteicam ta svarigakas mijiedarbibas
enzima aktivaja centra un ar at8kiribu no iepriek$gjiem inhibitoriem, jo novérojam TriF-Ala

mijiedarbibu ar PLP (9. att.).
\\ ’ ‘
_ _’N*\ o
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9. att. TriF-Ala mijiedarbiba ar OASS proteina atlikumiem un PLP.

Misu mérkis bija sintez&t OASS kovalentos inhibitorus, tap&c ieprogrammétais reakcijas
modelis bija jaizveido ta, lai tas ievéro reakciju starp substratu un PLP, tapéc tas bija
jauzstada Schrodinger programmu komplekta modelésanas eksperimentu veik3anai. Sim
merkim tika sagatavots jauns pielagots reakcijas modela fails, kas veicina kovalentas saites
veidoSanos virtualo eksperimentu laika. Kad enzims un reakcijas modelis bija sagatavoti,
turpinajam ar komercidlo biblioteku (kompanijas Enamine “Skrininga savienojumu
kolekcija”, MolPort “Skrininga savienojumu datubaze” un eMolecules datubaze) un
Schrodinger programmas nodrosinato fragmentu biblioteku pielagosanu eksperimentam.
Tika apkopota 140 000 savienojumu biblioteka, kur péc savienojumu atlases izvél&jamies
tikai tos, kas teorétiski var staties miis interes€joSaja mijiedarbiba, un nonacam pie 200
savienojumu bibliotekas. Sie savienojumi tika paklauti kovalenta dokinga eksperimentiem,
kas radija aptuveni 2000 modelétas saistiSanas pozas. Apvienojot molekulara dokinga Glide
programmas rezultatus un struktiru fragmentu iedalfjumu kategorijas, nonacam pie
visparigam struktiiram ka potencialajiem mérkiem misu sintétiskajam darbam (10. att.).

F o o F~E o
F W noE
s A A
M Fj\( R g\/ B\ B0 Yo

NH, R? NH, NH, NH,
Fluoréti amidi Fluoréti Fluoréti Avrilglicini
sulfonamidi arilamini
NH, NH, NH,

OH X%COZH
/ COM /V T ke
R R R
AlKTnilglicni AlkTnilglictnoli B-Haloaminoskabes

10. att. Potencialo OASS inhbitoru struktiras.

2. Trifluoralanina analogu sintéze

Vispirms veicam TriF-Ala (13) karbonskabes dalas aizvietofanu ar bioizostériem,
sintezgjot vairakus amidus 32a—f un hidroksamskabi 35a (3. shéma). Boc aizsargatais triF-
Ala 29 tika kondenséts ar dazadiem aminiem, izmantojot HATU, un péc Boc grupas
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noskelSanas skaba vide ieguvam amidus 32a—f ar augstiem iznakumiem. Hidroksamskabes
35a sintézei vispirms ar izcilu iznakumu ieguvam starpproduktu 34a, izmantojot CDI ka
kondens&$anas reagentu, kas péc aizsarggrupas noskel$anas deva savienojumu 35a.

HATU

1R2 Q 9
NHR'R” 30a-f F3Cj)LN—R2 TFA _ FyC R?
DIPEA, DCM L ocMm N
o o 52-95% BocHN R . NH, R!
85-989
F3C%OH MHC%OH 31a—f ’ 32a-f
THF/H,0 1:1
NHB
NHz 48st, 98% oc NH,OH-HCI 33a 0 o
13 29 CDI FsC N-OH HCI(6 M) F,c OH
THE H DCM N
71% BocHN NH,
96%
34a 35a
.«‘LN—Me f’\N,Me f!\N,Ph //\ -Bn X /@/04"'9
H e H N
32a 32b 32c 32d 32f

3. shéma. No TriF-Ala atvasinatu amidu 32a—f un hidroksamskabes 35a sintéze.

Paplasinot triF-Ala analogu biblioteku, pievérsamies paralélajai sintézei. Sint&tiskos
protokolus, kas butu pieméroti paral€las sintézes metodes izmatoSanai, izveidojam,
izmantojot modelreakcijas. Hidroksamskabju 35b—d sintézei vislabaka izvéle izradijas
skabes 29 un hidroksilaminu 33b—d kondensacija CDI klatbaitné. Acilsulfonamida 38a
sintézei izmantojam DMAP un EDC. Amida 329 sintézei piemerojam agrak izveidoto
protokolu ar HATU un DIPEA (4. shéma).

col
FaC . RL_N__, FaC 0., —TFA | Fe O, 35bR'=H,R?=Et
OH o R THF NOR DCM NoOR 35cR'= HR2- Il
NHBoc BocHN  R! NH, R SRRy
35d R'=Bn, R?= H
29 33b-d 34b—d 35b-d
0 0 0
Y DMAP, EDC
F3Cﬁ)kor-c + /©/ NH, ——— Fsc% _TFA Fst)L \©\
NHBoc NHBAd \©\ NH2
29 36a
0 o
HATU, DIPEA
: _TFA
FaC%OH + X NH, T Fgc%N ‘ N F3C%
NHBoc N # NHBdJ _N NH2
29 30g 31g

4. shéma. Modelsavienojumu 35b—d, 38a, 32g reakciju protokolu Validécua paralélajai
sintézei.

Kad protokoli bija izveidoti, turpinajam savienojumu sint€zi ar paralélas sintézes bloku.
Saja iekarta vargjam veikt vairakas reakcijas reizé 48 mégenu bloka, filtrét visu komplektu
caur mikrotitru plaksni ar stikla filtru analitiskaja 48 mikrotitru plaksng. Iegitos reakciju
maisijumus p&c tam attirijam ar preparativo HPLC (11. att.).
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11. att. Paral€las sintézes procesa shéma.

Istenojot $o procesu, 1sa laika izdevas sintezét un izolet kopuma 42 savienojumus. Starp
tiem veiksmigi tika sintez&ti un izol&ti 11 hidroksamskabju atvasinajumi 35b—| (papildus
ieprieks sintez&tajai skabei 35a), ietverot arT aromatiskos un alifatiskos N- un O-aizvietotos
produktus (12. att.).

_OH
ot Ao foons po I AN At
H H N Me Me

N
5 35a 35b 35¢ 35d 35¢ 35f
FsC _OH _OH
’ TAR \-OH N /oo Ay O Aot N
NH, L N N
Me” M H
359 35h 35i 35§ 35K 351

12. att. Hidroksamskabes 35a-1, kas iegiitas ar paralélas sintézes pieeju.

leguvam ari dazadus N-acilsulfonamidus 38b-p (papildus iepriek§ sintez&tajam N-
acilsulfonamidam 38a), vairums no tiem saturgja aromatisku vai heteroaromatisku
fragmentu ar dazadiem aizvietotdjiem, pieméram, halogéniem (38e, 38f, 38h, 38k, 38m),
cianogrupu (38n) vai nitrogrupu (38k, 38lI) (13. att.).
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13. att. N-Acilsulfonamidi 38a—p, kas iegti ar paral€las sintézes pieeju.

Izmantojot paral@las sintézes metodi, tika sintez&ti 15 amidi 32h—u (papildus ieprieks
sintez€tajam amidam 32g), veidojot daudzpusigu savienojumu grupu, piem&ram, iegiiti
amidi ar halogén- vai ar metilgrupu aizvietotu piridinu (32h, 32j, 320, 32t),
piridinmetilamidi (329, 32u), dazadi 5-loceklu heterociklus saturo$i amidi u. c. (14. att.).
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14. att. Amidi 32g-u, kas iegiti ar parallas sintézes pieeju.

TriF-Ala analogu klasta tika izvirzits mérkis iegat arT difluorasparginskabes monoesteri
45. Sim noliikam spirtu 41 sintéz&jam Barbjé tipa reakcija starp benzaldehidu (39) un
bromdifluoretikskabes etilesteri (40). Spirta 41 meziléSana un aizvieto$ana ar azidu
nodro$ingja starpprodukta 42 veidoSanos. Azida grupa tika reducéta par aminu, kas tika
aizsargats ar Boc grupu in situ, lai iegiitu savienojumu 43. Tas tika paklauts aromatiskai
oksidéSanai ar natrija perjodatu un rut€nija hloridu, lai parveidotu fenilgrupu par
karboksilgrupu. No iegitas skabes 44 noskelta Boc aizsarggrupa, lai iegitu vélamo
difluorasparginskabes monoesteri 45. Lai paplasinatu triF-Ala analogu biblioteku, Boc
aizsargatais amins 43 tika parversts par brivu aminu 46 (5. shéma).
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5. sheéma. Difluorasparginskabes monoestera 45 sintéze.

Tika pienemts, ka difluorasparginskabes monoesteris 45 varétu darboties ka mehanisma
balstits inhibitors (6. shéma) divos dazados veidos: ar dekarboksiléSanu sakumposma (48B—
52B, cels B) vai beigas (48A-53A, cel§ A) saskana ar piedavato mehanismu.
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-
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Etozc)\ Et0,C ‘D Et0,C7
*NH

47
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6. shéma. lesp&jamie mehanismi OASS inhib&Sanai ar difluorasparginskabes monoesteri 45.
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Citi sintétiskie mérki triF-Ala analogu klasta bija savienojumi, kuros karbonskabe aizstata
ar triazolu 54 un tetrazolu 55 (15. att.).

NHp NH; H
Fsc)\[NI\N F3c)\w"‘\N
N N~
54 55

15. att. TriF-Ala triazola un tetrazola analogi.

Lai sintez&tu mérka savienojumus 54 un 55, vispirms ieguvam iminu 58, kondensgjot p-
metoksibenzilaminu (56) ar trifluoracetaldehida hemiacetalu 57. TMS-acetilénida jona
nukleofila pievienoSanas iminam 58 un desililésana veidoja alkinu 59, kas stajas vara
katalizéta [2+3] ciklopievieno$anas reakcija ar p-metoksibenzilazidu (60), lai iegiitu
aizsargato triazolu 61. PMB aizsarggrupas noskel$ana ar TFA diemzgl notika tikai no
aminogrupas, ka rezultata ieguvam triazolu 62 (7. shéma).

0 )O\H _ toluols c SN
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56 57 A, 37st, 87%
1.nBuli =—TMS Il N3 N=N
~ toluols, 78 °C J\ MeO 60 PMB~NA TFA e PMe
Fo€” NPMB ———— PMB ——————— ¢ N,

2.K,CO3 MeOH  F,C H Cul, MeCN c _.PMB DCM,50°C 3 | N

34% (2 stadijas) 53% Fs H 24st, 89%
58 59 61 62

7. shéma. Triazola 62 sintéze.

Merka savienojuma 55 sintézei sakotngji vajadzgja ieglit PMB aizsargatu tetrazolu 63,
izmantojot klasiskos literatiira aprakstitos reakcijas apstaklus. Starpprodukts 63 tika
deprotonéts ar iPrMgCl un pievienots iminam 58, veidojot tetrazolu 64 ar zemu iznakumu
(8. shéma). Miisu centieni noSkelt aizsarggrupu tetrazola 64 dazados apstaklos (TFA/DCM,
tira TFA 60 °C, H2/Pd, CAN, DDQ) izraisTja tetrazola sadaliSanos (galvenais identific&tais
produkts bija p-metoksibenzilamins 56) vai sarezgita produktu maisijuma veido$anos, kas
sastavéja no tetrazola 64 un produkta ar dal&ji noskeltu aizarggrupu.

N
N-N
_o CH(OEt)3, NaNg ,’\,jN\N 1. iPrMgCl, THF, 50 °C, 1st FC >
> Ny !
NHz  AcOM,80°C,6st  PMB™ 7 2.-78°C, 58 oy N PMB
80%
56 ’ 63 20% 64

8. shéma. Tetrazola 64 sintéze.

3. Trifluoralanina analogu inhibésanas spéju noteikSana

Sintez&tajiem savienojumiem 32a-u, 35a-l, 38a—p, 45, 46, 62 (16. att.) tika noteikta
reagétsp&ja ar OASS-A un OASS-B izoformam, ka arT enzimu inhib&$anas sp&ja un kinétika.
Testi veikti ar Salmonella Typhimurium CysK un CysM, kas rekombinanti ekspreséti
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Escherichia coli. Enzims inkubgts ar savienojumiem 1 mM koncentracija, enzimatiska
aktivitate merita laika intervalos.

o o (0] o)
\ /)
F.C ) FiC 2 FsC R4
3 N-R 3 N;OR 3 ﬁ)LN R
NH, R! NH, R NH, 1
32a-u 35a-1 38a—p
R'=H, Me, iPr, Cy, Ph, Bn R = Me, ciklopropil, Ar, Hetaril-
R"=H, Me, Bn

R? = H, Me, Et, alil-, Ph, Bn, THP
R? = H, Me, Ph, Bn

p-(C4Hg)-CgHy, Hetaril-

NH, NH, NHz  PMB
HO CO,Et CO,Et N
W : Ph)ﬁ( 2 FiCT N
o FF FF N
45 46 62

16. att. Sintez&to savienojumu biblioteka ar savienojumiem, kuriem parbaudita reagétsp&ja
ar OASS.

Lai izpétitu triF-Ala analogu aktivitati, tika analizéti savienojumu 3-5 (3. att.) un 45, 46
(5. shéma) reagétspéja ar OAAS-A un OAAS-B izoformam. Neviens no S$iem
savienojumiem neuzradija reagétsp&jas uzlaboSanos, salidzinot ar sakotn€jo savienojumu
TriF-Ala 13.

P&c tam parbaudijam karbonskabes bioizostéras aizvietoSanas ietekmi. Parbaudot pirmo
savienojumu grupu 32a—f (16. att.) un 35a (12. att.), tika novérota nenozimiga ietekme uz
reagétsp&ju ar enzimu. Jaatzime, ka hidroksamskabe 35a izraisijs nelielas izmainas OASS-
A absorbcijas spektrd (17. att.) un aptuveni 14 % enzima aktivitates samazinasanos.>

0.35 = - r - v +

0.30

0.25

0.20

Absorbcija(0.D.)

AN

300 350 400 450 500 550 600

0.00
Vilna garums (nm)

17. att. Spektralas izmainas reakcija starp OASS-A un 1 mM savienojuma 35a. OASS-A bez
inhibitora (melna linija) un 1 min (sarkana linija), 30 min (zala linija) un 1 st (dzeltena linija)
péc inhibitora 35a pievieno$anas.

No nakamas savienojumu grupas 35b—I, 38a—p un 32g-u (16. att.) pieci savienojumi
uzradija véra nemamas OASS-A inhib&Sanas Ipasibas (18. att.). Savienojumi 38i, 38p un
32h uzrada vaju saistibu ar enzZimu un neizraisa batisku enzima aktivitates samazinasanos,
tomé&r hidroksamskabes atvasindjums 35k un sulfonamids 38b ir sp&cigakie savienojumi no
§1s mazas bibliotekas.

22



)
F3Cw)L
F 8
N SC%N S Me
NH, OH N,

35k 38b

N
FiC Q 0\\ //0 FBC% 0 /ij\
FaC §
Y >”N;‘// NH, \©\ ﬁﬁ
2
32h

NHQ
38i

18. att. TriF-Ala analogi ar OASS inhib&josu aktivitati.

Hidroksamskabe 35k uzradija OASS-A inhibéSanas sp&u ar konstanti
ICs0=177 + 29 uM, ka arT inhib&8anas testa pirmaja laika punkta tika noverota aptuveni
15 % enzima aktivitates samazinaSanas, lai gan vélak ta pazuda, iesp&jams, starpprodukta
hidrolizes rezultata (19. att).

0.5 12
— 5 min
044 » - 4h 1.0

f&\ e 6
24h 0.8
034
% \ =0.67 ht
obs 457 nm

0.2

‘ A\
0.0 +
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Vllna garums (nm) 35k koncentracija (UM)

ICso = 177 £ 29 uM

Absorbcija (0.D.)
Aktivitate

Aktivitate, %
g

4 ® 1mMBiFAla
® 1mM3sk

(; 2'0 40 60 80
Laiks (h)

19. att. Inhibitors 35k 1 uM koncentracija, testam 5000 reizes liels atskaidijums (inhibitora
koncentracija testa 0,2 uM), divos atkartojumos.

Sulfonamids 38b arT uzradija OASS-A inhib&Sanu ar konstanti I1Cso=179 +22 uM.
Enzima aktivitate testd pirmaja laika punkta ir pazeminata par aptuveni 20 %, lai gan Sis
efekts vélak pazuda, iesp&jams, starpprodukta hidrolizes rezultata (20. att.).
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20. att. Inhibitors 38b 1 uM koncentracija, testam 5000 reizes liels atskaidijums (inhibitora
koncentracija testa 0,2 uM), divos atkartojumos.

Pamatojoties uz spektralajiem un kingtikas datiem, kas iegiiti no TriF-Ala reagétspgjas
eksperimentiem ar OASS, un nemot véra jau piedavatos mehanismus triF-Ala reakcijai ar
citiem no PLP atkarigiem enzimiem, izvirzijam hipotézi, ka OASS-A inhib&Sanas
mehanisms ir 11dzigs ieprieks piedavatajam (2. shéma). Tika pienemts, ka mehanisms seko
B celam, nevis A celam, jo OASS katalitiskaja cikla dekarboksilé$ana nenotiek.

Inhibitori 35k un 38b ir daudzsolo$i bazes savienojumi to turpmakai attistibai. Atskiriba
no izejas inhibitora triF-Ala (13), Sie savienojumi satur funkcionalas grupas, ko atvasinot
var iegit papildu mijiedarbibas ar OASS. Darbs $aja virziena tika apturéts, jo beidzas
projekta termin$ un savienojumu biologiska parbaude vairs nebija pieejama.
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4. Jaunu metoZu izstrade no PLP atkarigu enzimu inhibitoru sintézei
4.1. Jauna pieeja C-kvarternaro alkinilglicinolu sintézei

Viens no kemotipiem, ko atklajam ka potencialu no PLP atkarTgu enzimu inhibitoru, bija
alkinilglicinols 65, kas kopa ar sintétiski Iidzvertigiem alkinilglicina atvasinajumiem 66
(21. att.) ir loti noderigi buvbloki sarezgitu biologiski aktivu savienojumu sintézei. Ir
zinamas tikai dazas metodes alkinilglicinolu tieSai sintSzei, kuras netiek izmantota
karboksilgrupas reducésana glicinos 66.

H,N R’ H,N R’
H
°© HO,C \\
R? R?
65 66

X

21. att. Alkinilglicinoli 65 un alkinilglicini 66.

Ka viena no metodém alkinilglicinolu 65 iegtSanai tika parbaudita 1,2-diolu Ritera
reakcija, sakotngji veidojot attiecigos oksazolinus. Pirmais méginajums iegtit oksazolinu 70
deva sliktu produkta iznakumu, zem 10 % (9. shéma). Atklajam, ka kobalta kompleksétu
alkinilglictnolu 68 izmantos$ana var efektivi stabilizet starpproduktu — karbénija jonu A —un
péc kobalta kompleksa noskel$anas nodros§inat veiksmigu oksazolinu 70 iegiiSanu.

OH
HO R? MeCN, skabe
rR' V- /=
(0C)3CoZ—Co(CO)s "S-
68 (OC)3Co~—Co(CO)5
Via: Me 69
R’ N\ @

Co,(CO)g HO — N_ R Dekompleksas
[©) R HO eKxompleksesana
© \)<R

OH >:N 1
HO MeCN, skabe o R
R AN
R? R2
67 70

9. sheéma. Oksazolmu 70 sintéze Ritera reakcija.

Kobalta kompleksétu alkinilglikolu 68 un 73 sintézi veicam divas stadijas, vispirms
pievienojot litija acetiléenidu a-hidroksiketona atvasindgjumiem 71 un p&c tam apstradajot
iegttos alkinildiolus 72 ar Co2(CO)s (10. shéma).

C0,(CO)g, DCM, ist.L. OH  Rr2
40-99% HO. _/
. . . R' \' /.=
nBuLi Rr2 (Y=TBS) i) TBAF, THF, 0 °C-ist.t. /To(CO)s
> OH 0C);Co
o LiBr =~ vo ii) Cop(CO)g, DCM, ist.. (0C)s o8
= |
YOJkR1 THF, —40 °C-ist1. RN, 73-78% oH o
39-98% R 1 R
71 ° 72 R'=CH,0TBS TBSO
C0,(CO)g, DCM, ist.. TBSO
R"=H, Me, CH,OTBS, Ph 73-86% (0C);cd—C0(CO)s
R2 = Ph, nPentil, Me, 4-MeOCgH,4, CH,0BN, tBu, 73
TMS, 2-CICgH,
Y =H, TBS

10. shéma. Alkinilglikolu kobalta kompleksu 68 un 73 iegtisana.
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Ritera reakcija izmantojot H2SO4 vai BF3-Et20, alkinilglikola kobalta kompleksi 68
reakcija ar MeCN veidoja atbilsto$os oksazolinus 69. Reakcija iespgjams izmantot plasu
substratu klastu ar dazadiem aizvietotdjiem R? pozicija, savukart substrati, kuriem R?
pozicija bija fenilgrupa, nedeva gaiditos oksazolinus (11. shéma).

OH g2 MeCN, H,SO,, AcOH, 0 °C >\ DDQ, DCM, 0 °C
HO vai g =N R! , vai >‘N
A MeCN, BF3Et,0,0 °C R NMO, DCM, 0 °C d =N R?
(0C);cef~Co(COs A \)\
46-89% (0C)3CoZ—Co(CO)s 26-92% R2
68 69 70

R"=H, Me, CH,OH
R? = Ph, nPentil, Me, 4-MeOCgH,, CH,OBn,
Bu, TMS, 2-CICgH,
11. shéma. Substratu 68 Ritera reakcija un tai seckojosa kobalta kompleksa SkelSana
oksazolinu 70 iegliSanai.

Lai gan galvena sintézes metode paredz spirta TBS aizsarggrupas noSkelSanu pirms
kobalta kompleksa veido$anas, paradijam ari veiksmigus pieme&rus, Kuros aizsargati spirti
tiek paklauti Ritera reakcijai ar vienlaicigu TBS grupas $kel$anu (12. shema).

OH R? >§ OH
o N OH
TBSO —7. MeCN, BF;-Et,0,0 °C R2 DDQ, DCM, 0 °C =N
TBSO / Zo(co) T ————————0
(0C)3Co— 3 37-78% 26-65% X
(OC)3C0=——Co(CO)3 R2
73 74 75

R? = Me, Ph, nPentil

12. shema. Oksazolinu 75 iegfisana no substrata 73 Ritera reakcijas un kompleksa skelSanas
rezultata.

Vairuma gadijumu alkinilglicinolu kobalta kompleksa SkelSanai DDQ izmantoSana
izradijas efektivaka, salidzinot ar NMO. JaatzZimé, ka tas ir pirmais piemers, kas demonstrd
DDQ lictosanu $adas reakcijas veik$anai (11. un 12. shéma).

Izveletie oksazolini tika paklauti skabes ierosinatai hidrolizei maigos apstaklos, lai iegtitu
aminospirtus 76 ar labiem iznakumiem (13. shéma).

|+
>\N S N,
=\ R HCI HO
°© g T
X 62-96% R,
R? R
70 76

R' = Me, CH,OH
R? = Ph, nPentil, Me, CH,OBn

13. shéma. Oksazolinu 70 hidrolize par aminospirtiem 76.
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4.2. IN-PMB aizsargatu tetrazolu funkcionalizé$ana

Mgginajums sintez&t tetrazolu saturo$u TriF-Ala analogu 64 (8. shéma) bija
sakumpunkts, lai izstradatu jaunu metodi tie$ai tetrazola C—H funkcionaliz&sanai, kas dotu
labaku iznakumu, salidzinot ar miisu sakotngjiem centieniem (20 %). No literattiras zinams,
ka paral@li vélamajai reakcijai notiek metaléta starpprodukta retro [2+3] ciklopievienoSanas
reakcija, kas veido cianamidu 80 (14. shéma). Metaléts tetrazols 78 var bt nestabils pat —
98 °C temperatira, kas ir galvenais Skérslis tetrazola atvasinagjumu iegtsanai C—H
deprotongsanas cela.

R.ON _N
R., N Met] NS . R. Z H,0 N
N —— N N | Ty MO R A
=N Met” AN Met H
77 78 79 80

Met = Li, K, MgX
14. sheéma. Metal&tu tetrazolu retro [2+3] ciklopievienosanas reakcija.

Literattra ir zinami tetrazolu saturo§i Grinjara reagenti, kas iegliti halogéna—metala
apmainas rezultata, un tie uzrada augstaku stabilitati, salidzinot ar litijétajiem analogiem.!!
Tas rosindja miis iegiit Grinjara reagentus C—H deprotongsanas celd. Sim noliikam
sintez&jam IN-PMB aizsargatu tetrazolu 63, kas tika paklauts dazadiem deprotong$anas
apstakliem (1. tab.). Lai noteiktu deprotonéSanas efektivitati, parbaudijam dazadus Grinjara
reagentus, izmantojot reakciju ar deitérétu metanolu. Konstat&jam, ka turbo Grinjars
(iPrMgCI-LiCl) ir visefektivakais un nodrosina pat 99 % deitérija ieklauSanu molekula
(1. tab., 1., 2. aile). Jaatzimg, ka Sajos apstaklos retro [2+3] ciklopievieno$anas produkts 81b
netika noverots pat p&c vienas stundas —60 °C temperattra. |zpétiti ari citi Grinjara reagenti,
pieméram, iPrMgCl un iPrMgBr, tomér tie izradijas mazak efektivi, salidzinot ar turbo
Gripjaru (1. tab., 3.-6. aile).

1. tabula
Dazadu Grinjara reagentu deprotoné$anas spéju izverteSana
N=N 1. [M], THF ’,“jN\N H
oup N~ MeOD, -60 °C PMB/N\/g * eme Moy
63 81a 81b
Nr. p. k. [M] Laiks, min 8laiznakums®, % 81b
1. iPrMgCI-LiCl 15 98 n.n.p
2. iPrMgCI-LiCl 60 99 n.n.
3. iPrMgClI 15 53 n.n.
4. iPrMgClI 60 76 n.n.
5. iPrMgBr 15 57 n.n.
6. iPrMgBr 60 69 n.n.

aIznakumi aprekinati, pamatojoties uz sausa atlikuma svaru; KMR bez 81a netika novéroti Citi savienojumi.
®n. n. = nav novérots.
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P&c tam parbaudijam tetrazola 63 reakciju ar anisaldehidu (82a) dazados $kidinatajos.
Izmantojot THF, spirts 83a tika iegiits ar loti labu iznakumu (2. tab., 1. aile). Reakcijas
iznakums butiski nesamazinajas, ja reakcijas maisTjumu tika uzsildits Iidz istabas
temperatiirai péc anisaldehida pievienoSanas (2. tab., 2. aile). Citu $kidinataju (Et20, toluola)
izmanto$ana pazeminaja reakcijas iznakumu (2. tab., 3., 4. aile).

2. tabula

Reakcijas apstaklu optimizacija

MeO. N
N=N
Meo@y II\I:N\ ' /@AO iPrgCI LiCI \O\/’\“ N
N —_—
N7 MeO apstakli® (skat. tabula)
OMe

HO
63 82a 83a
Nr. p. k. Slgidinﬁtﬁjs Temperatiira, °C Laiks, st | 83a iznakums, %
1. THF -60 °C 5 78°
2. THF ist. t. 24¢ 76
3. EtO —60 °C 5 47
4. Toluols -60°C 5 22

aTetrazols 63 (1,1 ekviv.), iPrtMgCI-LiCl (1,3 ekviv.) 2 mmol méroga. Péc iPrMgCI-LiCl pievienoSanas reakciju maisa
30 min un tad pievieno aldehidu 82a.

b Produkts 83a iegiits ar 88 % iznakumu, veicot reakciju 5 mmol méroga.

¢ Aldehida 82a pievienosana veikta —60 °C, p&c tam reakcijas maisTjums atsildits l1dz ist. .

Substrata klasta izpétei izmantojam dazadus aromatiskus (82b—e) un alifatiskus (82f—g)
aldehidus, ka arT strukturali daudzveidigus ketonus (82h—n). So subtratu reakcijas ar Grinjara
reagentu, kas atvasinats no tetrazola 63, ieguvam atbilstoSus spirtus 83b—n ar labiem lidz
izciliem iznakumiem (15. sheéma).
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N
2. R'R2CO 82b-n,

1. iPrMgCI-LiCl, MeO
MeO N=N THF, —60 °C, 30min N=N
N \§<OH

~7
63 —60 °C, tad ist.t. 83b-n R!
N=N, N=N, N=N N=N,
-N N NN ~ N NN
PMB OMe PMB”~ PMB PMB
z %
HO HO o' U9 Hoo ¢ B
Br
83b, 77% 83c, 82% 83d, 84% 83e, 98%
N N N N,
N NN NN NN NN
N i N N N~ on N o
PMEB’ PMB PMB PMB PMB
HG HO HO
83f, 97% 83g, 99% 83h, 78% 83i,70% 83j, 87%
N=N
N N=N, \
N /N OH NN PMB*'\“ " N=N
N PMB~ OH OH NN
PME .O PMB \j\
N, HO L, Ph
Boc Q Ph
83k, 72% 831, 95% 83m, 89% 83n, 72%

15. shéma. Tetrazola 63 pievienosanas produkti aldehidiem un ketoniem.

Izp&tijam ari citus elektrofilus reakcijai ar Grinjara reagentiem, kas atvasinati no tetrazola
63. Veinreba amidus 84a—c var veiksmigi izmantot ka reakcijas komponentes, nodrosinot
atbilstoSo ketonus 85a—C veidoSanos ar labiem iznakumiem. Reakcija ar jodu deva

atvasinajumu 86 ar gandriz kvantitativu iznakumu (16. shéma).
1. iPrMgCI-LiCl MeO
=N
MeO N=N THF, —60 °C, 30min \@E N
I
NN
2. R(C=0)NMeOMe, 84a—c,
85a-c O R

63 —60 °C, tad ist.t.
N=N, N:N\ ,?‘;N\
N N
Y N
g~ N~ PMB/NL@\ PMB 1 OMe
o o] o
OMe
85a, 73% 85b, 54% 85c, 69%
1. iPrMgCI-LiCI MeO
MeO =N THF, —60 °C, 30min ',\‘:N\N
L, memeee 0L
~7 " 2.1, -60°C, tad ist.t |
98% 86

16. shéma. Tetrazola 63 pievienoSana Veinreba amidiem un jodésana.

IN-PMB aizsarggrupas noskelSanai izmantojam tris dazadas metodes — oksidgjoSo
Skelsanu ar CAN MeCN/H20 maisijuma (A metode), katalitisko hidrogengsanu ar Hz/PdCl>
etanola (B metode) un skelSanu ar trifluoretikskabi dihlormetana (C metode). Katra no §im
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metodém nodro$inaja vélamo neaizargato tetrazolu 87a—i iegisanai ar labiem vai izciliem
iznakumiem (17. shéma).

A: CAN, MeCN/H,0, ist.t
B: PdCly, H,p, EtOH, ist.t

MeO -
\EjV r’\l:N\N C: TFA, DCM, ist.t. N/N i
N\/( ‘N™ R
L H
83a,c,f-i,m 87ai
85a,c
N- OMe Br N-N  Me N-N
S e N Yewe W J\/\A
N . - N
OH H OH OH OH
87a A: 66% 87c A: n.n. .
. 87d A: 60%
B: 68% 87b A: 72% B: 93% °
N=N OMe
N~-N N~N 0 N—
NS W Me e N N, o N-N
N e N N N N |
H N HHo N N
OH Me HO O Ho § HoT
87e B: 83% 87f B: 94% 879 A: 61% 87h A: 75% 87iC: 77%
B: 70%

17. shéma. PMB aizsarggrupas $kel$anas apstakli un iegtitie produkti 87a—i.

4.3. Elektrokimiski noskelamas 1N-6-metilpiridil-2-metil- aizsarggrupas
saturoSu tetrazolu, funkcionalizeéSana

Lai paplaSinatu tetrazolu funkcionalizéSanas metodes lietojamibu, centamies ievadit
jaunu, elektrokimiski noskelamu tetrazolu aizsarggrupu. Sim nolikam sagatavojam divus
substratus — ar piridilmetilgrupu aizsargatu tetrazolu 89, kas iegiits no atbilstosa 2-
aminometilpiridina (88), un ar 6-metilpiridilmetilgrupu aizsargatu tetrazolu 93, kas iegiits
no 2,6-lutidina (90) ar brom&Sanu un sekojosu tetrazola 92 alkilésanu (18. shéma).

NaNjg

‘ A NH,  (EtO)CH | A N'NN
—_—
=N AcOH =N \*N
0,
88 75% 89
HNl;N¢N
X R —
‘ NBS, AIBN ‘ Br N 92 N NN
N MeCN N — 1 4N
p Et;N, THF N ~7
68% 42Y%
90 91 : 93

18. shéma. Ar piridilmetilgrupu aizsargatu tetrazolu sintéze.

Turbo Grinjara izmantoSana tetrazolu 89 un 93 piektas pozicijas deprotoné$anai rezultgjas
ar minimalu retrociklopievienoSanas produktu veido$anas vai ari tie neveidojas vispar.
Nelielos daudzumos izveidotais tetrazolu 89 un 93 sadaliSanas produkts, cianamids 94a,
ciklizgjas par pirazolopiridinu 94c¢ (19. shéma).
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19. shéma. Piedavatais blakusprodukta 94c veidosanas mehanisms.

Piridilmetil- aizsargata tetrazola 89 metaléSanas/deiteré$anas reakcija ieguvam nepilnigu
deitérija ieklausanos tetrazola piektaja pozicija (40—-60 %) kopa ar konkur&josu deitérésanas
produktu CH> grupa un neizreagéjusu izejvielu. DeiteréSanas selektivitate ievérojami
uzlabojas, kad deitéréSanas eksperimentos izmantojam 6-metilpiridilmetil- aizsargatu
tetrazolu 93 (deitérija ieklausanas 97-98 %). Svarigi, ka netika novérots ne konkurgjosas
deiterésanas, ne sadaliSanas produkts. Pienémam, ka metilgrupa piridina C-6 pozicija
savienojuma 93 bloké relativi skabo piridina C—H funkciju, kas var izraisit vairaku metal&tu
dalinu lidzsvara maisijuma rasanos.

No 6-metilpiridilmetil-aizsargata tetrazols 93 atvasinats Grinjara reagents stajas reakcija
ar aromatiskajiem, alifatiskajiem un heteroaromatiskajiem aldehidiem 95a—e, veidojot
spirtus 96a—e ar labiem Iidz izciliem iznakumiem. Reakcija ar ketoniem 95f—j atbilstoSie
spirti 96f—j tika iegiti ar méreniem vai labiem iznakumiem (20. shéma).

1. iPrMgCI-LiCl, ~ NeN
A THF, -60 °C < o
N T oo a - Me N
Me” SN N-s" 2 R'R2CO 95a-j © R
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96d, 85% 96e, 79% 96f, 86%
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Me” N7 N Me™ °N Me™ N7 N Me” N7 N~y
OH OH
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969, 47% 96h, 65% 96i, 80% 96j, 56%

20. shéma. Tetrazola 93 pievienoSanas produkti aldehidiem un ketoniem.

Literatira 6-metilpiridilmetilgrupa ir aprakstita ka elektrokimiski noskelama
aizsarggrupa no tioliem, karbonskabém un spirtiem.'* Lidzigus elektrokimiskos apstaklus
piemérojam arT 6-metilpiridilmetilgrupas reduc&joSai noskelSanai no tetrazola, ka
modelsubstratu izmantojot savienojumu 96a. lzpétijam elektrodu un elektrolitu klastu pie
fiksStas stravas un eclektriska ladina. Labakais rezultats tika sasniegts, izmantojot svinu
saturo$u bronzas elektrodu ka katodu un $kistoSo cinka elektrodu ka anodu, ka art TBA-BF4,
nodroginot neaizsargata tetrazola 97a veidosanos ar 67 % izol&to iznakumu. Sie optimizétie
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aizsargrupas noskelSanas apstakli tika piemeéroti tetrazoliem 96a—c un 96e-h, lai iegatu 1H-
tetrazolus 97b—g ar vidgjiem iznakumiem. Augstakus tetrazolu iznakumus neizdevas
sasniegt, jo to loti polaras dabas dél bija apgritinats produktu izol€Sanas process
(21. shéma).

C: Pb Bronza

= N=N A:Zn |’\1:N\
< Moo 15mA, 25F/mol  HN. N
Me” N _— R?
Ho R? TBA-BF,, MeCN HO Rt
1
96a—c, e—h R 97a—g
N=N, N=N, N=N N=N,
N HN N HN_ N N
OMe Br
97a, 67% 97b, 65% 97c,68%  Me 97d, 68%
N=N
| =N N.
HN N = N N
N I
HN.~ \
OH HN
TR ke »
S
97e,71% 97f, 70% 979, 64%

21. shéma. 6-Metilpiridilmetil- aizsarggrupas elektrokimiska noskel$ana.

Piedavatais mehanisms tetrazola 96 6-metilpiridilmetil-aizsarggrupas elektrokimiskai
noskel$anai redzams 22. shéma. Tas sdkas ar 6-metilpiridilmetilgrupas reducé$anu pie
katoda, oksidgjot Zn anodu, kas noved pie anjona radikala 96A. Tas sadalas par radikali 97B
un tetrazola anjonu [97]". Radikalis 97B tiek paklauts turpmakam reakcijam, pieméram,
tdenraza atoma abstrakcijai, dimeriz&3anas, oksidésanas un/vai reducgsanas reakcijam, kas
veido blakusproduktu maisijumu. Piridilmetilradikala 97B veido$anos apstiprina 2,6-
lutidina detektéSana LC/MS analizés neapstradatam reakcijas maisijumam. Sads
blakusprodukts var veidoties no piridilmetilradikala 97B vai nu tidenraza atoma abstrakcijas
rezultata vai ar tad, ja to reducg par anjonu ar sekojo$u proton&sanu.

= | N=N A:Zn° zZn?
{ N
Y (€]
Me” N N . te=
R? Me
HO '\, (C: Pb/bronza)
R

96

Dimerizésanas/ X
Oksidésanas/ \ + -
P

Reducésanas produkti Me N

22. shéma. 6-Metilpiridilmetil- aizsarggrupas elektrokimiskas nosSkelSanas iesp&amais
mehanisms.
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4.4, Tetrazolu pievienosana iminiem, aminoskabju analogu sintéze

Izpétijam metaléta tetrazola izmantoSanu, lai iegiitu aminoskabju analogus, kas satur
tetrazolu ka karbonskabes bioizostéru. Literatura ir zinams, ka metalorganiskos reagentus
var pievienot t-butilsulfiniliminiem diastereoselektiva veida (23. shéma).'? Sada tipa
reakciju diastereoselektivitate uzlabojas, ja ka kidinataju izmanto DCM.

B . N )
o H MR2 [ H o0 R?
1 _ 1
§‘N/)\R1 tE;u\"S\\r\('/L?R1 —— §‘N)\ 1
0_-M\R2 H
98 929

23. shéma. Metalorganisko savienojumu diastereoselektiva pievienoSanas t-butilsulfi-
niliminiem 98.

Ka modelsubstratu pirmajam testa reakcijam izvél&jamies iminu 102a, kas tika sintez&ts

saskana ar literatiira aprakstito metodi (24. shema).'®

\\

HoN" (S) ~tBu O
S\
/©/\ 101a =N’ © tBu
(lPrO)4T| DCM
70% MeO
2a 102a

24. shéma. t-Butilsulfinilimina 102a sintéze.

IN-PMB aizsargata tetrazola 63 deprotongSanu veicam, izmantojot turbo Gripjara
reagentu, kam sekoja metaléta starpprodukta pievienoSana t-butilsulfiniliminam 102a,
izmantojot DCM ka s$kidinataju. Rezultata ieguvam tikai pamatproduktu 103a ar augstu
iznakumu. H un C KMR spektri metodes jutibas robezas uzradija tikai viena
diastereoméra klatbiitni (25. shéma). Saskana ar stereoindukcijas mehanismu, kas paradits
23. shéma, pienémam, ka jaunizveidota stereocentra konfiguracija produkta 103a ir S,
produkta konfiguracijas pieradisanai ir nepiecieSami papildu eksperimenti.

NiN\
MeO 102a y N
N i -Li ~tB
~7 lPngFZ:I LiCl, DCM PMP’ (S H ) u
—60 °C—ist.t., 16st, 88%
63 103a

25. shéma. Tetrazola 63 pievienosana t-butilsulfiniliminam 102a.

P&c pirmajiem daudzsoloSajiem rezultatiem pievérsamies reakcijas produktu klasta
paplasinasanai, tapec sintezgjam Vairakus t-butilsulfiniliminus 102b-I, ko varétu izmantot
tetrazola 63 pievienosanai (26. shéma).
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26. shéma. t-Butilsulfiniliminu 102b-| sintéze.

Piem@rojot optimiz&tos reakcijas apstaklus t-butilsulfiniliminu 102b-| reakcijai ar
tetrazolu 63, ieguvam pievienoSanas produktus 103b-I ar labiem lidz izciliem iznakumiem

(27. shéma).
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: St : 1 : X
, S~ .
N r B ~¢wN ®"" N w8
H L Jon H
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27. shéma. Tetrazola 63 pievienoSanas produkti t-butilsulfiniliminiem 102b-l.

Noskaidrojam,

ka tetrazolu 63

var  pievienot

af  tbutil-  (E)-(4-

metoksibenzilidén)karbamatam (105), kas tika iegiits reakcija starp p-anisaldehidu (82a) un
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t-butilkarbamatu (104). PievienoSanas reakcijas rezultata veidojas savienojums 106
(28. shéma).

o}
@Ao i J< 1) HCO,H, PhSO,Na, MeOH / H,0 < JU J<
+ NT o
MeO HN™ O 2) K,CO3, DCM/H,0 /@
72% MeO

82a 104 105
N:N\
N, o NN
N" N L )4 iPrMgCI-LiCI pme~NN o
MeO N—/ o+ N" o —_————> J J<
DCM, —60 °C — ist.t., 16st N (0]
MeO 739% H
MeO’
63 105 106

28. shéma. Tetrazolu saturo$a aminoskabes analoga 106 sintéze.

Sumgjot iegiitos rezultatus, turbo Gripjara izmantosana 1N-PMB aizsargata tetrazola 63
deproton&$anai un sekojoSa pievienoSana t-butilsulfiniliminiem 102a-l lava iegit
savienojumus 103a-1, kas ir prekursori tetrazolu saturo$iem aminoskabju analogiem 107
(29. shéma).

e}

@\/ N=N aizsarggrupas H
A noskelSana R N- R O
NN o — = N _ =
I o H,N NN H,N  OH
v
RN (S)j<
103a-1 107

29. sheéma. Piedavatais aminoskabju analogu 107 sintgzes cels.
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1.

2.

3.

SECINAJUMI

Identificéti jauni kemotipi ka potencialie no PLP atkarigu enzimu kovalentie
inhibitori. TriF-Ala analogi, kas satur hidroksamskabi un sulfonamidu, uzradija
augstako OASS inhib&sanas aktivitati (mikromolara limen).

[0} (o} Q.0
FaC%N—ORS &C%N,\S/\Rs
NH, R’ NH, H
Izstradata jauna metode C-kvarternaro alkinilglicinolu sintézei. Ta realizeta,
izmantojot Ritera reakciju starp alkinilglikola kobalta kompleksu un acetonitrilu,
ieglistot oksazolinu.

-

R?2  MeCN, skabe o

rR' - /=
(0C);Co5—E0(CO),

TieSu tetrazolu C-H funkcionaliz€$anu var panakt, izmantojot turbo Grinjara
reagentu (iPrMgCI-LiCl kompleksu). Turbo Gripjara reagenta izmantoSana
nodro§ina stabilaku metalétu starpproduktu, izvairoties no retro [2+3]
ciklopievienoSanas, kas lauj realizét reakcijas ar elektrofiliem, tai skaita

aldehidiem un ketoniem.
. . MeO N=N
iPrMgCI-LiCl, ’\l‘ y N

RALRZ OH
rT R

<
o
2 o
ZzZ-z
< W
\__Z
-
+
(o)

6-Metilpiridilmetil- aizsargatus tetrazolus var paklaut C-H deprotong$anai,
izmantojot turbo Grinjara reagentu, un sekojosai reakcijai ar elektrofiliem. 6-
Metilpiridilmetilgrupu var noskelt reducgjosos elektrokimiskos apstaklos.

] C: Pb Bronza ',“:N\
= N=N iPrMgCI-LiClI, = | rl\|:N\ A: Zn HN_ N
~ N X NN 2
Me” SN N R'R?CO Mem N \STW 15mA, 2.5 Fimol HO Ri

HO Y

Deprotonétu tetrazolu reakcija ar enantioméri bagatinatiem t-butilsulfiniliminiem
var diastereoselektivi iegiit atbilstosus pievienoSanas produktus. ST metode
nodro$ina piekluvi aminoskabju analogiem, kas satur tetrazola fragmentu ka
karbonskabes bioizosteéru.
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GENERAL OVERVIEW OF THE THESIS

Introduction

The development of antibiotics in the first half of the 20th century, with penicillin
discovery by Alexander Fleming in 1928 being the most prominent event, has signalized the
beginning of a revolutionary era in medicine (Fig. 1).* Life expectancy rose significantly in
all the developed countries, diseases that were until then untreatable and fatal were
afterwards treatable by the use of antibiotics, the performance of complex surgical operations
was made viable, people under immunosuppression or with chronic diseases managed to
fight or prevent infections. Similar benefits from the use of antibiotics were observed in
developing countries where food-borne and other poverty-related infections were treated,
leading to decrease of morbidity and mortality.'? Selman Waksman, in the late 30s, defined
an antibiotic as “a compound made by a microbe to destroy other microbes”. Waksman
identified soil-dwelling filamentous actinomycetes as producers of antimicrobial
compounds, including neomycin and streptomycin, the first agent active against
tuberculosis. Waksman’s work initiated the golden age of antibiotics, from the 40s until the
late 60s, a period during which more than 20 new antibiotic classes were discovered.
Amongst other macrolides, glycopeptides, cephalosporins, quinolones, azoles, etc., classes
that include natural products or synthetic antibiotics inspired by natural products were
developed (Fig. 1).1>%¢

Alexander Fleming expressed his concerns about the improper use of penicillin as early
as in 1945, he had already discovered staphylococci that were immune to penicillin and
predicted the spread of resistant bacteria. The emergence of antibiotic resistance was caused
by different factors like overuse of antibiotics, incorrect prescription of antibiotics, and
extensive use in agriculture. Additionally, the decision of many companies to withdraw from
the development of new antibiotics, as well as the increased difficulties in obtaining
regulatory approval for new developments has led to diminished marketing of new
antibiotics, adding to the established antibiotics resistance problem (Fig. 1).121d.1

1835 — Sulfonamides 2050 — 10 million

4 1945 — Fleming receives 1961 - Methicillin-resistant 2013 — 131,000 tones s
are used sys\ema}lca\ly Nobel prize, wams of SEphdossiean s of antibiotics were antimicrobial-resistant
tojfredtbacterial enicillin-resistence i used in agriculture tebited deathzare
infections E documented globally predicted each year
1900 - The top 3 ¥ o 1987 — Lipopeptides are 2017 —Aclinical
1950-1870 - Over 20 the last class of antibiotic Kiebsielia Pneumoniae

leading causes of
death were infectious
diseases

1941 — Penicillin in new antibiotic classes strain is resistant to all

- successfully released to
clinical trials are discovered market commercial antibiotics

Golden age of antibiotics

1970-1980 — Over 2015 - The colistin-
1939|_ Florey, ?Ir_wf(:ham 1948 — Penicilin-resistant 60 antibiotics are resistant mer-1 gene
ealeisipeniclimien Staphyloccoceus is declared released to market was first reported

mold cultures a global pandemic

g 2001 — WHO declares
1929 - Fleming 1943 — Penicillin is 1950 = Methiclirlsised antimicrobial resistance

publishes the first paper given to WWII to treat penicillin-resistant 2 o
on penicillin, soldiers Staphyloccoccus a g'ob;'} r‘]’;‘:r':‘c health

Fig. 1. The antibiotic-resistance timeline.
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To overcome the ineffectiveness of certain antibiotics, “me-too” drugs were developed,
which were the result of minor modifications made to existing antibiotics. The fact, however,
that the mechanism of action of “me-too” drugs was, quite often, identical, resulted in rapid
resistance to these compounds too.’* The World Health Organization (WHO) declared
antimicrobial resistance a “global public health concern” in 2001, and indicates a discovery
void until today. The number of innovative new leads, during this period, is quite limited,
and most of the drugs that enter the clinical pipeline aim to act on the same targets as
traditional antibiotics.'

In the search of novel, effective antibiotics, various strategies have been exploited like
the development of hybrid antimicrobial agents, membrane-active drugs, and inhibitors of
bacterial virulence and pathogenesis, and exploitation of alternative methods like the use of
bacteriophages.? Another strategy for the development of new antibiotics is focused on key
metabolic functions of bacteria. Targeting important but non-essential gene products can be
an effective means of reducing bacterial fitness, resulting in enhanced antibiotic treatments,
shortened latency periods, increased susceptibility to traditional antibiotics and thereby
facilitating clearance of the pathogen by the host immune system.®

Sulfur is a fundamental component of many biomolecules, from amino acids, such as
cysteine, to cofactors and compounds that control the redox homoeostasis. Therefore, the
enzymes involved in the cysteine biosynthetic pathway, which is present in pathogens and
plants but absent in mammals, are very attractive antibacterial targets. Inhibition of cysteine
biosynthesis has been proven to affect the ability of pathogens to fight oxidative stress, it
reduces their virulence and leads to decreased antibiotic resistance.®* The final steps of the
cysteine biosynthesis involve the action of two enzymes — serine acetyl transferase (SAT),
which acetylates serine, and O-acetylserine sulfhydrylase (OASS), a pyridoxal 5’-phospate
(PLP) dependent enzyme that carries out a p—replacement reaction on acetyl serine (Scheme
1).

Serine Acetyl Transferase (SAT) O-Acetylserine sulfhydrylase (OASS) Lys
Lys o HZNI
NH, H internal /\TA ~
AcO. OH N. aldimine AcO o
o) P - F\‘ /N\H
o \/P\o = o 0. P//O L external
O-acetylserine HO ‘ = o = aldimine
2 ot HO .
N Me SF
3 (PLP) H 4 N Me
Amax = 412 nm OPEN ACTIVE SITE Amax =418 nm CLOSED ACTIVE SITE
NH } NH
HO OH 2 -
HSWOH o
o) hg
1 cysteine O o
SH O 7 o)
external H/MO? %Oi
aldimine N. N
- - ~
O. //O | o) /9 - H X
P< 0] S “Po O a-aminoacrylate
e = o) =
HO l - HO ‘ Amax = 470 nm, 330 nm
S SH - max
e
6 N 5 H Me
Amax = 418 nm

‘max

Scheme 1. Catalytic cycle of OASS to produce cysteine.
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OASS is present in bacteria as two isoforms, OASS-A and OASS-B, also named CysK
and CysM after the coding genes. Serine acetyltransferase (SAT) is able to form a high-
affinity complex with OASS-A but not with OASS-B.5

Several efforts have been made to develop inhibitors of PLP-dependent enzymes, either
following the structure-based, ligand-based, or mechanism-based design. The first attempts
were focused in mimicking the nature developing pentapeptides with affinities in the
micromolar range. In order to overcome the unfavorable drug-like properties of peptide
inhibitors, and using in silico and synthetic chemistry techniques, various active small

molecules were prepared (Fig. 2).°
/\\w%TOH \wA;rOH
] 0 7

O, Me
N Ky HIOASS-A = 1.45 M Ky SIOASS-A = 1.45 uM
_ S)§N Ky StOASS-B = 148 uM

9

10
OH i: )
F o) J
“"A(OH
CysK1 inhibitor @ OH
ICs0 = 19 M o)

o
8 =
Ky StOASS-A = 0.067 uM Kq StOASS-A = 0.028 uM
Ky StOASS-B = 1.66 uM K4 StOASS-B = 0.49 M

1" 12

Fig. 2. Known inhibitors of OASS-A (CysK).

Mechanism-based inhibitors cause the inactivation of the enzyme through a chemical
reaction that leads to an irreversible protein-inhibitor complex impeding the catalytic action
of the enzyme. A range of chemotypes acting as mechanism-based inhibitors of PLP-
dependent enzymes have been studied and reported.”

The rise of antimicrobial resistance made the identification of new druggable targets more
urgent. Although PLP-dependent enzymes represent about 4 % of the enzymes classified by
the Enzyme Commission, only a small number of them have been identified as potential
targets for therapeutic agents, and even less are those for which drugs have been developed.
These limited numbers are associated with the lack of knowledge regarding the family of
PLP-dependent enzymes and the role played by them in a variety of biological processes.
However, the fact that PLP carries out a variety of reactions and the spectral changes
attributed to different PLP-substrate derivatives that help monitoring the reaction progress,
are just two of the features that make PLP-dependent enzymes interesting targets.” In this
aspect, the enzymes of the cysteine biosynthetic pathway attract enough interest. OASS is
an important enzyme that could possibly be a target of antibacterials. Therefore, there is a
need for the development of OASS inhibitors in order to investigate its importance for the
antibacterial drug discovery. Furthermore, it is necessary to identify new chemotypes, from
the unexplored chemical space, for PLP dependent enzymes’ inhibitors. In addition, the
requirement for the development of synthetic methods for these new chemotypes arises.
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Aims and objectives

The aim of the Thesis is the synthesis of mechanism-based inhibitors-inactivators of PLP-
dependent enzyme O-acetylserine sulfhydrylase (OASS) based on existing chemotypes, the
investigation of new chemotypes, and the development of synthetic methods to facilitate the
construction of potential PLP dependent enzyme inhibitors.

The following tasks were set:

1. Design and synthesis of small library of potential OASS inhibitors.

2. Development of efficient protocol for the synthesis of quaternary alkynyl
glycinols.

3. Development of synthetic methods to introduce terazole as a carboxylic acid
bioisoster.

Scientific novelty and main results

As part of scientific efforts, a number of known and new compounds were tested as
potential inhibitors of bacterial O-acetylserine sulfhydrylase (OASS). Trifluoroalanine was
found as the first mechanism-based inhibitor of OASS. SAR of triF-Ala derivatives was
explored.

Additionally, several new methods were developed for the synthesis of PLP-dependent
enzyme inhibitors:

1. Method for the synthesis of C-quaternary alkynyl glycinols.

2. Method for the direct C—H functionalization of tetrazoles using turbo Grignard
reagent.

3. Introduction of electrochemically cleavable N-protecting group for tetrazole,
facilitating its functionalization.

4. Stereoselective synthesis of amino acid analogues bearing tetrazole as carboxylic
acid replacement.

Structure of the Thesis

The Thesis is a collection of scientific publications focused on the synthesis of triF-—Ala
analogues and the development of methods for the synthesis of PLP-dependent enzyme
inhibitors.

Publications and approbation of the Thesis

Main results of the Thesis were summarized in four publications. In addition, results of
the research were presented in seven conferences.
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MAIN RESULTS OF THE THESIS

1. Synthesis of mechanism-based OASS inhibitors

A focused library of amino acids — potential mechanism-based inhibitors of OASS as
PLP-dependent enzyme was assembled (Fig. 3). Compounds 13-17 were purchased, as they
were commercially available, while compounds 18-19 were synthesized for a different,
recently published project,® and compounds 20—22 were synthesized by our workgroup. The
screening of the library against OASS revealed that triF-Ala (13) exhibited inhibitory
potency with ICso= 132 uM (Fig. 3).
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Fig. 3. Library of potential mechanism-based inhibitors of OASS.

Halogenated alanines have been exploited as inhibitors of various PLP-dependent
enzymes.> ¢ Based on previously reported mechanisms for the inactivation of PLP-
dependent enzymes, addition of triF-Ala (13) to the resting enzyme leads to initial
transaldimination forming the external aldimine (23) (Scheme 2).
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Scheme 2. Possible inactivation pathways of PLP-dependent enzymes by triF-Ala.
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Two possible paths have been proposed after that, path A describes the loss of fluoride
and decarboxylation to intermediate 24A. Elimination of the second fluoride ion and
concomitant attack of an enzyme active site lysine on the olefinic terminus of the
electrophilic unsaturated imine leads to the enzyme inactivation. The resultant inactive
complex 26A would be covalently bound to the enzyme through the lysine residue.
Unsaturated imine 26A is attacked by water and after further loss of HF it gives the amide
27. According to path B after the initial transaldimination, elimination of HF occurs to give
intermediate 24B, which is more active towards Michael attack by active site lysine. Further
elimination of the second fluoride ion gives rise to the inactive complex 25B, which would
be covalently bound to the enzyme through the lysine residue. 25B is attacked by water and
after further loss of HF and COg, it gives the amide 27 (Scheme 2).5 1

Photochemical investigations showed that B,B,B-trifluoroalanine (triF-Ala, 13), a known
suicide substrate of PLP-dependent enzymes, forms an adduct with the enzyme, which
causes changes to the absorbance spectra compared to the spectra of the internal aldimine of
the resting enzyme, an indication of the reaction taking place on the co-factor. The
interactions of triF-Ala with both isozymes of OASS, OASS-A (or Cys-K) and OASS-B (or
Cys-M) were investigated by absorbance and fluorescence spectroscopy.

As it has already been noted, the absorption spectra of OASS-A and OASS-B exhibit a
band at 412 nm, attributed to the internal aldimine (Fig. 5, 3). After addition of triF-Ala to
OASS-A two peaks appeared at 440 and 466 nm, and two minor bands at 360 and 380 nm
(Fig. 4), indicating a species with extended conjugation (Fig. 5, 24B). The intensity of
466 nm absorbance slowly decreased with the formation of a band at 412 nm. Less intense
spectral changes were observed at the reaction of triF-Ala with OASS-B in the range of 400—
500 nm. The decomposition of the intermediate along with the decrease at 457 nm was
accompanied by the increase in absorbance in the range of 300-350 nm, possibly attributed
to the production of difluoropyruvate.
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Fig. 4. Absorbance spectra of OASS in the absence and presence of 1 mM triF-la. Panel A:
absorbance spectrum of OASS-A in the absence of reagent (black line), 1 min (red line),
1 h (green line), 3 h (yellow line), and 7 h (blue line) after addition of the reagent. Panel B:
absorbance spectrum of OASS-B in the absence of reagent (black line), 1 min (red line),
1 h (green line), 3 h (yellow line), and 7 h (blue line) after addition of the reagent.
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Fig. 5. Structures attributed to absorbance bands observed during OASS inactivation
process.

Next, the reaction of OASS-A was monitored by fluorescence emission (Fig. 6), and the
band measured upon excitation at 412 nm was blue shifted to 495 nm. This confirms that the
species formed is not the a-aminoacrylate (Fig. 5, 5). The emission band slowly decreased
but after 6 hours incubation, in contrast to what was observed by absorbance spectroscopy,
there was no recovery of the initial emission spectrum. The latter suggests that this species
that absorbs at 412 nm is different than the internal aldimine 27 (Fig. 5). Upon excitation at
412 nm of the reaction of triF-Ala with OASS-B, the intensity of emission is primarily
increased and then slowly decreased. This is accompanied by a small blue shift to 501 nm,
which slowly shifts back to 505 nm after incubation of 7 hours. These changes may refer to
an external aldimine, and the small blue shift suggests the formation of a transient species.
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Fig. 6. Fluorescence emission spectrum of OASS in the absence and presence of 1 mM
triF-Ala. Emission spectra were recorded upon excitation at 412 nm. Panel A: OASS-A in
the absence of reagent (black line), 1 min (red line), 4 h (green line), and 6 h (yellow line)
after addition of the reagent. Panel B: OASS-B in the absence of reagent (black line), 1 min
(red line), 3 h (green line), and 7 h (yellow line) after addition of the reagent.

Further investigation was performed to evaluate the potential inhibitory action of F-Ala
and triF-Ala on OASS-A and OASS-B. Two different experiments were conducted for this
purpose; first the two isozymes were assayed after exposure to increasing concentrations of
F-Ala determining ICsp values of 480 + 50 uM and 1290 + 230 uM for OASS-A and OASS-
B respectively, and for triF-Ala ICso values of 130 = 10 uM and 940 + 60 uM were
determined. To detect whether triF-Ala is irreversible inhibitor of OASS, as it is reported for
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other PLP-dependent enzymes, the kinetics of OASS-A in the presence of different
concentrations of triF-Ala were monitored, and the results were in agreement to what is
expected by the suicide substrates. The second experiment involved assaying the enzyme
after 85-hour reaction with 10 mM triF-Ala, the complete removal of ligand, and incubation
in the presence of saturating PLP concentration. The results of the latter experiment were
indicative of the inactivation caused by irreversible covalent modification of active site
residue(s) that was brought about by triF-Ala.

Our research for new OASS inhibitors involved the use of computer assisted drug design
(CADD) methods. We relied on the data already reported about identified OASS inhibitors
and the structural information retrieved from the crystallographic data of the inhibitors and
the enzyme.% The natural peptide DFSI 28, which consists of the last four residues of SAT
(CysE) enzyme, has been previously identified as OASS-CysK inhibitor. Sriram et al.
reported the development of OASS-CysK inhibitor 8 with improved activity compared to
the natural peptide, DFSI (Fig. 7, 28). Inhibitor 8, as well as 28, are competitive inhibitors,
which bind in the proximity of PLP cofactor in the active site cleft of the enzyme.
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Fig. 7. OASS inhibitors, CysK1 inhibitor 8 and DFSI peptide 28.

Based on these data we proceeded to construction of a protein model on Schrodinger
Maestro suite in order to perform virtual screening of ligand libraries. Two proteins were
chosen from RCSB Protein Data Bank (PDB), 2Q3C crystal structure of OASS holoenzyme
from mycobacterium tuberculosis in complex with the inhibitory peptide DFSI and 3ZEI
structure of the mycobacterium tuberculosis OASS-CysK in complex with the small
molecule inhibitor 8 (Fig. 8).

THR

Fig. 8. OASS-CysK complex with inhibitor 8.

Both protein structures were prepared using Schrodinger's protein preparation wizard.
The 3ZEI protein was chosen as the base for our study, as the complex with the known
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inhibitor allowed us to identify the main interactions in the enzyme pocket. Docking of triF-
Ala, that had already shown affinity to PLP, followed the interactions revealed above,
pointed out the most important ones and also the difference from previous inhibitors, as the

interaction with PLP is observed (Fig. 9).
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Fig. 9. Interactions of triF-Ala with OASS protein residues and PLP.

As our aim was to synthesize covalent inhibitors of OASS, we aimed for the substrates to
perform a reaction with PLP. This had to be programmed in Schrddinger suite in order to
perform the docking experiments with this function. Therefore, the docking motif had to be
reprogrammed to address the reaction between the substrate and PLP, and a new custom
reaction file was prepared to facilitate this covalent bond during the virtual experiments.
Having the protein and the reaction motif prepared we proceeded to the covalent docking of
commercial libraries (Enamine's “Stock Screening Compounds Collection”, MolPort’s
“Screening Compound Database”, and eMolecules database) and the fragment library
provided by Schrodinger software. A library containing 140000 compounds was compiled
and after selection of the compounds that fulfilled the verified interactions, we ended up with
a library of 200 compounds. These compounds were submitted to covalent docking
experiments producing approximately 2000 docking poses. Combining the scoring given by
the molecular docking program Glide, and the categorization based on structural motifs, we
ended up with generic structures as indicative targets for our synthetic work (Fig. 10).
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Fig. 10. Chemotypes promoted for synthetic realization.
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2. Synthesis of trifluoroalanine analogues

The substitution of the carboxylic acid moiety of triF-Ala (13) with bioisosters was
attempted first by synthesizing several amides and hydroxamic acid (Scheme 3). Boc-
protected triF-Ala 29 underwent coupling with different amines using HATU, and after
acidic removal of Boc group amides 32a—f were obtained in high yields. For the synthesis
of hydroxamic acid 35a the use of CDI as a coupling agent afforded the required product
34a in excellent yield, which was deprotected to give 35a.
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FsC N-OHHCI(BM) Fic _OH
THE H DCM N
71% BocHN NH,
96%
34a 35a
I!\N—Me /LN,Me /"LN,Ph ,\‘an A /Q/CAHQ »
H Me H Bn 2
32a 32b 32¢c 32d 32f

Scheme 3. Synthesis of triF-Ala derived amides 32a—f and hydroxamic acid 35a.

In a further effort to expand the library of triF-Ala analogues, we proceeded to parallel
synthesis. Initially, the synthetic protocols for the application in parallel synthesis setup were
established using model reactions. For the synthesis of hydroxamic acids 35b—d the CDI
coupling method proved to be a good choice. For the synthesis of acylsulfonamide 38a the
use of DMAP and EDC coupling was appropriate. For the synthesis of amide 32g the already
established protocol with HATU and DIPEA was applicable (Scheme 4).
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Scheme 4. Validation of reaction protocols for parallel synthesis.

Having the protocols established we proceeded to the synthesis of several compounds
using the parallel synthesis blocks. In this setup we could run multiple reactions in 48 tubes’
block, then filter the whole set through fritted filter plates to an analytical 48 well plate,
which was submitted to purification with preparative HPLC (Fig. 11).
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Fig. 11. Parallel synthesis workflow.

Following this workplan we managed to synthesize and isolate 42 compounds in short
period. 11 hydroxamic acids were successfully synthesized and isolated, 35b—I (additional
to 35a previously synthesized too), including aromatic and aliphatic N- and O- substituted
compounds (Fig. 12).
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Fig. 12. Hydroxamic acids synthesized by parallel chemistry approach.

Different acylsulfonamides 38b—p (plus 38a) were prepared, most of them containing an
aromatic or heteroaromatic moiety with various substituents like halogen (38e, 38f, 38h,
38k, 38m), cyano (38n), nitro (38k, 38l), etc. (Fig. 13).

@A W /©)\ /©)\ @)\

e

Me F3C Br \
8 38c 38d 38e 38f 38g

38a

A o
HN—( |
\ﬁ N-N
F > ‘ cl O,N
38h 38i 38 38k 381
o
F NC =N
N N
F =N
38m 38n O 380 38p

Fig. 13. N-acylsulfonamides 38a—p synthesized by parallel chemistry approach.
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Finally, 15 amides 32h-u (plus 32g) were synthesized using parallel synthesis setup
compiling a versatile group of compounds, like pyridine with halogen or methyl substitution
(32h, 32j, 320, 32t) substrates, pyridine-methyl amides (32g, 32u), and various 5-membered
heterocyclic amides (Fig. 14).
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Fig. 14. Amides 32g—u synthesized by parallel chemistry approach.

As part of triF-Ala analogues synthesis we aimed to obtain difluoroaspartic acid
monoester 45. For that, the synthesis of alcohol 41 was realized through a Barbier type
reaction between benzaldehyde (39) and ethyl bromodifluoroacetate (40). The mesylation of
alcohol 41 and substitution with azide provided intermediate 42. The latter was reduced to
amine, which was Boc—protected in situ to give amine 43. This was subjected to aromatic
oxidation with sodium periodate and ruthenium chloride to transform the phenyl group to
carboxyl group. The resulting acid 44 was deprotected to give the desired difluoro aspartic
acid monoester 45. To expand the library of triF-Ala analogues, Boc-protected amine 43 was
transformed to a free amine 46 for testing against OASS (Scheme 5).
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Scheme 5. Synthesis of difluoro aspartic acid monoester 45.

We also assume that difluoro aspartic acid monoester 45 might possibly act as
mechanism-based inhibitor (Scheme 6) following two different pathways: with
decarboxylation taking place early (48B-52B, path B) or late (48A-53A, path A) in the
route, according to the proposed mechanism.
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Scheme 6. Plausible mechanisms of inactivation of OASS by difluoro aspartic acid
monoester 45.

Other targets within the triF-Ala analogues program were the compounds in which
carboxylic acid was substituted with triazole 54 and tetrazole 55 (Fig. 15).
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Fig. 15. Triazole and tetrazole analogues of triF-Ala.

To prepare the target compounds 54 and 55 first, we synthesized imine 58 by the
condensation of p-methoxy benzylamine 56 with trifluoro acetaldehyde ethyl hemiacetal 57.
The nucleophilic addition of TMS-acetylene to imine 58 followed by desilylation provided
alkyne 59. The latter underwent copper mediated [2 + 3] cycloaddition with p-methoxy
benzylazide 60 to give the protected triazole 61. The PMB deprotection with TFA, to our
surprise, occurred only from amino group providing triazole 62 (Scheme 7).
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Scheme 7. Triazole 62 synthetic route.

The synthesis of the target compound 55 began by the preparation of PMB protected
tetrazole 63 following the classic conditions reported in literature. Intermediate 63 was C—H
metalated using iPrMgCl for the deprotonation and added to the imine 58 providing tetrazole
64 in a low yield (Scheme 8). Efforts to deprotect tetrazole 64 under various conditions
(TFA/DCM, neat TFA 60 °C, H./Pd, CAN, DDQ) led either to decomposition of the
tetrazole (main product identified was p-methoxy benzylamine 56) or to an inseparable
mixture of tetrazole 64 with partially deprotected product.

/O\©V CH(OEt)3, NaNj ,’\,:N\N 1. iPrMgCl, THF, 50 °C, 1 h FSC%N/N
N
NH;  AcOH,80°C,6h  PMB™ 2,78, 58 — PMB
80%
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Scheme 8. Synthesis of tetrazole 64.

3. Evaluation of inhibitory potency of trifluoroalanine analogues

The compounds 32a-u, 35a-l, 38a-p, 45, 46, 62 (Fig. 16) synthesized as described
herein, were evaluated for their reactivity with OASS-A and OASS-B isozymes as well as
for enzyme inhibition potency and inactivation Kinetics. Assays were carried out on CysK
and CysM of Salmonella Typhimurium recombinantly expressed in Escherichia coli. The
enzyme was incubated with compounds at 1 mM concentration and the enzymatic activity
was measured at time intervals.
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Fig. 16. Library of synthesized compounds that were tested for their reactivity with OASS.
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To study the effect of the modification in the chain of triF-Ala, compounds 3-5 (Fig. 3)
and 45-46 (Scheme 5) were investigated for reactivity with OAAS-A and OAAS-B. None
of these compounds showed measurable improvement in reactivity compared to parent
compound 13, triF-Ala (ICsp = 132 pM).

Next, the effect of bioisosteric replacement of the carboxylic acid moiety was examined.
The first set of compounds, 32a—f (Fig. 16) and 35a (Fig. 12) were tested observing again
only negligible effects on reactivity with an enzyme. Noteworthy, that hydroxamic acid 35a
caused small absorbance changes in OASS-A (Fig. 17), and about 14 % decrease in enzyme
activity.®
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Fig. 17. Spectral changes for the reaction between OASS-A and 1 mM compound 35a.
OASS-A in the absence of reagent (black line) and 1 min (red line), 30 min (green line)
and 1 h (yellow line) after compound 22a addition.

From the next set of compounds, 35b-I, 38a—p, and 32g-u (Fig. 16) 5 compounds showed
measurable OASS-A inhibitory properties (Fig. 18). Compounds 38i, 38p and 32h proved
to be weak binders of the enzyme and did not cause significant inactivation, however,
hydroxamic acid derivative 35k and sulfonamide 38b were the most potent compounds from
this small library.
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Fig. 18. Highest performing compounds.

Hydroxamic acid 35k exhibited I1Cso (177 £29 puM) and in inactivation assay,
approximately 15 % inhibition was observed at the first time point, although it is lost later,
probably due the hydrolysis of the intermediate (Fig. 19).
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Fig. 19. 1 mM inhibitor 35k, following 5000 times dilution for the assay (0.2 uM inhibitor
in the assay) in two replicates.

Sulfonamide 38b also showed ICso (179 + 22 uM) for the inhbition of OASS-A and
approximately 20 % inhibition was observed during the inactivation assay at the first time
point, although it is lost later, probably due the hydrolysis of the intermediate (Fig. 20).
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Fig. 20. 1 mM inhibitor 38b, following 5000 times dilution for the assay (0.2 uM inhibitor
in the assay) in two replicates.
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Based on the spectral and kinetics data collected from the reactivity experiments of triF-
Alawith OASS and taking into consideration the mechanistic schemes already proposed for
the reaction of triF-Ala with other PLP-dependent enzymes, we hypothesized that the
inactivation mechanism of OASS-A is similar to the one proposed previously (Scheme 2).
We propose that the mechanism follows path B rather than path A, as decarboxylation does
not take place in the catalytic cycle of OASS.

Inhibitors 35k and 38b comprise promising scaffolds for further development, as these,
in contrast to the parent triF-Ala (13), contain substructures amenable for derivatization to
pick up additional interactions with OASS. The work in this direction was suspended due
to expiration of the program making the biological testing temporarily unavailable.
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4. Development of new methods for the synthesis of PLP-dependent enzyme
inhibitors

4.1. Novel approach to C-quaternary alkynyl glycinols

One of the chemotypes that emerged as potential inhibitors of PLP-dependent enzymes
was the alkynyl glycinols 65. These, along with synthetically equivalent alkynyl glycine
derivatives 66 (Fig. 21), are very useful building blocks for the synthesis of complex
bioactive molecules. However, there are only a few methods for the direct synthesis of
alkynyl glycinols avoiding the reduction of carboxyl groups in glycines 66.

H,N R! H,N R'
HO
N HO,C X
X w2 A R2
65 66

Fig. 21. Alkynyl glycinols 65 and alkynyl glycines 66.

The Ritter reaction of 1,2—diols was examined as method for the synthesis of alkynyl
glycinols through the corresponding oxazolines. The first attempt for the direct access to
oxazoline 70 only delivered a poor <10 % yield (Scheme 9). The use of cobalt complexed
alkynyl glycinols 68, which can effectively stabilize the intermediate carbenium ion A,
provided oxazolines 70, that serve as a precursor of alkynyl glycinol derivatives 65.
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HO.

R? MeCN, acid
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R

A
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Scheme 9. Synthesis of oxazolines by Ritter reaction.

Preparation of cobalt complexed alkynyl glycols 68 and 73 was carried out in two steps,
first, by the addition of lithium acetylenides to hydroxy ketone derivatives 71 and then by
the treatment of the provided alkynyl diols 72 with Co2(CO)gs (Scheme 10).

C0,(CO)g, DCM, rit. OH Rr?
40-99% HO _/
o //R2 o OH Y=TBS) ) TBAF, THF, 0 °C-r. (05)13(;0 {“Toco),
Yo S i) Coy(CO)g, DCM, r.t. 68
R! THF, -40 °C-rit. RT X . 73-78%
71 39-98% 72 \ OH R?
R' = CH,0TBS TBSO
R' = H, Me, CH,OTBS, Ph Cos(CO)g, DCM, rt. TBSO
R2 = Ph, nPentyl, Me, 4-MeOCgH,, CH,0Bn, tBu, 73-86% (OC)3C0/C°(CO)3
TMS, 2-CICgH4 73
Y =H, TBS

Scheme 10. Synthesis of cobalt complexed glycols 68 and 73.
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Using either H2SO4 or BF3+ EtO; as acid promoters, cobalt complexed alkynyl glycols 68
gave the corresponding oxazolines 69 via the Ritter reaction with acetonitrile. The reaction
tolerated a wide range of substituents at R? position, while substrates bearing a phenyl moiety
at R position did not give the expected oxazoline (Scheme 11).

MeCN, H,S0O4, AcOH, 0 °C DDQ, DCM, 0 °C

OH 2
HO i iy o Lr - >‘
MeCN, BF3+Et,0,0 °C R? NMO, DCM, 0 °C O\N R
", /= \)X
46-89% (0C),CoZ—Eo(CO), 26-92%

68 69 70

R \/z
(C) CO/’(:o(CO)3
3 R2

R"=H, Me, CH,OH
R? = Ph, nPentyl, Me, 4-MeOCgH,, CH,OBn,
tBu, TMS, 2-CICgH,

Scheme 11. The Ritter reaction and cobalt decomplexation towards oxazolines 70.

While the main route involved the deprotection of TBS protected alcohols before the
formation of the cobalt complex, successful examples of protected alcohols undergoing the
Ritter reaction with concomitant removal of the TBS group are reported (Scheme 12).

OH 2 >§ OH
R N >\N OH

TBSO _ MeCN, BF-Et,0,0°C O RZ  DDQ, DCM, 0°C 4
TBSO Yo7 3 _
(0C),cd—C0(C0)s 37-78% 26-65% SN
(0C)3CoZ—Co(CO); R2
73 74 75

R? = Me, Ph, nPentyl

Scheme 12. The Ritter reaction and cobalt decomplexation towards oxazolines 75.

For the Co-decomplexation the use of DDQ proved to be more effective compared to
NMO in most cases. Notably it is the first demonstration of DDQ as a reagent for the

decomplexation of alkyne cobalt complexes (Schemes 11 and 12).
Selected oxazolines were submitted to acidic hydrolysis in mild conditions to obtain the

final amino alcohols 76 with good yields (Scheme 13).
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%N R HCl HO s
! _— S
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R2 = Ph, nPentyl, Me, CH,0Bn

Scheme 13. Hydrolysis of oxazolines 70 to amino alcohols 76.
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4.2. Functionalization of 1IN-PMB-protected tetrazoles

Our efforts to synthesize tetrazole containing analogue of triF-Ala 64 were the starting
point to develop a new method for the direct C—H functionalization of tetrazole with
improved yield compared to our initial effort presented in Scheme 8.

Our target was to raise the reaction yield (20 %) of the addition of tetrazole to imine which
suffered from the retro [2+3] cyclization reaction of metalated intermediate that leads to the
cyanamide 80 (Scheme 14). The instability of metalated tetrazole 78 can take place even at
temperature as low as —98 °C, which constitutes the major problem for the derivatization of
tetrazole by C—H deprotonation.

R.ON _N
RN [Met] N7 R R., 7 H,0 2N
N —— N e | Py MO R A
=N Met” AN Met H
77 78 79 80

Met = Li, K, MgX
Scheme 14. Retro [2+3] cyclization of metalated tetrazoles.

It was known from the literature that tetrazole-derived Grignard reagents made by
halogen-metal exchange showed improved stability.!* This urged us to turn our research
towards preparation of these reagents by C—H deprotonation. For these purposes we prepared
1N-PMB-protected tetrazole 63, which served as our test substrate (Table 1). We examined
Grignard and turbo Grignard reagents using deuterium quench to determine the efficiency
of the deprotonation. Range of bases were investigated, and it was the turbo Grignard
(iPrMgCI-LiCl) that proved to be the most efficient, giving 99 % of deuteration (Table 1,
entries 1-2). Notably, under these conditions, the product of the retro [2+3] cycloaddition
compound 81b was not detected even after 1 hour at —60 °C. Other Grignard reagents such
as iPrMgCl and iPrMgBr were investigated; however, these turned out to be less efficacious
compared to the turbo Grignard reagent (Table 1, entries 3-6).

Table 1
Evaluation of Deprotonating Reagents

N=N 1. [M], THF N

:NN |
PMB*N\//N 2. MeOD, -60 °C PMB/N\/E ’ F’“"BJ\LC\\\N
63 81a 81b
Entry [M] Time (min) 8latyield % 81b
1 iPrMgCI-LiCl 15 98 n.d.p
2 iPrMgCI-LiCl 60 99 n.d.
3 iPrMgClI 15 53 n.d.
4 iPrMgClI 60 76 n.d.
5 iPrMgBr 15 57 n.d.
6 iPrMgBr 60 69 n.d.

aYields were calculated based on the weight of crude material; NMR did not reveal any other compounds apart from 81a
and 81b.
® n.d. = not detected.
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The reaction of tetrazole 63 with anisaldehyde 82a was then examined. Using THF as a
solvent, the expected product, alcohol 83a, was obtained in very good yield (Table 2, entry
1). The reaction yield was not decreased when the reaction was warmed to room temperature
after the addition of anisaldehyde (Table 2, entry 2). The use of different solvents (Et20,
Toluene) lowered the reaction outcome, and they were excluded.

Table 2

Optimization of Reaction Conditions

iPrMgCl-LiCl

conditions? (see table)

63 82a 83a
Entry Solvent Temperature (°C) Time (h) 83a, yield %
1 THF -60 °C 5 78°
2 THF r.t. 24¢ 76
3 Et,O —-60 °C 5 47
4 Toluene -60°C 5 22

aTetrazole 63 (1.1 equiv), iPrMgCI-LiCl (1.3 equiv), 2 mmol scale. After the addition of iPrMgCI-LiCl, the reaction mixture
was stirred for 30 min, and then aldehyde 82a was added.
b 88 % yield of the product 83a was obtained from the reaction performed on a 5 mmol scale.
¢ Addition of aldehyde 82a performed at —60 °C, then warmed to r.t.

The scope of substrates was then explored. Using various aromatic (82b—e) and aliphatic
(82f—g) aldehydes, as well as structurally diverse ketones (82h—n) the corresponding alcohols
83b-n were obtained in good to excellent yields (Scheme 15).
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Scheme 15. Addition of tetrazole 63 to carbonyl electrophiles.

Weinreb amides 84a—c and iodine were also successfully used as electrophiles, providing
the corresponding ketones 85a—c in good yields and the 5-iodo derivative 86 in almost
quantitative yield (Scheme 16).

1. PrMgCI-LiCI MeO N
MeO N=N THF, -60 °C, 30 min \EjV =
LU Nj\
R

2. R(C=0)NMeOMe,84a-c,

63 60 °C, then rt. 85ac O
N=N N=N N=N,
"N N N
N N
g N~ PMB j\@\ PMB z OMe
O [e) o
OMe
85a, 73% 85b, 54% 85¢, 69%
1. iPrMgCI-LiCl MeO
MeO N=N THF, -60°C, 30 min N:N\N
L, T Oy
N 2. 15, -60 °C, then r.t I
63 98% 86

Scheme 16. Addition of tetrazole 63 to Weinreb amides and iodination of compound 63.

For the deprotection of 1IN-PMB group three different methods were used, oxidative
cleavage using CAN in MeCN/H20 (method A), catalytic hydrogenation with PdCl» and H>
in EtOH (method B), and acidic cleavage using TFA in DCM (method C). Each of these
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methods successfully delivered the desired free tetrazoles 87a—i in good to excellent yield
(Scheme 17).

A: CAN, MeCN/H,0, rit
B: PdCly, Hyp, EtOH, rt

MeO. -~
l’\l;N\ C: TFA, DCM, r.t. N/'«“ N
N N \N)\R
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N ¢ N N ~ N
H H HHO N N
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Scheme 17. Removal of the PMB protecting group.

4.3. Functionalization of tetrazoles bearing an electrochemically cleavable 1N-6-
methylpyridyl-2-methyl protecting group

In order to broaden the utility of our tetrazole functionalization method, we aimed to
incorporate a new electrochemically cleavable protecting group for tetrazole. Two substrates
were prepared to be tested for that purpose, pyridylmethyl protected tetrazole 89 from the
corresponding 2-aminomethyl pyridine (88), and 6-methyl-pyridylmethyl protected tetrazole
93 from 2,6-lutidine (90) through bromination followed by tetrazole 92 alkylation (Scheme
18).

NaNj
| X NH, (EtO)3CH ‘ A N’N‘\N
—_—
=N AcOH N sy
o
88 75% 8
HN\;NoN
X X —
‘ NBS, AIBN ‘ Br N 92 N NN,
= MeCN N —— | 4N
X Et;N, THF N ~7
68% 159%
90 91 5 93

Scheme 18. Synthesis of pyridyl-protected tetrazoles.

The use of the turbo Grignard reagent for the deprotonation of the fifth position of the
tetrazole resulted again in minor or complete absence of retro cyclisation-decomposition
product, which in the case of tetrazoles 89 and 93 proved to be 94c¢ instead of the cyanamide
94a (Scheme 19).

64



Ho — = RO N R=H, Me

Scheme 19. Proposed mechanism for the formation of side product 94c.

Pyridylmethyl protected tetrazole 89 gave moderate deuterium incorporation at the fifth
position (40-60 %), along with the competitive deuteration product on CH2 group and high
recovery of tetrazole derivative 89. Significant improvement in deuteration experiments was
observed using 6-methyl-pyridylmethyl protected tetrazole 93 (97-98 %). Importantly, no
competitive deuteration or decomposition product was detected. Our assumption is that the
methyl group at the C—6 of pyridine in compound 93 resulted in blockage of the relatively
acidic C-H, which can cause an equilibrium mixture of several metalated species.

6-methyl-pyridylmethyl-protected tetrazole 93 underwent metalation and reaction with
aromatic, aliphatic and heteroaromatic aldehydes 95a—e. The resulting alcohols 96a—e were
obtained in good to excellent yields. The reaction with ketones 95f—j was also successful
providing the corresponding alcohols 96f—j in moderate to good yields (Scheme 20).
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Scheme 20. Addition of tetrazole 93 to carbonyl electrophiles.

O

6-methyl-pyridylmethyl group has been demonstrated as an electrochemically cleavable
protection for thiols, carboxylic acids, and alcohols®*. Similar electrochemical conditions
were applied for the reductive cleavage of 6-methyl-pyridylmethyl group from tetrazole
using compound 96a as the model substrate. Range of electrodes and electrolytes was
investigated at the fixed current and electric charge. The best result was achieved using
leaded bronze electrode as cathode, sacrificial zinc as anode, and TBA-BF4 as electrolyte
providing deprotected tetrazole 97a in 67 % isolated yield. These optimized deprotection
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conditions were further applied to tetrazoles 96a—c and 96e-h to obtain the 1H-tetrazoles
97b—g in fair isolated yields as a result of the very polar nature of tetrazoles, which made the
isolation rather complicated (Scheme 21).
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Z N=N A: Zn N:N\
< Mg 15mA, 25F/mol  HN. N
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97a, 67% 97b, 65% 97¢,68%  Me 97d, 68%
N=N
) =N N<
HN N N N NN O
HN. v
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97e, 71% 97f, 70% 979, 64%

Scheme 21. Electrochemical removal of 6-methyl-pyridylmethyl protecting group.

The proposed mechanism for the electrochemical cleavage of 6-methyl-pyridylmethyl
group from tetrazole 96 is depicted in Scheme 22. It starts with the reduction of 6-methyl-
pyridylmethyl group at the cathode by sacrificing the Zn anode, which leads to an anion
radical 96A. The latter fragments to radical 97b and tetrazole anion [97]". The radical 97B
undergoes further reactions, like hydrogen abstraction, dimerization, oxidation and/or
reduction to give a mixture of byproducts. The formation of pyridylmethyl radical 97B is
supported by the observation of 2,6-lutidine by LC/MS analysis of crude reaction mixture,
which can form either by hydrogen abstraction or a reduction followed by protonation.

= ‘ N=N A: Zn° Zn2* N=N
y N = D
Me” SN N~y , +e® . AL
Ho VR (C: Pb/bronze) XRZ
R’ HO R!
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Oxidation/ -~ I 1.+ N¥Y
Reduction products Me N CH, R?
HO Rt
97B 971

Scheme 22. Proposed mechanism for the electrochemical cleavage
of 6-methyl-pyridylmethyl.
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4.4. Addition of tetrazoles to imines, synthesis of amino acids’ bioisosters

We turned our attention to the application of metalated tetrazole to produce amino acids’
analogues bearing tetrazole as a bioisoster of the carboxylic acid. It has been reported in the
literature that organometallic reagents can be added to t-butanesulfinyl imines in
diastereoselective manner (Scheme 23).12 The diastereoselectivity of this type of reactions
is improved when DCM is used as a solvent.
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Scheme 23. Diastereoselective addition of organometallics to t-butanesulfinyl imines.

For the first test reactions enantiomeric imine 102a was chosen, which was synthesized
based on the literature procedure (Scheme 24).%3

N

~o HN' @B 2
/©/\ e SN BY
MeO (iPrO);(‘)rJ/,ODCM /©/\
MeO
82a 102a

Scheme 24. Synthesis of t-butanesulfinyl imine 102a.

Then, we proceeded to the deprotonation of 1N-PMB protected tetrazole 63 using the
turbo Grignard reagent followed by the addition of the metalated intermediate to t-
butanesulfinyl imine 102a using DCM instead of THF as a solvent. The outcome was a
single product, 103a, with high yield, and only one diastereomer could be detected by H-
and C-NMR (Scheme 25). The stereochemistry of newly formed center in product 103a was
assumed to be S-configuration according to the stereo-induction mechanism shown in the
Scheme 23; however, an unambiguous proof is still needed.

N=N
MeO 102a N o
@VN;N‘N PMB/Nj/\ Cv;
o . AR
N iPrMgClI-LiCIl, DCM pMP7(S) N (s)Bu
-60 °C-rt., 16h, 88%
63 103a

Scheme 25. Addition of tetrazole 63 to t—butanesulfinyl imine 102a.

After the first encouraging results we moved to expanding the scope of the reaction. A
number of t-butanesulfinyl imines 102b—k were synthesized as substrates for tetrazole 63
addition (Scheme 26).
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Scheme 26. Synthesis of t-butanesulfinyl imines 102b-I.

Applying the already optimized reaction conditions to the t-butanesulfinyl imines 102b—|
provided the desired tetrazole addition products 103b-I in good to excellent yields (Scheme
27).
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Scheme 27. Addition of tetrazole 63 to t-butanesulfinyl imines 102b-I.
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The tetrazole 63 could be added to t-butyl (E)-(4-methoxybenzylidene) carbamate 105,
prepared by condensation of p-anisaldehyde (82a) and t-butyl carbamate (104), resulting in
a single product, compound 106 (Scheme 28), extending the applicability of the reaction to
different imines.
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Scheme 28 Synthesis of tetrazole 106.

Concluding, the use of the turbo Grignard for the deprotonation of IN-PMB protected
tetrazole 63 and subsequent addition to t-butanesulfinyl imines 102a—| gave access to
compounds 103a-I that upon deprotection would provide amino acid analogues 107, bearing
tetrazole as carboxylic acid bioisoster (Scheme 29).
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N=N H
: 1 N deprotection R N< R 0O
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Scheme 29. Proposed route to amino acid analogues 107.
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Conclusions

1. New chemotypes were identified as potential covalent inhibitors of PLP
dependent enzymes. Hydroxamic acid and sulfonamide analogues of triF-Ala
were the most potent compounds, though further study is required.
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3 N;OR 3 N"7 RS
NH, R NH, H

2. A new method was developed for the synthesis of C-quartenary alkynyl glycinols.
The synthesis was realized via the Ritter reaction of cobalt complexed alkynyl
glycols with acetonitrile to give oxazolines.
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(0C)3CoZ—C0(CO);

3. Direct C-H functionalization of tetrazoles can be achieved using the turbo
Grignard reagent (iPrMgCl-LiCl complex). The use of turbo Grignard results in
more stable metalated intermediate, avoiding the retro [2+3] cyclization and
enabling the efficient addition of tetrazoles to electrophiles.
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4. 6-methyl-pyridylmethyl protected tetrazoles can undergo C—H deprotonation
using the turbo Grignard reagent and participate in reactions with electrophiles.
6-methyl-pyridylmethyl group can be removed under reductive electrochemical

conditions.
) ) C: Pb Bronze ’I‘I:N\
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5. The reaction of deprotonated tetrazoles with enantiomeric t-butanesulfinyl imines
can deliver the corresponding addition products in diastereoselective manner. This
method can give access to amino acids’ analogues bearing tetrazole moiety as
carboxylic acid replacement.
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