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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, liecingja par revolucionara laikmeta
sakumu medicina (1. att.).'® Dzives ilgums visas valstis ievérojami palielinajas, slimibas,
kas lidz tam attistitajas valstis bija nearst€jamas un letalas, tagad kluva arst€jamas ar
antibiotikam, sarezgitu kirurgisku operaciju veikSana kluva iesp&ama, cilvékiem ar
imiinsupresiju vai hroniskam slimibam izdevas cinities vai noverst infekcijas. Lidzigi
ieguvumi no antibiotiku lietoSanas noveroti arl jaunattistibas valstls, kur arstetas ar
piesarnotu 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”. Vaksmans
identificgja augsné mitoSos pavedienveida aktinomicitus ka pretmikrobu savienojumu
razotajus, tostarp neomicinu un streptomicinu, kas bija pirmie aktivie savienojumi
tuberkulozes arsté$anai. Vaksmana darbs aizsdka antibiotiku zelta laikmetu no 40. lidz
60. gadu beigam, Saja 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 Aleksandrs Flemings pauda jau 1945. gada.
Vin$ atklaja stafilokokus, kas bija im@ini pret penicilinu, un paredz&ja rezistentu baktériju
izplatiSanos. Antibiotiku rezistences rasanos izraisija dazadi faktori, pieméram, parmériga
antibiotiku lietoSana, nepareiza antibiotiku izrakstiSana un plasa izmantosana
lauksaimnieciba. Turklat daudzu farmacijas uzpémumu I€mums atteikties no jaunu
antibiotiku izstrades, ka arl pieaugosas grutibas iegiit normativo apstiprinajumu jaunajiem
savienojumiem ir izraisijusi jaunatklato antibiotiku tirdzniecibas samazinasanos, kas tikai
papildina konstatgto antibiotiku rezistences problému (1. att.).*21d:1¢

1935 — Sulfonamidi 1945 — Flemings sanem 1961 - Tiek dokumentats 2013 - 131 000 tonnas r:zi(r’u;::irrlﬁiéala::s
tiek izmantoti Nobela prémiju, bridina meticilina rezistentais antibiotiku tika izmantotas ~ rezistences izraistti naves
eklerial iekcl par penicilina rezistenci Staphyloccoccus lauksaimnieciba gadijumi katru gadu
* chsiota
Pneumoniae celms ir
rezistents pret visam

komercialajam
antibiotikam

1987 — Lipopeptidi ir
peédeja klase ar
antibiotikam, kas
veiksmigi palaista tirga

1941 - Penicilins 1950 — 1970 — Tiek
atklatas vairak k& 20
jaunas antibitotiku klases

1900 — 3 galvenie
naves iemesli bija kliniskajos
infekciju slimibas pétijumos

Antibiotiku “zelta laikmets”

1970 - 1980 — Vairak
ka 60 jaunas
antibiotikas nonak tirg

2001 - PVO pazino, ka
antimikrobiala rezistence
ir “globala sabiedribas
veselibas probléma”

2015 - Izzinots pirmais
kolistina rezistentais
mrc-1 géns

1939 — Florey un 1948 — Penicilina
Chain izolé penicilinu rezistentais Staphyloccoccus
no peléiuma kultaram tiek pasludinats par globalu
1929 — Flemings 1943 — Peniciing  P2NdeMill 1959 — Meticilins tiek
publicé pirmo pétijumu tiek dots Il Pasaules lietots penicilina rezistenta
par penicilinu kara karaviriem Staphyloccoccus
arstésanai

1. att. Mikrobialas rezistences veidosanas laika skala.

Lai parvargtu noteiktu antibiotiku neefektivitati, ir izstradatas “me-too” zalvielas, kas
radas esoSo antibiotiku nelielu modifikaciju rezultata. Diemzel “me-too” zalvielas darbibas
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mehanisms diezgan biezi bija identisks, ka rezultata arT pret Siem savienojumiem atri
izveidojas rezistence.’* 2001. gadd Pasaules Veselibas organizicija (PVO) pasludinija
mikrobialo rezistenci par “globalu sabiedribas veselibas probléemu” un noradija, ka
zinatniskais izraviens lidz musdienam $aja joma nav noticis. Jaunatklato antibiotiku skaits
pedgjas desmitgad@s ir diezgan ierobezots, un lielaka dala zalu, kas nonak klinika, strada
péc tiem pasiem mehanismiem ka tradicionalas antibiotikas.'®

Meklgjot jaunas, efektivas antibiotikas, ir izmantotas dazadas strat€gijas, pieméram,
hibridu pretmikrobu lidzeklu, membranas aktivu zalu un bakteriju virulences un
patogenézes inhibitoru izstrade, ka ari alternativu metoZu, pieméram, bakteriofagu
izmantoSana. Cita jaunu antibiotiku izstrades metode ir vérsta uz galvenajam baktériju
vielmainas funkcijam. MérkéSana uz svarigiem, bet nebitiskiem génu produktiem var bt
efektivs lidzeklis bakteriju pielagoSanas un izdzivoSanas mazinasanai, ka rezultata tiek
uzlabota arstéSana ar antibiotikdm, saisinati latentuma periodi, palielinata jutiba pret
tradicionalajam antibiotikam un tad&jadi atvieglota saimnieka imiinsisteémas sp&ja izvadit
patogenu.®

Sérs ir daudzu biomolekulu pamatkomponents, sakot no aminoskab&m, pieméram,
cisteinu, Iidz kofaktoriem un savienojumiem, kas kontrolé redoks homeostazi. Enzimi, kas
iesaistiti cisteina biosintézes cela un atrodami patogénos un augos, bet nav sastopami
z1ditajos, ir loti pievilcigi antibakterialie meérki. Ir pieradits, ka cistelna biosintezes
inhib&8ana ietekmé patogénu sp&ju cinities ar oksidativo stresu, samazina to virulenci un
rezistenci pret antibiotikam.3* Cisteina biosintézes pedgjic posmi ietver divu enzimu
darbibu — serina acetiltransferazes (SAT), kas acetile serinu, un O-acetilserina
sulthidrilazes (OASS), no piridoksala 5'-fosfata (PLP) atkarigu enzimu, kas veic [-
aizvietoSanas reakciju acetilserina (1. shema).

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

Lys
Lys o HZN’//
H ieks&jais A?')k -
aldimins AcO (0]
NH, N, !
AcO OH o f w -0 ANy
—_— ’P\O O O \ aréjais
o HO N | HO ~o = aldimins
O-acetilserins SN Me . |
2 3 (pLP) H 4 H Me
’ Amax = 412 nm ATVERTS AKTIVAIS CENTRS  Ap,, = 418 nm SLEGTS AKTIVAIS CENTRS

(0]

NH. NH2
2 H OH
HOWOH l S\)\[( J\( Y
cisteins O [¢]

1 SH O 7
argjais H/{Lo_
aldimins N.
— O d H
O-g” o o /’ O a-aminoakrilats
Ho © z | Amax = 470 nm, 330 nm
oF
N Me
6 H
Amax = 418 nm

1. shéma. OASS Katalitiskais cikls cisteina (7) veido$anai.

OASS baktérijas atrodas divas izoformas, OASS-A un OASS-B, ko kodésanas génos
sauc arT par CysK un CysM. Serina acetiltransferaze (SAT) spgj veidot augstas afinitates
kompleksu ar OASS-A, bet ne ar OASS-B.°



Lai izveidotu no PLP atkarigu enzimu inhibitorus, izm&ginatas vairakas piecjas,
izmantojot struktra, ligandos vai mehanisma balstitu dizainu. Pirmie mé&gindjumi bija
versti uz dabiska pentapeptida struktiirelementu atdarinasanu, veidojot OASS ligandus ar
afinitati mikromolara diapazona. Ta ka peptidiskiem inhibitoriem nereti nepiemit zalvielam
raksturigas Ipasibas, izmantojot in silico un sintétiskdas kimijas metodes, tika izveidoti
dazadi aktivi mazmolekulari savienojumi (2. att.).®

H
/\\w%rOH \\v%rOH
oY

o] Me 0
N Kq HIOASS-A = 1.45 uM Kg StOASS-A = 1.45 uM
= s)sN 0 Ky StOASS-B = 148 uM

10
OH i: )
F o) R
\\.-%rOH
CysK1 inhibitor = OH
ICs0=19 nM o

0
8
Ky StOASS-A = 0.067 uM K4 StOASS-A = 0.028 uM
Ky StOASS-B = 1.66 uM K4 StOASS-B = 0.49 pM
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2. att. Zinamie OASS-A (CysK) inhibitori.

Mehanisma balstiti inhibitori kimiskas reakcijas rezultata veido kovalentu
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 apméram 4% no Enzimu Komisijas
klasificetajiem enzimiem, tikai neliels skaits no tiem ir identificéti ka potencialie
terapeitisko Iidzeklu mérki, un vél mazak ir tie, kuriem ir izstradatas zales. Sis ierobezotais
skaits ir saistits ar zinaSanu trikumu par PLP atkarigo enzimu saimi un to lomu dazados
biologiskos procesos. Tomér tas, ka PLP piedalas dazadas reakcijas un ka dazadu PLP
atvasinajumu spektralas izmainas ievérojami palidz kontolét reakcijas gaitu, ir tikai divas
no iezimém, kas padara Sos enzimus ka interesantus pétijumu objektus.”® Saja aspekta
enzimi, kas iesaisiti cisteina biosintézes cela ir loti aktuali. OASS ir nozimigs cisteina
biosintézes enzims, kas ir potencials antibakterialo zalvielu mérkis, tapéc ir svarigi
izstradat §1 enzima inhibitorus, lai izpétitu to lomu antibakterialo zalu atklasana. Ir
nepiecieSams identificét jaunus kemotipus PLP atkarigo enzimu inhib&$anai un izstradat
sintétiskas metodes $0 jauno kemotipu iegliSanai.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir mehanisma balstitu no PLP atkariga enzima O-acetilserna
sulfhidrilazes (OASS) inhibitoru sintéze, balstoties uz esosajiem kemotipiem, jaunu
kemotipu izp&te un jaunu sintétisko metozu izstrade no PLP atkarigu enzimu potencialo
inhibitoru iegtSanai.

Darba mérka istenoSanai izvirziti $adi darba uzdevumi:



1. Izplanot un sintéz&t fokusétu potencialo OASS inhibitoru biblioteku.

2. lzstradat efektivu metodi kvaternaro alkinilglicinolu sintézei.

3. lzstradat sintétiskas metodes karbonskabes bioizostera — tetrazola — ievieSanai
molekula.

Zinatniska novitate un galvenie rezultati

Zinatnisko pétljumu ietvaros parbauditi vairdki zindmi un jauni savienojumi ka
potenciali bakteriju O-acetilserina sulfhidrilazes (OASS) inhibitori. Trifluoralanins atklats
ka pirmais mehanisma balstitais OASS inhibitors. Izpétitas trifluoralanina atvasinajumu
struktiiras aktivitates likumsakaribas (SAL).

Izstradatas vairakas jaunas metodes N0 PLP atkarigo enzimu inhibitoru sint&zei:

1. C-Kvaternaro alkinilglicinolu sintézes metode.

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

3. Metode tetrazolu funkcionalizé$anai ar elektrokimiski noskelamu N-
aizsarggrupu.

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

Darba struktiira un apjoms

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

Publikacijas un darba aprobacija

Darba galvenie rezultati apkopoti Cetras publikacijas. Pe&tljuma rezultati prezent@ti
astonas konferences.

Zinatniskas publikacijas
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derivatives. J. Enzyme Inhib. Med. Chem. 2018, 33(1), 1343-1351.

3. K. Grammatoglou, A. Jirgensons. Functionalization of 1N-Protected Tetrazoles
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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

P&ttjuma sakuma izveidojam fokus€tu biblioteku no aminoskabem, kas var&tu biit no
PLP atkariga enzima OASS inhibitori (3. att.). Savienojumi 13-17 bija komerciali
pieejami, bet savienojumi 18, 19 sintez&ti citam, nesen publicgtam projektam,® un
savienojumus 20-22 sintez&ja musu darba grupa. Bibliotékas skrinings pret OASS atklaja,
ka triF-Ala (13) uzrada inhib&$anas aktivitati ICs0=132 uM (3. att.).

o F
F F
FNOH F on Py o
F NH, Me NH, F NH,
15 16 17
o HoN CO,H iZN COéHH
S Me
A)LOH
NH, OH Me™ Me
20 21 22

3. att. Mehanisma balstitu iespéjamo OASS inhibitoru bibliotéka.

Alantna halog@natvasinajumi ir izmantoti ka vairaku no PLP atkarigu enzimu
inhibitori.>® Saskana ar iepriek§ piedavatajiem no PLP atkarigu enzimu inhib&$anas
mehanismiem, triF-Ala (13) pievienojas enzimam, un no iek$gja aldimina 3 veidojas
argjais aldimins 23 (2. shéma).

+ +
F o 24A H 25A H 26a a7
F. _
_ -F
R TCO
NH;3" €02 - -
_ © L
13 F . O F HoN-Lys HN- S NS

+ PLP
E"Z\H’ ZNH / &N / _NH H,0
D
ieksjais Pl X Pl NS o |-co, -F- o
aldimins ‘ [
3

aréjais
Cels B aldimins

2. shéma. Iespéjamie PLP atkarigo enzimu inaktivéSanas celi ar triF-Ala.

Talak ir iesp&jami divi celi — cela A notiek fluoridjona izSkelSana un dekarboksilésana,
veidojot starpproduktu 24A. Otra fluora jona $kelSana un vienlaiciga enzima aktivaja
centra eso$a lizina uzbrukums elektrofila nepiesatinata imina dubultaitei lauj iegut
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kovalenti saistitu un neaktivu enzima atvasinajumu 26A. Ja nepiesatinatajam immam 26A
uzbriik Gidens, tas péc sekojosas HF izskelsanas parvérsas par amidu 27. Saskana ar celu B
péc sakotngjas transaldiminésanas notiek HF eliminésana, iegtistot starpproduktu 24B, kas
tiek paklauts Maikla reakcijai ar aktiva centra lizinu un zaudé vél vienu fluoridjonu,
veidojot neaktivu kompleksu 25B. P&c @idens pievienoSanas kompleksam 25B un secigas
dekarboksilgsanas un fluora zaudesanas tick iegiits amids 27 (2. shema).>°

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,B-trifluoralanins (triF-Ala, 13) veido kovalentu savienojumu ar
enzimu, kas izraisa absorbcijas spektra izmainas, salidzinot ar iek$gja aldimina spektriem
miera stavokli esoSam enzimam. Tas norada, ka reakcija notiek ar kofaktoru. Ka jau
minéts, OASS-A un OASS-B absorbcijas spektros ir josla pie 412 nm, kas raksturiga
iek§€jam aldiminam 3 (5. att.). P&c triF-Ala pievieno$anas OASS-A spektra paradijas divi
maksimumi pie 440 un 466 nm un divas nelielas joslas pie 360 un 380 nm (4. att.), kas
norada uz 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 Iidz 500 nm.
Starpprodukta sadaliSanos, kuru pavada joslas intensitates samazinajums pie 457 nm un
absorbcijas palielinasanos diapazona no 300 Iidz 350 nm, iesp&ams, var saistlt ar
difluorpiruvata veidosanos.

(A) 0.30 T T T T (B) 0.40
_ 0.35
a 2 030
. o
o & = 025}
© H—
5 015 é 0.20 }
g & 015
@ 0.10 a
ﬁ < g0}
.05
o8 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 linija), 1 st (zala linija), 3 st
(dzeltena linija) un 7 st (zila linija) péc inhibitora pievienoSanas. B: OASS-B
absorbcijas spektrs bez inhibitora (melna linija), 1 min (sarkana linija), 1 st (zala
Iinija), 3 st (dzeltena linija) un 7 st (zila linija) péc inhibitora pievienoSanas.
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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. att., A), 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 6 stundu inkub&sanas, atskiriba no absorbcijas spektroskopijas, kur novérota sakotngja
emisijas spektra atgtSana, $aja gadijuma tas nenotika. Tas liecina, ka savienojuma
struktiira, kas absorbé pie 412 nm, atskiras no ieks€ja aldimina 27 (5. att.). Pec triF-Ala
reakcijas ar OASS-B un ierosinasanas pie 412 nm emisijas intensitate sakuma palielinas un
péc tam lénam samazinas (6. att., B). To pavada neliela nobide zilaja spektra apgabala 1idz
501 nm, kas péc 7 stundu inkub&$anas 1&nam pariet atpakal uz 505 nm. Sis izmainas var
notikt ar&ja aldimina deél, un neliela nobide uz zilo spektra dalu liecina par parejosa
starpprodukta veidosanos.

(A) (B)
1 5

Fluorescences
intensitate (A. U.)

0.0

450 500 550 600 650

Vilna garums (nm)

Fluorescences
intensitate (A. U.)

450 500 550 600

Vilna garums (nm)

650

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

Turpingjuma tika veikts pétijums, lai novértétu F-Ala un triF-Ala iesp&jamo inhib&sanas
aktivitati uz OASS-A un OASS-B izoformam. Sim nolikam veikti divi dazadi
eksperimenti. Vispirms abas enzima izoformas parbauditas, apstradajot ar pieaugosam F-
Ala koncentracijam. Noteiktas 1Cso vertibas bija attiecigi 480 £ 50 pM uz OASS-A un
1290 + 230 puM uz OASS-B. TriF-Ala liecinaja, ka

gadijuma rezultati
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ICs50(OASS-A)=130 + 10 uM un ICs0(OASS-B)=940 + 60 uM. Lai noskaidrotu, vai triF-
Ala ir neatgriezenisks OASS inhibitors, ka liecina dati par citiem no PLP atkarigiem
enzimiem, tika izp&tita OASS-A kinétika dazadas triF-Ala koncentracijas, un rezultati bija
atbilstosi 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)
modific€sana triF-Ala dél.

Misu jaunie OASS inhibitoru mekl&jumi ietvéra datorizetas zalvielu izveides (CADD)
metozu izmantoSanu. M&s izmantojam datus par jau identificetajiem OASS inhibitoriem un
strukturdlo informaciju, 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 pétjjumiem, kuram piemit uzlabota aktivitate salidzinajuma ar
dabisko peptidu DFSI 28 (7. att.). Savienojumi 8 un 28 ir konkur&josi inhibitori, kas
enzima aktivaja centra saistas PLP kofaktora tuvuma.

O, Me
5\ )
o} o N
NN i X
S HONN N\)LN Mo
H : H
OH H
O NH, 0 N, O
F o}

CysK1 inhibitors DFSI peptids
ICs50 =19 nM ICs0 = 2.9 uM
8 28

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

Pamatojoties uz Siem datiem, més izveidojam proteina modeli ar Schrédinger Maestro
programmas palidzibu, lai veiktu ligandu bibliotéku virtualo skriningu. Tika izvéleti 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 struktiira kompleksa ar mazmolekularo inhibitoru 8 (8. att.).

2 b 7 3 Y N \ B 7 g
179 QN 3 k ¢ 3 . 4 | X
22 i) A ~ 4 NI W - >~ & <
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8. att. OASS-CysK komplekss ar inhibitoru 8.

Abas proteina struktiiras apstradatas, izmantojot Schrddinger proteinu sagatavoSanas
veidni (Schrédinger's Protein Preparation Wizard). Par pétjjuma pamatu izvélgjamies
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3ZEl proteinu, jo komplekss ar zinamo inhibitoru lava mums noteikt galvenas
mijiedarbibas enzima aktivaja centra. Sekojot iepriekS noskaidrotajam mijiedarbibam
dokinga eksperimenta ar TriF-Ala, kas jau bija uzradijis afinitati pret PLP, noteicam ta
svarigakas mijiedarbibas enzima aktivaja centra un ar1 atSkiribu no ieprieks€jiem
inhibitoriem, jo novérojam TriF-Ala mijiedarbibu ar PLP (9. att.).

-~

oLy N 299

9. att. TriF-Ala mijiedarbiba ar OASS proteina atlikumiem un PLP.

Ta ka misu mérkis bija sintez€t OASS kovalentos inhibitorus, ieprogrammétais
reakcijas modelis bija jaizveido ta, lai tas ievero reakciju starp substratu un PLP, tapec tas
bija jauzstada Schrédinger programmu komplekta modeléSanas eksperimentu veikSanai.
Sim mérkim tika sagatavots jauns pielagots reakcijas modela fails, kas veicina kovalentas
saites veidoSanos virtualo eksperimentu laika. Kad enzims un reakcijas modelis bija
sagatavoti, més turpindgjam ar komercialo biblioteku (kompanijas Enamine “Skrininga
savienojumu kolekcija”, MolPort “Skrininga savienojumu datu baze” un eMolecules
datubaze) un Schrddinger programmas nodro$inato fragmentu biblioteku pielagosanu
eksperimentam. Tika apkopota 140 000 savienojumu biblioteka, kur p&c savienojumu
atlases, izvélgjamies tikai tos, kas teoretiski var staties mis intereséjoSaja mijiedarbiba, un
nonacam pie 200 savienojumu bibliotékas. Sie savienojumi tika paklauti kovalenta dokinga
eksperimentiem, kas radija aptuveni 2000 modelétas saistiSanas pozas. Apvienojot
molekulara dokinga Glide programmas rezultatus un struktiru fragmentu iedalijumu
kategorijas, meés nonacam pie visparigam struktiram ka potencialajiem mérkiem miisu
sintétiskajam darbam (10. att.).

F o F -F, Fe
F . F O\\S/,o x X E{A &ﬁ o
F N F R R*g\( ~B R? R B/D%OH

NHp R? NH, NH, NH,

Fluoréti amidi FIuoréti_ ) Fl_uoré_ti_ Arilglicini
sulfonamidi arilamini

NH, NH, NH,

OH X})TCOZH
/\COQH /\/ X 1 RZ
R R R

Alkmnilglicini Alkmilglicinoli B-Haloaminoskabes

10. att. Potencialo OASS inhbitoru struktiiras.
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2. Trifluoralanina analogu sintéze

Vispirms veicam TriF-Ala (13) karbonskabes dalas aizvietoSanu ar bioizosteriem,
sintezgjot vairakus amidus 32a—f un hidroksamskabi 35a (3. shéma). Boc aizsargatais triF-
Ala 29 tika kondenséts ar dazadiem aminiem, izmantojot HATU, un p& Boc grupas
noskelSanas skaba vidé 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 F3C%N—R2 TFA _ FyC R?
DIPEA, DCM L oM N
o) o] 52-95% BocHN R ., NH, R’
FaC%OH MFSC%OH 31a~f 85-98% 32a-f
THF/H,0 1:1 NHB
NH, 48st, 98% oe NH,OH-HCI 33a 0 o
29
13 CDI FsC N-OH HCI(6 M) F,c OH
THE H DCM N
71% BocHN NH,
96%
34a 35a
»X\N—Me ,AN,Me AN,Ph l\‘I/Bn e /@/04H9 "
H Me H Bn 2
32a 32b 32¢c 32d 32f

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

Paplasinot triF-Ala analogu biblioteku, m@&s pievérsamies paral€lajai sintézei.
Sintetiskos protokolus, kas bitu pieméroti paralélas sintézes metodes izmatoSanai,
izveidojam, izmantojot modelreakcijas. Hidroksamskabju 35b—d sintézei vislabaka izvéle
izradijas skabes 29 un hidroksilaminu 33b-d kondensacija CDI klatbiitné. Acilsulfonamida
38a sintézei izmantojam DMAP un EDC. Amida 329 sintgzei piemérojam agrak izveidoto
protokolu ar HATU un DIPEA (4. shéma).

O (o}

FsC , R IR ; cor Fgcw)L O, —A | Fc _O._, 35bR'=H,R2=Et
on o R THF NOR pom NOR sseri- H, R2 = alil
NHBoc BocHN R’ NH, R’ - ..
35d R'=Bn, R2=H
29 33b-d 34b_d 35b—d
Facw)ok O\\S’/O DMAP, EDC 9 Q\S/,O
oH * /@ NH, ———— F3C LI I N/
NHBoc pee NHBoc \©\ NH \©\
29 36a 7a 38a
Q HATU, DIPEA 2
F3C%OH o 0 A NHy — Fg,C%N N 30%
NHBoc N~ peum nHedd L NH, /\O
29 309 31g

4. shéma. Modelsavienojumu 35b-d, 38a, 329 reakciju protokolu validacija
paralélajai sintézei.

Kad protokoli bija izveidoti, turpinajam savienojumu sint€zi ar paralélas sintézes bloku.
Saja iekarta més varéjam veikt vairakas reakcijas reizé 48 mégenu bloka, filtrét visu
komplektu caur mikrotitru plaksni ar stikla filtru analitiskaja 48 mikrotitru plaksné. Iegiitos
reakciju maisijumus péc tam attirjam ar preparativo HPLC (11. att.).
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11. att. Paralgelas sintézes procesa shéma.

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

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

o 35a 35b 35¢c 35d 35e 35f

FBC%R o y-OH A\ -OH Ao
NH, )N\ ,A”/o o A0
Me Me H
359 35h 35i 35 35k 351

12. att. Hidroksamskabes 35a-1, kas iegiitas ar paral€las sintézes pieeju.

Ieguvam 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, 38l) (13. att.).
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13. att. N-Acilsulfonamidi 38a—p, kas iegiiti ar paralélas sintézes pieeju.

Izmantojot parallas sintézes metodi tika sintez&ti 15 amidi 32h-u (papildus ieprieks
sintez€tajam amidam 32g), veidojot daudzpusigu savienojumu grupu, pieméram, 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.).

RNV RS SN g gt
&8 g5
w{éﬁ«@r@

14. att. Amidi 32g-u, kas iegaiti ar paralélas sintézes pieeju.

TriF-Ala analogu klasta tika izvirzits mérkis iegat arT difluorasparginskabes monoesteri
45. Sim noliikam spirtu 41 sintézgjam 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. shéma. Difluorasparginskabes monoestera 45 sintéze.

Mes pienemam, 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.

H,N
EtO,C
[P]
53A
Cels A
FF
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2 ﬁ)(ooza
NH i
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? .
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-~ -
N
3 [P] ‘ N °
+ 2
N
H
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Cels B

6. shéma. Iespéjamie mehanismi OASS inhibéSanai ar difluorasparginskabes
monoesteri 45.
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Citi sintétiskie meérki triF-Ala analogu klasta bija savienojumi, kuros karbonskabe
aizstata ar triazolu 54 un tetrazolu 55 (15. att.).

NH, H NH, H
FBC)\[N,‘N F3C)\H/N\N
N N-N
54 55

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

Lai sintez&tu mérka savienojumus 54 un 55, més 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 katalizeta [2+3] ciklopievieno$anas reakcija ar p-metoksibenzilazidu (60), lai
ieglitu aizsargato triazolu 61. PMB aizsarggrupas noskel$ana ar TFA, diemz&l, 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%
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~ 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. shéema. 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). Misu centieni noskelt aizsarggrupu tetrazola 64 dazados apstaklos
(TFA/DCM, tira TFA 60 °C, H2/Pd, CAN, DDQ) izraisija tetrazola sadalianos (galvenais
identificgtais produkts bija p-metoksibenzilamins 56) vai sarezgita produktu maisijuma
veidoSanos, kas sastaveja no tetrazola 64 un produkta ar dalgji noskeltu aizarggrupu.

-N

NI

/O@ CH(OEt)3, NaN3 ”\I:N\N 1. iPrMgCl, THF, 50 °C, 1st Fac%N’N

Nz \

NH N
2 AcOH, 80 °C, 6st PMB 2.78°C, 58 o NP PMB
80%
56 63 20% 64

8. shéma. Tetrazola 64 sintéze.

3. Trifluoralanina analogu inhibésanas spéju noteikS§ana

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

0 o 2 q
N\
F 2
F3C N,Rz 3C N:OR F3C N’S\R
NH, R! NH, R NH,
32a-u 35a-1 38a-p
R'=H, Me, Bn R' = H, Me, iPr, Cy, Ph, Bn R = Me, ciklopropil, Ar, Hetaril-
RZ=H. Me, Ph, Bn R? = H, Me, Et, alil-, Ph, Bn, THP
Ar, Hetaril-
NH; NH, NH2  PMB
HO CO,Et CO,Et N
W Ph)Y 2 FC™ YN
o FF FF N
45 46 62

16. att. Sintezéto savienojumu bibliotéka ar savienojumiem, kuriem parbaudita
reagétspéja ar OASS.

Lai izpétitu triF-Ala analogu aktivitati, tika analizgti 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 sakotngjo 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
reag@tsp&ju ar enzimu. Jaatzimg, ka hidroksamskabe 35a izraisijs nelielas izmainas OASS-

A absorbcijas spektra (17. att.) un aptuveni 14% enzima aktivitates samazinasanos.®
0.35
0.30 | !

0.25

0.20

Absorbcija(0.D.)

/ \ B
0.00 - - - - —

300 350 400 450 500 550 600

Vilna garums (nm)

17. att. Spektralas izmainas reakcija starp OASS-A un 1 mM savienojuma 35a.
OASS-A bez inhibitora (melna Iinija) 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.) 5 savienojumi
uzradija véra nemamas OASS-A inhib&Sanas pasibas (18. att.). Savienojumi 38i, 38p un
32h uzrada vaju saistibu ar enzimu un neizraisa batisku enzima aktivitates samazinasanos,
tomér hidroksamskabes atvasinajums 35K un sulfonamids 38b ir spécigakie savienojumi
no §Ts mazas bibliotekas.
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18. att. TriF-Ala analogi ar OASS inhibé&josu aktivitati.

Hidroksamskabe 35k uzradija OASS-A inhibéanas sp&u ar konstanti
ICs50=177 £ 29 uM, ka arT inhib&8anas testa pirmaja laika punkta tika nov&rota aptuveni
15% enzima aktivitates samazina$anas, lai gan vélak ta pazuda, iesp&jams, starpprodukta
hidrolizes rezultata (19. att).

0.5 12
— 5 N
~ 044 & = 1h 1.0
a A — Gh
S »( \ 24n 08
sy " 2 ICso = 177 £ 29 uM
H / Kobs 457 m = 0.67 h- =z o
3 0.2 i
=
<
1 ;\
0.0

600 0 500 1000 1500 2000 2500
Vllna garums (hm) 35k koncentracija (uM)

Aktivitate, %
3

. ® 1mMtif-Ala
® 1mM3sk

(') Z'D 40 60 80
Laiks (h)

19. att. Inhibitors 35k 1 pM koncentracija, testam 5000 reizes liels at§kaidijums
(inhibitora koncentracija testa 0.2 pM), divos atkartojumos.

Sulfonamids 38b arT uzradija OASS-A inhib&Sanu ar konstanti 1Cs=179 £22 uM.
Enzima aktivitate testa pirmaja laika punkta ir pazeminata par aptuveni 20%, lai gan atkal
Sis efekts velak pazuda, iesp&jams, starpprodukta hidrolizes rezultata (20. att.).
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20. att. Inhibitors 38b 1 pM koncentracija, testam 5000 reizes liels atSkaidijums
(inhibitora koncentracija testa 0.2 pM), divos atkartojumos.

Pamatojoties uz spektralajiem un kin&tikas datiem, kas iegiti no TriF-Ala reagétsp&jas
eksperimentiem ar OASS, un nemot véra jau piedavatos mehanismus triF-Ala reakcijai ar
citiem no PLP atkarigiem enzimiem, m@s izvirzijam hipotezi, ka OASS-A inhib&anas
mehanisms ir [1dzigs iepriek§ piedavatajam (2. shéma). M@ pienemam, ka mehanisms
seko B celam, nevis A celam, jo OASS katalitiskaja cikla dekarboksilé$ana nenotiek.

Inhibitori 35k un 38b ir daudzsolo$i bazes savienojumi t0 turpmakai attistibai. Atskiriba
no izejas inhibitora triF-Ala (13), Sie savienojumi satur funkcionaldas grupas, kuras
atvasinot var iegit papildus mijiedarbibas ar OASS. Darbs §aja virziena tika apturéts, jo
beidzas projekta termin§ un savienojumu biologiska parbaude Vvairs 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 atkarigu enzimu inhibitoru,
bija alkinilglicinols 65, kas kopa ar sintétiski lidzveértigiem alkinilglicina atvasindjumiem
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 ieg$anai tika parbaudita 1,2-diolu Ritera
reakcija, sakotngji veidojot attiecigos oksazolinus. Pirmais méginajums iegiit oksazolinu
70 deva sliktu produkta iznakumu, zem 10% (9. shéma). Atklajam, ka kobalta kompleks&tu
alkinilglictnolu 68 izmantoSana var efektivi stabiliz&t starpproduktu — karbénija jonu A —
un péc kobalta kompleksa noskelSanas nodrosinat veiksmigu oksazolinu 70 iegiiSanu.

OH
HO R? MeCN, skabe
rR' V- /=
(0C);Co5—Co(CO);
68
Via: Me 69
R’ N\ @
Co,(CO)g HO — N_ R Dekompleksas
[©) R HO eKxompleksesana
NP,

A
OH >:N
1
HO\)\ MeCN, skabe O. R
R AN ,

R? R
67 70

9. shéma. Oksazolinu 70 sintéze Ritera reakcija.

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

Co,(CO)g, DCM, ist.t. OH g2
40-99% HO _/
. . X R' \ /.=
nBuLi R2 (Y=TBS) i) TBAF, THF, 0 °C-ist.. {Co(cO),
> OH 0C);Co
o LiBr =~ vo ii) Cop(CO)g, DCM, ist.t. (0C)s o8
YO R THF, —40 %C-istt. RO, 73-78% )
39-98% R 1 ™ R
7 ° 72 R'=CH,0TBS TBSO /
C0,(CO)g, DCM, ist.t. TBSO A
73-86% ~Co(CO)3
R'=H, Me, CH,0OTBS, Ph ° (OC)3Co
R? = Ph, nPentil, Me, 4-MeOCgH,, CH,0Bn, Bu, 73
TMS, 2-CICgH,
Y =H, TBS

10. shema. Alkinilglikolu kobalta kompleksu 68 un 73 iegiisana.
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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 re MeCN, H,S0,, AcOH, 0 °C >\ DDQ, DCM, 0 °c
HO vai S =N R! ) vai >‘N
at N/ MeCN, BF3-Et,0,0 °C R NMO, DCM, 0 °C d LR
(0C);cef~Co(CO)s £ \)X
46-89% (OC)3C0“—Co(CO)3 26-92% R2
68 69 70

R"=H, Me, CH,OH
R2 = Ph, nPentil, Me, 4-MeOCgH,, CH,0Bn,
tBu, TMS, 2-CICgH,
11. shema. Substratu 68 Ritera reakcija un tai sekojosa kobalta kompleksa $kel$ana
oksazolinu 70 ieguiSanai.

Lai gan galvena sintézes metode paredz spirta TBS aizsarggrupas noskelSanu pirms
kobalta kompleksa veido$anas, paradijam ari veiksmigus piemérus, kuros aizsargati spirti
tiek paklauti Ritera reakcijai ar vienlaicigu TBS grupas $kel§anu (12. shéma).

OH 2 >§ OH
R N yN OH

TBSO . MeCN, BF3Et,0,0°C O Rz DDQ, DCM, 0°C
TBSO / //;Co co 2 —— > 0O
(oc)scd— 20Ok 37-78% 26-65% [
(0C)sCoZ—Co(CO), R2
73 74 75

R? = Me, Ph, nPentil

12. shéma. Oksazolinu 75 iegiiSana no substrata 73 Ritera reakcijas un kompleksa
SkelSanas rezultata.

Vairuma gadijumu alkinilglicinolu kobalta kompleksa SkelSanai DDQ izmantoSana
izradijas efektivaka salidzinajuma ar NMO. Jaatzime, ka tas ir pirmais piemérs, kas
demonstré DDQ pielieto$anu $adas reakcijas veik$anai (11. un 12. shémas).

Izveletie oksazolini tika paklauti ska@bes ierosinatai hidrolizei maigos apstaklos, lai
ieglitu aminospirtus 76 ar labiem iznakumiem (13. sheéma).

cl
NH3
}N R HCI HO
X 62-96% RN,
R? R
70 76
R' = Me, CH,OH

R2 = Ph, nPentil, Me, CH,0OBn

13. shema. Oksazolinu 70 hidrolize par aminospirtiem 76.
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4.2. IN-PMB aizsargatu tetrazolu funkcionalizesana

Misu méginajums sintez&t tetrazolu saturosu TriF-Ala analogu 64 (8. shéma) bija
sakumpunkts, lai izstradatu jaunu metodi tie$ai tetrazola C—H funkcionaliz&sanai, kas dotu
labaku iznakumu, salidzinot ar miisu sakotn&jiem centieniem (20%). No literattras zinams,
ka paraléli vélamajai reakcijai notiek metaléta starpprodukta retro [2+3]
ciklopievieno$anas reakcija, kas veido cianamidu 80 (14. shéma). Metaléts tetrazols 78 var
bat nestabils pat —98 °C temperatira, kas ir galvenais $kérslis tetrazola atvasinajumu
iegtisanai C—H deprotoné&sanas cela.

R ON N
Roy-N [Met] NS - R. 7 H,0 N
o —— R R S MO R A
=N Met” AN Met H
77 78 79 80

Met = Li, K, MgX
14. shéma. Metalétu tetrazolu retro [2+3] ciklopievienoSanas reakcija.

Literatira ir zinami tetrazolu saturo$i Grinjara reagenti, kas ieghiti halogéna—metala
apmainas rezultatd, un tie uzrada augstaku stabilitati salidzinajuma ar litijetajiem
analogiem.** Tas rosinaja miis iegiit Grinjara reagentus C—H deproton&$anas cela. Sim
nolikam més sintez&jam 1N-PMB aizsargatu tetrazolu 63, Kur§ tika paklauts dazadiem
deproton&$anas apstakliem (1.tabula). Lai noteiktu deprotoné$anas efektivitati, mes
parbaudfjam dazadus Grinjara reagentus, izmantojot reakciju ar deitérétu metanolu.
Konstatgjam, ka turbo Grigjars (iPrMgCI-LiCl) ir visefektivakais un nodrosina pat 99%
deitérija ieklausanu molekula (1. tabula, 1., 2. aile). Jaatzimg, ka $ajos apstaklos retro [2+3]
ciklopievienosanas produkts 81b netika novérots pat péc 1 stundas —60 °C temperatiira.
Izpetiti arT citi Grinjara reagenti, pieméram, iPrMgCl un iPrMgBr, tomér tie izradijas
mazak efektivi, salidzinot ar turbo Gripjaru (1. tabula, 3.-6. aile).

1. tabula. Dazadu Grinjara reagentu deproton€s$anas sp€ju izvérteSana.

N=N 1. [M], THF ’,\‘?N\N H
s MeOD, —60 °C PMB/N\E " oemeosy
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.

Iznakumi aprékinati, pamatojoties uz sausa atlikuma svaru; KMR bez 81a netika novéroti citi savienojumi
®n.n. = nav noverots

P&c tam parbaudijam tetrazola 63 reakciju ar anisaldehidu (82a) dazados $kidinatajos.
Izmantojot THF, spirts 83a tika iegits ar loti labu iznakumu (2. tabula, 1. aile). Reakcijas
iznakums bitiski nesamazindjas, ja reakcijas maisfjumu tika atsildits 1idz istabas
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temperatiirai péc anisaldehida pievienosanas (2. tabula, 2. aile). Citu $kidinataju (Et20,

toluola) izmantoSana pazeminaja reakcijas iznakumu (2. tabula, 3., 4. aile).

2. tabula. Reakcijas apstaklu optimizacija.

[}

Meo@ N=N o iPrMgCI-LiCI NN
U \N + /©/\
N MeO apstakli® (skat. tabula) Ho\j\©\
OMe
63 82a 83a
Nr.p. k. Skidinatajs Temperatira, °C | Laiks, st | 83a iznakums, %
1 THF —60 °C 5 78b
2 THF ist.L. YT 75
3 Et20 -60 °C 5 47
4 Toluols _60°C 5 22

aTetrazols 63 (1.1 ekviv.), iPrMgCI-LiCl (1.3 ekviv.) 2 mmol mgroga. P&c iPrMgCI-LiCl pievienosanas reakciju maisa
30 min un tad pievieno aldehidu 82a.
bProdukts 83a iegiits ar 88% iznakumu, veicot reakciju 5 mmol méroga
¢Aldehida 82a pievienosana veikta —60 °C, p&c tam reakcijas maisijums atsildits lidz ist.t.

Substrata klasta izpétei izmantojam dazadus aromatiskus (82b—€) un alifatiskus (82f—g)
aldehidus, ka ari strukturdli daudzveidigus ketonus (82h-n). So subtratu reakcijas ar
Gripjara reagentu, kas atvasinats no tetrazola 63 ieguvam atbilstoSus spirtus 83b-n ar

labiem 11dz izciliem iznakumiem (15. shéma).

1. iPrMgCI-LiCl, MeO N
M60\©V N=N THF, -60 °C, 30min \@N’ Y
N N
Nz 2. R'R2CO 82b-n, OH
63 —60 °C, tad ist.t. 83b-n R’ R
N=N N=N N= N=N
N ) "N " N
N N N Nz
PMB OMe pmg” N~ PMB PMB”
% z
HO HO oo (P oo VP
Br
83b, 77% 83c, 82% 83d, 84% 83e, 98%
N, N _N N
N"N‘N N"N N""N N""N N""N
N : N4 N N~ o N4 oH
PME’ PMB PMB PMB PMB
Ho HO HO
83f, 97% 83g, 99% 83h, 78% 83i, 70% 83j, 87%
-N
Ny N=N ~ N
N” LN N N=
v N/ - \
N OH PMB” oH PMB OH /’\l‘ N
PME .O PMB \j\
) 8 o
Boc Ph
83k, 72% 831, 95% 83m, 89% 83n, 72%

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

Izpétijam ari citus elektrofilus reakcijai ar Gripjara reagentiem, kas atvasinati no
tetrazola 63. Veinreba amidi 84a—c var tikt veiksmigi izmantoti ka reakcijas komponentes,
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nodrosinot atbilstoso ketonus 85a—C veidoSanos ar labiem iznakumiem. Reakcija ar jodu
deva atvasingjumu 86 ar gandriz kvantitativu iznakumu (16. shéma).

MeO
€ I/\]:N\
N

63

N\
N

h
N
PMB
o]

85a, 73%

Me0\©\/

63

1. iPrMgCI-LiCl
THF, —60 °C, 30min
N

2. R(C=0)NMeOMe, 84a-c,
—60 °C, tad ist.t.

N=N, N=N,
[} N | N
N N
PMB PMB oMe
o o
OMe
85b, 54% 85c¢, 69%
1.PIMGCILICT a0 |
N=N THF, ~60 °C, 30min @yn\‘: 9
| - . N/
N~ 2.1, -60°C, tad ist.t \(I
98% o6

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

IN-PMB aizsarggrupas noskelSanai izmantojam tris dazadas metodes — oksidgjoSo
Skelsanu ar CAN MeCN/H20 maisijuma (metode A), katalitisko hidrogenésanu ar
H2/PdCl; etanola (metode B) un $kelSanu ar trifluoretikskabi dihlormetana (metode C).
Katra no §im metodém nodro$inaja vélamo neaizargato tetrazolu 87a—i iegtiSanai ar labiem
vai izciliem iznakumiem (17. shéma).

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

MeO N .
\EjV N=N. | C:TFA DCM,istt N
N NTOR
\g N
83a,c,f-im 87a-i
85a,c
OMe Br -

N~ - - o N
N N”/\‘ N N v N, )

‘N N \NMMG H Me

H

OH o on OH OH
87a g; ggoﬁ 87b A: 72% 87c g; gén% 87d A: 60%
NN o OMe
-N N-N " N-
7 M 7 \ N=N N~
N\N%Me N N‘N . N N’ K\‘
p N HHO N N
OH Me HO' Ho g wol
87e B: 83% 87fB: 94% 87g A: 61% 87h A: 75% 87iC: 77%
B: 70%

17. shéma. PMB aizsarggrupas $kelSanas apstakli un iegiitie produkti 87a—i.
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4.3. Elektrokimiski noskelamas 1N-6-metilpiridil-2-metil- aizsarggrupas
saturoSu tetrazolu, funkcionalizeéSana

Lai paplasinatu tetrazolu funkcionalizé€$anas metodes pielictojamibu, més centamies
ievadit jaunu, elektrokmiski noskelamu tetrazolu aizsarggrupu. Sim noliikam sagatavojam
divus substratus — ar piridilmetilgrupu aizsargatu tetrazolu 89, kas iegiits no atbilstosa 2-
aminometilpiridina (88) un ar 6-metilpiridilmetilgrupu aizsargatu tetrazolu 93, kas iegiits
no 2,6-lutidina (90) ar brom&S$anu un sekojosu tetrazola 92 alkilésanu (18. shema).

NaNj
| B NH, (EtO)3CH | N N'N“N
—_—
N AcOH N sy
88 75% 89
HNl;N¢N
S N —
‘ NBS, AIBN ‘ Br N 92 N NN
N MeCN N — 1 4N
o Et;N, THF N ~7
68% 42%
90 91 : 93

18. shéma. Ar piridilmetilgrupu aizsargatu tetrazolu sintéeze.

Turbo Grinjara izmantoSana tetrazolu 89 un 93 piektas pozicijas deprotonéSanai
rezult§jas ar minimalu retrociklopievieno$anas produktu veido$anas vai ari tie neveidojas
vispar. Nelielos daudzumos izveidotais tetrazolu 89 un 93 sadaliSanas produkts, cianamids
94a, ciklizgjas par pirazolopiridinu 94c (19. shéma).

AS R X
L L. |
~
R r\L — RTONHH, —= RTONY R =H, Me
NH =
=7 N N
A
94a 94b 94c

19. shéma. Piedavatais blakusprodukta 94c veido$anas mehanisms.

Piridilmetil- aizsargata tetrazola 89 metaléSanas/deiteréSanas reakcija ieguvam
nepilnigu deitérija ieklausanos tetrazola piektaja pozicija (40-60%), kopa ar konkurg&josu
deitérésanas produktu CH2 grupa un neizreaggjusu izejvielu. DeiteréSanas selektivitate
ievérojami uzlabojas, kad deitérésanas eksperimentos izmantojam 6-metilpiridilmetil-
aizsargatu tetrazolu 93 (deitérija ieklausanas 97-98%). Svarigi, ka netika novérots ne
konkurgjosas deitérésanas, ne sadalianas produkts. Més pienémam, ka metilgrupa piridina
C-6 pozicija savienojuma 93 bloké relativi skabo piridina C—H funkciju, kas var izraisit
vairaku metalétu 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 lidz izciliem iznakumiem. Reakcija ar ketoniem 95f—j atbilstosie

spirti 96f—j tika iegiti ar méreniem vai labiem iznakumiem (20. shéma).
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20. shéma. Tetrazola 93 pievienoSanas produkti aldehidiem un ketoniem.

Literatara 6-metilpiridilmetilgrupa ir aprkastita ka elektrokimiski noskelama
aizsarggrupa no tioliem, karbonskabém un spirtiem.'* Lidzigus elektrokimiskos apstaklus
piemérojam ari 6-metilpiridilmetilgrupas reducgjosai noskelSanai no tetrazola, izmantojot
savienojumu 96a ka modelsubstratu. M@s izpétijam elektrodu un elektrolitu klastu pie
fiks€tas stravas un elektriska ladina. Labakais rezultats tika sasniegts, izmantojot svinu
saturo$u bronzas elektrodu ka katodu un $kistoSo cinka elektrodu ka anodu, ka ari
TBA-BF4, nodroginot neaizsargata tetrazola 97a veidosanos ar 67% izol&to iznakumu. Sie
optimizg&tie aizsargrupas noskel$anas apstakli tika pieméroti tetrazoliem 96a—c un 96e—h,
lai iegitu 1H-tetrazolus 97b—g ar vidgjiem iznakumiem. Augstakus tetrazolu iznakumus
neizdevas sasniegt, jo to loti polaras dabas d&| bija apgratinats produktu izol€$anas process

(21. shéma).
C: Pb Bronza
= N=N A: Zn l’\l?N\
< Mo g 15mA, 25Fmol  HN. N
Me” "N _—— R?
o R? TBA-BF,, MeCN HO Rt
1
96a—c, e-h R 97a-g
N=N, "\le\ "\le\ N=N,
HN_ N HN N HN N HN_N
HO\S\©\ Ho\j\©\ HO HO\S\CO
OMe Br =
97a, 67% 97b, 65% 97c,68%  Me 97d, 68%
N=N
) =N N.
Hl\’l N ’/\‘ \ N” N
N I
HN \
OH HN
O’ HO HO
oo
97e, 71% 97f, 70% 979, 64%

21. shéma. 6-Metilpiridilmetil- aizsarggrupas elektrokimiska noskel§ana.
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Piedavatais mehanisms tetrazola 96 6-metilpiridilmetil-aizsarggrupas elektrokimiskai
noskelSanai ir att€lots 22. sheéma. Tas sakas ar 6-metilpiridilmetilgrupas reduc€Sanu 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, tidenraza atoma abstrakcijai, dimeriz&$anas, oksidéSanas un/vai reduc€$anas
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 tdenraza atoma
abstrakcijas rezultata vai arT to reducgjot par anjonu ar sekojosu protongsanu.

= | N=N A:Zn® Zn?*
[} N e
Me” SN Ny e
R? C: Pb/bronza)
HO L4 (©:
9

=N
Dimerizésanas/ X l‘\l N
Oksidésanas/ - | . + "Ny
Reducésanas produkti Me N CH, \ST

RZ
HO Rt
97B 071
22. shéma. 6-Metilpiridilmetil- aizsarggrupas elektrokimiskas noSkelSanas

iespéjamais mehanisms.
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4.4, Tetrazolu pievienosana iminiem, aminoskabju analogu sintéze

Mg&s izpétijam metaléta tetrazola izmanto$anu, lai ieglitu aminoskabju analogus, Kuri
satur tetrazolu ka karbonskabes bioizosteru. Literatiira ir zinams, ka metalorganiskos
reagentus var pievienot t-butilsulfiniliminiem diastereoselektiva veida (23. shema).’? Sada
tipa reakciju diastereoselektivitate uzlabojas, ja ka $kidinataju izmanto DCM.

~ . p -
O H MR?2 [ H o R?
1 _ [
P oS | = LA,
0--M~R? H
98 99 100

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

Ka modelsubstratu pirmajam testa reakcijam izvélgjamies iminu 102a, kas tika sintez&ts
saskana ar literatiira aprakstito metodi (24. shema).'®

(o]
\é
HoN"s) BY Q
S\
/©/\ 101a =N’ © tBu
(IPrO)4TI DCM
70% MeO
2a 102a

24. shéma. t-Butilsulfinilimina 102a sinteze.

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 papildus eksperimenti.

N=N,
MeO 102a y N -
N /PrMgCI-LiCl, DCM PMP S H s Bu
—60 °C—ist.t., 16st, 88%
63 103a

25. shéma. Tetrazola 63 pievieno$ana t-butilsulfiniliminam 102a.

P&c pirmajiem daudzsolo$ajiem rezultatiem més pievérsamies reakcijas produktu klasta
papla$inaSanai, tapéc sintez&jam Vvairakus t-butilsulfiniliminus 102b-l, kurus varétu
izmantot tetrazola 63 pievienosanai (26. shema).
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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 Iidz izciliem iznakumiem

(27. shéma).
MeO . .
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N F
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N N=N N=N,
N o NN o LS
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: St : 14y : X
. O~ .
N r B ~c®mN ®" N B
H \ J H H
MeO N Br
103j, 80% 103k, 72% 1031, 70%
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27. shema. Tetrazola 63 pievieno$anas produkti t-butilsulfiniliminiem 102b-I.
pievienot ari  t-butil-  (E)-(4-

Noskaidrojam, ka  tetrazolu 63  var
metoksibenzilidén)karbamatam (105), kas tika iegits reakcija starp p-anisaldehidu (82a)
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un t-butilkarbamatu (104). PievienoSanas reakcijas rezultata veidojas savienojums 106
(28. shéma).

o}
@Ao )OL J< 1) HCO,H, PhSO,Na, MeOH / H,0 ~ U J<
+ [Nige}
MeO H,N" O /@
MeO

2) K,CO3, DCM/H,0
72%

82a 104 105

N=N

N o NN

N= N < J k /PrMgCI-LiCl PMB Z7 0
MeO (A NT o JC J<
DCM, —60 °C - ist.t., 16st N~ O
MeO H
73%
MeO
63 105 106

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

Sumgjot iegiitos rezultatus, turbo Gripjara izmanto$ana 1N-PMB aizsargata tetrazola 63
deprotoné$anai un sekojosa pievienosana t-butilsulfiniliminiem 102a-l lava iegit
savienojumus 103a-l, kas ir prekursori tetrazolu saturo$iem aminoskabju analogiem 107
(29. shema).

@\/ N=N aizsarggrupas H
A noskelSana R N- R O
NN o — = N s
é HoN n-N H,N OH
v
RN (SW<
103a-1 107

29. shéma. Piedavatais aminoskabju analogu 107 sintézes celS.
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1.

2.

3.

o \
HO. N

SECINAJUMI

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

i 2 90
F3C 3
3 %N;OR FSC%H/S\RS
NH, R NH,

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)3CoZ—Co(CO);

TieSu tetrazolu C-H funkcionaliz€Sanu var panakt, izmantojot turbo Grinjara
reagentu (iPrMgCI-LiCl kompleksu). Turbo Grinjara reagenta izmantoSana
nodroSina stabilaku metalétu starpproduktu, izvairoties no retro [2+3]
ciklopievienosanas, kas lauj realiz€t reakcijas ar elektrofiliem, tai skaita
aldehidiem un ketoniem.

MeO N=N
MeO N=N o iPrMgCI-LiCl, YN
N + L N~
N R R? OH
RZ

R1

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 I/\I:N\
= N=N,  PPrMgCI-LiCI, & N=N, A:Zn HN. N

N N N 2
X N
Me” SN < R'R2CO Me” N \STW 15 mA, 2.5 Fimol HO R?
o

Deprotonétu  tetrazolu  reakcija ar  enantiom@ri  bagatinatiem  t-
butilsulfiniliminiem Vvar diastereoselektivi ieglit atbilstosus pievienoSanas
produktus. ST metode nodrosina piekluvi aminoskabju analogiem, kas satur
tetrazola fragmentu ka karbonskabes bioizosteru.
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ABBREVIATIONS

AIBN a,0'—Azobisisobutyronitrile

Boc t—Butoxycarbonyl

CADD Computer Assisted Drug Design
CAN Ceric ammonium nitrate

CDI 1,1'-Carbonyldiimidazole

DCE 1,2-Dichloroethane

DCM Dichloromethane

DDQ 2,3-Dichloro-5,6-dicyano—1,4-benzoquinone

DFSI Aspartic acid—Phenylalanine—Serine—Isoleucine peptide
DIPEA Diisopropylethylamine

DMAP 4-Dimethylaminopyridine
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HPLC High Performance Liquid Chromatography
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PDB Protein Data Bank
Ph Phenyl
PLP Pyridoxal 5'—phosphate (vitamin B6)
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RCSB Research Collaboratory for Structural Bioinformatics
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TFA Trifluoroacetic acid

THF Tetrahydrofurane

triF-Ala  3,3,3-Trifluoro-alanine
WHO World Health Organization
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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 30’s, 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 40’s until the late 60’s, 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¢

1935 — Sulfonamides . 2050 — 10 million
are used systematically 1840 Elomingreceives 1961 - Methicillin-resistant 2013:131,0000n8e] antimicrobial-resistant
to treat bacterial Nobelprze, wams o Staphyloccoceus is of antibiotics were related deaths are

infections penicillin-resistence documented globally used in agriculture predicted each year

2017 — Aclinical
Kiebsielta Pneumoniae
strain is resistant to all
commercial antibiotics

1900 - The top 3
leading causes of
death were infectious

diseases

1987 - Lipopeptides are
the last class of antibiotic
successfully released to
market

1950-1970 — Over 20
1941 — Peniciliin in new antibiotic classes
clinical trials are discovered

Golden age of antibiotics

1970-1980 — Over
60 antibiotics are
released to market

2015 - The colistin-
resistant mer-1 gene
was first reported

1939 — Florey and Chain 1948 — Penicillin-resistant
isolate penicillin from Staphyloccoccus is declared
mold cultures a global pandemic
2001 — WHO declares

1929 — Fleming 1943 — Penicilln is 1938 - Metnlcllinfiised antimicrobial resistance
publishes the first paper given to WWII o treat penicilin-resistant a “global public health
on penicillin. soldiers Staphyloccoccus . concern’

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 3—replacement reaction
on acetyl serine (Scheme 1).

Serine Acetyl Transferase (SAT) O-Acetylserine sulfhydrylase (OASS)

Lys
Lys /—H\Z I
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aldimine
AcO OH o, o /N\H
7 |
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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).8

H
/\\\v%rOH \\,.%OH
o} @ o

Kgq HIOASS-A = 1.45 pM Ky StOASS-A = 1.45 uyM

N
— )sN o Ky StOASS-B = 148 uM

10
OH i: )
F o) J
\\«%rOH
CysK1 inhibitor @ OH
ICs0= 19 NM o)

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

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 a 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 ICs0=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 CO, it gives the amide 27 (Scheme 2).51°

Photochemical investigations showed that f,8,p—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 (3, Fig. 5). 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 (24B, Fig. 5). 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—Ala. Panel
A absorbance spectrum of OASS-A in the absence of reagent (black line), 1 min (red line),
1h(greenline), 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 inactivati—on
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 (5, Fig. 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 later 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 1Cso values of 480 + 50 uM and 1290 + 230 pM for OASS-A and
OASS-B respectively, and for triF—Ala ICso values of 130 + 10 uM and 940 + 60 pM were
determined. To detect whether triF-Ala is irreversible inhibitor of OASS, as it is reported
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for 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.5 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 (28, Fig. 7). 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 Schrédinger
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).
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Fig. 8. OASS—CysK complex with inhibitor 8.

Both protein structures were prepared using Schrédinger'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).

-~

- ASN
74
GLy :NH'

£ \ L /‘
SER o 2 = R / /
72 - /

- R
GLY M 299

@ ) GIN
q02 221

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 Schrddinger 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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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).
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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 a 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).

~o
OH 1.MsCl,0°C, 24 h N3
Zn CO,Et 2.NaN3, 70°C,48h CO,Et
¥
39 > _—
A, 30 min F F 20% F F

o 65% “ 42

B
r%OEt
N 1. Hy, PAIC, EtOAC

2. NaHCOj, Boc,0, THF
60 °C, 24 h, 59%

NHBoc

NH, NHBoc NH,
TFA NalO,, RuClz*H,0 CO,Et
HOWCOzEt " HO COEt .+ %% = TRA o CO,E
DCM MeCN/CCly/H,0 FF DCM
o FF o FF FF
78% rt,24h 99%
45 44 37% 43 46

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).

NH NH
F3C)\[ N FsC N
N N-N
54 55

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, H2/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.
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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 (IC50=132 uM).

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 lineg), 30 min (green line) and
1 h (yellow line) after compound 22a addition.

From the next set of compounds, 35b—l, 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 1Cso (177£29 pM) 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—
Ala with 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 the 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”

R? R?
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.

OH
HO R2 MeCN, acid
R' - /=
(0C);CoZ—Co(CO)s A
68 (OC)3C0“—Co(CO)3
Via: Me 69

R1

COZ(CO)B' HO ® \\N® R’ Decomplexation

R ecomplexati

© Ho\)QR

OH >:N 1
HOQ\ MeCN, acid o\)R\

1 X

RN R2 X,

67 70 R

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)s (Scheme 10).

C0,(CO)s, DCM, rt. OH  R2
40-99% HO _/
mBuli - _R? OH v=TBS) ) TBAF, THF, 0°Crt. R W %o(co)
o LBr = N ' . © (0C)3Co ®
Z C0,(CO)s, DCM, 1.t
YO\)L - 7 - YO S ii) Cox(CO)s, ,rt. 68
R' THF, -40 °C-rt. RN, | 73-78%
39-98% 72 , OH R2
7 R' = CH,0TBS TBSO
R'=H, Me, CH,0TBS, Ph Co0,(CO)g, DCM, r.t. TBSO //’;__
R? = Ph, nPentyl, Me, 4-MeOCgH,, CH,0Bn, tBu, 73-86% (0C),cd—Co(C0)s
TMS, 2-CICgH, 7
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).

OH R? MeCN, H,SO,4, AcOH, 0 °C DDQ, DCM, 0 °C
Ho or g Ngi ) o *N
R /,’— MeCN, BF3+Et,0,0 °C R NMO, DCM, 0 °C d R!
(0C)ycd—C0(CO)s A \)X
46-89% (OC)3Co“—Co(CO); 26-92% R2
68 69 70

R" = H, Me, CH,OH
R?= Ph, nPentyl, Me, 4-MeOCgH,4, CH,0Bn,
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 R? >\ OH
g N OH
TBSO —. MeCN, BF3+Et,0,0 °C R? DDQ, DCM, 0 °C O~N
TBSO /7 — _
(0C);cd—C0(C0)s 37-78% 26-65% AN
(0C)3C0—Co(CO)3 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).

.
¥ S NH,
=N gt HCl HO \)\
© g T
\)X 62-96% RIS,
R2 R
70 76

R' = Me, CH,OH
R2 = Ph, nPentyl, Me, CH,OBn

Scheme 13. Hydrolysis of oxazolines 70 to amino alcohols 76.
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4.2. Functionalization of IN-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 constitute the major problem for the
derivatization of tetrazole by C—H deprotonation.

R ON N
Roy-N.  [Met] NN - R. H,0 N
N\\ N — N M N 22, RAF
=N Met”™ N 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 IN-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.

\
z

N=N, 1. [M], THF N="
[

N H
pus 7" 5 eoD, 60 °C PMB/N\E T oeme sy
63 81a 81b
Entry [M] Time (min) 8layield % 81b
1 iPrMgCI-LiCl 15 98 n.d.b
2 iPrMgCI-LiCl 60 99 n.d.
3 iPrMgCl 15 53 n.d.
4 iPrMgCl 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
8la and 81b.
b 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,0 —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.
b88% yield of the product 83a was obtained from the reaction performed on a 5 mmol scale.
cAddition 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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1. iPrMgCI-LiCl, MeO

Me(k@y N=N THF, -60 °C, 30min. Y
[} \N —_— N 2
N 2. R'R%CO 82b-n, \§<OH
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! 8 .
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83k, 72% 831, 95% 83m, 89% 83n, 72%

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
guantitative yield (Scheme 16).

1. iPrMgCI-LiCl MeO _N
MeO N=N THF, -60 °C, 30 min \©y N
\©\/N\//N 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
pup- N~ PMB j\@\ PMB Z OMe
o o] o
OMe
85a, 73% 85b, 54% 85¢, 69%
1. iPrMgCI-LiCl MeO N
MeO N=N THF, 60 °C, 30 min NN
N~ 2.1, -60°C, then rt \(l
63 98% 86

Scheme 16. Addition of tetrazole 63 to Weinreb amides and iodination of compound 63.
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For the deprotection of IN-PMB group three different methods were used, oxidative
cleavage using CAN in MeCN/H20 (method A), catalytic hydrogenation with PdCI, and H>
in EtOH (method B), and acidic cleavage using TFA in DCM (method C). Each of these
methods successfully delivered the desired free tetrazoles 87a—i in good to excellent yield
(Scheme 17).

A: CAN, MeCN/H,0, r.t
B: PdCly, H,, EtOH, rt

MeO -
N=N.  C:TFA, DCM, rt. N/N ){\‘\
N /N N R
\g N
83a,c,f-i,m 87a-i
85a,c
OMe Br _ N-
N NN SN Meye N
N N‘N ‘N)\H<Me N Me
N
OH o on OH OH
87a A: 66% 87¢ A:n.d. .
. 87d A: 609
B: 68% 87b A:72% B: 93% 60%
NeN o OMe
N-N N- e N~
N 1l Me N {\l N NN N-n
‘N Me N N N Y N |
H N HHo N N
OH Me HO H o5 Ho O
87e B: 83% 87f B: 94% 879 A: 61% 87h A: 75% 87i C: 77%

B: 70%

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).

NaNg
| X NH, (EtO)3CH | XN N/N“N
—_— )
=N AcOH =N \*N
o
88 75% 89
HN\;NoN
X B B ~./
‘ NBS, AIBN ‘ r N 92 N NN
= MeCN N —— 4N
. Et;N, THF N ~7
68% 159
90 91 : 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
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product, which in the case of tetrazoles 89 and 93 proved to be 94c¢ instead of the cyanamide
94a (Scheme 19).

‘ = X N
) ® |
RN ——— RN H —— RTONN R=H M
G _NH N = sre
”:
N/// N k,\H HoN
N
94a 94b 94c

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 CH 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).

1. iPrMgClI-LiCl, = N=N
/(jy i 60 ° /@V’\“ N
2.R'RCO9saj M N R
-60 °C, then r.t. . HO

j\@ 96b, 75% j\©\ 96¢, 77% \S\\\\
1@ 1@ s L©

96d, 85% 96e, 79% 96f, 86%
N -
"\‘ ’ X N;N\ ‘ X N/N\
,N _ "N N
Nz — N/
OH Me™ N Me™ N OH
OH
Me
8 e e
969, 47% 96h, 65% 96i, 80% 96j, 56%

Scheme 20. Addition of tetrazole 93 to carbonyl electrophiles.

96a, 83%

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, electrolytes was
investigated at the fixed current and electric charge. The best result was achieved using
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leaded bronze electrode as cathode, sacrificial zinc as anode, and TBA-BF; as electrolyte
providing deprotected tetrazole 97a in 67% isolated yield. These optimized deprotection
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).

C: Pb Bronze

= N=N, A: Zn r‘\liN\
< Mo N 15mA, 25 F/mol  HN. N
Me N KTRZ
Ho R?  TBA-BF, MeCN HO R
1
96a-c, e-h R 97a-g
N=N, N=N N=N N=N,
HN N HN. N HN N HNN
OMe Br =
97a, 67% 97b, 65% 97¢,68%  Me 97d, 68%
N=N
) =N
Hl\‘l N ',\‘ N
HN N
OH
O HO HO
O e
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.

_ A: Zn®- Zn2*
= ‘ [‘\I/N\N n o n = ,N:N\
Me \N N/X +e ‘_N_c N /N
HO R? (C: Pblbronze) \SVRZ
R' HO L
96 96A l
N=N,
Dimerization/ X N
Oxidation/ S | 1.+ TN¥
Reduction products Me N CH, R?
HO Rt
97B 9071
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.

. s B
O H MR2 ‘ H o R?
1 1
NN tgy S~ :;L\R1 [ .
N~ R! UG h 1
\{/+ b--M~R2 * ” R
98 99 100

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).1

|

- HN' (@) BY 2
/d S L SN'() BY
Moo (iPro%oi/, DCM /d
° MeQ
82a 102a

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

Then, we proceeded to the deprotonation of IN-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
102a N

MeO N=N PMB/N ( cv)i
| \N Sty
N iPrMgCI-LiCl, DCM N ()BY
N

PMP’(S)
-60 °C-r.t., 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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~Bu SN (s) N (s)BY STN ()
Me”(S) E () Y Cy4Hg (S)'l| ) |l|
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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.

o]
/@Ao )(l J< 1) HCO,H, PhSO,Na, MeOH / H,0 < J<
+ N7 0
MeO HN™ 7O 2) K,CO3, DCM/H,0 /EjA
MeO

72%

82a 104 105

N=N

N o _N__N

N" "N < k iPrMgClIsLiCI PMB™"~\" o
Moo N N0 Xk
DCM, -60 °C - r.t., 16h ” o
MeO o
73% MeO
63 105 106

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-l gave access to
compounds 103a-l that upon deprotection would provide amino acid analogues 107,
bearing tetrazole as carboxylic acid bioisoster (Scheme 29).

N=N H
R deprotection R N~ R o]
L R =G
I s HN NN H.N  OH
R H"SW<
103a-| 107

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.

(0] O oo
FioC 3 FsC s
3 N;OR 3 N/ “RS
NH, R NH,

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.

(00)300-':60(00)3

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.

MeO N=N

MeO _ o) iPrMgCI-LiCl, T
T N

< R OR2 \§<OH

R R

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 N=N
A e PMgCI-LiCl, NN A: Zn HN N
N N 2
e SN < R'R2CO Me” °N \STRﬂ 15 mA, 2.5 F/mol HO R1R

HO R?

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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Introduction

C-Quaternary alkynyl glycinols 1 and synthetically equivalent
alkynyl glycine 2 derivatives (Fig. 1) are versatile building blocks
for the construction of complex biologically active molecules.*””
While there is a good arsenal of methods for the synthesis of C-
quaternary alkynyl glycines 2,"* the direct access to C-quater-
nary alkynyl glycinols 1 is limited to few alternatives avoiding
the reduction of carboxyl groups in glycines 2. The literature
search revealed only the Seyferth-Gilbert homologation of
a serinal derivative;® aminolysis of alkynyl epoxides”**> and the
insertion of a nitrene into a propargylic C-H bond" as
synthetically useful approaches. Thus, a short synthesis of gly-
cinol derivatives 1 from readily available variable building
blocks is very desirable.

We have recently reported the synthesis of alkynyl glycinols 1
(R' = H) via intramolecular propargylic amination of bis-
trichloroacetimidates derived from alkynyl glycols."* Our
attempts to extend this approach for the synthesis of C-

HN_ R'
HOC™ N
RZ
1 2

Fig. 1 C-Quaternary alkynyl glycinols 1 and glycines 2.

Latvian Institute of Organic Synthesis, Aizkraukles 21, Riga LV-1006, Latvia. E-mail:
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T Electronic  supplementary  information available. See DOI:
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1 These authors provided an equal contribution to the publication.
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this position is detrimental to the reaction.

quaternary derivatives were not successful. As an alternative, we
turned our attention to the Ritter reaction of 1,2-diols which is
a known method for the synthesis oxazolines and oxazines
involving carbenium ion A and nitrilium ion B intermedi-
ates.’>" When alkynyl glycol 3 (R' = Me, R* = nPent) was
directly subjected to the Ritter reaction conditions (MeCN,
AcOH, H,S0,) the expected oxazoline 6 was obtained in a very
low yield (<10%) (Scheme 1). This prompted us to explore the
Ritter reaction of cobalt complexed alkynyl glycols 4 (ref. 25 and
26) which has better ability to stabilize the intermediate car-
benium ion A*~** providing oxazolines 5 as precursors of alkynyl
glycinol derivatives 1. Such approach gave the expected results
which are summarized in this article.

Results and discussion

Cobalt complexed alkynyl glycols 4a—j were prepared starting
from hydroxy ketone derivatives 7a-j. Addition of lithium

Ho_R' R?
HO. MecCN, acid
(ocy,ad eocor
4
ia: Me
Via: R‘@ \\N® R
Co,(CO)s HO. \)\R - Ho. X Decomplexation
A B R
HO_ R' MeCN, acid Me hydrolysis
o jaN Rt Myarolyss
X o N
3 R2 P
R?

Scheme 1 The Ritter reaction for the synthesis of oxazolines 5 as
precursors of amino alcohols 1.

This journal is © The Royal Society of Chemistry 2017
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acetylenides provided alkynyl diols 3a—-j which were treated with
Co0,(COg) (Table 1).

If O-TBS protected starting materials 7l-n were used, the
corresponding addition products 8a-c were deprotected before
the complex 41-m formation. Several O-TBS protected alkynyl
glycols 8b-d were transformed to the corresponding cobalt
complexes 9a-c.

Cobalt complexed alkynyl glycols 4a-d gave the expected oxa-
zolines 5a-d in the Ritter reaction with acetonitrile using both
H,S0, and BF;-EtO, as acid promoters (Table 2, entries 1-4).
Except for the substrate 4c, better yields were obtained under
conditions involving BF;-Et,0. Using BF;-Et,0 as acid, glycols 4e-
h were transformed to oxazolines 5e-h (Table 2, entries 5-8). These
results indicate that the Ritter reaction tolerates wide range of
substituents at the terminal alkyne position in substrates 4. Diols
4ij bearing Ph group at the reaction center were unsuitable
substrates giving no yield of the expected oxazolines 5i,j (Table 2,
entries 9 and 10). Secondary alcohol 4k could be successfully
subjected to the Ritter reaction providing acetamide 5k (Table 2,
entry 11). Hydroxymethyl substituent at the reaction center of the
substrates 41,m was tolerated to give the Ritter reaction products
51,m in moderate and good yields (Table 2, entries 12 and 13).

Several reaction conditions for the cleavage of cobalt
complex 5a were investigated to obtain the uncomplexed oxa-
zoline 6a (ethylenediamine, THF, 65 °C, yield of 6a, 28%; NMO,
CH,Cl,, r.t. yield of 6a, 42%; DDQ, CH,Cl,, r.t. yield of 6a,
8. 40&)_30,31

Table 1 Synthesis of cobalt complexed alkynyl diols 4 and 9”

View Article Online

RSC Advances

Table 2 The Ritter reaction of cobalt complexed alkynyl glycols 4 and
the cleavage of cobalt complex®

Me
wetodaors TSR T Methog orp YN R!
4a-m O\)V E——— 0\)\
(oc),cd—C0(CO) N R2
5a-m 6a-m
Entry R R’ 5, yield% (method) 6, yield% (method)
1 Me nPent 5a, 58 (A); 78 (B) 6a, 84 (C), 42 (D)
2 Me tBu 5b, 75 (A); 82 (B) 6b, 64 (C)
3 Me T™MS 5¢, 89 (A); 84 (B) 6c, 88 (C)
4 Me Ph 5d, 57 (A); 86 (B)  6d, 83 (C)
5 Me 2-CIPh  5e, 61 (B) 6e, 92 (C)
6 Me 4-MeOPh  5f, 63 (B) 6f, 85 (C)
7 Me CH,OBn  5g, 78 (B) 6g, 82 (C)
8 Me Me 5h, 74 (B) 6h, 46 (C)
9 Ph nPent 5i, dec. (B) —
10 Ph Ph 5j, dec. (B) —
11 H nPent 5k, 77 (B) 6k, 78 (C)
12 CH,OH  nPent 51, 46 (B) 6l, 61 (C); 65 (D)
13 CH,OH Ph 5m, 81 (B) 6m, 26 (C); 65 (D)

“ Reagents and conditions: method A: MeCN, H,SO,, AcOH, 0 °C;
method B: BF;-Et,0, MeCN, 0 °C; method C: DDQ, CH,Cl,, 0 °C.
Method D: NMO CH,Cl,, 0 °C.

The best yield of 6a was obtained in oxidative conditions
with DDQ which to our knowledge has not yet been reported as

b (from 3a-j) OH  R2
c.b (from 8a-c) HOV)V
I 1 /=
o oH (05)300/1@0(00)3
YO\)L 1 _a.,vo TR — 4a-m
R R e oH g
7a4,Y=H 3a,Y=H b (from 8b-d) TBSOW
7k-n, Y = TBS 8a-d, Y =TBS — A
R' = CH,0TBS TBSC:OC)ScO {%o(cO),
9a-c

Entry R' R? Y 3 or 8, yield% 4, yield % 9, yield%
1 Me nPent H 3a, 98 4a, 98 -
2 Me tBu H 3b, 47 b, 75 -
3 Me T™S H 3c, 86 4c,>99 —
4 Me Ph H 3d, >99 4d, 94 —
5 Me 2-ClPh H 3e, 90 4e, 90 —
6 Me 4-MeOPh H 3f, 60 4f, 83 -
7 Me CH,0Bn H 3g, 39 4g,70 -
8 Me Me H 3h, 47 4h, 70 -
9 Ph nPent H 3i, 96 4i, 56 —
10 Ph Ph H 3j, 97 4j, 82 —
11 H nPent TBS 8a, 82 4k, 40
12 CH,OTBS (CH,OH)" nPent TBS 8b, 94 41,78 9a, 73
13 CH,OTBS (CH,0H)" Ph TBS 8¢, 95 4m, 73 9b, 79
14 CH,OTBS Me TBS 8d, 75 — 9c, 86

@ R! = CH,OTBS in compounds 8 was transformed to R' = CH,OH in compounds 4. ” Reagents and conditions: (a) alkyne, nBuLi, LiBr, THF, —40
°C-r.t.; (b) Coy(CO)g, CH,Cl,, r.t.; (¢) TBAF, THF, 0 °C-r.t.

This journal is

Chemistry 2017

RSC Adv., 2017, 7, 27530-27537 | 27531

76



Open Access Article. Published on 23 May 2017. Downloaded on 25/05/2017 08:32:14.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(c)

RSC Advances

the reagent for the decomplexation of alkyne cobalt complexes.
Other cobalt complexes 5a-h,l-m were also cleaved with DDQ to
give uncomplexed oxazolines 6a-h,l-m typically in good yields.
The only exception was substrate 5m which gave product 6m in
poor yield. For the cleavage of the complex 5m, NMO was better
suited as oxidant to provide product 6m more efficiently.

O-TBS protected alkynyl glycols 9a—c¢ could also be used as
substrates for the Ritter reaction (Table 3). The reaction proceeded
with concomitant deprotection of O-TBS group to give oxazolines
51-n. The cleavage of cobalt complex 5n was performed with DDQ
to give uncomplexed oxazoline 6n (Table 3, entry 3).

Selected oxazolines 6d,gh,,m were transformed to amino
alcohols 1 by using acidic hydrolysis in mild conditions (Table 4).
The hydrolysis proceed with good yields of product 1d,g,h,l,m
formation which were purified by the trituration with EtOAc.

Experimental
General information

Commercially available reagents were used without further
purification. All air or moisture-sensitive reactions were carried
out under an argon atmosphere using oven-dried glassware.
Flash chromatography was carried out using Merck Kieselgel 60
(230-400 mesh). Thin layer chromatography was performed on
silica gel and was visualized by staining with KMnO,. NMR
spectra were recorded on a Varian Mercury spectrometer (400
MHz) and a Bruker Fourier spectrometer (300 MHz) with
chemical shift values (6) in ppm relative to TMS using the
residual chloroform signal as an internal standard. Elemental
analyses were performed using a Carlo-Erba EA1108 Elemental
Analyser. HRMS were obtained using a Q-TOF micro high
resolution mass spectrometer with ESI (ESI+/ESI—).

Preparation of diols/triols 3 and 8

Alcohols 3 and 8 were prepared according to the procedure
described in the literature starting from the corresponding
ketones 7.'*

Alcohols 3a,** 3b,* 3¢,* 3d,* 3g,* 3k," 3i,j** 8a'* are known
in literature.

Table 3 The Ritter reaction of cobalt complexed alkynyl diols 9a—c
and the cleavage of cobalt complex in intermediate 5n®

Me
9a-c 2 Method C o «
from 5n N
RZ
6én
Entry 9, R? 5, yield% 6, yield%
1 9a, nPent, 51,37 See Table 2
2 9b, Ph 5m, 78 See Table 2
3 9¢, Me 5n, 63 6n, 73 (C)

“ Reagents and conditions: (a) BF;-Et,0, MeCN, 0 °C; method C: DDQ,
CH,Cl,, 0 °C.
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Table 4 Preparation of amino alcohols 1 via hydrolysis of oxazolines®

Mech R . HCI* HpN, R’
- HO
[o) N AN
6 R? 1 R2

Entry R' R® 1, yield%
1 Me ph 1d, 96

2 Me CH,0Bn 1g, 64

3 Me Me 1h, 62

4 CH,OH nPent 11, 82

5 CH,OH ph 1im, 77

“ Reagents and conditions: (a) aq. 20% HCI, MeOH, r.t.

4-(2-Chlorophenyl)-2-methylbut-3-yne-1,2-diol (3e). White
powder. M.p. 63-65 °C. 'H NMR (400 MHz, CD;0D) 6 7.50 (dd, J
= 7.3, 2.1 Hz, 1H, -CgH,Cl), 7.43 (dd, J = 7.7, 1.6 Hz, 1H,
~CeH,4Cl), 7.30 (td, ] = 7.7, 2.0 Hz, 1H, -CsH,Cl), 7.26 (td, ] = 7.5,
1.5 Hz, 1H, -C¢H,Cl), 3.63 (d, ] = 11.0 Hz, 1H, -CH,0-), 3.60 (d,
J = 11.0 Hz, 1H, -CH,0-), 1.54 (s, 3H, -CH;). ">C NMR (100
MHz, CD;0D) 6 138.2, 135.9, 132.1, 131.7, 129.2, 125.4, 99.7,
82.5, 72.4, 71.1, 27.5. Anal. caled for C,,H;,05: C, 62.72%; H,
5.26%; found: C, 62.71%; H, 5.23%.

4-(4-Methoxyphenyl)-2-methylbut-3-yne-1,2-diol ~ (3f). Off
white powder. M.p. 74-77 °C. "H NMR (400 MHz, CDCl;) 6 7.36
(d,J = 8.9 Hz, 2H, -C¢H), 6.83 (d, ] = 8.9 Hz, 2H, ~C¢H), 3.81 (s,
3H, -OCHj), 3.74 (dd, J = 11.0, 5.0 Hz, 1H, -CH,0-), 3.56 (dd, J
=11.0, 8.8 Hz, 1H, -CH,0-), 2.66 (s, 1H, -OH), 2.13 (dd, J = 8.8,
5.0 Hz, 1H, -OH), 1.55 (s, 3H, -CH,). **C NMR (100 MHz, CDCl,)
6 159.9, 133.4, 114.3, 114.1, 89.0, 84.7, 71.0, 69.2, 55.4, 20.2.
Anal. caled for C,,H,,03: C, 69.89%; H, 6.84%; found: C,
69.56%; H, 6.86%.

2-Methyl-pent-3-yne-1,2-diol (3h). Colourless oil. '"H NMR
(300 MHz, CDCl3) 6 2.76 (d, ] = 10.9 Hz, 1H, -CH,OH), 2.61 (d, J
= 10.9 Hz, 1H, -CH,O0H), 1.72 (s, 1H, ~OH), 1.28 (s, 1H, -OH),
1.00 (s, 3H, -CH3), 0.58 (s, 3H, -CH3). >C NMR (100 MHz,
CDCl;) 6 109.9, 80.8, 70.9, 68.6, 25.5, 3.5. In HRMS conditions
no signal observed. GC-MS (EI): m/z: 83 [M — CH,OH]".

6-(Hept-1-yn-1-y1)-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-
disilaundecan-6-ol (8b). Colourless oil. '"H NMR (300 MHz,
CDCl;) 6 3.61 (d,J = 9.5 Hz, 2H, -CH,0-), 3.51 (d, ] = 9.5 Hz, 2H,
-CH,0-), 2.80 (s, 1H, -OH), 2.11 (t, ] = 7.1 Hz, 2H, -CH,
(CH,);CH3), 1.52-1.37 (m, 2H, ~CH,CH,(CH,),CH,), 1.29-1.14
(m, 4H, -CH,CH,(CH,),CHj), 0.82 (s, 18H, -SiC(CHs)s), 0.81-
0.77 (m, 3H, -CH,(CH,);CH;), 0.00 (d, J = 1.1 Hz, 12H,
-Si(CH3),). >C NMR (100 MHz, CDCl) 6 85.6, 79.8, 71.1, 65.9,
31.0,28.2, 25.8, 22.2, 18.7, 18.3, 13.9, —5.4. In HRMS conditions
no signal observed. GC-MS (EI): m/z: 357 [M — tBu]".

Deprotection of silyl groups gave 2-(hept-1-yn-1-yl)propane-
1,2,3-triol (3k). Colourless oil. "H NMR (400 MHz, CDCl;)
6 3.70 (s, 4H, -CH,OH), 2.18 (ddt, J = 9.2, 7.1, 3.7 Hz, 2H,
~CH,(CH,);CH3), 1.59-1.44 (m, 2H, -CH,CH,(CH,),CH3), 1.30
(qd,J = 3.6, 3.1, 1.5 Hz, 4H, ~-CH,CH,(CH,),CHj), 0.96-0.81 (m,
3H, -CH,(CH,);CH;). *C NMR (100 MHz, CDCL;) 6 87.9, 78.3,

mal is ©

he Royal Society of Chemistr

7



Open Access Article. Published on 23 May 2017. Downloaded on 25/05/2017 08:32:14.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(c)

Paper

71.5, 67.4, 31.0, 28.2, 22.1, 18.6, 13.9. In HRMS conditions no
signal observed. GC-MS (EI): m/z: 155 [M — CH,OH]".

2,2,3,3,9,9,10,10-Octamethyl-6-(phenylethynyl)-4,8-dioxa-
3,9-disilaundecan-6-ol (8c). Colourless oil. "H NMR (400 MHz,
CDCl;) 6 7.44-7.39 (m, 2H, ~C¢Hs), 7.30-7.26 (m, 3H, m, ~C¢Hs),
3.80 (d,J = 9.5 Hz, 2H, -CH,0-), 3.72 (d, ] = 9.5 Hz, 2H, ~-CH,0-
),3.04 (s, 1H, ~OH), 0.90 (s, 18H, -SiC(CH3);), 0.09 (d, ] = 0.9 Hz,
12H, -Si(CH3),). *C NMR (100 MHz, CDCl;) 6 131.7, 128.1,
122.7, 89.3, 84.8, 71.6, 65.9, 25.8, 18.3, —5.4. HR-MS (ESI-TOF)
m/z: caled for C,3H,,0;Si,Na 443.2399; found [M + Na]
443.2414.

Deprotection of silyl groups gave 2-(phenylethynyl)propane-
1,2,3-triol (31). Colourless oil. "H NMR (300 MHz, CDCl;) 6 7.52—
7.41 (m, 2H, 0-CeHs-), 7.39-7.31 (m, 3H, m,p-CeHs-), 3.92-3.82
(m, 4H, -CH,OH), 3.08 (s, 1H, -OH), 2.18 (dd, J = 8.6, 4.8 Hz,
2H, -CH,OH). **C NMR (100 MHz, CDCl;) 6 131.3, 127.9, 127.9,
122.6, 88.9, 84.5, 71.5, 65.3. In HRMS conditions no signal
observed. GC-MS (EI): m/z: 161 [M — -CH,OH]".

2,2,3,3,9,9,10,10-Octamethyl-6-(prop-1-yn-1-yl)-4,8-dioxa-3,9-
disilaundecan-6-ol (8d). Colourless oil. 'H NMR (400 MHz,
CDCl,) 63.67 (d, ] = 9.5 Hz, 2H, -CH,0-), 3.58 (d, ] = 9.5 Hz, 2H,
-CH,0-), 2.85 (s, 1H, -OH), 1.81 (s, 3H, -CH3), 0.89 (s, 18H,
-SiC(CHs)s), 0.06 (d, J = 1.7 Hz, 12H, Si(CHs),). *C NMR (100
MHz, CDCL;) 6 81.1, 79.2, 71.1, 65.8, 25.8, 18.3, 3.5, —5.3, —5.4.
HR-MS (ESI-TOF) m/z: caled for C15sH,4505Si,Na 381.2247; found
[M + Na]* 381.2257.

General procedure for the preparation of cobalt-complexed
propargyl alcohols 4 and 9

To a solution of alkyne (1 mmol) in CH,Cl, (5 mL), Co,(CO)s (1.1
mmol) was added under argon atmosphere. The solution was
stirred at room temperature until no evolution of CO, was
observed (TLC showed the formation of the complex to be
completed). The solvent was removed in vacuo and the residue
was purified by column chromatography on silica gel eluting
with a mixture of ethyl acetate and petroleum ether (1 : 30-1 : 4)
to yield the Co,(CO)s-alkyne complex.

*C-NMR for compounds 4 and 9 was not possible to record
due to Co induced line broadening. Typically compounds 4 and
9 were not stable under conditions used for HRMS.

Hexacarbonyl[j-n*-(2-methylnon-3-yne-1,2-diol)]dicobalt (4a).
Red powder. 'H NMR (300 MHz, CDCl;) 6 3.70 (d, ] = 4.7 Hz, 2H,
~CH,0-), 2.90-2.73 (m, 2H, ~CH,(CH,);CH3), 2.26 (s, 1H, ~OH),
2.06-1.95 (m, 1H, -OH), 1.73-1.31 (m, 9H, -CH; -CH,CH,
(CH,),CH;, ~(CH,),(CH,),CH;), 0.93 (t, /] = 6.2 Hz, 3H,
—(CH,),CH3). Not stable under HR-MS conditions.

Hexacarbonyl[u-n*-(2,5,5-trimethylhex-3-yne-1,2-diol)|dicobalt
(4b). Red powder. "H NMR (300 MHz, CDCL3) § 3.72 (d, ] = 5.3 Hz,
2H, -CH,0-), 2.25 (s, 1H, ~OH), 2.15-2.02 (m, 1H, ~OH), 1.62 (s,
3H, -CH3), 1.35 (s, 9H, -C(CH3);). Not stable under HR-MS
conditions.

Hexacarbonyl[p-n*-(2-methyl-4-(trimethylsilyl)but-3-yne-1,2-
diol)]dicobalt (4c). Red powder. '"H NMR (300 MHz, CDCl,)
63.66 (d, ] = 5.9 Hz, 2H, -CH,0-), 2.04 (s, 1H, ~OH), 2.04 (t,] =
5.9 Hz, 1H, -OH), 1.57 (s, 3H, -CH3), 0.33 (s, 9H, -Si(CH3);). Not
stable under HR-MS conditions.
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Hexacarbonyl[p-n*-(2-methyl-4-phenylbut-3-yne-1,2-diol)]
dicobalt (4d). Red powder. 'H NMR (400 MHz, CDCl;) 6 7.69-
7.56 (m, ] = 6.8 Hz, 2H, 0-C¢H;-), 7.40-7.29 (m, 3H, p,m-CsHj-),
3.89-3.74 (br, 2H, -CH,0-), 2.58 (s, 1H, ~OH), 2.08-1.99 (br, 1H,
-OH), 1.67 (s, 3H,~CH3;). Not stable under HR-MS conditions.

Hexacarbonyl[p-n *-(4-(2-chlorophenyl)-2-methylbut-3-yne-
1,2-diol)]dicobalt (4e). Red powder. "H NMR (300 MHz, CDCl,)
6 8.01-7.94 (m, 1H, C¢H,Cl-), 7.45-7.37 (m, 1H), 7.32-7.26 (m,
2H, C¢H,Cl-, overlapping with CHCI; signal), 3.82 (d, / = 5.8 Hz,
2H, -CH,0-), 2.87 (s, 1H, -OH), 2.05 (t, J = 5.8 Hz, 1H, -OH),
1.67 (s, 3H, -CH3;). Not stable under HR-MS conditions.

Hexacarbonyl[ -1 *-(4-(4-methoxyphenyl)-2-methylbut-3-yne-
1,2-diol)]dicobalt (4f). Red powder."H NMR (300 MHz, CDCl,)
67.61 (s, 2H, m-MeO-CgH,-), 6.90 (s, 2H, 0-MeO-CgH,-), 4.14 (s,
1H, -CH,OH), 3.85 (s, 4H, CH;0-C¢H,- (3H), and overlapping
~CH,OH (1H)), 2.59 (s, 1H, -OH), 2.18 (s, 1H, -OH), 1.69 (s, 3H,
—-CHj;). Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(5-(benzyloxy)-2-methylpent-3-yne-1,2-
diol)]dicobalt (4g). Red powder.'H NMR (300 MHz, CDCl;)
6 7.37 (m, 5H, C¢Hs-), 4.76 (d, J = 8.4 Hz, 4H, -CH,0-CH,-),
3.65 (d,J = 5.2 Hz, 1H, -CH,OH), 3.53 (s, 1H, -CH,OH), 3.10 (s,
1H, -OH), 2.19 (s, 1H, -OH), 1.53 (s, 3H, ~CH,). HR-MS (ESI-
TOF) m/z: caled for C;9H;604C0,504.9382; found 504.9380.

Hexacarbonyl[p-n*-(2-methyl-pent-3-yne-1,2-diol)]dicobalt
(4h). Red powder. 'H NMR (300 MHz, CDCL;) 6 3.72 (s, 2H,
-CH,OH), 2.72 (s, 3H, -CH3), 2.31 (s, 1H, -OH), 2.06 (s, 3H,
—-CHj;). Not stable under HR-MS conditions.

Hexacarbonyl[j-1*-(2,4-diphenylbut-3-yne-1,2-diol)]dicobalt
(4i). 'TH NMR (300 MHz, CDCI;) 6 7.59 (d,J = 7.5 Hz, 2H, 0-CgH,-),
7.41 (t,] = 7.5 Hz, 2H, m-CgH,-), 7.33 (d, ] = 7.5 Hz, 1H, p-CeH,-),
4.36 (dd,J = 10.0, 4.5 Hz, 1H, -CH,OH), 3.95 (t, ] = 10.0 Hz, 1H,
~CH,OH), 3.10 (s, 1H, ~OH), 2.75 (m, 2H, ~CH,(CH,);CHj), 2.19
(s, 1H, ~OH), 1.69-1.58 (m, 2H, ~CH,CH,(CH,),CHj), 1.52-1.30
(m, 4H, -CH,CH,(CH,),CH,), 0.95 (t, /] = 6.9 Hz, 3H, -CH,
(CH,);CHj3). Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(6-(hept-1-yn-1-y1)-2,2,3,3,9,9,10,10-
octamethyl-4,8-dioxa-3,9-disilaundecan-6-ol)]dicobalt (4j). 'H
NMR (300 MHz, CDCl3) 6 7.56 (d, ] = 7.2 Hz, 4H, 0-CeH,-), 7.42~
7.29 (m, 6H, m,p-CeH,-), 4.60-4.43 (m, 1H, -CH,OH), 4.25-4.03
(m, 1H, -CH,OH), 3.39 (s, 1H, -OH), 1.84 (s, 1H, -OH). Not
stable under HR-MS conditions.

Hexacarbonyl[p-n*-(non-3-yne-1,2-diol)]dicobalt (4k). Red
powder. 'H NMR (300 MHz, CDCI;) 6 4.39 (s, 1H, ~-CH(OH)-),
3.62 (s, 2H, ~CH,OH), 2.21-2.09 (m, 2H, ~CH,,(CH,);CH3), 1.44
(t, ] = 7.2 Hz, 2H, -CH,CH,(CH,),CH;), 1.35-1.13 (m, 4H,
~CH,CH,(CH,),CHj), 0.89-0.77 (m, 3H, ~CH,(CH,);CH3). Not
stable under HR-MS conditions.

Hexacarbonyl[p-n*-(2-(hept-1-yn-1-yl)propane-1,2,3-triol)]
dicobalt (41). 'H NMR (300 MHz, CDCl,) 6 3.62 (s, 4H, ~CH,OH),
2.11 (t,] = 7.2 Hz, 2H, -CH,(CH,);CHj), 1.99 (s, 1H, ~OH), 1.51—
1.35 (m, 2H, -CH,CH,(CH,),CH;), 1.29-1.19 (m, 4H, -CH,-
CH,(CH,),CH3), 0.88-0.72 (m, 3H, ~CH,(CH,);CH3). Not stable
under HR-MS conditions.

Hexacarbonyl[ji-n *-(2-(phenylethynyl)propane-1,2,3-triol)]
dicobalt (4m). 'H NMR (300 MHz, CDCl,) 6 7.46 (dd, J = 7.4,
2.2 Hz, 2H, 0-CeH,-), 7.37-7.32 (m, 3H, m,p-CeH,-), 3.87 (dd, ] =
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6.3, 3.5 Hz, 4H, -CH,O0H), 3.08 (s, 1H, -OH), 1.57 (s, 1H, -OH).
Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(6-(hept-1-yn-1-yl)-2,2,3,3,9,9,10,10-
octamethyl-4,8-dioxa-3,9-disilaundecan-6-ol)]dicobalt (9a). Red
powder. *H NMR (300 MHz, CDCl;) 6 3.63 (dd, J = 24.5, 9.5 Hz,
4H, ~CH,OTBS), 2.80 (s, 1H, ~OH), 2.75-2.65 (m, 2H, ~CH,-),
1.66-1.37 (m, 6H, (~-CH,-)3), 1.31 (d, J = 3.0 Hz, 3H, -CH}), 0.83
(s, 18H, -SiC(CH,)3), 0.00 (d, J = 3.1 Hz, 12H, -Si(CH,),). Not
stable under HR-MS conditions.

Hexacarbonyl[pu-n*-(2,2,3,3,9,9,10,10-octamethyl-6-(phenyl
ethynyl)-4,8-dioxa-3,9-disilaund 6-ol)]dicobalt (9b). Red
powder. "H NMR (300 MHz, CDCl,) 6 7.62 (dd, J = 7.7, 1.7 Hz,
2H, 0-C¢H;-), 7.30-7.23 (m, 3H, p,m-CsHs-), 3.89 (d, ] = 9.6 Hz,
2H, -CH,OTBS), 3.76 (d,J = 9.6 Hz, 2H, -CH,OTBS), 3.20 (s, 1H,
~OH), 0.85 (s, 18H, -SiC(CH,),), 0.02 (d, J = 9.8 Hz, 12H,
-Si(CHj3),). Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(2,2,3,3,9,9,10,10-octamethyl-6-(prop-1-
yn-1-yl)-4,8-dioxa-3,9-disilaundecan-6-ol)]dicobalt  (9c). Red
powder. *H NMR (300 MHz, CDCl;) 6 3.70 (dd, J = 21.3, 9.5 Hz,
4H, -CH,OTBS), 2.85 (s, 1H, ~OH), 2.65 (s, 3H, ~CH,), 0.91 (s,
18H, -SiC(CH,);), 0.08 (d,J = 2.8 Hz, 12H, -Si(CH3),). Not stable
under HR-MS conditions.

Method A for the Ritter reaction

A solution of the cobalt complex of diol 4 (2.2 mmol) in CH;CN
(54 eq., 118.8 mmol, 6.2 mL) was cooled to 0-3 °C (ice/water
bath) and AcOH (8 eq., 17.6 mmol, 1.0 mL) was added fol-
lowed by dropwise addition of H,SO, (9 eq., 19.9 mmol, 1.0 mL).
The reaction mixture was allowed to stir at this temperature
until complete conversion of the starting material was observed
(TLC control, usually 8 min). The reaction mixture was diluted
with Et,O (30 mL) and poured into water (15 mL). The organic
phase was separated and the aqueous phase was extracted with
Et,0 (30 mL). The combined organic phase was washed with aq.
NaHCO;, dried over Na,SO,, filtered and evaporated. The crude
residue was purified by chromatography on silica gel eluting
with a mixture of ethyl acetate and petroleum ether (1 :20-
1:10) to afford oxazoline cobalt complex.

Method B for the Ritter reaction

A solution of the cobalt complex 4 or 9 (0.3 mmol) in MeCN (3
mL) was cooled to 0-3 °C (ice/water bath) and BF; Et,O (0.38
mL, 10 eq., 2.96 mmol) was added dropwise. The reaction
mixture was allowed to stir at this temperature until complete
conversion of the starting material (TLC control, usually 5-10
min). The reaction mixture was diluted with DCM (15 mL) and
aq. NaHCO; (7 mL) was added. The organic phase was sepa-
rated and washed with brine (1 x 7 mL), dried over Na,SO,,
filtered and evaporated. The crude residue was purified by
chromatography on silica gel eluting with a mixture of ethyl
acetate and petroleum ether (1:20-1:3) to afford oxazoline
cobalt complex.

3C-NMR for compounds 5 was not possible to record due to
Co induced line broadening. Typically compounds 5 were not
stable under conditions used for HRMS.
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Hexacarbonyl[p-n*-(4-(hept-1-yn-1-yl)-2,4-dimethyloxazoline)]
dicobalt (5a). Viscous colorless oil. "H NMR (400 MHz, CDCl;)
64.28 (d,J = 8.4 Hz, 1H, -CH,0-), 4.12 (d, ] = 8.4 Hz, 2H, CDCl,),
2.89-2.76 (m, 2H, -CH,(CH,);CHj), 1.97 (s, 3H, -CH;), 1.74-1.58
(m, 5H, ~CH;, ~CH,CH,(CH,),CH3), 1.43 (qd, J = 15.2, 7.4 Hz,
4H, ~(CH,),(CH,),CHj), 0.93 (t, ] = 7.1 Hz, 3H, ~(CH,),CHj). Not
stable under HR-MS conditions.

Hexacarbonyl[p-n*-(4-(3,3-dimethylbut-1-yn-1-yl)-2,4-dimethyl
oxazoline)]dicobalt (5b). Viscous colorless oil with tendency to
crystalize. "H NMR (300 MHz, CDCl;) 6 4.28 (d, ] = 8.4 Hz, 1H,
-CH,0-), 4.14 (d, J = 8.4 Hz, 1H, -CH,0-), 1.97 (s, 3H, -CHj),
1.68 (s, 3H, ~CHj), 1.35 (s, 9H, ~C(CHj);). Not stable under HR-
MS conditions.

Hexacarbonyl[j-n*-(2,4-dimethyl-4-((trimethylsilyl)ethynyl)
oxazoline)]dicobalt (5c). Viscous colorless oil. "H NMR (300
MHz, CDCl;) 6 4.21 (d, J = 8.4 Hz, 1H, -CH,0-), 4.15 (d, J =
8.4 Hz, 1H, -CH,0-), 1.98 (s, 3H, -CH3), 1.65 (s, 3H, -CHj), 0.32
(s, 9H, -Si(CH3);). Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(2,4-dimethyl-4-(phenylethynyl)oxazoline)]
dicobalt (5d). Viscous colorless oil. 'H NMR (400 MHz, CDCls)
67.74-7.68 (m, Hz, 2H, -C¢Hs), 7.41-7.27 (m, 3H, ~C4Hs), 4.40 (d,
J = 8.4 Hz, 1H, -CH,0-), 4.21 (d,] = 8.4 Hz, 1H, -CH,0-), 2.02 (s,
3H, -CHj), 1.70 (s, 3H, -CH;). Not stable under HR-MS
conditions.

Hexacarbonyl[p-n*-(4-((2-chlorophenyl)ethynyl)-2,4-dimethyl
oxazoline)]dicobalt (5e). Viscous colorless oil. "H NMR (400
MHz, CDCl,) 6 8.31-8.09 (br, 1H, -C4H,CI), 7.53-7.28 (br, 3H,
-CgH,4Cl overlapping with CDCl;), 4.50 (d, J = 8.2 Hz, 1H,
-CH,0-), 4.28 (d, J = 8.2 Hz, 1H, -CH,0-), 2.02 (s, 3H, -CH,),
1.68 (s, 3H, -CHj;). Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-(4-((4-methoxyphenyl)ethynyl)-2,4-dimethyl-
oxazoline)]dicobalt (5f). Red oil. "H NMR (300 MHz, CDCls) § 7.69
(2H, -CeH,), 6.92 (2H, CeH,-), 4.42 (1H, -CH,0-), 4.24 (1H,
~CH,0-), 3.85 (3H, -OCH3), 2.03 (3H, -CH3), 1.71 (3H, -CH). Not
stable under HR-MS conditions.

Hexacarbonyl[p-n*-(4-(3-(benzyloxy)prop-1-yn-1-yl)-2,4-
dimethyl-oxazoline)]dicobalt (5g). Red oil. '"H NMR (300 MHz,
CDCly) ¢ 7.45-7.29 (m, 5H, CeHs-), 4.70 (t, J = 14.3 Hz, 4H,
-CH,0-CH,-), 4.31 (d, J = 8.5 Hz, 1H, -CH,0-), 4.13 (d, J =
8.5 Hz, 1H, -CH,0-), 1.96 (s, 3H, ~CH3), 1.63 (s, 3H, ~CH3). Not
stable under HR-MS conditions.

Hexacarbonyl[p-n*-(2,4-dimethyl-4-(prop-1-yn-1-yl)-oxazoline)]
dicobalt 5h. Red oil. '"H NMR (300 MHz, CDCl;) 6 4.28 (1H,
-CH,0-), 4.15 (1H, -CH,0-), 2.72 (s, 3H, -CH3), 1.9 (s, 3H,
-CH3,), 1.65 (s, 3H, -CH,). Not stable under HR-MS conditions.

Hexacarbonyl[p-1 *-(4-(hept-1-yn-1-yl)-2-methyl-oxazoline)]
dicobalt (5k). Red oil. 'H NMR (300 MHz, CDCl;) 6 5.32 (dd, ] =
8.7, 6.4 Hz, 1H, ~CHN-), 4.58-4.45 (m, 1H, ~-CH,0-), 4.18 (dd, J
= 8.5, 5.6 Hz, 1H, -CH,0-), 2.92-2.83 (m, 2H, ~CH,-), 2.01 (d,
= 1.0 Hz, 3H, -CH3), 1.68 (dd, ] = 15.6, 8.0 Hz, 2H, ~-CH,-), 1.55-
1.33 (m, 4H, -CH,~CH,-), 0.93 (dd, J = 13.7, 6.5 Hz, 3H, -CHj).
Not stable under HR-MS conditions.

Hexacarbonyl[p-n*-((4-(hept-1-yn-1-yl)-2-methyl-4,5-dihydro
oxazol-4-yl)methanol)]dicobalt (51). Red oil. "H NMR (300 MHz,
CDCl;) 6 4.46 (d,] = 8.4 Hz, 1H, -CH,0-), 4.15 (d, ] = 8.4 Hz, 1H,
-CH,0-), 3.84 (dd, J = 10.8, 4.4 Hz, 1H, -CH,OH), 3.54 (dd, J =
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20.4, 10.8 Hz, 1H, -CH,0H), 3.09 (dd, J = 8.9, 4.4 Hz, 1H, -OH),
2.81-2.68 (m, 2H, ~CH,(CH,),;CH,), 1.93 (s, 3H, -CH,), 1.66-
1.49 (m, 2H, ~CH,CH,(CH,),CH;), 1.43-1.25 (m, 4H, ~(CH,),
(CH,),CHg), 0.85 (t, ] = 7.1 Hz, 3H, -CH3,). Not stable under HR-
MS conditions.

Hexacarbonyl[p-n *-((2-methyl-4-(phenylethynyl)-4,5-dihydro
oxazol-4-yl)methanol)]dicobalt (5m). Red oil. 'H NMR (300
MHz, CDCl;) 6 7.45 (d, J = 6.5 Hz, 2H, 0-C¢Hs-), 7.13 (d, J =
7.4 Hz, 3H, m,p-CeHs), 4.42 (d, ] = 8.4 Hz, 1H, -CH,0-), 4.12 (d, ]
= 8.4 Hz, 1H, -CH,0-), 3.82-3.69 (m, 1H, ~-CH,OH), 3.42 (t,] =
10.4 Hz, 1H, -CH,OH), 2.36 (d, ] = 6.1 Hz, 1H, -OH), 1.84 (s, 3H,
-CH3). Not stable under HR-MS conditions.

Hexacarbonyl[p-n *-((2-methyl-4-(prop-1-yn-1-yl)-4,5-dihydro
oxazol-4-yl)methanol)]dicobalt (5n). Red oil. "H NMR (300 MHz,
CDCl;) 6 4.50 (d, ] = 8.2 Hz, 1H, -CH,0-), 4.24 (d, ] = 8.2 Hz, 1H,
~CH,0-), 4.00-3.84 (m, 2H, ~-CH,O0H), 3.76-3.60 (m, 1H, -OH),
2.72 (s, 3H, -CH3), 2.06 (s, 3H, -CH;). Not stable under HR-MS
conditions.

General procedure for the cl
method C

of cobalt plexes 5,

5!

DDQ (3 eq., 1.23 mmol) was added in portions to a solution of
cobalt complexed oxazoline 5 (1 eq., 0.41 mmol) in CH,Cl, (4
mL) at 0 °C (ice/water bath). The reaction mixture was stirred
until complete conversion of the starting material (TLC control,
30 min - 2 h). The reaction mixture was diluted with CH,Cl, (30
mL) and aq. NaHCOj; (10 mL) was added. The organic phase was
separated and washed with H,O (1 x 10 mL). Organic phase was
dried over Na,SOy, filtered and evaporated. The crude residue
was purified by chromatography on silica gel eluting with
a mixture of ethyl acetate and petroleum ether 1:4-1:1 to
afford oxazoline 6.

General procedure for the cl ge of cobalt ¢

method D

pl 5,

N-Methylmorpholine N-oxide (NMO) (10 eq., 4.1 mmol) was
added in portions to a solution of cobalt complexed oxazoline 5
(1 eq., 0.41 mmol) in CH,CI, (4 mL) at 0 °C (ice/water bath). The
reaction mixture was stirred until complete conversion of the
starting material (TLC control, usually 30 min). The reaction
was quenched with aq. NaHCO; (10 mL) and extracted with
ethyl acetate (2 x 8 mL). The organic phase was washed with
brine (1 x 10 mL), dried over Na,SO,, filtered and evaporated.
The crude residue was purified by chromatography on silica gel
eluting with a mixture of ethyl acetate and petroleum ether
(1:4-1:1) to afford oxazoline 6.

4-(Hept-1-yn-1-yl)-2,4-dimethyloxazoline (6a). Colorless oil.
'H NMR (400 MHz, CDCl,) 6 4.28 (d, J = 8.1 Hz, 1H, -CH,0-),
4.02 (d, J = 8.1 Hz, 1H, -CH,0-), 2.17 (t, ] = 7.1 Hz, 2H,
-CH,(CH,);CH3), 1.98 (s, 3H, -CH;), 1.54-1.44 (m, 5H, -CHj,
-CH,CH,(CH,),CH;), 1.37-1.24 (m, 4H, -(CH,),(CH,),CH;),
0.89 (t, ] = 7.1 Hz, 3H, —(CH,),CH;). **C NMR (100 MHz, CDCl,)
5 165.0, 84.2, 82.8, 79.6, 64.4, 31.2, 29.3, 28.5, 22.3, 18.8, 14.2,
14.1. HR-MS (ESI-TOF) m/z: caled for C;,H,,NO 194.1545; found
[M + H]" 194.1548.
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4-(3,3-Dimethylbut-1-yn-1-yl)-2,4-dimethyloxazoline (6b).
Colorless oil. "H NMR (400 MHz, CDCl3) 6 4.23 (d, J = 8.0 Hz,
1H, -CH,0-), 4.02 (d, J = 8.0 Hz, 1H, -CH,0-), 1.97 (s, 3H,
~CH3), 1.45 (s, 3H, -CH3), 1.18 (s, 9H, -C(CH);). "*C NMR (100
MHz, CDCl;) 6 164.7, 92.1, 81.2, 79.8, 64.3, 31.2, 29.6, 27.4, 14.2.
HR-MS (ESI-TOF) m/z: caled for C,;H;sNO 180.1388; found
180.1389 [M + HJ'.
2,4-Dimethyl-4-((trimethylsilyl)ethynyl)oxazoline (6¢). Color-
less oil. "H NMR (400 MHz, CDCl;) é 4.32 (d, J = 8.2 Hz, 1H,
~CH,0-), 4.03 (d, J = 8.2 Hz, 1H, ~-CH,0-), 1.98 (s, 3H, -CHj),
1.49 (s, 3H, -CH,), 0.14 (s, 9H, -Si(CH,);). **C NMR (100 MHz,
CDCl;) 6 164.4, 107.1, 86.6, 78.4, 63.8, 28.1, 13.2, —0.9. HR-MS
(ESI-TOF) m/z: caled for C;,H,gNOSi 196.1158; found 196.1156
[M+H]".
2,4-Dimethyl-4-(phenylethynyl)oxazoline (6d). Colorless oil.
'H NMR (400 MHz, CDCl;) 6 7.42-7.36 (m, 2H, ~C¢Hs), 7.28-
7.22 (m, 3H, -C4H;), 4.41 (d, ] = 8.2 Hz, 1H, -CH,0-), 4.09 (d, J
= 8.2 Hz, 1H, -CH,0-), 1.99 (s, 3H, -CH3), 1.58 (s, 3H, -CHs).
13C NMR (100 MHz, CDCl;) 6 165.5, 131.8, 128.4, 128.3, 122.9,
91.7, 83.5,79.5, 64.9, 29.1, 14.2. HR-MS (ESI-TOF) m/z: caled for
C,3H,NO 200.1075; found 200.1075 [M + H]".
4-((2-Chlorophenyl)ethynyl)-2,4-dimethyloxazoline (6e).
Colorless oil. 'H NMR (400 MHz, CDCl;) 6 7.45 (dd, J = 7.4,
1.9 Hz, 1H, -C¢H,Cl), 7.37 (dd, J = 7.9, 1.3 Hz, 1H, -C¢H,Cl),
7.22 (td, J = 7.7, 1.9 Hz, 1H, -CH,Cl), 7.17 (td, ] = 7.5, 1.4 Hz,
1H, -CeH,Cl), 4.49 (d, J = 8.2 Hz, 1H, -CH,0-), 4.14 (d, ] =
8.2 Hz, 1H, -CH,0-), 2.02 (s, 3H, -CHj,), 1.63 (s, 3H, -CH,). **C
NMR (100 MHz, CDCl;) 6 165.7, 136.2, 133.4, 129.4, 129.3, 126.4,
122.8, 96.9, 80.4, 79.4, 65.0, 28.9, 14.2. HR-MS (ESI-TOF) m/z:
caled for C;3H;3NOCI 234.0686; found 234.0684 [M + H]*.
4-((4-Methoxyphenyl)ethynyl)-2,4-dimethyl-oxazoline  (6f).
Colorless oil. "H NMR (400 MHz, CDCl;) 6 7.33 (d, J = 8.9 Hz,
2H, -C¢H,0Me), 6.79 (d, ] = 8.9 Hz, 2H, -CsH,0Me), 4.41 (d, ] =
8.1 Hz, 1H, -CH,0-), 4.09 (d, ] = 8.1 Hz, 1H, ~-CH,0-), 3.78 (s,
3H, -OCH3), 2.00 (s, 3H, -CH,), 1.58 (s, 3H, -CH,). *C NMR (100
MHz, CDCly) 6 165.2, 159.5, 133.1, 133.1, 114.8, 113.7, 90.1,
83.2, 79.4, 64.7, 55.2, 28.9, 14.1. HR-MS (ESI-TOF) m/z: calcd for
C14H15NO; 229.1181; found 230.1178 [M + H]".
4-(3-(Benzyloxy)prop-1-yn-1-yl)-2,4-dimethyloxazoline  (6g).
Brownish oil. "H NMR (300 MHz, CDCl;) ¢ 7.30-7.21 (m, 5H,
CeH;-), 4.51 (s, 2H, -OCH,Ph), 4.28 (d, ] = 8.2 Hz, 1H, -CH,0-),
4.13 (s, 2H, -CH,0Bn), 3.98 (d, J = 8.2 Hz, 1H, -CH,0-), 1.93 (s,
3H, -CHj,), 1.46 (s, 3H, -CH;). >C NMR (100 MHz, CDCl,)
6165.5,137.4,128.4, 128, 127.8, 88.9, 79.3, 79.1, 71.6, 64.2, 57.5,
28.8, 13.9. HR-MS (ESI-TOF) m/z: caled for C,5H,,NO, 243.1338;
found 244.1335 [M + H]".
2,4-Dimethyl-4-(prop-1-yn-1-yl)-oxazoline (6h). Colorless oil.
'H NMR (400 MHz, CDCl;) 6 4.26 (d, J = 8.1 Hz, 1H, -CH,0-),
3.98 (d,J = 8.1 Hz, 1H, -CH,0-), 1.95 (s, 3H, -CH3), 1.79 (s, 3H,
~CH3), 1.44 (s, 3H, -CH3). *C NMR (100 MHz, CDCl;) & 164.9,
81.8, 79.4, 79.3, 64.2, 29.0, 13.9, 3.6. HR-MS (ESI-TOF) m/z: caled
for CgH,;NO 137.0918; found 138.0919 [M + H]".
4-(Hept-1-yn-1-yl)-2-methyl-oxazoline (6k). Colorless oil. "H
NMR (300 MHz, CDCl3) 6 4.68 (d, J = 8.0 Hz, 1H, =NCH-), 4.33
(dd, J = 10.0, 8.0 Hz, 1H, -CH,0-), 4.11-3.99 (m, 1H, ~-CH,0-),
2.12 (td, J = 7.1, 2.0 Hz, 2H, -CH,-), 1.93 (s, 3H, -CH3), 1.49-
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1.37 (m, 2H, -CH,-), 1.30-1.22 (m, 4H, -CH,CH,-), 0.82 (t, ] =
7.1 Hz, 3H, -CH,). *C NMR (100 MHz, CDCl;) 6 171.1, 84.9,
67.9, 60.4, 53.4, 31.0, 28.2, 22.1, 18.7, 14.2, 13.9. HR-MS (ESI-
TOF) m/z: caled for C;,H,,NO 179.1388; found 180.1384 [M +
H]".
(4-(Hept-1-yn-1-yl)-2-methyl-4,5-dihydrooxazol-4-yl) methanol
(61). Colorless oil. "H NMR (300 MHz, CDCl;) 6 4.30 (d, J =
8.2 Hz, 1H, -CH,0H), 4.19 (d, ] = 8.2 Hz, 1H, -CH,0H), 3.66 (d, ]
= 11.3 Hz, 1H, -CH,0-), 3.46 (d, J = 11.3 Hz, 1H, -CH,0-), 2.13
(t,J = 7.2 Hz, 2H, -CH,-), 1.95 (s, 3H, -CH3), 1.43 (t,] = 7.2 Hz,
2H, -CH,-), 1.33-1.16 (m, 4H, -CH,CH,-), 0.82 (t, / = 6.9 Hz,
3H, -CH,). "*C NMR (100 MHz, CDCl;) 6 167.4, 86.5, 79.2, 75.2,
69.4, 67.4, 31.0, 28.2, 22.1, 18.7, 14.0, 13.9. HR-MS (ESI-TOF) m/
z: caled for C1,H19NO, 209.1494; found [M + H]* 210.1492.
(2-Methyl-4-(phenylethynyl)-4,5-dihydrooxazol-4-yl)methanol
(6m). Colorless oil. "H NMR (400 MHz, CDCl;) 6 7.45-7.37 (m,
2H, -C¢Hs), 7.32-7.24 (m, 3H, -C¢Hs), 4.46 (d, J = 8.3 Hz, 1H,
~CH,OH), 4.40 (d, ] = 8.3 Hz, 1H, -CH,OH), 3.87 (d,] = 11.3 Hz,
1H, -CH,0-), 3.64 (d, J = 11.3 Hz, 1H, -CH,0-), 2.04 (s, 3H,
—CHj,). '*C NMR (100 MHz, CDCl,) 6 167.9, 131.8, 128.5, 128.2,
122.2, 88.1, 85.5, 75.0, 69.8, 67.1, 14.0. HR-MS (ESI-TOF) m/z:
caled for C13H;3NO, 215.1022; found [M + H|" 216.1025.
(2-Methyl-4-(prop-1-yn-1-yl)-4,5-dihydrooxazol-4-yl)methanol
(6n). Colorless oil. "H NMR (300 MHz, CDCl;) 6 4.28 (d, ] =
8.2 Hz, 1H, -CH,OH), 4.20 (d, J = 8.2 Hz, 1H, -CH,O0H), 3.66 (d, J
= 11.3 Hz, 1H, -CH,0-), 3.47 (d, ] = 11.3 Hz, 1H, -CH,0-), 1.95
(s, 3H, -CH3), 1.78 (s, 3H, -CH;). >C NMR (100 MHz, CDCl,)
6 170.2, 81.2, 76.3, 67.3, 66.8, 56.9, 14.2, 3.7. HR-MS (ESI-TOF)
miz: caled for CgH,,NO, 153.0864; found [M + H]" 154.0868.

General procedure for the synthesis of alkynyl glycinols 1

Aqueous 6 M HCI (1 mL) was added dropwise to a solution of
oxazoline 6 (0.15 mmol) in MeOH (1.5 mL) at room tempera-
ture. The reaction mixture was stirred at room temperature for
2 h and the solvent was evaporated. Toluene (1 mL) was added
to the mixture and evaporated. This procedure was repeated one
more time. The residue was suspended in EtOAc and filtered to
give amino alcohol hydrochloride salt 1.
1-Hydroxy-2-methyl-4-phenylt 2-amini chloride
(1¢). Amorphous compound. '"H NMR (400 MHz, methanol-d4)
6 7.50-7.43 (m, 2H, C¢H;-), 7.43-7.26 (m, 3H, C4Hs-), 3.83 (d, J
= 11.5 Hz, 1H, -CH,0H), 3.70 (d, J = 11.5 Hz, 1H, -CH,OH),
1.64 (s, 3H, -CH;). '*C NMR (100 MHz, CD;0D) § 131.4, 129.1,
128.2, 121.1, 86.4, 84.7, 66.3, 52.7, 21.5. HR-MS (ESI-TOF) m/z:
caled for Cy,H,3NO 175.23; found 159.0810 [M — OH]".
5-(Benzyloxy)-1-hydroxy-2-methylpent-3-yn-2-aminium chlo-
ride (1g). Amorphous compound. 'H NMR (300 MHz, CD;0D)
6 7.35-7.15 (m, 5H, CgHs-), 4.49 (s, 2H, -OCH,Ph), 4.16 (s, 2H,
-CH,OBn), 3.66 (d, J = 11.4 Hz, 1H, -CH,0H), 3.54 (d, J =
11.4 Hz, 1H, -CH,OH), 1.48 (s, 3H, -CH;). **C NMR (100 MHz,
CD;0D) § 137.3, 128.0, 127.7, 127.6, 83.0, 82.5, 71.5, 66.2, 56.5,
54.4, 21.4. HR-MS (ESI-TOF) m/z: caled for C;3H;sNO, 220.1336;
found 220.1338 [M + H]".
1-Hydroxy-2-methylpent-3-yn-2-aminium  chloride  (1h).
Amorphous compound. 'H NMR (400 MHz, methanol-d,) 6 3.67
(d,J =11.5 Hz, 1H, -CH,OH), 3.55 (d, J = 11.5 Hz, 1H, -CH,0H),
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1.85 (s, 3H, -CH3), 1.49 (s, 3H, -CH3), 1.36 (dt, ] = 7.4, 3.9 Hz,
1H, -OH). *C NMR (101 MHz, CD,0D)  83.4, 75.3, 66.4, 52.2,
21.6, 1.6. HR-MS (ESI-TOF) m/z: calcd for C;,H;,NO 114.0919;
found 114.0922 [M + HJ".

1-Hydroxy-2-(hydroxymethyl)non-3-yn-2-aminium  chloride
(11). Amorphous compound. "H NMR (400 MHz, CD;0D) 4 3.74
(d,J =11.3 Hz, 2H, ~-CH,O0H), 3.67 (d, = 11.3 Hz, 2H, -CH,OH),
2.24 (t, J = 7.1 Hz, 2H, -CH,(CH,),CH,), 1.61-1.46 (m, 2H,
~CH,CH,(CH,),CHj), 1.44-1.27 (m, 4H, ~CH,CH,(CH,),CHj),
0.89 (t, J = 7.1 Hz, 3H, -CH,(CH,);CH;). ">*C NMR (101 MHz,
CD;0D) 6 88.9, 74.1, 62.9, 56.9, 30.6, 27.6, 21.8, 17.8, 12.8. HR-
MS (ESI-TOF) mj/z: caled for C,oH,oNO, 186.1494; found.
186.1494 [M + HJ".

1-Hydroxy-2-(hydroxymethyl)-4-phenylbut-3-yn-2-aminium
chloride (1m). Amorphous compound. '"H NMR (400 MHz,
CD,0D) 6 7.53-7.43 (m, 2H, 0-C¢Hs-), 7.43-7.33 (m, 3H, p,m-
CeHs-), 3.87 (d, ] = 11.4 Hz, 2H, -CH,OH), 3.83 (d, ] = 11.4 Hz,
2H, -CH,OH). *C NMR (101 MHz, CD;0D) 6 131.5,129.1, 128.2,
121.1, 87.5, 82.8, 62.7, 57.4. HR-MS (ESI-TOF) m/z: calcd for
C1:H,4NO, 192.10; found 175.0759 [M — OH]".

Conclusions

In summary, we have developed a novel approach to C-quater-
nary alkynyl glycinols. This is based on the Ritter reaction of
acetonitrile with cobalt complexed alkynyl glycols to give oxa-
zolines. The substrates can be easy assembled to introduce the
structural diversity at both variable positions. The Ritter reac-
tion is compatible with a range of substituents at the alkyne
terminal position providing oxazolines in moderate to good
yields. Hydroxymethyl substituent at the reaction center in both
unprotected or O-TBS protected form was well tolerated. The
Ritter reaction proceeds also with bis-O-TBS protected alkynyl
glycerols with concomitant cleavage of the TBS groups.
However, the phenyl group at the reaction center of glycols was
detrimental inducing low or no yield of the product formation.
Cobalt alkyne complexes in the oxazolines produced by the
Ritter reaction can be cleaved in oxidative conditions using
DDQ, or NMO as reagents. Hydrolysis of oxazoline ring in mild
acidic conditions efficiently provides amino alcohols. We
believe that method presented in this paper will find an appli-
cation for the synthesis of complex amino alcohol derivatives. A
version based on catalytic amount of cobalt additive or
a protocol for efficient cobalt recovery needs to be developed in
the future. This would enable the use of the method for
economic and eco-friendly manufacturing processes.
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ABSTRACT

O-acetylserine sulfhydrylase (OASS) is the pyridoxal 5'-phosphate dependent enzyme that catalyses the
formation of L-cysteine in bacteria and plants. Its inactivation is pursued as a strategy for the identification
of novel antibiotics that, targeting dispensable proteins, holds a great promise for circumventing resist-
ance development. In the present study, we have investigated the reactivity of Salmonella enterica serovar
Typhimurium OASS-A and OASS-B isozymes with fluoroalanine derivatives. Monofluoroalanine reacts with
OASS-A and OASS-B forming either a stable or a metastable xz-aminoacrylate Schiff's base, respectively, as
proved by spectral changes. This finding indicates that monofluoroalanine is a substrate analogue, as pre-
viously found for other beta-halogenalanine derivatives. Trifluoroalanine caused different and time-

ARTICLE HISTORY
Received 31 May 2018
Revised 16 July 2018
Accepted 19 July 2018

KEYWORDS
Fluoroalanine; cysteine
biosynthesis; enzyme
inhibition; pyridoxal
5'-phosphate

dependent absorbance and fluorescence spectral changes for the two isozymes and is associated with
irreversible inhibition. The time course of enzyme inactivation was found to be characterised by a biphasic
behaviour. Partially distinct inactivation mechanisms for OASS-A and OASS-B are proposed.

Introduction

Sulfur is a fundamental component of many biomolecules, from
amino acids to cofactors and compounds that control the redox
homoeostasis. Only bacteria and plants can assimilate inorganic
sulfur, either sulfate or thiosulfate, via a biosynthetic pathway
leading to the formation of cysteine (Scheme 1(A))".

The final step is catalysed by O-acetylserine sulfhydrylase
(OASS), a pyridoxal 5'-phosphate (PLP)-dependent enzyme
that carries out a f-replacement reaction (Scheme 1(B)). First,
O-acetylserine forms an external aldimine that undergoes the
p-elimination of an acetoxy moiety leading to the aminoacrylate
Schiff's base that is attacked by sulfide with the formation of the
external aldimine of cysteine which is finally released to regener-
ate the internal aldimine.

OASS is present in bacteria as two isoforms, OASS-A and OASS-
B, also named CysK and CysM after the coding genes. Their distri-
bution, structural, and functional properties have been deeply
investigated®®. The enzyme that catalyses the synthesis of OAS,
i.e. serine acetyltransferase (SAT), is able to form a high-affinity
complex with OASS-A but not with OASS-B. Because SAT binding
to OASS-A involves anchoring of its C-terminus in OASS-A active
site, complex formation leads to the competitive inhibition of
OASS-A activity. Both isoforms are present in bacteria but not in
humans. Bacteria knocked-out for cysK and cysM exhibit a pheno-
type with reduced virulence, compromised fitness, and decreased
antibiotic resistance®'°. For these reasons, OASS has been the tar-
get of multiple medicinal chemistry efforts to identify reversible
inhibitors potentially useful as antibiotics or enhancers of anti-

interaction between OASS-A and the C-terminus of SAT were
developed'®'®. Then, more potent and isoform-specific peptidomi-
metic compounds based on cyclopropane derivatives were gener-
ated, with some of them exhibiting nanomolar K; against OASS-A
from S. Typhimurium'>'®,

The debate between pros and cons of reversible and irrevers-
ible enzyme inhibitors has been developing along the history of
medicinal chemistry with alternative views'®'”. Reversible inhibi-
tors either directed to the active site or allosteric sites are thought
to be more specific, thus less prone to toxicity effects due to
unwanted off-target reactions, which are typical of irreversible
inhibitors that exploit the intrinsic reactivity of protein residues,
such as cysteines or cofactors. However, the concentration of irre-
versible inhibitors needed to inactivate enzymes is usually lower
than the concentration required by reversible inhibitors and this
can potentially lead to an increased therapeutic index. Two classes
of irreversible inhibitors have been developed: mechanism-based
inactivators and affinity labels'®'°,

Monohalogenated, dihalogenenated and trihalogenated (either
chloro-based or fluoro-based) alanines have been exploited as
mechanism-based inhibitors of pyridoxal 5-phosphate (PLP)-
dependent enzymes, including j-cystathionase®?', alanine race-
mase??, tryptophan synthase and tryptophanase?*?*, 8-amino
7-oxonononatote synthase?®, ornithine decarboxylase?®, aspartate
aminotransferase®’, and kynurenine transaminase®®. The reaction
mechanism and the extent of inactivation are different depending
on the number of halogen substituents?**° and enzyme®. A
widely accepted mechanism of inhibition by halogenated alanines

biotic activity'"""2. Initially, pentapeptides that mimic the inhibitory includes the formation of an external aldimine with PLP
CONTACT Barbara C: ini ? barbara.c ipr.it @ Food and Drug Department, University of Parma, Parco Area delle Scienze 23/A, Parma, Italy.
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Scheme 2. Possible inactivation path of PLP-depend by BB, p-tri
(transaldimination), followed by alpha-proton abstraction and
elimination of either HF or HCl with the formation of an unsatur-
ated Schiff's base, i.e. z-aminoacrylate-PLP complex (Scheme 2,
path B). Another possible mechanism of inactivation is fluorode-
carboxylation mechanism, leading to an unsaturated Schiff's base
(Scheme 2, path A)**?'. In both types of inhibition, the unsatur-
ated Schiff's base is the key partitioning intermediate and the fol-
lowing steps are strongly dependent on the active site
environment and on the halogenated alanine, usually involving an
attack of the active site lysine on the double bond, followed by
chemical rearrangements that cause the release of further halogen
jons and formation of stable derivatives that inactivate
the enzyme.

In the present study, we investigated the reactivity of mono
and trifluoroalanine derivatives with OASS-A and OASS-B in order
to identify suitable mechanism-based irreversible inhibitors.

Material and methods
Reagents

If not otherwise specified, chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) at the highest available quality.
Ninhydrin was purchased from Apollo Scientific (Stockport, UK).

Protein preparation

Recombinant STOASS-A  and STOASS-B were expressed in
Escherichia coli BL21(DE3) and purified as described previously®2.
Briefly, His-tagged proteins were purified using ion metal affinity
chromatography on immobilised Co?* ions (Talon Technology,
Clontech Laboratories, Inc, Mountain View, CA, USA). His-tag
was removed at 37°C by factor Xa in a 1:200 ratio with protein
in 20mM HEPES, 100mM NaCl, and 4mM CaCl,, pH 7.5.
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Proteins were more than 93% pure accordingly to SDS-PAGE (see
Figure 1SM). Protein concentration was determined by extinction
coefficients of the bound PLP, that are 9040M~"cm™' at 412 nm
for OASS-A and 6800M~'cm™" at 414 nm for OASS-B. OASS-A was
stored in 10 mM HEPES, pH 8.0 and OASS-B in 5mM HEPES, pH 8.0.

Monitoring the reactions by absorbance spectroscopy

Absorbance spectra were recorded with a Cary4000 spectropho-
tometer (Agilent Technologies) on solutions containing 5-10 uM
enzyme, 1 mM fluoroalanine derivative, 100 mM HEPES, pH 7.0, at
room temperature. Spectra were corrected for buffer contribution.
The time course of band disappearance at a fixed wavelength was
fitted to a single exponential decay equation:

A=Ay +Ai7k°“ ! (1)

where A, is absorbance at time t, A, is the absorbance at infinite
time, A; is the total absorbance change and kg is the rate constant.

Monitoring the reactions by fluorescence spectroscopy

Fluorescence emission spectra were recorded with a FluoroMax-3
fluorimeter (HORIBA) on solutions containing 1M enzyme, 1 mM
fluoroalanine, 100 mM HEPES, pH 7.0, at room temperature, upon
excitation at 412nm, with slite, = slit.,, = 6 nm. Spectra were cor-
rected for buffer and compound contribution.

Activity assays

Enzyme activity under steady-state conditions was measured by a
discontinuous method, following the quantification of cysteine
concentration by the method developed by Gaitonde®, adjusted
to 96-well plate format. Briefly, reaction was initiated by addition
of 0.6mM Na,S to a solution containing 6 nM OASS-A/OASS-B,
1mM OAS, 100mM HEPES, pH 7.0, a 10-fold excess of BSA with
respect to enzyme concentration to prevent enzyme adhesion to
well wall and variable concentrations of potential inhibitors.
Aliquots (60 uL) were withdrawn at time intervals and the reaction
was stopped in PCR tubes containing 60 uL of acetic acid. 60 uL of
ninhydrin were added by a multichannel pipette and the mixture
was heated at 100°C for 10min in a thermal cycler. The solutions
were cooled down on the ice and 46 uL were added to the wells
of a 96-well plate containing 154 pL of cold ethanol. The absorb-
ance at 550nm was measured using a plate reader (Halo LED 96,
Dynamica Scientific, Newport Pagnell, UK). Time courses were col-
lected at least in duplicate. The amount of cysteine produced at
each time point was calculated from a calibration curve, and data
were fitted to a linear equation to calculate the initial rate of cyst-
eine production. The fractional velocity was determined as a func-
tion of inhibitor concentration and ICso was calculated using
Equation (2):

Vi 1
Vo )’
T+ (ICSO)
where v, is the initial rate in the absence of inhibitor and v; is the
initial rate in the presence of inhibitor at concentration [/].

)

Inactivation kinetics

OASS (45uM) was incubated with various concentrations of
p.p.p-trifluoroalanine in 400 mM HEPES, pH 7.0, at room tempera-
ture. Enzyme activity at different time points was assayed as
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described above upon a 5000-fold dilution with a solution con-
taining 100 mM HEPES, 90nM BSA, pH 7.0. Inactivation kinetics
were collected at different concentrations of f,f,#-trifluoroalanine,
and kops values were determined by fitting data to the equation
of a single exponential decay:
LAyt 3
Vo
where v, is the initial rate in the absence of inhibitor, v; is the ini-
tial rate in the presence of inhibitor at concentration [/], A is an
off-set, B is the amplitude, and kg is the rate constant.

Enzyme activity was also measured upon 85h of incubation in
the presence of f,,f-trifluoroalanine, removal of ligand by ultrafil-
tration, in the absence and presence of 1uM PLP added to the
activity assay mixture. The fractional activity was calculated with
respect to enzyme incubated under the same conditions in the
absence of f3,f3,f-trifluoroalanine.

Potency of inhibitor was determined as the ratio kj,q./K; that
for OASS-A was determined from Equation (4):

Kinact x [1]

KTl @

Kobs =
where kg is the observed rate constant of inactivation at inhibi-
tor concentration [I], Kinac is inactivation rate constant and K; is
concentration of inhibitor that yields kops=1/ Kinact- Kinact/Ki for
OASS-B was determined using Equation (5):

kobs _ Kinact
- . (5)
1] K

Results and discussion

1,

Monitoring the reaction of 0- and trifluor
with OASS-A and OASS-B by absorbance and fluorescence
spectroscopy

The absorption spectra of OASS-A and OASS-B exhibit a band at
412nm, attributed to the ketoenamine tautomer of the internal
aldimine (Figure 1). When 1mM monofluoroalanine (F-Ala) was
added, the band shifted to 470nm, a band attributed to the
x-aminoacrylate Schiff's base (Figure 1(A))>®*%. This species, that
was stable for at least 21h, is generated from the f-elimination
reaction of HF, similar to the f-elimination reaction observed for
the acetoxy moiety of the natural substrate OAS. When the same
reaction was carried out on OASS-B, a rapid formation of the
z-aminoacrylate was observed, followed by the slow reappearance
of the band at 412nm (Figure 1(B)) and a broad absorbance
between 300 and 350nm, where pyruvate absorbs. This finding
indicates that the x-aminoacrylate Schiff's base of OASS-B decom-
poses to pyruvate and ammonia much faster than the z-aminoa-
crylate Schiff's base of OASS-A. The same behaviour was observed
in the formation of aminoacrylate with O-acetylserine®.

The same reaction was also monitored by fluorescence spec-
troscopy. The emission spectrum of OASS-A, upon excitation at
412nm, was centred at 505 nm®*° and disappeared upon addition
of F-Ala (Figure 2(A)), in agreement with the previous studies indi-
cating that the fluorescence quantum yield of the x-aminoacrylate
is much lower than that of the internal aldimine®. When the reac-
tion with F-Ala was carried out on OASS-B (Figure 2(B)), only a
shift to 550nm of the emission peak was observed, in agreement
with our previous work’. This emission was attributed to an z-ami-
noacrylate located in an active site with a different microenviron-
ment compared to OASS-A isozyme.
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Given the observed spectral changes, it can be concluded that
F-Ala behaves as a substrate analog of OASS, as previously
observed for f-chloroalanine®® and that the intermediate a-amino-
acrylate is oriented within the active site in such a way to dis-
favour the reaction with any active site residue. This finding is not
surprising considering that OASS has evolved to stabilise an
o-aminoacrylate intermediate ready to react with the incoming
nucleophilic sulfide. In addition, it has been reported for alanine
racemase?®?® that the partition ratio between o-aminoacrylate
hydrolysis and Michael addition on the adduct formed from the
F-Ala is 820:1, a further indication of the very poor reactivity of
this species in the enzyme active site.

We then investigated the reactivity of OASS-A and OASS-B with
1mM BB p-trifluoroalanine (triF-Ala), a well-known suicide sub-
strate of PLP-dependent enzymes’®?3-262%30  The absorbance
spectra collected as a function of time exhibited a complex behav-
iour (Figure 3). Immediately upon the addition of the reagent to
OASS-A, two prominent peaks appeared, centred at 440 and
466 nm, and minor bands at 360 and 380 nm, as already observed
for the reaction of triF-Ala with alanine racemase®®, indicative of a
species with extended conjugation. Absorbance intensity was
found to be nearly independent of reagent concentration
between 1 and 10mM (data not shown), suggesting that all

(A) 0.30

Absorbance (0.D.)

300 350 400 450 500 550 600
Wavelength (nm)

enzyme sites have reacted with the reagent forming a metastable
species. The absorbance intensity at 466 nm slowly decreased with
the kops of 0.43h~", with formation of a band centred at 412 nm
(Figure 3(Q)).

The reaction of OASS-B with triF-Ala was accompanied by
much smaller spectral changes in the range 400-500nm
(Figure 3(B)), independent of a ten-fold increase in triF-Ala con-
centration (data not shown). The time course for intermediate
decay at 457nm was similar to OASS-A (kops 0.48h~") and was
accompanied by the increase in the absorbance in the range
300-350 nm, suggesting the production of a keto-acid, possibly
difluoropyruvate.

The reaction of triF-Ala with OASS-A was also monitored by
fluorescence emission of the cofactor (Figure 4(A)). Immediately
upon reaction, the emission band measured upon excitation at
412nm was blue shifted to 495nm with only a small decrease
in emission intensity. This finding confirms that the species
that is formed immediately upon exposure to triF-Ala is not the
o-aminoacrylate Schiff’s base, in agreement with absorbance data.
The emission band slowly decreased as a function of time with a
kinetics that parallels that observed for the disappearance of the
absorption bands at 440 and 466 nm. However, after 6h incuba-
tion, the initial emission spectrum is not recovered, differently
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Figure 1. Spectral changes of OASS in the presence of F-Ala. Panel A: OASS-A in the absence of reagent (black line), 1min (red line), 1h (green line), 5h (yellow line),
and 21h (blue line) after addition of 1mM F-Ala. Panel B: OASS-B in the absence of reagent (black line), 1min (red line), 1h (green line), 3h (yellow line), and 7h

(blue line) after addition of 1 mM F-Ala.
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Figure 2. Fluorescence emission spectra of OASS upon excitation at 412nm in the absence and presence of F-Ala. Panel A: OASS-A in the absence of reagent (black
line), 1 min (red line), and 4 h (green line) after addition of 1 mM F-Ala. Panel B: OASS-B in the absence of reagent (black line), 1min (red line), and 3h (green line)

after addition of 1 mM F-Ala.
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Figure 3. Absorbance spectra of OASS in the absence and presence of 1 mM trif-Ala. Panel A: absorbance spectrum of OASS-A in the absence of reagent (black line),
1min (red line), 1h (green line), 3h (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), 1min (red line), 1h (green line), 3h (yellow line), and 7h (blue line) after addition of the reagent. Panel C: time course of spectral changes of OASS-A,
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Figure 4. 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 6h (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.

from what was observed by absorbance spectroscopy. This sug- a different behaviour with respect to OASS-A was observed. The
gests that the species that forms and absorbs at 412 nm is not the intensity of emission band immediately increases, then slowly
internal aldimine. decreases. Changes in intensity are accompanied by a small blue

When the reaction of triF-Ala with OASS-B was monitored by shift to 501 nm that shifts back slowly to 505 nm after 7 h of incu-
recording emission spectra upon excitation at 412nm (Figure 4(B)), bation. The intense emitting species might be an external
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aldimine, because in most PLP-dependent enzymes, including
OASS, the external aldimine is endowed by high fluorescence
intensity”%. The small blue shift suggests the formation of a transi-
ent species.

Monitoring the reaction of F-Ala and triF-Ala with OASS-A and
OASS-B by activity assays

The potential inhibitory action of F-Ala and triF-Ala on OASS-A
and OASS-B was investigated by carrying out two distinct experi-
ments. First, OASS-A and OASS-B were assayed within a few sec-
onds from the exposure to increasing concentrations of F-Ala. ICsq
values of 480+50uM and 1290+230uM were determined,
respectively (Figure 5(A,B)). The same experiment was carried out
for triF-Ala  determining 1Cs, values of 130+10puM and
940 + 60 pM, for OASS-A and OASS-B, respectively (Figure 5(C,D)).
Whereas F-Ala inhibits OASS by competing with the substrate
and is slowly degraded, as reported above and observed for
other PLP-dependent enzymes, triF-Ala might inhibit OASS by
irreversible inactivation. To detect whether this is the case, we
monitored the kinetics of OASS-A inactivation in the presence of
1, 2.5, 10, 30, and 50 mM triF-Ala (Figure 6). At each time point,
the enzyme activity was determined upon a 5000-fold dilution of
the reaction mixture. The time course of enzyme inhibition was
found to be clearly biphasic. The rate constant of the very fast
phase cannot be measured, whereas its amplitude was found to
be dependent on reagent concentration (Figure 6(B)) and

approaching saturation. The rate of the slow phase depends
hyperbolically on reagent concentration, as expected for suicide
substrates. The second-order rate constant kj,./K; was deter-
mined to be 3.95x 10™*min~'mM~', indicating poor effective-
ness in enzyme inactivation.

When the time dependence of spectral changes of OASS-A
(Figure 3(AC)) is compared with that of enzyme inactivation
(Figure 6(A)), at least three phases in the reaction of triF-Ala with
the enzyme are identified: (i) a fast phase completed in a few sec-
onds in which a species is built-up absorbing at 440-470 nm;
(i) an intermediate phase completed in about 10 h where the spe-
cies absorbing at 440-470 disappears with the concomitant
appearance of a species at 412 and is accompanied by minor
decrease in enzyme activity, and (iii) a very slow phase where
most of enzyme inactivation takes place. It is worth stressing that
the very fast phase of enzyme inhibition monitored by changes in
the absorption spectrum (Figure 3(A)) is completely reversible
within 8h for inhibitor concentrations up to 1mM (Figure 6(A)),
thus the ICsps (Figure 5) are a good estimate of the relative affinity
of F-Ala and triF-Ala for the enzyme. The different phases
observed monitoring the inactivation kinetics and absorbance
spectra likely arise from the different ratio between enzyme con-
centration (10pM in the absorbance spectra and 45pM in the
activity assays) and inactivator concentration.

We verified that the inhibition is irreversible by assaying the
enzyme after 85-h reaction with 10 mM triF-Ala, complete removal
of ligand by extensive ultrafiltration and incubation in the
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presence of saturating PLP concentration. We found that the
remaining enzyme activity (about 25%) did not change upon
ultrafiltration and incubation with PLP. This result indicates that
enzyme inactivation brought about by triF-Ala does not involve
displacement of the cofactor from the active site but is rather
caused by an irreversible covalent modification of active
site residue(s).

The kinetics of enzyme inactivation by triF-Ala was also meas-
ured on OASS-B (Figure 7(A)), observing again a biphasic enzyme
inactivation. The amplitude of the fast phase is smaller but still
dependent on reagent concentration, and the rate of the slow
phase is about 10-fold faster than that observed for OASS-A and
dependent on reagent concentration (Figure 7(B)). The depend-
ence between kops and [/] appears to be linear, likely because the
saturation conditions were not reached. kj,q/K; was therefore esti-
mated using the Equation (5) that describes single step inactiva-
tion and is 10.3 x 10~ min~'mM~".

In the case of OASS-B, there are two phases in the reaction of
triF-Ala with OASS-B: a fast phase that occurs immediately upon
addition of the reagent that can be followed by absorbance
changes at 470 nm, followed by the slow disappearance of the
shoulder at 470nm that parallels the enzyme inactivation.
Differently, from the OASS-A isozyme, the disappearance of the
shoulder at 470nm is accompanied not only by the recovery of
the peak at 412nm but also by the formation of a peak at about
320 nm, likely due to the accumulation of difluoropyruvate.

Table 1. Reactivity between OASS and alanine derivatives.

Ry o
Ry
NHy O
Reactivity against Reactivity against
ASS-A ASS-B
Spectral Spectral
R, R, % Inhibition*  changes % Inhibition*  changes
1 CFCH, H N.S. No 18+2 No
2 (R Me N.S. No N.S. No
3 CHF,(CH, H 12+1 No 16+5 No
4 EtO,CCR** H 141 No N.S. No

*% Inhibition was evaluated after 6h incubation of the enzyme with 1mM
inhibitor, following 5000-times dilution for the assay (0.2 uM inhibitor in the
assay) in two replicates. Percent inhibition of 10% or lower was considered not
significant (N.S.).

**As TFA salt.

Several fluoroalanine derivatives were tested (Table 1) to assess
the effect of chain extension branching and fluorine substitution
(compounds 1-4). None of these modifications resulted in an
improvement in inactivation for both isozymes. In a further effort,
series of trifluoroalanine derivatives where the carboxylic moiety
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Table 2. Reactivity between OASS and B, B-trifluoroalanine carboxylate
bioisosters.

F3C. R
NHz
Reactivity against Reactivity against
OASS-A OASS-B

Spectral Spectral

R % Inhibition* changes % Inhibition* changes
5 -C(=0)NHMe N.S. No N.S. No
6 —C(=0)NMe, NS. No NS. No
7 -C(=0)NHPh N.S. No N.S. No
8 -C(=0)NBn, 10+2 No NS. No
9 -C(=0)NH(p-¢H,5-Ph) NS. No 1217 No
10 -C(=0)NHOH 1545 Yes NS. No
11 -C(=0)NH, NS. No N.S. No
12 -P(=0)(OH), N.S. No N.S. No

*% Inhibition was evaluated after 6h incubation of the enzyme with 1mM
inhibitor, following 5000-times dilution for the assay (0.2 uM inhibitor in the
assay) in two replicates. Percent inhibition of 10% or lower was considered not
significant (N.S.).

was substituted with bioisosters were tested (Table 2). These ana-
logues were aimed to identify a scaffold with options to tune
activity and selectivity of the inhibitor which is not possible for tri-
fluoroalanine. A set of amides with different N-substitution pat-
terns 5-11 was prepared. Again, negligible effects on enzyme
activity were observed, with the exception of hydroxamic acid 10
that caused small absorbance changes in OASS-A (Figure 25M)
and about 14% decrease in enzyme activity.

On the basis of the spectral and kinetic data obtained by moni-
toring the reactivity of triF-Ala with OASS and taking into account
reaction schemes previously proposed in the reaction of triF-Ala
with other PLP-dependent enzymes?%?2+2%293036 \ye propose
an inactivation mechanism for OASS-A that is similar to the mech-
anism proposed for alanine racemase® (Scheme 2, path B). It is
unlikely that the inactivation follows path A on Scheme 2 because
decarboxylation does not occur in the catalytic cycle of OASS.

After the formation of the external aldimine, the elimination of
HF leads to the formation of f, f-difluoro-z,f-unsaturated imine
(intermediate 1B, Scheme 2). The intermediate IB contains delocal-
ised electrons that might account for the spectrum with bands at
440 and 466 nm. This species can be hydrolysed, with the release
of difluoropyruvate and ammonia, leading to an internal aldimine.
The ratio between hydrolysis and nucleophilic attack, which both
lead to the decrease in the absorbance at 450-470 nm, is dictated
by the concentration of inhibitor, geometry of active site residues
and water accessibility. In the case of covalent modification, the
species undergoes the Michael attack by the enzyme nucleophile,
likely the active site lysine, leading to intermediate 11B. Formation
of an intermediate absorbing at about 410-420 nm but distinct
from the internal aldimine is supported by the fluorescence emis-
sion spectra (Figure 4(A)) where a decrease in the emission of a
species at 495nm was measured. Based on the literature data”®,
we propose that this species is unstable and undergoes the add-
ition of water on f-carbon, followed by the elimination of two
fluoride ions, forming the intermediate Il B. This step has been
observed on alanine racemase after partial denaturation with
sodium borohydride, suggesting that the active site needs to be
open and accessible to water. The slow fluoride elimination is con-
trolled by a conformational change occurring in the active site

that limits water accessibility. The final step might be the loss of
the carboxylic moiety with formation of intermediate IV B.
Inactivation of OASS-B by triF-Ala follows the reaction scheme
of the OASS-A isozyme although with different interconversion
rates of intermediates. Indeed, in this case, external aldimine is
the predominant species, as observed in the absorbance and
fluorescence emission spectra. Elimination of HF leads to the for-
mation of f,f-difluoro-o,f-unsaturated imine (I B) that does not
accumulate to any significant extent. For this reason, the fraction
of inactivated enzyme at this stage is small, differently from what
observed for OASS-A isozyme where more intermediate accumu-
lates. The Michael attack by the catalytic lysine leads to the elim-
ination of difluoropyruvate, which absorbs at 320nm, and
ammonia. This reaction is more efficient for the OASS-B isozyme
with respect to the OASS-A isozyme, thus preventing accumula-
tion of the | B intermediate. Inactivation takes place by the same
mechanism proposed for OASS-A by an attack of an active site
nucleophile, likely the catalytic lysine, on the f-carbon.

Conclusions

The search for reversible and irreversible inhibitors of OASS-A and
OASS-B is dictated by the relevance of these enzymes in the bio-
synthesis of cysteine in bacteria and by their absence in mammals.
Cysteine depletion is associated with a decrease in bacterial fit-
ness, thus enhancing antibiotics efficacy. Whereas reversible inhib-
itors for OASS-A and OASS-B with nanomolar/micromolar affinities
have been identified''"'**", studies aiming at developing irrevers-
ible inhibitors are still lacking. The present investigation was
aimed to fill this gap by exploring the reactivity of a class of com-
pounds, fluoroalanine derivatives that are well-known inhibitors of
PLP-dependent enzymes. We found that monofluoralanine is a
weak substrate analogue for both isozymes, whereas trifluoroala-
nine acts as irreversible, although inefficient, inhibitor.
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ABSTRACT: 1N-PMB-protected tetrazole undergoes C—H deprotona-
tion with the turbo Grignard reagent, providing a metalated intermediate N=N. i.prMgCI *LiCI
with increased stability. This can be used for the reaction with 8
electrophiles such as aldehydes, ketones, Weinreb amides, and iodine. H
C—H deprotonation with the turbo Grignard reagent is compatible with
the PMB-protecting group at the tetrazole, which can be cleaved using
oxidative hydrogenolysis and acidic conditions. The method enables the
tetrazole functionalization at the fifth position by overcoming the
difficulties associated with retro [2 + 3] cycloaddition of the metalated

intermediates.

T etrazole is an important substructure for the construction
of value-added compounds with a range of applications.
In medicinal chemistry, tetrazole is used as a bioisosteric
replacement for carboxylic acids, owing to the weak NH
acidity, as well as a bioisoster for cis-amide bonds.' ™ As such,
the tetrazole unit is represented in several approved drugs and
drug candidates.””" Other applications of tetrazole-containing
compounds are explosives,”'” anion binders,""~"* and organo-
catalysts.'#'* In addition, S-(1-hydroxyalkyl)tetrazoles have
been demonstrated as precursors of alkylidenecarbenes, which
undergo rearrangements to acetylenes or C—H insertion
reactions. "’

The synthesis of tetrazole derivatives 3 involves two general
approaches: construction of the cycle via cycloaddition or
electrocyclization reactions'®'” and the modification of N-
protected tetrazole at the fifth position (Scheme 1).'%*°7**
The latter can be done via C—H deprotonation of tetrazole 1
or halogen-metal exchange of halogen derivative 2 to generate
organometallic intermediates that are subjected to further
modifications.''**'7** A well-known problem for the
modification of tetrazole is the low stability of organometallic
intermediates 4, which tend to eliminate nitrogen forming
cyanamide § as the byproduct (Scheme 1).”*** This is why the
C—H deprotonation/reactions of tetrazoles should be done at
very low temperatures (—100 °C) or why the deprotonation
should be done in the presence of an electrophile.””
Importantly, tetrazole-derived Grignard reagents (4, Met =
“Mg”) made by halogen-metal exchange showed considerably
improved stability (t,,, = 3 h at =20 °C).** This method,
however, requires 2-bromotetrazole derivative 2 as a starting
material.

In this paper, we report direct functionalization of tetrazole 6
by C—H deprotonation with the turbo Grignard reagent,

© 2022 The Authors. Published by
American Chemical Society
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providing an organomagnesium intermediate 7 with increased
stability. The application of the metalated tetrazole was
demonstrated by the reaction with electrophiles such as
aldehydes, ketones, Weinreb amides, and iodine to give the
corresponding products 8—10, which can be deprotected to
provide tetrazole derivatives 11.

The IN-PMB-protected tetrazole 6 was prepared from p-
methoxybenzyl amine (12) in the reaction with triethylortho-
formate and sodium azide according to the literature procedure
(Table 1).*” The efficiency of C—H deprotonation of tetrazole
6 with the turbo Grignard reagent was explored in THEF,
followed by the quench with CD;0D. The composition of the
products was investigated by NMR of a crude mixture (Table
1). Almost quantitative deprotonation was achieved at —60 °C
as indicated by the clean formation of deuterated tetrazole d-6
(Table 1, entries 1-3, see also Supporting Information for 'H
NMR). The metalated intermediate was stable at —60 °C for at
least 60 min, which was in accordance with literature results on
the Grignard reagent prepared by Mg insertion into the C—Br
bond (Scheme 1). Warming the solution of the metalated
intermediate to 0 °C resulted in considerable decomposition
via retro [2 + 3] cycloaddition, leading to a mixture of
deuterated tetrazole d-6 and cyanamide 13 (Table 1, entry 4).
Warming to room temperature led to cyanamide 13 as the
major reaction product (Table 1, entry S). Other Grignard
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Scheme 1. Modification of the Tetrazole at the Fifth Position via the Metalated Intermediate
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Table 1. Deprotonation of 1N-PMB-Protected Tetrazole with the Turbo Grignard Reagent”
MeO N 1. M) NoN
\©VNH NaN3, (Et0);CH N="  _THF (see table) LN q
2 Nz s ~"CN
ACOM,80°C,2h  PMB~ ©  2.CDsOD quench "MB T, PME
12 (PMB-NH,) 75% [ d-6 13
entry [M] temp (°C) time (min) d-6 (%) 13"
1 iPrMgCL-LiCl =60 15 98 nd
2 iPrMgCI-LiCl —60 30 99 nd
3 iPrMgCI-LiCl —60 60 99 nd
4 iPrMgCI-LiCl 0° 30 54 35
N iPrMgCI-LiCl rt© 30 0 95
6 iPrMgCl —60 15 $3 nd
7 iPrMgCl —60 30 78 nd
8 iPrMgCl —60 60 76 nd
9 iPrMgBr —60 15 7 nd
10 iPrMgBr —60 30 57 nd
11 iPrMgBr —60 60 69 nd

“1 mmol of tetrazole 6, 1.2 mmol of iPrMgCI-LiCl, 4 equiv of CD;0D. "Yields were calculated based on the weight of crude material; NMR did
not reveal any other compounds apart from 6,d-6, and 13. “Deprotonation was performed at —60 °C; then cooling was removed to reach the

indicated temperature.

reagents such as iPrMgCl and iPrMgBr were investigated;
however, these turned out to be less efficient compared to the
turbo Grignard (Table 1, entries 6—11).

Next, the reaction of tetrazole 6 with anisaldehyde 14a was
investigated (Table 2). Using THF as a solvent, deprotonation
and addition to aldehyde 14a provided the expected product
8a in a very good isolated yield (Table 2, entry 1). After the
addition of aldehyde 14a, the reaction mixture can also be
warmed to room temperature without impairing the yield of 8a
(Table 2, entry 2). Et;O and toluene were also explored as
solvents; however, they were found to be inappropriate for the
formation of the product 8a (Table 2, entries 3 and 4).

The range of aldehydes and ketones were explored as
reaction partners for metalated intermediate prepared in situ
from tetrazole 6 (Scheme 2). Alcohols 8b—n were obtained in
good to excellent yields from aromatic aldehydes 14b—e,
aliphatic aldehydes 14f—g, and structurally diverse ketones
14h—n.

Weinreb amides 15a—c were also shown as competent
reaction partners for metalated tetrazole 6, giving ketones 9a—
¢ in good yields (Scheme 3).

3811

Table 2. Deprotonation of Tetrazole 6 and the Reaction
with Anisaldehyde 14a”

o NN
PrMgCI*LiCI
N_z see Table;
PMB MeO ¢ ! HO'
6 14a 8a OMe
entry solvent temp (°C), time (h) 8a, yield (%)
1 THF —60, 5 78"
2 THF t, 24° 76
3 EtLO 60, 5 47
4 toluene —60, 5 22

“Tetrazole (1.1 equiv), iPrtMgCl-LiCl (1.3 equiv), 2 mmol scale. After
the addition of iPrMgCI-Cl, the reaction mixture was stirred for 30
min, and then aldehyde 14 was added. 88% yield of the product 8a
was obtained from the reaction performed on a S mmol scale.
“Addition of aldehyde performed at —60 °C, then warmed to rt.

In addition, the iodination of tetrazole 6 gave S-iodo-
derivative 10 in an excellent yield (Scheme 4). Product 10 is a
versatile building block for further functionalization, e.g.,
Suzuki—Miyaura reaction.”*’

https://doi.org/10.1021/acs joc.1c02926
J. Org. Chem. 2022, 87, 3810-3816
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Scheme 2. Addition of Metalated Tetrazole to Aldehydes and Ketones
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Scheme 3. Reaction of Metalated Tetrazole with Weinreb
Amides
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Scheme 4. Iodination of Metalated Tetrazole
1. iPrMgCI*LiCl
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I}
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Deprotection of the 1N-PMB group in tetrazole derivatives
was demonstrated for the protected derivatives 8 and 9
(Scheme S). Oxidative cleavage (conditions A) of the PMB-
protecting group provided tetrazole derivatives 11a,b,d,gh.
Catalytic hydrogenation (conditions B) was applied for PMB
deprotection to give tetrazoles 1la,ce—g. Acidic cleavage
(conditions C) could also be used to obtain tetrazole 11i from
the protected precursor 9c.

In summary, IN-PMB-protected tetrazole undergoes C—H
deprotonation with the turbo Grignard (iPrMgCI-LiCl)
reagent providing a metalated intermediate with increased
stability. To our knowledge, this is the first example of the

3812

application of the turbo Grignard on the deprotonation of
tetrazoles. The metalated intermediate can be used for the
reaction with electrophiles such as aldehydes, ketones,
Weinreb amides, and iodine. C—H deprotonation is compat-
ible with the PMB-protecting group at the tetrazole, which can
be cleaved using oxidative, hydrogenolysis, and acidic
conditions. Overall, the method enables the tetrazole
functionalization at the fifth position by overcoming the
difficulties associated with retro [2 + 3] cycloaddition of
metalated intermediates.

B EXPERIMENTAL SECTION

General Information. Commercially available reagents were used
without further purification. All air- or moisture-sensitive reactions
were carried out under an argon atmosphere using oven-dried
gl e. Flash chr graphy was carried out using Merck
Kieselgel 60 (230—400 mesh). Thin-layer chromatography was
performed on silica gel and was visualized by staining with KMnO,.
NMR spectra were recorded on a Varian Mercury spectrometer (400
MHz) and a Bruker Fourier spectrometer (300 MHz) with chemical
shift values (5) in ppm relative to TMS using the residual chloroform
signal as an internal standard. Elemental analyses were performed
using a Carlo-Erba EA1108 Elemental Analyzer. HRMS were
obtained using a Q-TOF micro high-resolution mass spectrometer
with ESI (ESI+/ESI-).

Synthesis of Starting Materials. 1-(4-Methoxybenzyl)-1H-
tetrazole (6) is known in the literature.’ It was synthesized according
to the literature procedure.

N-Methoxy-N-methylbenzamide (15a) is known in the literature.”!
It was synthesized according to the literature procedure.

N,4-Dimethoxy-N-methylbenzamide (15b) is known in the
literature.” It was synthesized according to the literature procedure.

N,3-Dimethoxy-N-methylbenzamide (15¢) is known in the
literature.’ It was synthesized according to the literature procedure.

Deprotonation Studies of 1N-PMB-Protected Tetrazole.
One mmol of 1N-PMB-protected tetrazole was dissolved in S mL

https://doi.org/10.1021/acs joc.1c02926
J. Org. Chem. 2022, 87, 3810-3816
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Scheme 5. Deprotection of the IN-PMB Group in Tetrazole Derivatives

A: CAN, MeCN/H,0, r.t
B: PACIy, Hy, EtOH, rit
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of THF and cooled to —60 °C. The turbo Grignard (i-PrMgCI-LiCl)
reagent (1.2 equiv) was added dropwise, and stirring continued at this
temperature for the specified time (Table 1). The reaction was
quenched with CD;0D (4 equiv), and after 10 min, AcOH was added
(4 equiv); the reaction was left to reach room temperature. The
reaction mixture was washed with brine and concentrated, and 'H
NMR was recorded.

General Protocol for the Reaction with Electrophiles. One
mmol of IN-PMB-protected tetrazole (1.1 equiv) was dissolved in S
mL of THF and cooled to —60 °C. The isopropyl magnesium
chloride—lithium chloride complex (1.3 equiv) was added dropwise,
and after 30 min, at the same temperature, the corresponding
electrophile (1 equiv), dissolved in 1 mL of THF, was added
dropwise. The reaction mixture was slowly left to reach room
temperature, and the stirring was continued for 24 h. NH,Cl was
added to quench the reaction, and the aqueous phase was extracted
with EtOAc (x3) The combined organic phase was washed with
brine, dried, and evaporated. The crude was purified with column
chromatography on silica.

Deprotection Protocols. Method A. 1N-PMB-tetrazole (0.5
mmol, 1 equiv) was dissolved in 2 mL of MeCN and cooled to 0 °C.
Ceric ammonium nitrate (CAN) (5 equiv) was dissolved in 1 mL of
H,0 and added to the tetrazole solution. After 15 min, the cooling
bath was removed, and the stirring continued for 3 h. Water was
added, and the solution was extracted with EtOAc (4 X S mL). The
combined organic phase was washed with brine, dried with Na,SO,,
filtered, and evaporated. The crude was purified with chromatography
on silica gel using gradient eluent DCM/MeOH/AcOH 98:1:1—
92:5:3.

Method B. IN-PMB-tetrazole (0.5 mmol, 1 equiv) was dissolved in
8 mL of EtOH in a pressure tube. PACl, (5% mmol) was added, and
the mixture was stirred under H, pressure (4 atm) overnight. The
mixture was filtered through a Celite pad, evaporated, and purified
with chromatography on silica gel using gradient eluent DCM/
MeOH/AcOH 98:1:1-92:5:3.

Method C. 1N-PMB-tetrazole (0.5 mmol, 1 equiv) was dissolved in
2 mL of DCM, TFA (30 equiv) was added, and the mixture was
stirred overnight. The solvent was evaporated, and the crude was
purified with chromatography on silica gel using gradient eluent
DCM/MeOH/AcOH 98:1:1-92:5:3.

Characterization of the Reaction Products. (1-(4-Methox-
ybenzyl)-1H-tetrazol-5-yl)(4-methoxyphenyl)methanol (8a). With a
reaction time of 48 h, purification by flash chromatography (PE/EA =
2:1) gave a thick yellow oil (225.2 mg, 78%).

Product 8a (1.44 g, 88% yield) was obtained by the general
procedure starting from 1.0 g (5.2 mmol) of tetrazole 6 and 0.68 g
(5.0 mmol) of aldehyde 14a; the reaction was performed for 72 h.

3813

'"H NMR (300 MHz, CDCl,): § 7.12 (d, ] = 8.7 Hz, 2H), 6.96 (d, ]
= 8.7 Hz, 2H), 6.75 (dd, ] = 15.6, 8.7 Hz, 4H), 6.11 (s, 1H), 5.40 (d, ]
= 14.8 Hz, 1H), 525 (d, ] = 14.9 Hz, 1H), 4.36 (sb, 1H), 3.76 (s,
3H), 3.74 (s, 3H). "C{'H} NMR (101 MHz, CDCL): & 159.8,
159.7, 156.0, 130.1, 129.6, 127.7, 125.2, 114.2, 114.1, 66.6, 55.3, 55.3,
51.1. HR-MS (ESI-TOE) m/z: caled for CpyHgN,O5, 327.1457;
found, 327.1454.

(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)(3-methoxyphenyl)-
methanol (8b). With a reaction time of 48 h, purification by flash
chromatography (PE/EA = 2:1) gave a yellow gum (2224 mg, 77%).
'H NMR (400 MHz, CDCL,): 6 7.22 (dd, ] = 8.4, 7.7 Hz, 1H), 6.98
(d, J = 8.7 Hz, 2H), 6.86—6.79 (m, 3H), 6.74 (d, ] = 8.8 Hz, 2H),
6.18 (d, ] = 5.1 Hz, 1H), 5.40 (d, ] = 149 Hz, 1H), 5.27 (4, ] = 14.9
Hz, 1H), 432 (d, ] = 5.2 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H).
BC{'H} NMR (101 MHz, CDCL): § 160.0, 159.8, 155.6, 139.3,
130.0, 129.6, 125.2, 118.4, 114.4, 114.2, 111.7, 66.8, 55.3, S1.1. HR-
MS (ESI-TOF) m/z: caled for C,;HN,;OsNa, 349.1277; found,
349.1275.

(4-Bromophenyl)(1-(4-methoxybenzyl)-1H-tetrazol-5-yl)-
methanol (8c). Purification by flash chromatography (PE/EA = 2:1)
gave a white solid (261.7 mg, 82%). Mp: 98—100 °C. 'H NMR (400
MHz, CDCly): 6 7.36 (d, | = 8.5 Hz, 2H), 7.05 (d, ] = 8.3 Hz, 2H),
692 (d, ] = 8.7 Hz, 2H), 6.71 (d, ] = 8.7 Hz, 2H), 6.18 (s, 1H), 5.42
(d, ] = 149 Hz, 1H), 5.33 (d, ] = 14.9 Hz, 1H), 3.75 (s, 3H). *C{'H}
NMR (101 MHz, CDCl;): § 159.8, 155.4, 136.8, 131.9, 129.5, 127.8,
124.9, 122.7, 1142, 66.1, 55.3, 51.2. HR-MS (ESI-TOF) m/z: caled
for C,¢H,(BrN,0,, 375.0457; found, 375.0454.

Furan-3-yl(1-(4-methoxybenzyl)-1H-tetrazol-5-yl)methanol (8d).
With a reaction time of 72 h, purification by flash chromatography
(PE/EA = 2:1) gave a yellow gum (212 mg, 84%). '"H NMR (400
MHz, CDCl,): 6 7.38=7.34 (m, 2H), 7.11 (d, J = 8.7 Hz, 2H), 6.81
(d, ] = 8.8 Hz, 2H), 6.24 (dd, ] = 1.8, 1.0 Hz, 1H), 6.10 (d, ] = 5.0 Hz,
1H), 5.52 (d, ] = 14.8 Hz, 1H), 5.45 (d, ] = 14.9 Hz, 1H), 4.09 (d, ] =
5.7 Hz, 1H), 3.77 (s, 3H). BC{'H} NMR (101 MHz, CDCL): &
159.9, 155.0, 144.1, 140.3, 129.6, 125.2, 123.8, 114.3, 108.7, 60.8,
553, 51.2. HR-MS (ESI-TOF) m/z: caled for C,,HyN,O;Na,
309.0964; found, 309.0959.

(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)(thiophen-3-yl)methanol
(8e). With a reaction time of 48 h, purification by flash
chromatography (PE/EA = 3:1) gave a yellow solid (270 mg,
98%). Mp: 68—70 °C. 'H NMR (400 MHz, CDCL,): § 7.28—7.26
(m, 1H), 7.19 (dt, ] = 3.0, 1.2 Hz, 1H), 7.01 (d, ] = 8.7 Hz, 2H), 6.86
(dd, J = 5.0, 1.3 Hz, 1H), 6.77 (d, ] = 8.7 Hz, 2H), 625 (dd, ] = 5.5,
1.1 Hz, 1H), 543 (d, ] = 14.8 Hz, 1H), 5.36 (d, ] = 14.8 Hz, 1H),
441 (d, J = 5.5 Hz, 1H), 3.76 (s, 3H). *C{'H} NMR (101 MHz,
CDCL,): & 159.8, 155.3, 139.2, 129.7, 127.2, 125.7, 125.2, 122.9,
114.2, 63.9, 55.3, S1.2. HR-MS (ESI-TOF) m/z: caled for
C,4H,,N,0,5Na, 325.0735; found, 325.0722.
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1-(1-(4-Methoxybenzyl)- 1H-tetrazol-5-yl)-2,2-dimethylpropan-1-
ol (8f). With a reaction time of 48 h, purification by flash
chromatography (PE/EA = 4:1) gave a white solid (245 mg, 97%).
Mp: 109—112 °C. 'H NMR (400 MHz, CDCL,): & 7.23 (d, ] = 89
Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H), 5.65 (d, ] = 14.8 Hz, 1H), 5.52 (d,
] = 14.8 Hz, 1H), 472 (d, ] = 7.3 Hz, 1H), 3.78 (s, 3H), 2.97 (d, ] =
7.3 Hz, 1H), 098 (s, 9H). C{'H} NMR (101 MHz, CDCL,): §
160.0, 154.8, 129.6, 126.1, 114.5, 73.5, 55.4, 51.6, 36.7, 25.7. HR-MS
(ESI-TOF) m/z: caled for CjH,)N,O,Na, 299.1484; found,
299.1482.

1-(1-(4-Methoxybenzyl)- 1H-tetrazol-5-yl)pentan-1-ol (8g). Puri-
fication by flash chromatography (PE/EA = 3:1) gave a white solid
(228.4 mg, 99%). Mp: 54—57 °C. 'H NMR (400 MHz, CDCL,): &
7.22 (d,] = 8.7 Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H), 5.64 (d, ] = 149
Hz, 1H), 5.58 (d, ] = 14.9 Hz, 1H), 4.98—4.90 (m, 1H), 3.78 (s, 3H),
343 (d, ] = 6.8 Hz, 1H), 1.89-1.72 (m, 2H), 143—1.14 (m, 4H),
0.82 (t, J = 7.0 Hz, 3H). *C{'"H} NMR (101 MHz, CDCl;): § 159.9,
156.1, 129.5, 125.8, 114.4, 65.2, 55.3, 51.1, 35.4, 27.2, 22.2, 13.8. HR-
MS (ESI-TOF) m/z: caled for Cy;HyN4O,Na, 299.1484; found,
299.1483.

2-(1-(Methoxybenzyl)-1H-tetrazol-5-yl)-4-methylpentan-2-ol
(8h). With a reaction time of 72 h, purification by flash
chromatography (PE/EA = 4:1) gave an offwhite solid (209.2 mg,
78%). Mp: 98—100 °C. 'H NMR (400 MHz, CDCL,): & 7.26 (d, ] =
8.7 Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H), 5.75 (d, ] = 3.9 Hz, 2H), 3.78
(s, 3H), 245 (s, 1H), 1.89 (dd, ] = 14.3, 6.3 Hz, 1H), 1.75 (dd, ] =
144, 5.9 Hz, 1H), 1.65 (s, 3H), 1.64—1.55 (m, 1H), 0.78 (d, ] = 6.6
Hz, 3H), 0.71 (d, ] = 6.6 Hz, 3H). *C{'"H} NMR (101 MHz,
CDCLy): 6 159.8, 158.6, 129.7, 127.0, 114.3, 72.9, 55.4, 52.1, 50.9,
29.6, 24.3, 24.1, 24.0. HR-MS (ESI-TOF) m/z: caled for
CysH,,N,0,Na, 313.1640; found, 313.1642.

1-(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)cyclohexan-1-ol (8i).
With a reaction time of 48 h, purification by flash chromatography
(PE/EA = 3:1) gave a white solid (194 mg, 70%). Mp: 130—133 °C.
'H NMR (400 MHz, CDCL,): 6 7.22 (d, ] = 8.7 Hz, 2H, Ar), 6.84 (d,
J = 8.7 Hz, 2H), 5.74 (s, 2H), 3.78 (s, 3H), 248 (s, 1H), 2.09—1.94
(m, 2H), 1.86—1.73 (m, 2H), 1.65 (tq, ] = 9.7, 3.5 Hz, SH), 1.34
(dddd, J = 10.1, 8.3, 6.3, 3.4 Hz, 1H). *C{'H} NMR (101 MHz,
CDCly): 6 159.6, 159.0, 129.3, 127.0, 114.2, 70.8, 5.3, 51.8, 37.1,
24.8, 21.1. HR-MS (ESI-TOF) m/z: caled for C,sH,N,O,Na,
311.1484; found, 311.1491.

1-(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)cyclohex-2-en-1-ol (8j).
With a reaction time of 48 h, purification by flash chromatography
(PE/EA = 2:1) gave a yellow gum (208 mg, 87%). '"H NMR (400
MHz, CDCL,): & 7.24 (d, ] = 8.9 Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H),
6.07 (ddd, ] = 10.0, 4.4, 3.1 Hz, 1H), 5.81=5.77 (m, 1H), 5.73 (d, ] =
3.8 Hz, 2H), 3.78 (s, 3H), 2.77 (s, 1H), 2.15—1.91 (m, 4H), 1.83—
1.74 (m, 2H). *C{'H} NMR (101 MHz, CDCL,): § 159.7, 158.1,
133.3, 129.5, 127.7, 1267, 114.2, 68.6, 55.3, S1.7, 36.2, 24.6, 18.0.
HR-MS (ESI-TOF) m/z: caled for C,sH sN,O,Na, 309.1327; found,
309.1325.

tert-Butyl 4-hydroxy-4-(1-(4-methoxybenzyl)-1H-tetrazol-5-yl)-
piperidine-1-carboxylate (8k). With a reaction time of 48 h,
purification by flash chromatography (PE/EA = 2:1) gave a white
solid (237.5 mg, 72%), dec > 80 °C. '"H NMR (400 MHz, CDCL,): &
7.20 (d, ] = 8.7 Hz, 2H), 6.84 (d, ] = 8.7 Hz, 2H), 5.75 (s, 2H), 3.81
(t, ] = 3.4 Hz, 2H), 3.78 (s, 3H), 3.68—3.54 (m, 1H), 3.24 (m, 2H),
2.15-1.99 (m, 2H), 1.75 (d, ] = 14.0 Hz, 2H), 1.43 (s, 9H). *C{'H}
NMR (101 MHz, CDCL,): 6 160.2, 158.6, 155.0, 129.8, 126.9, 114.7,
80.4, 69.2, 55.8, 52.3, 39.3, 36.7, 28.8. HR-MS (ESI-TOF) m/z: caled
for C,oH,,N,O,Na, 412.1961; found, 412.1968.

1-(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)-1,2,3,4-tetrahydro-
naphthalen-1-ol (8l). With a reaction time of 72 h, purification by
flash chromatography (PE/EA = 4:1) gave a red oil (289 mg, 95%).
'H NMR (400 MHz, CDCL,): & 7.18 (td, ] = 7.5, 1.3 Hz, 1H), 7.11
(dd, = 7.8, 1.3 Hz, 1H), 7.03 (td, ] = 7.5, 7.0, 1.3 Hz, 1H), 6.94 (d, ]
= 8.7 Hz, 2H), 6.82 (dd, J = 7.8, 1.3 Hz, 1H), 6.73 (d, ] = 8.7 Hz,
2H), 543 (d, ] = 147 Hz, 1H), 5.07 (d, ] = 14.7 Hz, 1H), 3.70 (s,
3H), 2.84-2.62 (m, 2H), 2.04—1.68 (m, 4H). *C{'H} NMR (101
MHz, CDCL): & 159.7, 159.6, 137.4, 136.7, 129.6, 129.5, 129.0,
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128.4, 127.0, 126.0, 114.2, 71.8, 55.3, S1.9, 38.3, 29.2, 18.5. HR-MS
(ESI-TOF) m/z: caled for CgHyN,O,Na, 359.1484; found,
359.1486.
9-(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)-9H-fluoren-9-ol (8m).
With a reaction time of 48 h, purification by flash chromatography
(PE/EA = 8:1) gave a white solid (274.5 mg, 89%). Mp: 156—160
°C. '"H NMR (400 MHz, CDCly): 5 7.65 (d, ] = 7.6 Hz, 2H), 7.40
(td, J = 7.3, 1.5 Hz, 2H), 7.28—7.18 (m, 4H), 6.54 (d, ] = 8.8 Hz,
2H), 643 (d, ] = 8.7 Hz, 2H), 5.23 (sb, 1H), 4.67 (s, 2H), 3.68 (s,
3H). BC{'H} NMR (101 MHz, CDCl;): § 159.4, 156.6, 144.6, 139.9,
130.6, 129.1, 129.0, 125.1, 124.9, 120.8, 113.8, 78.5, 55.3, 50.9.HR-
MS (ESI-TOF) m/z: caled for Cp,H,sN,O,Na, 393.1327; found,
393.1337.
(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)diphenylmethanol (8n).
With a reaction time of 48 h, purification by flash chromatography
(PE/EA = 8:1) gave a colorless gum (236 mg, 72%). '"H NMR (400
MHz, CDCL,): 6 7.36—7.28 (m, 6H), 7.26—7.20 (m, 4H), 6.95 (d, ] =
8.7 Hz, 2H), 6.69 (d, ] = 8.7 Hz, 2H), 5.40 (s, 2H), 3.74 (s, 4H).
BC{'H} NMR (101 MHz, CDCly): & 159.5, 158.0, 142.3, 129.9,
128.6, 128.5, 127.1, 126.0, 113.9, 7.5, 55.3, 52.0. HR-MS (ESI-TOF)
m/z: caled for Cp,H,N,O,Na, 395.1484; found, 395.1483.
(1-(4-Methoxybenzyl)- 1H-tetrazol-5-yl)(phenyl)methanone (9a).
With a reaction time of 48 h, purification by flash chromatography
(PE/EA = 15:1) gave a colorless gum (182.5 mg, 73%), 'H NMR
(400 MHz, CDCL,): & 8.41-833 (m, 2H), 7.72—7.63 (m, 1H),
7.57—7.48 (m, 2H), 7.36 (d, J = 8.7 Hz, 2H), 6.84 (d, ] = 8.8 Hz,
2H), 5.88 (s, 2H), 3.76 (s, 3H). *C{'"H} NMR (101 MHz, CDCl,):
5 181.8, 160.1, 149.2, 1352, 135.1, 1312, 130.3, 128.9, 125.9, 114.4,
55.4, 52.8. HR-MS (ESI-TOF) m/z: caled for C,H,,N,O,Na,
317.1014; found, 317.1007.
(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)(4-methoxyphenyl)-
methanone (9b). With a reaction time of 48 h, purification by flash
chromatography (PE/EA = 12:1) gave a white solid (149 mg, 54%).
Mp: 97-99 °C. 'H NMR (400 MHz, CDCL,): 5 8.40 (d, ] = 9.1 Hz,
2H), 7.35 (d, J = 8.7 Hz, 2H), 6.99 (d, ] = 9.1 Hz, 2H), 6.83 (d, ] =
8.8 Hz, 2H), 5.86 (s, 2H), 3.90 (s, 3H), 3.75 (s, 3H). *C{'H} NMR
(101 MHz, CDCL,): & 179.8, 165.4, 160.1, 149.4, 133.9, 130.3, 128.1,
126.0, 114.4, 114.3, 55.8, 55.4, 52.6. HR-MS (ESI-TOF) m/z: calcd
for C;;H,4,N,O;Na, 347.1120; found, 347.1115.
(1-(4-Methoxybenzyl)-1H-tetrazol-5-yl)(3-methoxyphenyl)-
methanone (9¢). With a reaction time of 48 h, purification by flash
chromatography (PE/EA = 12:1) gave a subyellow solid (189.4 mg,
69%). Mp: 79—81 °C. "H NMR (400 MHz, CDCl): & 8.00 (ddd, J =
7.7, 1.6, 1.0 Hz, 1H), 7.86 (dd, ] = 2.7, 1.6 Hz, 1H), 7.43 (t, ] = 8.0
Hz, 1H), 7.36 (d, ] = 8.8 Hz, 2H), 7.23 (ddd, J = 8.3, 2.7, 1.0 Hz,
1H), 6.84 (d, J = 8.7 Hz, 2H), 5.87 (s, 2H), 3.88 (s, 3H), 3.76 (s,
3H). ®C{'H} NMR (101 MHz, CDCl,): § 181.5, 160.1, 159.9, 149.2,
136.2, 130.3, 1299, 125.9, 124.3, 122.3, 114.6, 114.5, 5.7, 55.4, 52.8.
HR-MS (ESI-TOF) m/z: caled for C,;H,4N,O;Na, 347.1120; found,
347.1108.
5-lodo-1-(4-methoxybenzyl)-1H-tetrazole (10). With a reaction
time of 48 h, purification by flash chromatography (PE/EA = 4:1)
gave an off-white solid (263 mg, 98%). Mp: 120—122 °C. 'H NMR
(400 MHz, CDCL,): 5 7.21 (d, ] = 8.8 Hz, 2H), 6.82 (d, ] = 8.7 Hz,
2H), 5.44 (s, 2H), 3.73 (s, 3H). *C{'"H} NMR (101 MHz, CDCI3):
§160.2, 129.7, 124.7, 114.5, 102.5, 55.4, 52.5. HR-MS (ESI-TOF) m/
z: caled for CoHGIN,ONa, 338.9719; found, 338.9721.
(4-Methoxyphenyl)(1H-tetrazol-5-yl)methanol (11a). Purification
by flash chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3)
gave a white solid (method A: 63 mg, 66%; method B: 77.2 mg, 68%).
Mp: 121-125 °C. 'H NMR (400 MHz, CD,0D): 5 7.35 (d, ] = 8.6
Hz, 2H), 692 (d, ] = 8.8 Hz, 2H), 6.10 (s, 1H), 3.7 (s, 3H).
BC{'H} NMR (101 MHz, CD,0D): § 159.9, 159.7, 132.3, 127.5,
113.7, 66.9, 54.3. HR-MS (ESI-TOF) m/z: caled for CoHoN,O,,
205.0726; found, 205.0728.
(4-Bromophenyl)(1H-tetrazol-5-yl)methanol (11b). Purification
by flash chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3)
gave a white solid (method A: 88.2 mg, 72%). Mp: 175—180 °C. 'H
NMR (300 MHz, CD,0D): § 7.54 (d, J = 8.5 Hz, 2H), 7.39 (d, ] =
8.5 Hz, 2H), 6.14 (s, 1H). *C{'H} NMR (101 MHz, CD;0D): §
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160.7, 141.0, 132.8, 129.4, 123.2, 67.9. HR-MS (ESI-TOF) m/z: caled
for CgHBrN,O, 252.9725; found, 252.9734.

2,2-Dimethyl-1-(1H-tetrazol-5-yl)propan-1-ol (11c). Purification
by flash chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3)
gave a white solid (method A: n.d.; method B: 79 mg, 93%). Mp:
208-212 °C. 'H NMR (400 MHz, CD,0D): & 4.62 (s, 1H), 0.85 (s,
9H). *C{'H} NMR (101 MHz, CD,0D): & 158.3, 72.7, 35.2, 24.5.
HR-MS (ESI-TOF) m/z: caled for C4H,N,0, 155.0933; found,
155.0935.

1-(1H-Tetrazol-5-yl)pentan-1-ol (11d). Purification by flash
chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3) gave a
yellow amorphous solid (method A: 46 mg, 60%). 'H NMR (400
MHz, CD,0D): 5 5.04 (dd, ] = 7.5, 5.4 Hz, 1H), 1.98—1.84 (m, 2H),
1.45—1.32 (m, 4H), 0.98—0.88 (m, 3H). *C{'H} NMR (101 MHz,
CD,0D): § 161.4, 66.0, 37.3, 28.1, 23.4, 14.3. HR-MS (ESI-TOF) m/
z: caled for CgH,;N,O, 155.0933; found, 155.0933.

4-Methyl-2-(1H-tetrazol-5-yl)pentan-2-ol (11e). Purification by
flash chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3) gave
a colorless oil (method B: 75.6 mg, 83%). 'H NMR (400 MHz,
CD,0D): 5 1.98—1.74 (m, 2H), 1.63 (s, 3H), 1.63 (m, 1H), 0.88 (d,
] = 6.7 Hz, 3H), 0.66 (d, ] = 6.7 Hz, 3H). “C{'H} NMR (101 MHz,
CDJOD): § 1642, 71.5, 52.3, 29.6, 25.3, 24.5, 24.0. HR-MS (ESI-
TOF) m/z: caled for C;H 3N,0, 169.1089; found, 169.1091.

1-(1H-Tetrazol-5-yl)cyclohexan-1-ol (11f). Purification by flash
chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3) gave a
white solid (method B: 87.8 mg, 94%). Mp: 128—131 °C. 'H NMR
(400 MHz, CD;0D): § 2.05—1.95 (m, 2H), 1.93—1.73 (m, 4H), 1.62
(ddq, J = 26.0, 13.5, 4.2 Hz, 3H), 1.50—1.35 (m, 1H). “C{'H} NMR
(101 MHz, CD,0D): § 163.3, 68.6, 36.8, 24.8, 21.0. HR-MS (ESI-
TOF) m/z: caled for C;H, N0, 167.0933; found, 167.0936.

9-(1H-Tetrazol-5-yl)-9H-fluoren-9-ol (11g). Purification by flash
chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3) gave a
yellow solid (method A: 76.4 mg, 61%; method B: 89 mg, 70%). Mp:
110-115 °C. 'H NMR (400 MHz, CD;0D): § 7.79 (dt, ] = 7.5, 0.9
Hz, 2H), 7.48—7.40 (m, 4H), 7.32 (td, ] = 7.5, 1.1 Hz, 2H). *C{'H}
NMR (101 MHz, CD;OD): & 161.5, 1479, 1412, 1311, 129.5,
125.7, 121.5, 79.2. HR-MS (ESI-TOF) m/z: caled for C,,HN,O,
249.0776; found, 249.0778.

Phenyl(1H-tetrazol-5-yl)methanone (11h). Purification by flash
chromatography (DCM/MeOH/AcOH = 98:1:1-92:5:3) gave a
light green solid (method A: 69 mg, 75%). Mp: 136—140 °C. 'H
NMR (400 MHz, CD;OD): & 8.48 (dd, J = 8.5, 1.3 Hz, 2H), 7.85—
7.67 (m, 1H), 7.65-7.50 (m, 1H). “C{'H} NMR (101 MHz,
CD,OD): 5 180.4, 1542, 134.7, 134.5, 130.4, 128.5. In HRMS
conditions, no signal was observed. LC-MS: 175.25.

(3-Methoxyphenyl)(1H-tetrazol-5-yl)methanone (11i). Purifica-
tion by flash chromatography (DCM/MeOH/AcOH = 98:1:1—
92:5:3) gave a green amorphous solid (method C: 78 mg, 77%). 'H
NMR (300 MHz, CDCL,): & 8.88 (sbr, 1H), 8.22 (d, ] = 7.7 Hz, 1H),
7.99 (s, 1H), 740 (t, ] = 8.0 Hz, 1H), 7.24—7.16 (m, 1H), 3.82 (s,
3H). BC{'H} NMR (101 MHz, CDCL,): § 180.3, 159.9, 154.1, 135.2,
1300, 124.2, 122.5, 114.5, 55.6. HR-MS (ESI-TOF) m/z: caled for
CoH,N,0,, 203.0569; found, 203.0569.
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ABSTRACT: 6-Methylpyridyl-2-methyl protected tetrazoles can be C—H deprotonated using the turbo-Grignard reagent and
involved in the reactions with aldehydes and ketones. The protecting group can be cleaved under reductive electrochemical
conditions using Pb bronze as a cathode and Zn as a sacrificial anode.

B INTRODUCTION

Tetrazoles do not exist in nature; however, the tetrazole motif
is found in a number of useful compounds with an application
in pharmacology,' catalysis,” and material science.” Represen-
tative examples of pharmacologically relevant tetrazole
derivatives are the antihypertensive drug losartan,® antiasth-
matic drug tomelukast (LY171883),” antibiotic tedizolid,® the
multidrug resistance efflux pump inhibitor encequidar,” and an
experimental antitumor agent BMS-317180° (Figure 1).

The importance of tetrazole containing compounds has
motivated researchers to develop numerous methods for their
synthesis.” Among them, C—H functionalization of tetrazoles
via metalation is an attractive approach to install substituents at
the fifth position. It should be noted, however, that lithiated
tetrazoles suffer from low stability due to a rapid retro [2 + 3]
cycloaddition forming the cyanamide even at —78 °C.”*™*
Organomagnesiun intermediates are considerably more stable
(t» = 3 h at =20 °C), which enables the use of routine lab
operations for their derivatization.”* Recently, we have
reported generation organomagnesiun intermediates by C—H
deprotonation of 1N-PMB protected tetrazole (1, PG = PMB),
which was subsequently subjected to the reaction with
electrophiles (Scheme 1).'"” To extend the utility of this
approach, 1N-pyridyl-2-methyl protected tetrazoles 1a and 1b
were investigated as substrates to give C—H functionalization
products, which can be deprotected by the electrochemical
reduction (Scheme 1).

B RESULTS AND DISCUSSION

Methylpyridylmethyl protected tetrazole la was obtained
according to a known method.'" The 6-methyl analogue 1b
was prepared by the alkylation of tetrazole (4) with the
bromomethylpyridine derivative 3 (Scheme 2). The reaction
provided IN alkylation product 1b as the major isomer

© 2022 The Authors. Published by
American Chemical Society

4 ACS Publications 18103

together with 2N alkylation product S, which was separated by
chromatography.

The deprotonation efficiency of substrates 1a and 1b was
determined by the deuterium quench of the metalated
intermediates generated by the reaction with the turbo-
Grignard reagent (Table 1).

Pyridylmethyl protected tetrazole la gave moderate
deuterium incorporation at the fifth position according to
the NMR spectra of a reaction mixture (Table 1, entries 1 and
2). A high recovery of tetrazole la as well as product
deuterated at the CH, group were observed. Imidazopyridine
6a was isolated from the reaction mixture as a minor impurity
resulting from cyanamide 7a, a product of metalated tetrazole
decomposition. Considerable improvement in a deuterium
quench experiment was observed using methylpyridylmethyl
protected tetrazole 1b as a substrate. High deuterium
incorporation at the fifth position was observed after
deprotonation with turbo-Grignard reagent at —60 °C
(Table 1, entries 3—5). An increase of the temperature after
the metalation step led to the formation of imidazopyridine 6b.
This formed as a major product if the reaction mixture was
warmed to room temperature. Better performance of
methylpyridylmethyl protected tetrazole 1b compared to that
of substrate 1a can be explained by blocking the relatively
acidic C—H at the sixth position of pyridine, which could cause
an equilibrium mixture of several metalated species.
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Figure 1. Representative examples of pharmacologically relevant tetrazole derivatives.

Scheme 1. Functionalization of Tetrazoles Bearing an Electrochemically Cleavable Protecting Group
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Table 1. Deprotonation Studies of Pyridyl Protected Tetrazoles 1a and 1b with Turbo-Grignard Reagent”

1. iPrMgCI*LiC ‘ =
-N N
= ] '}‘ N THF (see table) = ‘ N N R N = | u
N N~z N N_z _ « N-
RN 2.CD,0D quench R N ~ N RSN cN
D H N
1a,R=H R =a)H; b)Me d-1a,b 6a,b 7a,b
1b,R = Me
entry temp. time (min) d-1, yield” 6, yield”

1 —60 °C 15 d-1a, ~40% 6a, trace
2 —60 °C 60 d-1a, ~60% 6a, trace
3 —60 °C 15 d-1b, 90% 6a, trace
4 —60 °C 30 d-1b, 97% 6b, n.d.
s —60 °C 60 d-1b, 98% 6b, n.d.
6 °c 30 d-1b, 55% 6b, ~30%
7 S 30 d-1b, 0% 6b, 98%

“0.7 mmol of tetrazole and 1.2 equiv of turbo-Grignard reagent at
AcOH, and warm to r.t.

—60 °C for the indicated time; quench with 3 equiv of MeOD, add 3 equiv of
ields were calculated on the basis of the weight of the crude material and the reduction of the integral intensity of the $-

CH group in the NMR spectra. “Deprotonation was performed at —60 °C, and then, the reaction was cooled to reach the indicated temperature.

Methylpyridylmethyl protected tetrazole 1b, after metal-
ation, was subjected to the reaction with aldehydes 8a—e and
ketones 8f—j (Scheme 3). The addition of the metalated
intermediate to aromatic aldehydes 8a and 8b, aliphatic
aldehyde 8¢, and heteroaromatic aldehydes 8d and 8e was very
productive, providing alcohols 9a—i. The reaction with ketones
8f—j was also successful to give alcohols 9f—9j in moderate to

good yields.

18104

The pyridylmethyl group has been demonstrated to have
electrochemically cleavable protection for thiols,'™'* carboxylic
acids,"* and alcohols.">'* Similar electrochemical conditions
were applied for the reductive cleavage of the methylpyr-
idylmethyl group from tetrazole using compound 9a as the
model substrate. A range of electrodes and electrolytes was
investigated at the fixed current and electric charge (Table 2).
The best result was achieved using leaded bronze electrode as
cathode, sacrificial zinc as anode, and TBA-BF, (tetrabutyla-

https://doi.org/10.1021/acsomega 2c01633
ACS Omega 2022, 7, 18103-18109
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Table 2. Conditions for the Electrochemical Cleavage of the
Methylpiridylmethyl Group in Tetrazole 9a

Current 15 mA
Charge 2.5 F/mol

= N=N, e N
RN MeCN HN_
Me” "N 1©\ see Table for: j\@\
HO' cathode&anode
9a OMe &electrolyte
entry cathode anode electrolyte  conversion of 9a to 10a, %'
1 Pb/bronze Mg TBABF, 57
2 Pb Mg TBABF, 24
4 Pb Mg  LiClO, 0
5 BDD Mg TBABF, 24
6 Pb/bronze  Zn TBABF, 87 (67)"
7 Pb/bronze Zn TBACIO, 42
8 Pb/bronze Zn TBAPF 6
9 Pb Zn  TBABF, 15
10 BDD Zn  TBABE, 76 (50)"

“Determmed by the ratio of 10a and 9a in HPLC of the reaction
mixture. “Isolated yield, %.

monium tetrafluoroborate) as electrolyte, providing depro-
tected tetrazole 10a in good isolated yield (Table 2, entry 6). A
good conversion of the starting material 9a to deprotected
tetrazole 10a was also observed using boron-doped diamond
(BDD) as cathode and sacrificial zinc as anode (Table 2, entry
10).

The best electrochemical conditions found for the substrate
9a deprotection with Pb bronze cathode and the sacrificial Zn
anode were applied for the deprotection of tetrazoles 9b—g
(Scheme 4). The resulting free tetrazoles 10b—g were obtained
in fair isolated yields despite high conversion of the starting
materials 9b—g. The major loss of the product was due to the
very polar nature of tetrazoles 10b—g, which complicated the
isolation.

18105

Scheme 4. Electrochemical Deprotection of the
Methylpiridylmethyl Group in Tetrazoles 9b—g
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The proposed mechanism for the electrochemical cleavage
of the 6-methyl-pyridylmethyl group from tetrazole 9 is
provided in Scheme 3 m analogy to the cleavage of the O-
(4-nitro)benzyl group.' © The reduction of the pyridylmethyl
group at the cathode by sacrificing the Zn anode leads to an
anion radical A, which fragments to pyridylmethyl radical B
and tetrazole anion [10]”. The pyridyl radical B undergoes
further reactions, like hydrogen abstraction, dimerization,
oxidation, and/or reduction to give a mixture of byproducts.
The formation of pyridylmethyl radical B is supported by the
observation of 2,6-lutidine by LC/MS analysis of the crude
reaction mixture, which can form by either hydrogen
abstraction or a reduction followed by a protonation.

https://doi.org/10.1021/acsomega 2c01633
ACS Omega 2022, 7, 18103-18109
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Scheme S. Proposed Mechanism for Electrochemical
Cleavage of the Methylpyridylmethyl Group
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B CONCLUSIONS

6-Methylpyridyl-2-methyl protected tetrazoles can be C—H
deprotonated using the turbo-Grignard reagent and involved in
the reactions with aldehydes and ketones. The protecting
group can be cleaved in reductive electrochemical conditions
using Pb bronze as a cathode and Zn as a sacrificial anode. This
expands the utility of tetrazole functionalization via C—H
deprotonation, particularly for the cases where selective
protecting group cleavage should be achieved. To our
knowledge, this is the first example for the protection of
tetrazole with an electrochemically cleavable protecting group.

B EXPERIMENTAL SECTION

General Information. Commercially available reagents
were used without further purification. All air- or moisture-
sensitive reactions were carried out under an argon atmosphere
using oven-dried glassware. Flash chromatography was carried
out using Merck Kieselgel 60 (230—400 mesh). Thin layer
chromatography was performed on silica gel and was visualized
by staining with KMnO,. NMR spectra were recorded on a
Varian Mercury spectrometer (400 MHz) and a Bruker Fourier
spectrometer (300 MHz) with chemical shift values () in
ppm relative to TMS using the residual chloroform signal as an
internal standard. Elemental analyses were performed using a
Carlo-Erba EA1108 Elemental Analyzer. HRMS spectra were
obtained using a Q-TOF micro high resolution mass
spectrometer with ESI (ESI+/ESI-).

Synthesis of Starting Materials. 7H-Tetrazole (4). 4
(114 g 73%) was synthesized according to a literature
procedure.'’

2-(Bromomethyl)-6-methylpyridine (3). 3 (131 g 68%)
was synthesized according to a known method."

2-(1H-Tetrazol-1 ylmethyl)pyndme (1a). 1a was synthe-
sized according to a known method.'

2-Methyl-6-(1H-tetrazol-1-ylmethyl)pyridine (1b). A mix-
ture of 1H-tetrazole (4) (2.9 g, 1.2 equiv), dry THF (150 mL),
and 2-(bromomethyl)-6-methylpyridine (3) (6.5 g, 1 equiv)
was cooled at 0 °C. Triethylamine (19.47 mL, 2.5 equiv) was
added, and the mixture was left stirring overnight. Brine (450
mL) was added to quench the reaction, and the mixture was
transferred to a separatory funnel and then extracted with ethyl
acetate. The combined organic extracts were dried over
sodium sulfate, filtered, and concentrated by a rotary
evaporator. Concentration of the extract gave two isomers
1b and §, which were separated by column chromatography on
silica gel. The desired isomer 1b was obtained in high purity
(>96%) as an off-white solid.

General Protocol for the Reaction of Tetrazole 1b
with Electrophiles. The tetrazole (1b, 1.1. equiv) was
dissolved in THF (0.12 M) and cooled to —60 °C. An
isopropyl magnesium chloride—lithium chloride complex (1.2
equiv) was added dropwise and, after 30 min, at the same
temperature, the corresponding electrophile (1 equiv),
dissolved in THF (0.7 M), was added dropwise. The reaction
mixture was slowly left to reach room temperature and stirring
continued for 24—72 h. NH,Cl was added to quench the
reaction; the aqueous phase was extracted with EtOAc (3x),
and the combined organics were washed with brine, dried, and
evaporated. The crude was purified with column chromatog-
raphy on silica.

General Protocol for Electrolytic Removal of the 6-
Methyl-pyridylmethyl Protecting Group. A single cell
with leaded bronze as a cathode and zinc as an anode was
charged with 0.28—0.3 mmol of the corresponding tetrazole 9
and supporting electrolyte TBABF, (1 equiv) under an inert
atmosphere. Dry MeCN (7.5 mL) was added, and the reaction
was started by applying constant current (1S mA, total charge
of 2.5 F/mol). After the end of the reaction, ACOH (1 equiv)
was added and the mixture was diluted with EtOAc and water.
The aqueous phase was extracted with EtOAc, and the
combined organics were washed with 1 N aqueous HCI and
brine, dried, and evaporated; product 10 was purified by
column chromatography eluted with a mixture of petroleum
ether/ethyl acetae/acetic acid (1:1:0.04).

Characterization of the Products. 2-(1H-Tetrazol-1-
ylmethyl)pyridine (1a). 1a, 1.2 g, 76%. '"H NMR (400 MHz,
CDCl,) 6 8.87 (s, 1H, —CH-), 8.58 (ddd, ] = 4.8, 1.9, 1.0 Hz,
1H, Ar), 7.73 (td, ] = 7.7, 1.8 Hz, 1H, Ar), 7.36—7.26 (m, 2H,
Ar), 5.71 (s, 2H, —CH,—). *C NMR (101 MHz, CDCl;) §
152.46, 150.13, 143.11, 137.59, 123.95, 122.74, 53.30.

2-Methyl-6-(1H-tetrazol-1-ylmethyl)pyridine (1b). 1b, off-
white solid (2.55 g, 42%), mp 53—55 °C. 'H NMR (300 MHz,
CDCly) 6 8.87 (s, 1H, —CH-), 7.59 (t, ] = 7.7 Hz, 1H, Ar),
7.10 (dd, J = 17.0, 7.7 Hz, 2H, Ar), 5.64 (s, 2H, —CH,—), 2.51
(s, 3H, —CH,;). *C NMR (101 MHz, CDCly) & 159.40,
151.78, 143.15, 137.78, 123.66, 119.75, 53.52, 24.46. Element.
Anal. for CgHyNg: N, 39.98; C, 54.85; H, 5.18. Found: N,
39.99; C, 54.85; H, 5.11. HR-MS (ESI-TOF) m/z: Calcd for
CgHyN¢Na 198.0756; Found [M + Na]" 198.0758.

4-(Methoxyphenyl)(1-((6-methylpyridin-2-yl)methyl)-1H-
tetrazol-5-yl)methanol (9a). 9a, white solid (83%), mp 91—
95 °C. "H NMR (400 MHz, CDCl;) 6 7.60 (t, ] = 7.7 Hz, 1H,
pyr.), 7.28 (dd, J = 8.9, 0.8 Hz, 1H, Ar), 7.19 (d, J = 7.1 Hz,
1H, pyr.), 7.11 (d, J = 7.8 Hz, 1H, pyr.), 6.82 (d, ] = 8.8 Hz,
2H, Ar), 638 (s, 1H, —CH—OH), 5.45 (d, ] = 14.8 Hz, 1H,
—CH,-), 5.34 (d, ] = 14.8 Hz, 1H, —CH,—), 3.73 (s, 3H,
—OCH;), 2.44 (s, 3H, —CH,). *C NMR (101 MHz, CDCl;)
& 159.55, 158.87, 156.90, 151.36, 138.83, 131.38, 127.21,
124.26, 120.87, 114.13, 66.12, 55.33, 52.14, 23.54. HR-MS
(ESI-TOF) m/z: Caled for C,4H,;N;O,Na 334.1280; Found
[M + Na]* 334.1279.

(4-Bromophenyl)(1-((6-methylpyridin-2-yl)methyl)-1H-
tetrazol-5-yl)methanol (9b). 9b, light green solid (75%), mp
131-135 °C. '"H NMR (400 MHz, chloroform-d) 6 7.71 (t, ] =
7.7 Hz, 1H, pyr.), 7.51 (d, ] = 8.5 Hz, 2H, Ar), 7.37 (d, ] = 7.9
Hz, 2H, Ar), 7.31 (d, ] = 7.6 Hz, 1H, pyr.), 7.22 (d, ] = 7.8 Hz,
1H, pyr.), 6.46 (s, 1H, -CH—OH), 5.58 (d, ] = 14.8 Hz, 1H,
—CH,-), 545 (d, J = 14.8 Hz, 1H, —CH,-), 2.53 (s, 3H,
—CH,). ®C NMR (101 MHz, CDCI3) & 158.90, 156.34,
151.09, 139.00, 138.39, 131.85, 127.77, 124.43, 122.41, 120.99,
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65.92, 52.19, 23.51. HR-MS (ESI-TOF) m/z: Calcd for
C,5H,sBrN;O 360.0460; Found [M + H]* 360.0470.
1-(1-((6-Methylpyridin-2-yl)methyl)-1H-tetrazol-5-yl)-
pentan-1-ol (9¢c). 9¢, white solid (77%), mp 105—108 °C. 'H
NMR (400 MHz, chloroform-d) § 7.68 (t, ] = 7.7 Hz, 1H,
pyr.), 7.33 (d, J = 7.6 Hz, 1H, pyr.), 7.18 (d, ] = 7.8 Hz, 1H,
pyr.), 7.06 (sb, 1H, —OH), 5.80 (d, J = 14.6 Hz, 1H, —CH,—),
5.68 (d, J = 14.6 Hz, 1H, —CH,—), 5.18 (dd, ] = 7.9, 5.2 Hz,
1H, —=CH-OH), 2.50 (s, 3H, —CHj;), 2.21-1.94 (m, 2H,
—CH,-), 1.60—1.35 (m, 4H, —~CH,—CH,—), 0.92 (t, ] = 7.2
Hz, 3H, —CH,). *C NMR (101 MHz, CDCI3) & 158.86,
157.26, 151.66, 138.78, 124.21, 121.01, 64.90, 52.27, 35.58,
27.44, 23.73, 22.47, 14.00. HR-MS (ESI-TOF) m/z: Calcd for
C,3H,oN;O 262.1668; Found [M + H]* 262.1667.

(1-((6-Methylpyridin-2-yl)methyl)-1H-tetrazol-5-yl)-
(thiophen-3-yl)methanol (9d). 9d, subwhite solid (85%), mp
76—80 °C. 'H NMR (400 MHz, CDCL,) § 7.97 (sb, 1H,
—OH) 7.62 (t, ] = 7.7 He, 1H, pyr.), 7.32 (dt, ] = 2.7, 1.3 He,
1H, thioph.), 7.28 (dd, J = 5.0, 3.1 Hg, 1H, thioph.), 7.20 (d, J
=7.6 Hz, 1H, pyr.), 7.13 (d, ] = 7.8 Hz, 1H, pyr.), 6.97 (dd, ] =
5.0, 1.3 Hz, 1H, thioph.), 6.47 (d, ] = 1.2 Hz, 1H, -CH-OH),
5.55(d, J = 14.8 Hz, 1H, —CH,-), 5.41 (d, ] = 14.8 Hz, 1H,
—CH,—), 243 (s, 3H, —CH;). *C NMR (101 MHz, CDCl;)
& 15879, 156.24, 151.33, 140.75, 138.80, 126.98, 125.65,
124.22, 12231, 120.82, 63.80, 52.24, 23.52. HR-MS (ESI-
TOF) m/z: Caled for C3HN;OS 288.0919; Found [M +
HJ]* 288.0909.

Furan-3-yl(1-((6-methylpyridin-2-yl)methyl)- 1H-tetrazol-
5-yl)methanol (9e). 9e, light brown solid (79%), mp 71-7S
°C. '"H NMR (400 MHz, CDCl,) § 7.69 (t, ] = 7.7 Hz, 1H,
pyr.), 7.52 (q,] = 1.2 Hz, 1H, furan), 7.42 (t, ] = 1.8 Hz, 1H,
furan), 7.31 (d, ] = 7.6 Hz, 1H, pyr.), 7.18 (d, ] = 7.8 Hz, 1H,
pyr.), 640 (d, J = 1.3 Hz, 2H, furan), 5.64 (s, 2H, —CH,—),
2.48 (s, 3H, —CH,). '>*C NMR (101 MHz, CDCl;) § 158.92,
156.00, 151.31, 143.92, 140.23, 138,90, 125.18, 124.35, 121.02,
108.84, 61.01, 52.32, 23.54. HR-MS (ESI-TOF) m/z: Calcd
for C,3H ,N5O, 272.1147; Found [M + H]* 272.1151.

1-(1-((6-Methylpyridin-2-yl)methyl)-1H-tetrazol-5-yl)-1-
phenylethan-1-ol (9f). 9f, yellow crystalline (86%), mp 106—
109 °C. 'H NMR (400 MHz, CDCl;) & 7.64 (t, ] = 7.7 Hz,
1H, pyr.), 7.48—=7.41 (m, 2H, Ar), 7.37-7.25 (m, 3H, Ar),
7.21 (d, ] = 7.6 Hz, 1H, pyr.), 7.15 (d, ] = 7.8 Hz, 1H, pyr.),
538 (d, ] = 148 Hz, 1H, —CH,-), 5.12 (d, ] = 14.8 Hz, 1H,
—CH,-), 2.51 (s, 3H, —CHj), 2.16 (s, 3H, —CH;). °*C NMR
(101 MHz, CDCl;) § 159.48, 158.60, 151.44, 144.76, 138.93,
128.69, 127.85, 124.80, 124.23, 120.92, 71.11, §2.21, 31.99,
23.38. HR-MS (ESI-TOF) m/z: Caled for C,¢H;jNsO
296.1511; Found [M + H]* 296.1516.

(1-((6-Methylpyridin-2-yl)methyl)-1H-tetrazol-5-yl)-
diphenyl Methanol (9g). 9g, subyellow solid (47%), mp 108—
112 °C. '"H NMR (400 MHz, CDCl,) § 7.66 (t, ] = 7.7 Hz,
1H, pyr.), 7.47—7.41 (m, 4H, Ar), 7.38=7.26 (m, 7H, Ar(6H)
+ pyr.(1H)), 7.12 (d, ] = 7.8 Hz, 1H, pyr.), 5.72 (s, 2H,
—CH,—), 2.31 (s, 3H, —CH,). "*C NMR (101 MHz, CDCl;)
& 159.04, 158.58, 151.64, 144.28, 139.09, 128.17, 127.96,
127.11, 124.33, 121.17, 76.65, 52.97, 23.16. HR-MS (ESI-
TOF) m/z: Calcd for C,H,(N¢O 358.1668; Found [M + H]*
358.1666.

9-(1-((6-Methylpyridin-2-yl)methyl)-1H-tetrazol-5-yl)-9H-
fluoren-9-ol (9h). 9h, yellow solid (65%), mp 165—170 °C. 'H
NMR (400 MHz, CDCl,) & 8.33 (s, 1H, —OH), 7.72—7.64
(m, 3H, pyr.(1H) + Ar(2H)), 7.40 (ddd, J = 7.5, 6.9, 1.7 Hg,
2H, Ar), 7.33—7.16 (m, 6H. pyr.(2H) + Ar(4H)), 5.98 (s, 2H,

—CH,—), 2.58 (s, 3H, —CH,). '*C NMR (101 MHz, CDCl,)
5 158.54, 157.81, 151.94, 146.88, 139.84, 138.89, 130.00,
128.44, 12425, 124.11, 120.78, 120.75, 79.37, 53.03, 23.85.
HR-MS (ESI-TOF) m/z: Caled for C, H¢N;O 356.1511;
Found [M + H]* 356.1508.
1-(1-((6-Methylpyridin-2-yl)methyl)- 1H-tetrazol-5-yl)-
cyclohex-2-en-1-ol (9i). 9i, beige solid (80%), mp 92—95 °C.
"H NMR (400 MHz, CDCl;) & 7.67 (t, ] = 7.7 Hz, 1H, pyr.),
7.44 (sb, 1H, —OH), 7.29 (d, ] = 7.6 Hz, 1H, pyr.), 7.17 (d, ] =
7.8 Hz, 1H, pyr.), 6.03 (dt, ] = 9.9, 3.7 Hz, 1H, —-CH=CH-),
5.95 (d, J = 14.5 Hz, 1H, —CH,—), 5.85 (d, ] = 14.5 Hz, 1H,
—CH,-), 5.79 (dd, ] = 10.0, 1.0 Hz, 1H, -CH=CH-), 2.51
(s, 3H, —CH,), 2.27 (ddd, ] = 132, 103, 3.6 Hz, 1H,
—CH,—), 2.18 (dddd, J = 9.3, 5.7, 3.3, 2.2 Hz, 2H, —CH,—),
2.10 (dddd, J = 13.3, 7.2, 3.2, 1.1 Hg, 1H, —CH,—), 2.01-1.83
(m, 2H, —CH,-). *C NMR (101 MHe, CDCl;) § 160.01,
158.61, 152.27, 138.70, 131.13, 129.20, 124.05, 120.93, 68.58,
§3.11, 37.21, 24.62, 23.79, 18.08. HR-MS (ESI-TOF) m/z:
Caled for C,H,;N;O 272.1511; Found [M + H]" 272.1513.
4-Methyl-2-(1-((6-methylpyridin-2-yl)methyl)-1H-tetrazol-
5-yl)pentan-2-ol (9j). 9j, thick yellow oil (56%). 'H NMR
(400 MHz, chloroform-d) 6 7.69 (t, J = 7.7 Hz, 1H, pyr.), 7.35
(d,J=7.5Hz, 1H, pyr.), 7.18 (d, ] = 7.8 Hz, 1H, pyr.), 5.99 (d,
J =142 Hgz, 1H, —CH,-), 5.82 (d, ] = 14.3 Hz, 1H, —CH,-),
2.52 (s, 3H, —CH,), 2.05 (dd, J = 14.2, 6.7 Hz, 1H, —CH,—),
1.95 (dd, ] = 14.2, 5.5 Hz, 1H, —CH,—), 1.86—1.75 (m, 1H,
—CH-), 1.72 (s, 3H, —CHy,), 0.98 (d, ] = 6.7 Hz, 3H, —CH,),
0.73 (d, ] = 6.7 Hz, 3H, —CH,). °C NMR (101 MHe,
CDCI3) & 160.53, 158.50, 152.28, 138.93, 124.22, 121.35,
7249, 52.93, 51.62, 31.57, 24.61, 24.41, 23.68, 23.63. HR-MS
(ESI-TOF) m/z: Caled for C,,H,,NO 276.1824; Found [M +
HJ]* 276.1834.
(4-Methoxyphenyl)(1H-tetrazol-5-yl)methanol (10a). 10a,
67%. "H NMR (300 MHz, CD;0D) & 7.35 (d, ] = 8.7 Hz, 2H,
Ar), 692 (d, ] = 8.7 Hz, 2H, Ar), 6.10 (s, 1H, -CH-OH),
3.77 (s, 3H, —OCH;)."’
(4-Bromophenyl)(1H-tetrazol-5-yl)methanol (10b). 10b,
65%. '"H NMR (300 MHz, CD;0D) & 7.54 (d, J = 8.5 Hz,
2H, Ar), 7.39 (d, ] = 8.4 Hz, 2H, Ar), 6.14 (s, 1H, —CH—-
OH) 10

1-(1H-Tetrazol-5-yl)pentan-1-ol (10c). 10c, 68%. 'H NMR
(300 MHz, CD,0D) & 5.04 (t, ] = 6.5 Hz, 1H, -CH—-OH),
2.00—-1.77 (m, 2H, —CH,—), 1.38 (dd, J = 7.4, 3.9 Hz, 4H,
—CH,—CH,-), 1.09-0.81 (m, 3H, —CH,)."'
Furan-3-yl(1H-tetrazol-5-yl)methanol (10d). 10d, white
amorphous solid (68%). '"H NMR (400 MHz, CD;0D) § 7.58
(s, 1H, -C=CH-0-), 7.49 (t, ] = 1.9 He, 1H, =CH-0-),
6.45 (t, ] = 1.9 Hz, 1H, C—-CH=), 6.14 (s, 1H, -CH-OH).
3C NMR (101 MHz, CD;OD) & 159.10, 143.68, 140.15,
125.50, 108.37, 60.22. HR-MS (ESI-TOF) m/z: Calcd for
C¢H(N,O, 165.0413; Found [M — H]~ 165.0417.
9-(1H-Tetrazol-5-yl)-9H-flucren-9-ol (10e). 10e, 71%. 'H
NMR (400 MHz, CD,0D) § 7.79 (dd, ] = 7.6, 0.9 Hz, 2H),
7.49-7.39 (m, 4H), 7.32 (td, ] = 7.5, 1.1 Hz, 2H)."’
1-Phenyl-1-(1H-tetrazol-5-yl)ethan-1-ol (10f). 10f, white
solid (70%), mp 142—146 °C. '"H NMR (400 MHz, MeOD) &
7.51 (d, ] = 7.2 Hz, 2H), 7.33 (t, ] = 7.5 Hz, 2H), 7.25 (t, ] =
7.3 Hz, 1H), 2.02 (s, 3H, —CHj;). 3C NMR (101 MHz,
CD,0D) & 164.03, 145.86, 129.40, 128.72, 125.99, 72.19,
30.08. HR-MS (ESI-TOF) m/z: Caled for CyH;,N,O
189.0776; Found [M — H]~ 189.0780.
Diphenyl(1H-tetrazol-5-yl)methanol (10g). 10g, white
solid (64%), mp 146—150 °C. 'H NMR (400 MHe,
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CD;0D) 6 7.43—7.37 (m, 4H), 7.37—7.28 (m, 6H). *C NMR
(101 MHz, CD;0D) § 163.45, 145.20, 129.15, 129.09, 128.27,
77.81. HR-MS (ESI-TOF) m/z: Caled for C,,H;,N,O
251.0933; Found [M — H]™ 251.0943.
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General procedure for the synthesis of t-butanesulfinyl imines: To a solution of (R)- or
(S)-t-butanesulfinamide (0.605 g,5 mmol) and the corresponding carbonyl compound (4.5
mmol) in dry THF (20 mL) under argon at 23 °C, titanium isopropoxide (2.005 g, 1.885 mL,
9 mmol) was slowly added. The reaction mixture was stirred for 12 h at the same
temperature. The resulting mixture was hydrolyzed with brine (30 mL), extracted with ethyl
acetate (3x15 mL), dried over anhydrous MgSOs, and evaporated in vacuo. The residue was
purified by column chromatography (Petroleum ether/Ethyl acetate 4:1) to obtain the title
compound.

General procedure for the addition of tetrazole to t-butanesulfinyl imine: A solution of
the tetrazole 63 (3 eq.) in dry DCM (0.2 M) was cooled to —60 °C. Turbo Grignard reagent
(3.05 eg., 1 M in THF) was added to the mixture dropwise and it was stirred for 30 min at
this temperature. Then, a solution of the corresponding electrophile (1 eq.) in DCM (0.35 M)
was added dropwise and stirring continued at —60 °C for 30 min. The reaction was then left
to reach r.t. slowly and stirred overnight. The reaction was quenched with sat. ag. NH4Cl and
extracted with DCM. The organic phase was dried over anhydrous MgSQOs and evaporated
in vacuo. The residue was purified by column chromatography (Petroleum ether/Ethyl
acetate 6:1) to obtain the title compound.

(S, E)-N—(4-Methoxybenzylidene)—2—methylpropane—2—sulfinamide (102a): White solid
(4.1 g, 70%). Synthesized according to the literature.*

(S, E)-N-Ethylidene—2—-methylpropane—2—-sulfinamide (102b): Yellow oil (2 g, 97%).
Synthesized according to the literature.?

(S, E)-2—Methyl-N—(2—methylpropylidene) propane—2—sulfinamide (102c): Colourless oil
(1.4 g, 98%). Synthesized according to the literature.®

(S, E)-2—Methyl-N-pentylidenepropane—2—sulfinamide (102d): Yellow oil (1.1 g, 76%).
Synthesized according to the literature.*

(S, E)-N—(Cyclohexylmethylene)-2-methylpropane—2—sulfinamide (102e): Colourless oil
(1.5 g, 85%). Synthesized according to the literature.’

(S, E)-2-Methyl-N—(pyridin—3—ylmethylene) propane—2-sulfinamide (102f): Yellow oil
(966 mg, 87%). Synthesized according to the literature.®

(S, E)-N—(4-Bromobenzylidene)-2—methylpropane—2—sulfinamide (102g): Yellow oil (1.6
g, 87%). Synthesized according to the literature.’

(S, E)-2—Methyl-N—(naphthalen—1-ylmethylene) propane—2—sulfinamide (102h): Yellow
oil (1.5 g, 79%). Synthesized according to the literature.®
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(S, E)-N—(4-Fluoro—3—-methoxybenzylidene)-2—methylpropane—2—sulfinamide (102i):
Yellow oil (680 mg, 68%). [a]o = +68.3 (CHCls, ¢ = 1). *H NMR (400 MHz, CDCls) § 8.50
(s, 1H,—CH=N-), 7.50 (dd, J = 8.2, 2.0 Hz, 1H, Ar), 7.36 (ddd, J = 8.3, 4.5, 2.0 Hz, 1H, Ar),
7.16 (dd, J = 10.7, 8.3 Hz, 1H, Ar), 3.94 (s, 3H, CH30-), 1.26 (s, 9H, -C(CHs)s). *C NMR
(101 MHz, CDCls) 6 161.8, 154.0, 148.5, 130.9, 123.9, 116.7, 112.8, 57.9, 56.4, 22.7.
HR-MS (ESI-TOF) m/z: calculated for Ci2H1i7FNO,S ([M+H]"): 258.0964; found
258.0970.

(R, E)-N—(4—Methoxybenzylidene)-2-methylpropane—2-sulfinamide (102j): White solid
(776 mg, 66%). Synthesized according to the literature.®

(R, E)-2—Methyl-N—(pyridin—3-ylmethylene) propane—2—sulfinamide (102k): Yellow oil
(1 g, 90%). Synthesized according to the literature.®

(R, E)-N—(4-Bromobenzylidene)-2—methylpropane—2—sulfinamide (102l): Yellow oil (1.1
g, 78%). Synthesized according to the literature.’

(S)-N—((S)-(1-(4—Methoxybenzyl)-1H-tetrazol-5-yl)  (4—methoxyphenyl) methyl)-2—
methylpropa—ne—2-sulfinamide (103a): White solid (220 mg, 88%). [a]po = +56.8 (CHClI3, ¢
=1). MP: Dec. > 55°C. *H NMR (400 MHz, CDCl3) § 7.07 (d, J = 8.8 Hz, 2H, Ar), 6.99 (d, J
=8.7 Hz, 2H, Ar), 6.79 (dd, J = 8.8, 7.3 Hz, 4H, Ar), 5.67 (d, J = 5.7 Hz, 1H, -CH-NH-),
5.47 -5.32 (m, 2H, -CH>-), 4.08 (d, J =5.7 Hz, 1H, -CH-NH-), 3.77 (s, 3H, CH30-), 3.76
(s, 3H, CH30-), 1.17 (s, 9H, —C(CHa)s). *C NMR (101 MHz, CDCls) § 160.2, 160.1, 155.3,
129.2,129.1,128.6,125.1, 114.7, 65.9, 57.0, 55.5, 55.4, 52.4, 50.9, 22.5.

HR-MS (ESI-TOF) m/z: calculated for C21H27NsOsSNa ([M+Na]*): 452.1732; found
452.1727.

(S)-N—((S)-1-(1-(4—Methoxybenzyl)-1H-tetrazol-5-yI) ethyl)-2—-methylpropane—2—
sulfinamide (103b): Colourless gum (178 mg, 74%). [a]o = —19.3 (CHCl3, ¢ = 1). *H NMR
(400 MHz, CDCls) 6 7.20 — 7.11 (m, 2H, Ar), 6.92 — 6.83 (m, 2H, Ar), 5.67 (d, J = 15.3 Hz,
1H,-CH»>-), 5.43 (d, J = 15.3 Hz, 1H, -CH>-), 4.73 - 4.61 (m, 1H, -CH-NH-), 3.79 (s, 3H,
CH30-), 3.74 (d, J = 8.3 Hz, 1H, -CH-NH-), 1.60 (d, J = 6.8 Hz, 3H CH3-), 1.17 (s, 9H, —
C(CHs)3). 1*C NMR (101 MHz, CDCls) § 160.2, 156.1, 129.2, 125.3, 114.8, 56.9, 55.5, 50.8,
45.8,22.6,21.9.

HR-MS (ESI-TOF) m/z: calculated for CisH23NsO02SNa ([M+Na]*): 360.1470; found
360.1483.

(S)-N—((S)-1—(1-(4—Methoxybenzyl)-1H-tetrazol-5-yl)-2—methylpropyl)-2—

methylpropane—2-sulfinamide (103c): White solid (158 mg, 62%). [a]o = +5.5 (CHCl3, ¢ =
1). MP: 92 — 95°C. 'H NMR (400 MHz, CDCl3) 6 7.20 (d, J = 8.7 Hz, 2H, Ar), 6.87 (d, J =
8.8 Hz, 2H, Ar), 5.61 (d, J = 15.2 Hz, 1H, -CH>-), 5.51 (d, J = 15.3 Hz, 1H, —CH>-), 4.32 (t,
J=7.6 Hz, 1H, -CH-NH-), 3.87 (d, J = 7.6 Hz, 1H, -CH-NH-), 3.78 (s, 3H, CH30-), 2.23
—2.10 (m, 1H, CH3—CH-CHa), 1.09 (s, 9H, —C(CH3)3), 0.93 (d, J = 6.7 Hz, 3H, CHa), 0.67
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(d, J = 6.7 Hz, 3H, CHs). *C NMR (101 MHz, CDCls) 6 160.3, 155.4, 129.5, 125.5, 114.7,
56.8, 55.5, 54.9, 50.9, 33.5, 22.4, 19.0, 18.8.

HR-MS (ESI-TOF) m/z: calculated for Ci7H27NsO2SNa ([M+Na]*): 388.1783; found
388.1797.

(S)-N—((S)-1—-(1-(4—Methoxybenzyl)-1H-tetrazol-5-yl)—pentyl)-2—methylpropane—2—
sulfinamide (103d): Colourless gum (195 mg, 79%). (CHCls, ¢ = 1). *H NMR (400 MHz,
CDClz) 6 7.15 (d, J =8.7 Hz, 2H, Ar), 6.84 (d, J = 8.8 Hz, 2H, Ar), 5.65 (d, J = 15.3 Hz, 1H,
—CH»>-), 5.45 (d, J = 15.3 Hz, 1H, -CH>-), 4.52 (ddd, J = 8.7, 7.6, 6.1 Hz, 1H, -CH-NH-),
3.82 (d, J = 7.7 Hz, 1H, -CH-NH-), 3.75 (s, 3H, CHs0-), 2.01 — 1.83 (m, 2H, —
CH,>CH>CH2CHBg), 1.10 (s, 11H, —C(CH?3)3 overlapping with -CH>CH>CH>CH3), 0.96 —0.79
(m, 2H, —-CH2CH,CH,CHj3), 0.68 (t, J = 7.3 Hz, 3H, —-CH2CH2CH,CHs). 3C NMR (101
MHz, CDCls) 6 160.2, 155.7, 129.2, 125.5, 114.7, 56.7, 55.4, 50.8, 49.5, 35.6, 27.7, 22.4,
22.1,13.7.

HR-MS (ESI-TOF) m/z: calculated for CigH3oNsO2S ([M+H]"): 380.2120; found
380.2116.

(S)-N—((S)-Cyclohexyl(1-(4-methoxybenzyl)-1H-tetrazol-5-yl)-methyl)-2—
methylpropane—2-sulfinamide (103e): White solid (190 mg, 66%). [o]o = +40.7 (CHCl3, ¢ =
1). MP: dec > 55°C. *H NMR (400 MHz, CDCls) § 7.19 (d, J = 8.7 Hz, 2H, Ar), 6.87 (d, J =
8.8 Hz, 2H, Ar), 5.58 (d, J = 15.3 Hz, 1H, —-CH>-), 5.50 (d, J = 15.2 Hz, 1H, -CH,-), 4.34 (t,
J=7.7Hz, 1H, ~-CH-NH-), 3.87 (d, J = 7.5 Hz, 1H, -CH-NH-), 3.79 (s, 3H, CH30-), 1.89
(dt, J =12.6, 3.2 Hz, 1H, Cyclohexane), 1.82 — 1.65 (m, 2H, Cyclohexane), 1.63 — 1.50 (m,
2H, Cyclohexane), 1.26 — 1.11 (m, 3H, Cyclohexane), 1.07 (s, 9H, —C(CHs)3), 1.02 — 0.82
(m, 2H, Cyclohexane), 0.81 — 0.67 (m, 1H, Cyclohexane). **C NMR (101 MHz, CDClz) §
160.3, 155.5, 129.5, 125.5, 114.7, 56.8, 55.5, 54.6, 50.9, 42.7, 29.5, 29.3, 25.9, 25.7, 25.7,
22.4.

HR-MS (ESI-TOF) m/z: calculated for C20H31NsO2SNa ([M+Na]*): 428.2096; found
428.2106.

(S)-N—((S)-(1-(4—-Methoxybenzyl)-1H-tetrazol-5-yl)(pyridin—3—-yl)methyl)—2—
methylpropane—2—sulfinamide (103f): White solid (249 mg, 88%). [a]o = +51.7 (CHCIs, c =
1). MP: 95 —99°C. 'H NMR (400 MHz, CDCls) § 8.56 (d, J = 4.8 Hz, 1H, Py), 8.28 (s, 1H,
Py), 7.65 (d, J = 8.0 Hz, 1H, Pyr), 7.16 (d, J = 8.1 Hz, 2H, Ar), 6.89 (d, J = 8.4 Hz, 2H, Ar),
5.84 (d, J = 6.6 Hz, 1H, -CH-NH-), 5.73 (d, J = 15.3 Hz, 1H, -CH>-), 5.64 (d, J = 15.3 Hz,
1H, -CH>-), 4.71 (d, J = 6.6 Hz, 1H, -CH-NH-), 3.85 (s, 3H, CH30-), 1.24 (s, 9H, —
C(CHa)3). **C NMR (101 MHz, CDCls) & 160.3, 154.7, 150.2, 148.7, 135.6, 132.8, 129.2,
125.0,123.9,114.8,57.3,55.5,51.1, 48.9, 22.5.

HR-MS (ESI-TOF) m/z: calculated for Ca29H2sNsO2S ([M+H]"): 401.1760; found
401.1765.

(S)-N—((S)—(4-Bromophenyl)(1-(4—methoxybenzyl)-1H-tetrazol-5-yl)methyl)-2—
methylpropane—2—sulfinamide (103g): White solid (277 mg, 89%). [a]po = +54.7 (CHCl3, ¢
=1). MP: dec > 60°C. *H NMR (400 MHz, CDCls) 6 7.37 (d, J = 8.5 Hz, 2H, Ar), 7.00 (d, J

112



=8.7 Hz, 2H, Ar), 6.96 (d, J = 8.2 Hz, 2H, Ar), 6.80 (d, J = 8.7 Hz, 2H, Ar), 5.69 (d, J = 6.4
Hz, 1H, -CH-NH-), 5.55 (d, J = 15.4 Hz, 1H, -CH>-), 5.44 (d, J = 15.4 Hz, 1H, -CH>-),
4.18 (d, J=6.4 Hz, 1H, -CH-NH-), 3.79 (s, 3H, CH30-), 1.16 (s, 9H, —C(CHs)3). **C NMR
(101 MHz, CDCl3) & 160.3, 154.9, 135.7, 132.4, 129.4, 129.2, 125.0, 123.5, 114.7, 57.2,
55.54,51.5, 51.1, 22.5.

HR-MS (ESI-TOF) m/z: calculated for Cz0H24BrNsO.SNa ([M+Na]*): 500.0732; found
500.0747.

(S)-N—((S)-(1-(4—Methoxybenzyl)-1H-tetrazol-5-yl)(naphthalen-1-yl)methyl)-2—
methylpropane—2—sulfinamide (103h): White solid (190 mg, 65%). [a]p = +28.6 (CHClIz, ¢
= 1). MP: dec > 60°C. *H NMR (400 MHz, CDCl3) & 7.98 — 7.92 (m, 1H, Ar), 7.89 — 7.85
(m, 1H, Ar), 7.83 (dt, J = 8.3, 1.1 Hz, 1H, Ar), 7.55—7.48 (m, 2H, Ar), 7.33 (dd, J = 8.2, 7.2
Hz, 1H, Ar), 7.22 (dd, J = 7.3, 1.2 Hz, 1H, Ar), 6.80 (d, J = 8.8 Hz, 2H, Ar), 6.60 (d, J = 8.7
Hz, 2H, Ar), 6.47 (d, J = 4.5 Hz, 1H, -CH-NH-), 5.33 (d, J = 15.3 Hz, 1H, —-CH>-), 5.22 (d,
J=15.3 Hz, 1H, -CH2-), 4.07 (d, J = 4.5 Hz, 1H, -CH-NH-), 3.70 (s, 3H, CHs0-), 1.21 (5,
9H, —C(CHza)s). **C NMR (101 MHz, CDClg) § 159.8, 155.1, 134.1, 131.4, 130.3, 130.1,
129.1,129.1,127.5,126.8, 126.5, 125.2, 124.3, 122.4, 114.3, 56.9, 55.3, 50.9, 49.8, 22.5.
HR-MS (ESI-TOF) m/z: calculated for C2sH2zNsO2SNa ([M+Na]*): 472.1783; found
472.1794.

(S)-N—((S)—(4—Fluoro—3-methoxyphenyl)(1-(4—methoxybenzyl)-1H-tetrazol-5—
yl)methyl)-2-methylpropane—2—sulfinamide (103i): White solid (167 mg, 60%). [o]po =
+44.3 (CHCls, ¢ = 1). MP: dec > 60°C. *H NMR (400 MHz, CDCls) § 7.03 (d, J = 8.7 Hz,
2H, Ar), 6.93 (dd, J = 10.9, 8.3 Hz, 1H, Ar), 6.80 (d, J = 8.8 Hz, 2H, Ar), 6.69 (dd, J = 7.9,
2.2 Hz, 1H, Ar), 6.64 (ddd, J =8.4, 4.1, 2.2 Hz, 1H, Ar), 5.69 (d, J = 6.1 Hz, 1H, -CH-NH-
), 5.54 (d, J = 15.4 Hz, 1H, —-CH,-), 5.45 (d, J = 15.4 Hz, 1H, —-CH>-), 4.16 (d, J = 6.1 Hz,
1H, -CH-NH-), 3.77 (s, 3H, CH30-), 3.73 (s, 3H, CH30-), 1.17 (s, 9H, —C(CHs)3). *C
NMR (101 MHz, CDCls) 8 160.1, 154.9, 153.8, 151.3, 148.2, 148.1, 132.9, 132.9, 129.1,
125.0, 120.0, 119.9, 116.5, 116.3, 114.6, 112.8, 112.8, 57.0, 56.2, 55.4, 51.7, 50.9, 22.4. 1°F
NMR (376 MHz, CDCls) 6 -133.8.

HR-MS (ESI-TOF) m/z: calculated for Co1H26FNsO3SNa ([M+Na]*): 470.1638; found
470.1646.

(R)-N—((R)—(1—(4—Methoxybenzyl)-1H-tetrazol-5-yl)(4—methoxyphenyl)methyl)—2—
methylpropa—ne—2-sulfinamide (103j): White solid (318 mg, 80%). [o]o = -58.6 (CHClI3, ¢
=1). MP: dec > 55°C. *H NMR (400 MHz, CDCls) 6 7.08 (d, J = 8.8 Hz, 2H, Ar), 6.99 (d, J
=8.7 Hz, 2H, Ar), 6.80 (dd, J = 8.8, 7.4 Hz, 4H, Ar), 5.67 (d, J = 5.8 Hz, 1H, -CH-NH-),
5.42 (d, J = 15.3 Hz, 1H, -CH>-), 5.36 (d, J = 15.3 Hz, 1H, —-CH-), 4.05 (d, J = 5.8 Hz, 1H,
—~CH-NH-), 3.78 (s, 3H, CH30-), 3.77 (s, 3H, CH30-), 1.17 (s, 9H, -C(CHa)3). *°C NMR
(101 MHz, CDCls) & 160.3, 160.2, 155.3, 129.9, 129.2, 129.1, 128.6, 125.1, 114.7, 57.0,
55.5,55.4,52.4,50.9, 22.6.

HR-MS (ESI-TOF) m/z: calculated for C21H27NsO3SNa ([M+Na]*): 452.1732; found
452.1729.
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(R)-N—((R)—(1-(4—Methoxybenzyl)-1H-tetrazol-5-yI) (pyridin—-3-yl)methyl)—2—
methylpropane—2-sulfinamide (103k): White solid (205 mg, 72%). [a]o = -51.2 (CHCI3, ¢
=1). MP: 94 — 98°C. 'H NMR (400 MHz, CDCls) & 8.49 (dd, J = 4.8, 1.6 Hz, 1H, Py), 8.20
(d, J=2.2 Hz, 1H, Py), 7.59 (dt, J = 7.9, 2.0 Hz, 1H, Py), 7.19 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H,
Py), 7.07 (d, J = 8.7 Hz, 2H, Ar), 6.81 (d, J = 8.7 Hz, 2H, Ar), 5.76 (d, J = 6.4 Hz, 1H, -CH-
NH-), 5.65 (d, J = 15.3 Hz, 1H, ~CH>-), 5.55 (d, J = 15.4 Hz, 1H, -CH>-), 451 (d, J = 6.5
Hz, 1H, -CH-NH-), 3.77 (s, 3H, CH30-), 1.16 (s, 9H, —C(CHa)s). 3C NMR (101 MHz,
CDCls) & 160.2, 154.6, 150.1, 148.6, 135.6, 132.7, 129.1, 124.9, 123.9, 114.7, 57.3, 55.4,
51.1,49.0, 22.4.

HR-MS (ESI-TOF) m/z: calculated for CigH2sNeO2S ([M+H]*): 401.1760; found
401.1762.

(R)-N—((R)—(4-Bromophenyl)(1-(4—methoxybenzyl)-1H-tetrazol-5-yl)methyl)—2—
methylpropane—2-sulfinamide (103I): White solid (238 mg, 70%). [a]o =-56.4 (CHCI3, c =
1). MP: dec > 60°C. *H NMR (400 MHz, CDCls) § 7.35 (d, J = 8.6 Hz, 2H, Ar), 6.98 (dd, J =
18.1,8.6 Hz, 4H, Ar), 6.79 (d, J = 8.8 Hz, 2H, Ar), 5.69 (d, J = 6.4 Hz, 1H, -CH-NH-), 5.54
(d, J =15.4 Hz, 1H, -CH>-), 5.45 (d, J = 15.5 Hz, 1H, -CH.-), 4.26 (d, J = 6.5 Hz, 1H, -
CH-NH-), 3.78 (s, 3H, CH30-), 1.15 (s, 9H, —C(CH3)s). °C NMR (101 MHz, CDCls) &
160.3,154.9,135.7,132.3,129.4, 129.2, 125.0, 123.4, 114.7,57.2,55.5, 51.4, 51.0, 22.5.
HR-MS (ESI-TOF) m/z: calculated for C20H24BrNsO.SNa ([M+Na]*): 500.0732; found
500.0736.

t-Butyl (E)-(4-methoxybenzylidene) carbamate (105): White solid (0.8 g, 72%).
Synthesized according to the literature.

t—Butyl  ((1-(4-methoxybenzyl)-1H-tetrazol-5-yl)(4—methoxyphenyl)methyl)carbamate
(106): White solid (212 mg, 73%). [o]o = 0.0 (CHCls, ¢ = 1). MP: 142 — 145°C. 'H NMR
(400 MHz, CDCls3) 6 7.03 (d, J = 8.8 Hz, 2H, Ar), 6.98 (d, J = 8.7 Hz, 2H, Ar), 6.80 — 6.70
(m, 4H, Ar), 5.96 (d, J = 8.2 Hz, 1H, -CH-NH-), 5.75 (d, J = 8.3 Hz, 1H, -CH-NH-), 5.38
(d, J=15.2 Hz, 1H, -CH>-), 5.29 (d, J = 15.3 Hz, 1H, -CH-), 3.76 (s, 3H, CH30-), 3.75 (s,
3H, CH30-), 1.39 (s, 9H, ~C(CH3)s). *C NMR (101 MHz, CDCls) § 160.0, 159.9, 155.1,
154.9,129.3,129.0, 128.5, 124.9, 114.5, 114.5, 80.7, 55.4, 50.8, 49.1, 28.4.

HR-MS (ESI-TOF) m/z: calculated for Cz2H27NsOs;Na ([M+Na]"): 448.1961; found
448.1964.
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