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ANOTACIJA

Potencialu g-laktamazu inhibitoru sintéze ciklisko borskabju esteru klase. Parkova
A., zinatniskais vaditajs Dr. chem. Trapencieris P. Promocijas darbs, 156 lappuses, 63 attéli, 6
tabulas, 94 literatiiras avoti, 3 pielikumi. LatvieSu valoda.

Darba apkopota literatiira par f-laktamazu lomu antibiotiku rezistences veicinasana un
par paslaik zinamiem p-laktamazu inhibitoriem. Apkopota literattira par ciklisku borskabju
pusesteru iegiSanas metodém. PE€tijuma ietvaros izstradatas metodes ciklisko borskabju
pusesteru iegiiSanai un sintez€ti viens biciklisks un sesi tricikliski borskabju pusesteri. Veikta
sintezéto savienojumu f-laktamazu inhib&Sanas aktivitates datu analize. Veikta atseviSku
savienojumu kristalografijas datu analize, nosakot to saistiSanas veidu enzimu aktivaja centra.
Sintez&tie savienojumi uzradija inhibitoro aktivitati gan pret serina f-laktamazu, gan pret
metal-f-laktamazu enzimiem.

Atslégvardi: ANTIBIOTIKU REZISTENCE, SERINA S-LAKTAMAZES, METAL-4-
LAKTAMAZES, CIKLISKI BORSKABJU PUSESTERL



ABSTRACT

Synthesis of cyclic boronates as potential f-lactamase inhibitors. Parkova A.,
supervisor Dr. chem. Trapencieris P. Doctoral thesis, 156 pages, 63 figures, 6 tables, 94
literature references, 3 appendices. In Latvian.

Doctoral thesis summarizes the literature review about the role of f-lactamases in rise of
antibiotic resistance and known-to-date f-lactamase inhibitors. Reports about synthesis of
cyclic boronates have been reviewed. Procedures for the synthesis of cyclic boronates have
been developed. One bicyclic and six tricyclic boronates were synthesized. The inhibititory
activity against f-lactamases of synthesized compounds was analyzed. Analysis of
crystallographic data of selected compounds was made, allowing to identify their binding
modes in the active site of an enzyme. Synthesized compounds have shown inhibitory activity
against both, serine fS-lactamase and metallo-f-lactamase enzymes.

Keywords: ANTIBIOTIC RESISTANCE, SERINE S-LACTAMASES, METALLO-f-
LACTAMASES, CYCLIC BORONATES.
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APZIMEJUMU SARAKSTS

A — variSana

Ac — acetil-

AESH - augsti efektiva §kidrumu hromatografija
AIMS - augstas izSkirtsp&jas masspektrometrija
Ala — alanins

Ar — aril-

b/t — beztidens

BINAP - 2,2'-bis(difenilfosfino)-1,1'-binaftalins
BLA — f-laktama antibiotikas

Bn — benzil-

Boc — ferc-butiloksikarbonil-

BPO - benzoilperoksids

Cy — cikloheksil-

CyJohnPhos — (2-bifenil)dicikloheksilfosfins
COD - 1,5-ciklooktadién-

Cp — ciklopentadienil komplekss

cPr — ciklopropil-

Dan — 1,8-diaminonaftil-

DBO - 1,6-diazabiciklo[3,2,1]-oktans

DCC - N,N’-dicikloheksilkarbodiimids

DCE - 1,2-dihloretans

DCM - dihlormetans

de — diastereomerais parakums

DIPEA — N,N-diizopropiletilamins

DMAP - 4-dimetilaminopiridins

DMF - N,N-dimetilformamids

dppb - 1,4-bis(difenilfosfino)butans

dppf — 1,1°-bis(difenilfosfino)ferrocéns

EA - elektronakceprota grupa

ED - elektrondonora grupa

EDCI - 1-etil-3-(3-dimetilaminopropil )karbodiimids
ee — enantiome@rais parakums

ekviv. — ekvivalents



Et — etil-

FDA - U.S.A. Food and Drug Administation; ASV Partikas un zalu parvalde
HATU - (1-[bis(dimetilamino)metilén]-1H-1,2,3-triazol[4,5-b]piridinija 3-oksida
heksafluorfosfats

Hex — heksil-

HOBt — 1-hidroksibenztriazols

iBu — izobutil-

ICy — N,N-dicikloheksilimidazolil-

IPr — 1,3-bis(2,6-diizopropilfenil)imidazol-2-ilidéns
NHC - N heterocikliskais karbéna katalizators
iPr — izopropil-

ist.t. — istabas temperatira

pies. — piesatinats

kat. — katalitisks daudzums

KMR - kodolmagnétiska rezonanse

Konc. — koncentréts

LDA - litija diizopropilamids

LiHDMS - litija heksametildisilazids

MBL — metal-f-laktamaze

Me — metil-

Mes — mezil-; metansulfonil-

MS — molekularie sieti

NBS — N-bromsukcinimids

nBu — n-butil-; normalais butil-

NMM - N-metilmorfolins

ODCB - 1,2-dihlorbenzols

P(o-tol); — tris(2-metilfenil))fosfins

PBP — penicilinu saistosais proteins

PDB - proteinu datu banka (proteinu datu baze)
Pent — pentil-

PE — petroléteris

Ph — fenil-

Pin — pinakol-

PSH - planslana hromatografija

SBL — serina-f-laktamaze



Ser — serins

SH-MS - $kidrumu hromatografija — masspektrometrija
tAmilOH - tres€jais amilspirts

TBDMS - terc-butildimetilsilil-

Bu — terc-butil-

TES — trietilsilans

Tf — trifluormetansulfonil-

TFA - trifluoretikskabe

TFAA — trifluoretikskabes anhidrids

THF - tetrahidrofurans

TIPS - triizopropilsilil-

TMEDA — N,N,N’,N’-tetrametilendiamins

TMS — trimetilsilil-

Tol — toluols

TRIP - 3,3"-bis(2,4,6-triizopropilfenil)-1,1"-binaftil-2,2'-diil hidrogénfosfats
ud. skid. — tidens Skidums

XantPhos — (9,9-dimetil-9H-ksantén-4,5-diil)bis(difenilfosfins)



IEVADS

No 1940-ajiem gadiem p-laktama antibiotikas (BLA) tika lietotas bakterialo infekciju
arste¥anai un kops ta laika ir glabusas neskaitamas dzivibas. Sis atklajums uzsaka antibiotiku
petijumu “zelta laikmetu”, kas ilga aptuveni 40 gadus, kuru laika tika atklatas paSlaik
aktualakas antibiotiku klases [1,2]. Kops 2000. gada tika atsakti jaunu antibakterialo zalu
pétijumi, tacu neskatoties uz to, BLA joprojam ir visplasak izplatita (aptuveni 60% no visam
razotajam antibiotikam) mikrobialo zalu klase visa pasaule. Tomér parlieku lielas BLA
lietoSanas dél bakteriju rezistence pret BLA ir pieaugusi nekontrolg&jama atruma [3,4].

Eiropas Slimibu un profilakses kontroles centrs un Pasaules Veselibas organizacija
antimikrobialas rezistences ierobezoSanu ir pasludindjuSas par vienu no globalas veselibas
prioritatém. Eiropa no multirezistentu bakteriju izraisitam infekcijam gada mirst ap 34
tikstoSiem cilvéku. Tiek prognozéts, ka, neievieSot papildus aktivitates antimikrobialas
rezistences ierobezoSana, ap 2050. gadu Sis varetu kliit par galveno naves c€loni pasaule [5].

p-Laktamazes ir galvenais BLA rezistences noteicoSais faktors Gram-negativajas
bakterijas. Nozimigs un laika gaita apstiprinats f-laktamazu rezistences pretdarbibas
mehanisms ir f-laktamu antibiotiku lietoSana kopa ar f-laktamazu inhibitoriem. Tomér tade],
ka paradas arvien vairak plasa iedarbibas spektra f-laktamazes, ir skaidrs, ka nepiecieSami
labaki inhibitori, ja v€lamies saglabat f-laktamu antibiotiku iedarbibu [6].

Paslaik tirgii ir pieejami vairaki FDA apstiprinatie serina f-laktamazu (SBL) inhibitori,
bet nav vél neviena kliniski pielietojama metal-f-laktamazu (MBL) inhibitora. SBL inhibitori

nesp€j nomakt MBL enzimu aktivitati [3].

s

H H ,
MNQ mN i
\
S Q. __B. COH . _B. _B.
Ho %o 2 H2N\/\H‘ %o Bo Ho 2o F

CO,H CO,H
RPX7009 VNRX5133
vaborbaktams (1) taniborbaktams (2) QPX7728 (3)

Starp p-laktamazu inhibitoriem, kas Iidz Sim ir izstradati, boru saturoSie f-laktamazu
inhibitori patreiz vie§ vislielakas ceribas cinai pret rezistentajam bakterijam [7]. Piem@ram,
vaborbaktams (1) ir klinika lietojams SBL inhibitors. Pédgja laika tomér ir zinots par
daudzsoloSiem MBL inhibitoru kandidatiem, pieméram, taniborbaktams (2) inhibé gan SBL,
gan MBL enzimus un patreiz ir jau klinisko pétijumu 3. faze [8]. Jaunakajam plasa spektra f-
laktamaZzu inhibitoram QPX7728 (3), kas ir aktivs gan pret SBL, gan MBL enzimiem, 2020.
gada tika uzsakta klinisko pétfjumu 1. faze [9,10].



Nemot véra augstakminéto borskabju pusesteru spéju ietekmét SBL un MBL enzimu
aktivitati, promocijas darba meérkis ir izstradat ciklisko borskabju pusesteru 4 sintézu

metodes ar mérki atrast savienojumus, kas spetu vienlaicigi inhib&ét gan SBL, gan MBL

enzimus.
R
r\ /;/R
Ho B oy
CO,H
4 2

Meérka sasniegSanai izvirziti sekojosi darba uzdevumi:
1) izstradat ciklisko borskabju pusesteru 4 iegiiSanas metodes;
2) sintez&t ciklisko borskabju pusesteru 4 atvasinajumus;
3) noteikt iegiito savienojumu inhibitoras aktivitates vértibas uz SBL un MBL
enzimiem un salidzinat ar patreiz zinamiem efektiviem inhibitoriem;
4) izpetit iegiito savienojumu saistiSanos SBL. un MBL enzimos.

Promocijas darba zinatniska novitate un praktiska nozime. P&tijuma ietvaros tika
attistitas sint€zes metodes bi- un tri- ciklisku borskabju pusesteru ieguSanai. legiiti jauni
tricikliski borskabju pusesteru atvasinajumi. Prof. Christopher J. Schofield grupa Oksfordas
Universitaté (Oksforda, Lielbritanija) tika noteiktas inhib&Sanas aktivitates uz SBL. un MBL
enzimiem (eksperimentus un datu apstradi veica Dr. Karina Calvopiiia un Dr. Gareth W.
Langley, Oksforda), ka art veikti kristalografijas p€tjjumi (eksperimentus un datu apstradi
veica Anka Lucic un Pauline Lange, Oksforda), kuru rezultata tika analizéta iegiito ciklisko
boronatu saistiSanas ar AmpCgc SBL enzimu un VIM-2 vai NDM-1 MBL enzimiem. Sie
petijumi lava gt papildus datus par ciklisko borskabju saistiSanas veidu ar atseviskam SBL
un MBL, kas pastiprindja pienémumu, ka cikliskas borskabes darbojas ka ,,parejas stavokla

analogi”, inhibgjot f-laktamazes.

Promocijas darba rezultatu aprobacija:
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P.; Schofield, C. J.; Brem, J. Bicyclic Boronates as Potent Inhibitors of AmpC, the
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1. LITERATURAS APSKATS

1.1. p-Laktama antibiotikas, f-laktamazes un f-laktamazu inhibitori

Penicilina atklasana tiek atzita par pavérsiena punktu medicinas vesturé un 1940-ajos
gados ta ievieSana klinika radikali uzlaboja misu sp&jas arstét bakterialas infekcijas, tada
veida palielinot dzives ilgumu. Tacu ta saucamo superbugs jeb multirezistento bakteriju
paradiSanas un izplatiSanas visa pasaulé patreiz nopietni apdraud So zalu efektivitati bakterialo
infekciju arsté$ana. Siem mikroorganismiem piemit dabiska spéja rast veidus ka pretoties zalu
iedarbibai un tas sp&j nodot genétisko materialu citam baktérijam, kuras, savukart, var k]t
zalu rezistentas. DiemZ€l cilvéka uzvediba ir viens no galvenajiem faktoriem, kas So dabisko
paradibu parver§ par vienu no nopietnakajam sabiedribas veselibas problemam. Rezistento
baktériju infekcijas tagad ir parak bieza paradiba, un dazi patogéni ir kluvusi rezistenti pret
dazadiem antibiotiku veidiem. Rezultata strauji samazinas efektivu antibiotisko preparatu
skaits. ST situdcija ir izveidojusies galvenokart d&] nepiemérotas un parmérigas antibiotiku
lietoSanas medicina, veterinarija un lauksaimniecibas jomas vairaku gadu desmitu garuma,
kur §1s zales tika izmantotas pat ne-bakterialo infekciju arst€Sanai [7]. Lidz ar to cilvéce riske
nonakt tada laikmeta, kura pieejamas antibiotikas vairs nebiis efektivas bakterialo infekciju
arstesanai [6,7].

BLA pétnieciba turpina attistities kop$ penicilina ievieSanas klinika ar mérki uzlabot to
iedarbibu, aktivitates spektru, farmakokinétiku un droSibas profilus, ka ari, lai cinitos ar
rezistences paradisanos. Sobrid ir &etras galvenas BLA klases, kas tiek kliniski izmantotas
(1.1. attéls). Tris no tam veido biciklisku struktiiru: 1) penicilini, kuros cetrloceklu f-laktama
cikls ir kondenséts ar tiazolidina ciklu; 2) cefalosporini, kuros f-laktama cikls ir kondenséts ar
seSloceklu dihidrotiazinu; 3) karbapenémi, kuros f-laktama cikls ir kondenséts ar pieclocek]u

pirolina ciklu; 4) monobaktami, kuri ir monocikliskas f-laktama sistémas [11,12].

RW/H s R%/H s R i . RHN
° o] NT>/ ° o NW)\Rz OJ;QR O:FN‘SOH
COH COH COH ®
penicilini cefalosporini karbapenémi monobaktami

1.1. att. Galvenas f-laktamu antibiotiku klases

p-Laktama antibiotiku mérki ir D-Ala-D-Ala transpeptidazes — penicilina saistoSie

proteini, kas ir iesaistiti baktériju $tinapvalka biosintézes procesa. Saja procesa parasti ir
12



iesaistits peptids ar D-Ala-D-Ala terminalo fragmentu peptidoglikana, kas ar enzima
nukleofilo serina atlikumu izveido acil-enzima kompleksu AE1 un D-alaninu (1.2. att€ls A).
Tad izveidotais acil-enzima komplekss AE1 reagé ar blakuseso$a peptida lizina N°-
aminogrupu un izveido Skérssaistitu produktu P1, kas ir 1pasi svarigs baktériju Stinapvalka
veseluma nodrosinasana [13]. p-Laktamu antibakterialo aktivitati atklaja Tipper un
Strominger, kas tika balstita uz to Iidzibu ar terminalo D-Ala-D-Ala atlikumu peptidoglikana
pentapeptida, kur f-laktama amida un blakusesosa karboksilata (vai monobaktamu gadijuma
sulfonskabes) grupas imit€ peptidsaiti un terminalo D-Ala-D-Ala karboksilatu [14]. Aktivitati
rada f-laktama cikla reakcija ar nukleofilo serinu mérka PBP, kur talak notiek cikla
atvérSanas un PBP aciléSana, ka rezultata iegiist loti stabilu acil-enzima kompleksu AE2, kas
novers talako peptidoglikana transpeptidu SkerssaiSu veidoSanos [11].

(A) Bakteériju transpeptidazes (TPs) darbibas mehanisms Silinapvalka sintézes procesa r

i ; NHCOR
ROCHN ROCH'%]; e fHeOR 1 @, - o@NHCOR ) NHCOR

: R'NH. o) N
> oy ° coC;’ S 2 o) NHR
OH Ser : Ser : Ser Ser N
( ) | L ' ? ) 0 ! Skérssavienots
Ser : ) : : ! ; w peptidoglikans (P1)
2" \ 1 |
Tetraedriskais i Acilenzima | Tetraedriskais

intermediats 1 (TS1) i komplekss (AE1) | intermediats 2 (TS2)

(B) pLaktama antibiotiku (cefalosporinu) darbibas mehamsms

NHCOR
ROCHN, ROCHN

j:IL WJYL ) %

r C02

35 “

H~ OvSey

S | _—
Tetraedriskais i Acil-enzima '
intermediats 1 (TS3) 1 komplekss (AE2)

1.2. att. Bakteériju transpeptidazes darbibas mehanisms Stinapvalka sintézes procesa (A); f-
laktama antibiotiku (attela cefalosporinu) darbibas mehanisms (B)

Pédgjos gados veiksmigaka stratégija pret infekciju zalu izstradé grati arstéjamu
infekciju arstéSanai ir kombinétas terapijas “antibiotika + rezistences inhibitors” pieeja. Saja
gadijuma antibiotika tiek lietota kopa ar inhibitoru pret baktériju antibiotikas rezistences
mehanismu, tada veida nezaudgjot antibiotiku efektu. Rezistences inhibitoru izmantoSanai ir
divas lielas prieksrocibas: (i) tie lauj izmantot izcilu dzivibas glabjoSu antibiotiku klastu, kas
ir pieejamas klinika un pieradijusas savu efektivitati un drosibu vairaku gadu garuma; (ii) lauj
izvairities no lieliem papildus finansialiem ieguldijumiem jaunu terapeitisko mérku izstrades,
to dargas identific€Sanas un validéSanas procesos [7].

Cetri galvenie baktériju rezistences mehanismi ir paraditi 1.3. attela: (1) $inas mérka

modifikacijas, kas izmaina antibiotikas saistiSanos, tada veida samazinot tas efektivitati; (2)
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Stinas argjas membranas caurlaidibas izmainas, tad€jadi samazinot antibiotiku sp&ju ieklut
Stna; (3) izpludes stknu (efflux pumps) aktivéSana, lai palielinatu antibiotiku izpliiSanu ara no
Stnas; un (4) antibiotiku noardiSana ar baktériju enzimiem, lai tas parvérstu par neaktivam

zalu formam [7,12].

i [Enzimatiska antibiotikas

E deaktiveSana

Antibiotikas mérka
modificéSana

@ Antibiotika
& Beta-laktamaze

N

Membranas caurlaidibas

i| Antibiotiku izvadi¥ana Y ——
izmainas

' Efflux pumps aktivésana P

1.3. att. Galvenie bakteériju rezistences mehanismi pret antibiotikam

Pamatojoties uz Siem bakteriju rezistences mehanismiem, ir attistiti tris galvenie
rezistences inhibitoru tipi: (1) izpludes siknu (efflux pumps) inhibitori; (2) aréjas membranas
caurlaidibas atjaunotaji un (3) f-laktamaZzu inhibitori [7].

[-LaktamaZzu inhibitori izjauc visbiezak sastopamo Gram-negativo bakteriju rezistences
mehanismu — visplasak izmantojamo f-laktama antibiotiku deaktivéSanu, raZojot p-
laktamazes. pf-Laktamazu enzimi hidrolizé penicilinu, cefalosporinu, monobaktamu un
karbapenému f-laktama ciklu aciléSanas/deaciléSanas balstitos procesos. Ir izveidotas
vairakas enzimu substratu klasifikacijas to liela daudzuma del [15]. Visplasak izmantotais
iedaltjums ir balstits uz proteinu secibas Iidzibu, izveidojot Cetras galvenas f-laktamazu klases
— A, B, C un D (Ambler klasifikacija [16]). Tris no tam - klase A, C un D, ir serina f-
laktamazes (SBL), jo tas izmanto katalitisko serina atlikumu ka reagétsp&jigo nukleofilu, un B
klases enzimi ir cinka atkarigas metal-S-laktamazes (MBL) [7].

Serina f-laktamazu katalitiskas f-laktamu hidrolizes mehanisma pamata ir enzima
aktivaja centra eso$a nukleofila serina uzbrukums p-laktama karbonilgrupai, rezultata
izveidojot tetraedrisku pievienoSanas starpsavienojumu TS3 (1.4. attéls (A)). Talak notiek f-

laktama cikla atvérSanas un rodas acil-enzima komplekss AE2, kura serins ir kovalenti saistits
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ar modificéto p-laktamu. Acil-enzima kompleksa hidrolizes

substrata hidrolizes produkts P2 [7,13].

rezultata veidojas p-laktama
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1.4. att. Serina-f-laktamazu (A) un metal-f-laktamazu (B) izraisitie cefalosporinu hidrolizes

mehanismi

Starp visam f-laktamazém, A klases enzimi ir diezgan daudzpusiga grupa attieciba uz
substratu veidiem, ko tie hidrolizé (1.1. tabula). Visbiezak sastopamie enzimi ir plazmidu-
kodétas f-laktamazes TEM un SHV, kuras ir atrodamas lielakaja dala Enterobacteriaceae, un
CTX-M, kuras parasti atrodamas E. coli un K. pneumoniae. Visi §ie enzimi hidrolizé
penicilinus un cefalosporinus. Saja grupa ir arT enzimi, kas specifiski hidrolizé karbapengmus
(serina karbapenémazes, ieskaitot KPC (K. pneumoniae karbapenémaze)), SME (Serratia
marcescens enzimi), NMC-A (ne-metal-karbapenémaze-A) un noteiktus GES (Guiana
extended spectrum) variantus. C klases enzimi ir f-laktamazes, kas hidrolizé cefalosporinus
(serina cefalosporinazes). Spilgtakie $1s grupas parstavju pieméri ir AmpC-tipa f-laktamaze,
kas hidrolizé lielako dalu cefalosporinu, ieskaitot paplaSinata spektra cefalosporinus
(ceftazidims, cefotakstms un ceftriaksons) un cefamicinus (cefoksitins) [7].

D klases enzimi, saukti arl par “oksacilinazém (OXA)”, ir visstraujak augo$a pS-
laktamaZu grupa. Sie enzimi hidroliz&é penicilinus, paplasinata spektra cefalosporinus

(cefotakstms, ceftazims un cefepims), meticilinu un aztreonamu. Ipasi baZas rada pieaugosais

dazu D klases enzimu ar karbapenémazu aktivitati (karbapenému-hidroliz&josas D klases f-
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laktamazes) skaits, kas plasi izklied€jas kliniski nozimigas bakterijas, tadas ka A. Baumanii

(OXA-23 vai OXA-24/40) vai Enterobacteriacea (OXA-48) [7].

1.1. tabula
p-Laktamazu enzimu Klasifikacija un butiskakie pieméri
Ambler klase Substrati Butiskakie piemeri
A (dazadas darbibas Penicilini Gram-pozitivo baktériju
serina-f-laktamazes) penicilinazes
Penicilini un Saura spektra TEM-1, TEM-2, SHV-1
cefalosporini
Penicilini, Saura un paplaSinata SHV-2, TEM-10, CTX-M,
spektra cefalosporini GES-1
Penicilini TEM-30, SHV-72
Penicilini un karbenicilins PSE
Penicilini, cefalosporini un KPC, SME, NMC-A, GES-2
karbapenémi
B (metal-S-laktamazes) [-Laktami, iznemot IMP, VIM, NDM
monobaktamus
C (serina cefalosporinazes) Cefalosporini AmpC, CMY, ACT-1, DHA
D (serina oksacillinazes) Penicilini un kloksacilins; 0OXA-1/30, OXA-10, OXA-
daZas hidrolize 23, OXA-23/40, OXA-48
cefalosporinus un/vai
karbapen€mus

B klases enzimi izmanto vienu vai divus Zn®* jonus, lai katalizétu p-laktdma cikla
hidrolizi. Enzimiem ar dinukledro metéla centru aktivaja centra viens Zn** jons ir koordinéts
ar tris histidina atlikumiem un hidroksida anjonu (Znl centrs), un otrs Zn** jons koordingjas
ar histidina, cisteina un aspartata atlikumiem un tGdens molekulu (Zn2 centrs). Hidroksida
anjons atrodas starp diviem metala joniem. Enzimos ar vienu cinka jonu koordin€Sanas ar
Zn** jonu ir lidziga ka Zn2 centra un tas koordingjas ar idens molekulu un histidina, cisteina
un aspartata atlikumiem. Atskiriba no serina f-laktamazeém, hidrolize nenotiek kovalentas
katalizes cela un neveidojas enzima adukts (1.4. attéls; (B)). Hidrolizi izraisa pie cinka saistita
hidroksida anjona nukleofilais uzbrukums f-laktama karbonilgrupai, izveidojot tetraedrisko
starpsavienojumu TSS, kuru stabilizé koordingSanas ar metala jonu. Talak notiek cikla
atveérSanas, izveidojot anjonisko intermediatu AI, kuram protongjoties veidojas hidrolizes
produkts P2 [7,13].

Atskaitot monobaktamus, metal-f-laktamazes hidroliz€ lielako dalu f-laktamu, ieskaitot
karbapenémus. Karbapenéma rezistentas Enterobacteriaceae (CRE), kuras razo metal-f-
laktamazes ir kliniski katastrofalas un biezi vien tiek sauktas par ,,nightmare bacteria” del to

arstéSanas sare’gitibas un plaSas izplatibas. Sis MBL ietver sevi IMP (IMIpenému
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hidroliz€josa f-laktamaze), VIM (Verona-integron-kodéta metal-f-laktamaze) un NDM (New
Delhi metal-f-laktamaze) un to izplatiSanas pa visu pasauli rada lielas bazas [7,12].
p-Laktamazu inhibitori ar penicilina struktiiru. Penicilina sulfonu analogi ir starp
pirmajiem klinikd izmantotajiem A-laktamaZu inhibitoriem. Sie savienojumi radas péc
klavulanskabes (§) atklasanas (1.5. attéls), kas ir dabas produkts, kas tagad tiek izmantots
kombinacija ar peniciliniem, pieméram, amoksicilinu [17,18]. Klavulanskabes (5)
neatgriezeniskais inib&€Sanas mehanisms paradija celu citu savienojumu sintézei ar lidzigu
mehanismu un noveda lidz penicilina sulfonu analogu atvasinajumu identific€Sanai un
sulbaktama (6) atklasanai (1.5. attéls) [19]. Sulbaktams (6) tiek izmantots kliniskaja prakse
kombinacija ar ampicilinu, cefoperazonu vai ceftriaksonu, tacu diemZzel tas nav aktivs pret
karbapenémus hidroliz§josam D-klases pf-laktamazeém. Talaka sulbaktama strukttras
modificéSana noveda pie tazobaktama (7) atklasanas, kas Sobrid tiek izmantots kliniskaja
praks€ kombinacija ar ceftozolanu vai pipracilinu [20]. Nesen Allecra Therapeutics izstradaja
jaunu tazobaktama atvasinajumu enmetazobaktamu (8), kas kombinacija ar cefepimu patreiz

ir klinisko pétijumu 3. fazé komplicétu urincelu infekciju arsteéSanai [21].

H \\ / \\ // H \\ ,
JJ f e
\)< Me \)ﬁa \\/N Me
002 COZH C02 002
klavulanskabe (5) sulbaktams (6) tazobaktams (7) enmetazobaktams (8)

1.5. art. Kliniski nozimigakie penicilina tipa struktiiras atvasinajumu f-laktamazu inhibitori

p-Laktamazu inhibitori ar ne-f-laktama struktiru. Pie butiskakajiem pf-laktamazu
inhibitoriem bez p-laktama cikla struktiiras fragmenta pieskaita 1,6-diazabiciklo[3,2,1]-
oktanus (DBO) (1.6. att€ls), tiola atvasinajumus (1.7. att€ls), dikarboksilatu atvasinajumus un
boru saturosus inhibitorus (1.9. attéls) [7].

Ka potencialus p-laktama tipa savienojumus 1990-ajos gados DBO atvasinajumus
izstradaja kimiki no uznémuma Hoechst Marion Roussel (tagad dala no Sanofi-Aventis), ta ka
tika sagaidits, ka bicikliskais karbamoil-fragments imitetu f-laktama ciklu acilgjot nukleofilos
enzimus [22]. Sakotng&jie petijumi paradija potencialas inhib&Sanas sp€jas pret A un C klasu S-
laktamazu enzimiem un péc liela DBO analogu skaita izstrades tika idenitificéts avibaktams
(9) (1.6. attéls), kuru 2015. gada FDA kombinacija ar ceftazidimu apstiprinaja lietoSanai
komplicétu intra abdominalo infekciju arst€Sanai (kombinacija ar metroindazolu) un
komplicétu urincelu infekciju arstéSanai. AtSkiriba no citiem pf-laktamazu inhibitoriem,
avibaktams (9) ir atgriezenisks inhibitors, kas darbojas kovalenti saistoties ar nukleofilo

aktiva centra serinu, izveidojot relativi hidrolitiski stabilu acil-enzima tipa kompleksu [23].
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Pec avibaktama (9) atklasanas un ta efektivitates uzradiSanas pret A, C un dazu D klases
f-laktamazu enzimiem, turpmakajos gados tika izstradati jauni avibaktama analogi 10-17 (1.6.
attéls). No izstradatajiem avibaktama analogiem nozimigakie piemeéri ir relebaktams (10),
zidebaktams (11) un nakubaktams (12), kuriem jau ir sakti kliniskie p&tfjumi. Sajos
inhibitoros avibaktama amida grupas slapeklis ir funkcionalizéts ar dazadiem aizvietotajiem,

lai uzlabotu saistiSanos un/vai farmakologiskas ipasibas [7].
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1.6. art. Avibaktams un Kliniski nozimigakie avibaktama atvasinajumu g-laktamazu inhibitori

Starp nesen izstradatajiem avibaktama analogu atvasindjumiem ieveribas cienigus
rezultatus ir paradijis DBO atvasinagjums WKC4234 (13), kur avibaktama amida grupa ir
aizvietota ar nitrila funkcionalo grupu. Salidzinajuma ar avibaktamu (9) un relebaktamu (10),
inhibitors WKC4234 (13) uzradija uzlabotu aktivitati pret OXA-24/40, OXA-23 un KPC-2
enzimiem. Durand-Reville ar Iidzstradniekiem zinoja, ka, samazinot avibaktama seSloceklu
cikla kustigumu, ievieSot C3 un C4 vietas dubultsaiti (1.6. attéls, savienojumi 14-17),
uzlaboja inhibitoro aktivitati pret A, C un daziem D klases p-laktamazu enzimiem [24].
Tomeér avibaktams (9) neuzrada inhibitoro aktivitati pret MBL un diemzé€l ir jau zinots par
rezistences gadijumiem cefatizidima/avibaktama kombinacijas lietosanai [7,25].

Tiola funkcionala grupa ir zinama ka cinka helat&josa grupa, tadel nav parsteigums, ka
ta parasti tiek izmantota pétijumos, kur terapeitiskais mérkis ir B klases p-laktamazes
[7,26,27]. Ta Klinger ar Iidzstradniekiem parbaudija brivu tiola grupu saturoSas 11
apstiprinatas zalvielas un identific§ja Cetrus savienojumus, kas inhib&ja kliniski nozimigas
metal-f-laktamazes NDM-1, VIM-1 un IMP-7 [28]. Starp Siem aktivajiem savienojumiem
bija D-kaptoprils (18), tiorfans (19), tiopronins (20) un 2,3-dimerkaprols (21) (1.7. att€ls), kas
uzradija aktivitati ICsy zema mikromolara diapazona uz testé€tajam MBL. Kaptoprila 18 tiolata

grupa iestarpinds starp diviem Zn”* joniem un nomaina hidroksida anjonu, kur§ izraisa enzima
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kataliz€to hidrolizes reakciju. Labai inhibitorai aktivitatei svariga loma ir ar1 karboksilata

grupai molekulas struktiira [7].

O  CO.H 0] (0]
{ PN HS A
HS/\)'LNQ HS H CO.H \')kn CO,H Hs/\'/\OH
Me Me SH
D-kaptoprils (18) tiopronins (20) 2,3-dimerkaprols (21)
tiorfans (19)

1.7. att. Tiola grupu saturosi savienojumi, kas inhibée kliniski nozimigas metal-f-laktamazes

Ka augstak jau bija minéts, transpeptidazu un SBL katalizétos procesos acil-enzima
kompleksu veidoSanas norit caur tetraedrisku (ar sp’ hibridizétu oglekli) starpsavienojumu
(1.4. attéls). Sis mehanisma piendmums uzvedindja uz “parejas stavokla starpsavienojumu
analogu” pielietoSanu SBL/transpeptidazu inhib&Sanai, kuri imitétu So tetraedrisko parejas
stavokli. Tika pétiti dazadi elektrofili, kas izveidotu tetraedriskus kompleksus, pieméram,
trifluormetilketoni I1, aldehidi III, ciklobutanoni IV, p-fosfolaktami V, fosfonati VI u.c. (1.8.
attels).[13,29] Starp f-laktamazu inhibitoriem, kas Iidz Sim ir izstradati, boru saturoSie -

laktamaZzu inhibitori pasreiz vie$ vislielakas ceribas cinai pret rezistentajam bakt&rijam [7].

Borskabes  Trifluormetilketoni  Aldehidi Ciklobutanoni b-Fosfolaktami Fosfonati
R
R R R c S R
S .S
HO\t‘?,)\R' OY\R. OY\R, );E/g O,/P(N O:\P)\R,
OH CF3 H (@) COH OH CO,H HO 6H
| I n v 2 \ Vi
Enz-Nu=
Enz-(Zn"),-OH (MBL) ‘ ‘ I L n “
Enz-Ser-OH (SBL)
R OR OR cl C ! S R
Ho | 0 0 ol ) o N
HO-BS R CFy=” R H="""R ) Osp_n HOLL AR
i N N HO' ! HO"
r u rNu r u r u CO,H Nu CO,H rNu
Enz Enz Enz Enz Enz Enz
r r n \' \'A VI

1.8. att. Tetraedriska intermediata “parejas stavokla analogu” piemeri [13]

Ka vienu no pirmajiem iedarbigajiem parejas stavokla analogu inhibitoriem borskabes
atvasinajumu 22 (1.9. attels) aprakstija Martin un Jones [30]. Pret TEM-1 p-laktamazi
savienojums 22 uzradija nanomolaru inhib&joSo aktivitati, bet kristalstruktiiras analize
kompleksa ar TEM-1 enzimu apstiprinaja tetraedriska adukta veidoSanos ar aktiva centra
serinu, kas struktiras zina ir lidzigs ar tetraedrisko starpsavienojumu TS4 (1.4. attels) [31].
Struktiiras modificéSana, galvenokart ievadot funkcionalas grupas, kas uzlabotu saistiSanos,

lava identificét savienojumus 23a,b, kuri uzradija nanomolaru inhib&joso aktivitati. To
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kristalstruktiiru analize ar AmpC enzimu paradija, ka nozimiga loma ir savienojuma 23b
karboksilata grupai [32].

Borskabju atvasinajumu inhibitoru izmantoSanu var€tu ierobeZot to potencialas spéjas
inhibg&t ar citas serina proteazes. Lai uzlabotu So savienojumu selektivitati pret f-laktamazeém,
tika pétiti cikliskie boronati, kas lava atklat vaborbaktamu (1) [33,34]. Sis savienojums
izradijas spécigs serina S-laktamazu inhibitors, kas darbojas uz A un C klases enzimiem un
tika apstiprinats FDA kombinacija ar meropenému komplic€tu urincelu infekciju arsteéSanai

[7,34].
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1.9. att. Borskabju un ciklisko boronatu “parejas stavokla analogu’ inhibitoru pieméri

Vaborbaktama (1) trilkums ir tas, ka tam nav aktivitates pret D klases enzimiem un B
klases MBL. Salidzinot atSkirigos SBL. un MBL darbibas mehanismus, tomér ir saskatama
lidziba veidot pirmo tetraedrisko starpsavienojumu (tetraedriskais starpsavienojums TS3 un
TSS, 1.4. attels). Cikliskie boronati darbojas ka $1 tetraedriska starpsavienojuma parejas
stavokla analogi un Schofield grupa ir paradijusi, ka tie sp&j inhibé&t visas Cetras f-laktamazu

klases [35,36].
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1.10. att. Ciklisko boronatu struktairanalize ar SBL un MBL (a) Savienojuma 24 kristalstruktiira
kompleksa ar SBL CTX-M-15 (PDB ID 5T66); (b) Savienojuma 25 kristalstruktiira kompleksa ar MBL
VIM-2 (PDB ID 5FQC)

Péc savienojuma 24 kompleksa ar SBL. CTX-M-15 kristalstruktiiras analizes (1.10.
attels) var redzet, ka pie sp3 hibridizéta bora atoma ir kovalenti saistits aktiva centra
nukleofilais serins [35]. ArT boronata 25 kompleksa gadijuma ar MBL VIM-2 enzimu
kristalografijas analize paradija, ka bora atoms ir sp’ hibridizéts (1.10. attels). Cikliska
boronata 25 “eksocikliskie” skabekla atomi/hidroksidgrupas saistas ar Znl1** jonu, savukart
“endocikliskais” boronata skdbekla atoms un karboksilata grupas skabeklis saista Zn2** jonu,
tadgjadi atgadinot f-laktama substrata/enzima saistiSanas kompleksu [13,35].

Uzpémums VenatoRx Pharmaceuticals 2012. gada atklaja biciklisko boronatu
taniborbaktamu (2), kas uzradija inhib&joso aktivitati pret A, C un noteiktiem D klases
enzimiem, ka art pret kliniski nozimigiem MBL enzimiem, tadiem ka NDM-1 un VIM-1/2
[37,38]. Taniborbaktams (2) kombinacija ar cefepimu paslaik ir klinisko pétijumu 3. faze
(kliniskais pétijums NCT03840148) [8]. Hecker ar lidzstradniekiem nesen zinoja par ciklisku
boronatu QPX7728 (3) (1.9. attéls), kas uzradija inhibéSanas aktivitati gan pret SBL, gan pret
MBL enzimiem un paslaik ir klinisko pétjjumu 1. fazé (kliniskais petijums NCT04380207)
[9,10].

Tika pétiti arT citi ciklisku boronatu atvasinajumi, tadi ka benzoksoborola atvasinajums
26 (1.9. attels), kas paradija ievérojamu aktivitati pret AmpC un OXA-23 serina f-
laktamazeém, taCu nav datu par MBL inhibéSanas aktivitati [7,39]. PaSreiz ir pieejams
ierobezots informacijas daudzums par biciklisku boronatu struktiiras-aktivitates mijiedarbibu,
1pasi salidzinot ar plaso informaciju par f-laktamiem [13].

Ir panakts butisks progress SBL inhibitoru izstrad€ ar daudzam FDA apstiprinatam SBL
inhibitora/antibiotikas kombinacijam bakterialo infekciju arstéSanai. Tomer situacija ar MBL

inhibitoriem krasi atSkiras — vél nav pieejams neviens kliniski apstiprinats MBL inhibitors [3].
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Lidz ar to paradas iev€rojamas iesp€jas optimizacijai un radoSumam jaunu p-laktamazu

inhibitoru izstradei ar boronata pamatstrukttiru [13].

1.2. Ciklisko borskabju pusesteru sintézes metodes

1.2.1. Iegiisana boriléSanas reakcija ar BCl; vai BBr3

1960. gada Dewar aprakstija 9,10-boroksofenantréna 29 iegiiSanas metodi no 2-
fenilfenola 27 ta reakcija ar BClz gazi heksana ar secigu AlCI; pievienoSanu (1.11. attéls)
[40]. Zhou ar Ilidzstradniekiem optimiz&ja So procediiru, ka rezultata ieguva 9,10-
boroksofenantrénu atvasinajumus 29 [41]. Optimiz&tie apstakli ietvéra fenola 27 pievienoSanu
atSkaiditam BCl; Skidumam heksana (~0.1 M), kam sekoja AICl; pievienoSana katalitiska
daudzuma. Autori atzimgja, ka elektronakceptori vai elektrondonori aizvietotaji savienojuma
27 fenola gredzena (R') reakcijas iznakumus neietekméja un 9,10-boroksofenantréni 29 tika
iegiiti ar loti labiem iznakumiem (80-90%). Savukart EA aizvietotaji fenola 27 felnilgredzena

(R? un RY), ievérojami samazindja reakcijas iznakumu (0-15%).

R3
BCI3 R1 1. kat. AICI3
OH 2. HZO
BCI2
29
‘ 1,5 ekviv. BCl3, 4 mol% AICl3 ]
70°C,6h

15-99%

1.11. att. 9,10-Boroksofenantrénu 29 sintéze

Zhao ar kolgégiem zinoja par dibenzooksaborina 29a sintézi no dibenzooksasilina 31
BBr; klatbutné (1.12. attels). Savienojumu 31 ieguva divas stadijas no 2-fenilfenola (27a).
Sakotngji fenola 27a sililéSanas reakcija ieguva diizopropilsiliéteri 30, kas rodija(I) katalizeta
C-H sililesanas reakcija, XantPhos klatieng, tika transforméts par dibenzooksasilinu 31 ar labu
iznakumu. DesilileSanas reakcija ar BBr; no savienojuma 31 ieguva dibenzoksaborinu 29a ar

augstu iznakumu (82%) [42].
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HCISi(iPr), (1,0 ekviv.),

DMAP (5 mol%), [Rh(COD)CI] (2mol%), .

EtsN (1,1 ekviv.), XantPhos (4 mol%) BBr; (1,5 ekviv.)
—_— = I ——

O CHCl O H  Tol, 120°C, 12h ~sigiPr ODCB,
OH ist.t, 12 h 0, 0 O TP _q0°¢ idz 60 °C,
94% & 85%
or-Siin, 24 h, tad H,0
27a 30 31 82% 29

1.12. att. Dibenzoksaborina 29a iegiiSana

Lu ar lidzstradniekiem ar labiem iznakumiem sintezgja cikliskus polihidroksi borskabes
pusesterus 33, savienojumu 32 demetileSanas un ciklizéSanas reakcija ar BBr3 parakumu

pazeminata temperatira (-78 °C ) (1.13. attéls) [43].
R? RS
RS R BBr,
O A O RS CH2C|2
‘ -78°C,5h
OH

60-80%
32 33
R'=H, NMe,, OMe; R'=H, NMe,, OH;
R?, R%, R* R®= H, OMe R?, R% R* R%=H, OH

1.13. att. Polifenolisku boronatu 33 iegiiSana

1.2.2. IegiiSana metala-halogéna apmainas reakcija

Literatiira aprakstita vel viena &rti pielietojama metode dibenzoksaborinu 35 iegiiSanai
metala-halogéna apmainas reakcija ar sekojoSu borileéSanu ar triizopropilboratu (1.14. att€ls)
[44,45]. Veicot tetrahidropiranilgrupas un borskabes estera hidrolizi skabos apstaklos, ar labu

iznakumu tika iegiits dibenzoksaborins 35.

OMe 1. pBuLi, THF, -78 °C;
OTHP 2. B(OiPr)3;
3. HCI (ad.)
O Br 87%

OMe

34 35

1.14. art. Dibenzoksaborina 35 iegiiSana

1.2.3. IegiiSana ar ruténiju katalizétas reakcijas

Park ar Iidzstradniekiem 2017. gada zinoja par stereoselektivu 1,2-oksaborinin-2-olu 39
iegiiSanu no krotil gem-diboronata 36a reakcija ar aldehidiem (1.15. attéls, A metode) [46].
Alil gem-diboronata 37a iegtiSanu veica iridija katalizéta olefinu izomerizacijas reakcija no

homoalil gem-diborskabes estera 36a. Autori atzimgja, ka reakcija tika veiksmigi Tstenota ar1
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10 mmolu méroga, ka rezultata tika iegiits 37a ar 91% iznakumu. Diemzgl autoriem nebija

izdevies iegit citus aizvietotus alil gem-diboronatus 37 péc aprakstitas metodes [46].

1
R? "H
38
2 mol% [Ru(IN]* BPin 5 mol% (R)-TRIP Ru(]*
1
R\/\)\Bpin DCE, 4A MS, ist. t., 3 h = .
76-97% (ee 90-98%) |
37a-e MeCN’ R‘U:‘TI'PI' PFG
OH N=A
. é tBu&/ Me
1\/\)513"1 1§ |
RF BPin R2
36a-e (R)-TRIP
]
a:R'=H; b:R' = Me; c: R = Et: ¥ R
d:R'=/Pr;e:R'=CF; R? = Aril-; Hetaril-
1
1 mol% [I(COD),JOTf ,
2,5 mol% PCy, /\jf'” RE H
; Me BPin
IOH
islf_\Tl 12h Tol,ist. t., 3 h
91% 37a 70-86%

1.15. att. 1,2-Oksaborinin-2-olu 39 iegiiSanas metodes

Vienlaikus savu zinojumu public&ja Miura un kol&gi, kur autori no 1,1-di(boril)alk-3-
eniem 36a-e katjona ruténija (II) kompleksa katalizéta dubultsaites migracijas rezultata in situ
gener€ja 1,1-di(boril)alk-2-énus 37a-e, kas talak hiralas fosforskabes katalizéta aldehidu
alilésanas reakcija veidoja 1,2-oksaborinin-2-olus 39 (1.15 attéls, B metode) [47].

Péc abam metodém aliléSanas reakcija notika ar dazadi aizvietotiem aldehidiem 38. Pec
A metodes reakcijas apstakliem ar labiem iznakumiem autori ieguva 1,2-oksaborinin-2-ola
aril un hetarilatvasinajumus 39. Autori min€ja, ka reakcijas notika anti- un (Z)-selektivi, tacu
enantiom&ro parakumu nebija noradijusi [46]. Savukart, (R)-TRIP katalizéta aliléSanas
reakcija (B metode) ieguva aril un hetaril 1,2-oksaborinin-2-olu atvasinajumus 39 ar loti
labiem iznakumiem un augstu enantioméro parakumu (90-98%) [47].

Atskiriba no iridija katalizétas reakcijas metodes (metode A), kur dubultsaites
parvieto$anos novéroja tikai 1,1-di(boril)but-3-éna (36a) gadijuma, ar [Ru(II)]* kompleksa
kataliz€to reakciju (metode B) bija iesp&jams ari citus 1,1-di(boril)alk-3-€nus 36b-e in situ
parverst par 1,1-di(boril)alk-2-eniem 37a-e, no kuriem talak hiralas fosforskabes katalizeta
aldehidu alileésanas reakcija ieguva 1,2-oksaborinin-2-olus 39.

Hansen un Lee izstradaja efektivu metodi ciklisku vinilborskabju 43 iegiiSanai no cis-
vinilborskabes pinakolesteriem 42 Re,0O; katalizéta alil [1,3]-migracijas reakcija (allylic

transposition) (1.16. attels) [48]. Savukart, cis-vinilborskabes pinakolesterus 42a-c, ar labiem
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iznakumiem, bet vidéju Z-izoméra selektivitati (3:1 Iidz 13:1), ieguva ruténija-katalizeta

Aldera—€nu (Alder—ene) reakcija no alkinilborskabes pinakolestera 40 un homoalilsililéteriem

41 [48].
PinB\
A
40 R OH
inB _B
* RUCP(CHLCN)PFg (5 molt)  OTBS | Re:0; (25mol%) o
OTBS R2 = RO R\ R
R2 N Acetons CH,Cl, vai éteris
-82Y% 0,
4 60-82% 42 43-86% 43
a:R" = Me; R? = CsHyy; a:R' = Me; R? = CsHqy;
R' = Me; CH,0OMe b: R" = Me; R? = CH,0Bh; b: R' = Me: R? = CH,OBhn:
R2 = CSH11; CHZOBn; C: R1 = CHQOMe; R2 =CH2CH2Ph; c: R1 = CHQOMe; R2 =CH2CH2Ph;

CHzCH,Ph: Ph d: R' = Me; R? = Ph;

e: R' =CH,0OMe; R? = Ph

1.16. att. Alkenilborskabju pusesteru 43 sintéze ar dubultsaites alil [1,3]-transpoziciju

Pargrupésanas reakciju veica istabas temperatiira, Re,O; klatieng, ka rezultata ieguva
cikliskas vinilborskabes pusesterus 43a-c ar labiem iznakumiem. Autori atziméja, ka ciklisko
borskabju pusesteru 43d un 43e sintézes procesa notika tandéma Aldera — €nu reakcija ar
sekojoSu pargrupéSanos, ka rezultata uzreiz ieguva produktus 43d,e ar 43% un 54%
iznakumiem [49].

Micalizio un Schreiber izstradaja jaunu ciklisko borskabju esteru 48 un 50 sint€zes
metodi nepiesatinatas borskabes 46 annul€Sanas reakcija ar alil un propargilspirtu
atvasinajumiem 44 un 45 (1.17. attels) [50]. Transesterific€Sanas reakcija no alilspirtiem 44a-
¢ ka starpproduktus ieguva jauktos borskabes esterus 47, kas cikla saslégSanas metatézes

reakcija, izmantojot Grubbs katalizatoru G1 vai G2, deva cikliskos borskabes pusesterus 48a-

C.
giPr OH Grubbs' |
OH E’Pr — | TS P @R
RH\% e iPrO X RH\% R — ,Ru:\
46 R2 cI7 Ph
R2 R2
Grubbs' | 48a-c PCys
44a-c vai Grubbs' Il 47 . pi . R2
a:R'= CH,0TIPS; R2 = H a:R'= CH,OTIPS; R*=H G1
b: R'= CH,OTIPS; R? = Me CH.Cly, A, b: R'= CH,0TIPS; R® = Me
¢:R'= Ph;R? = Me tad H,0 ¢:R'=Ph; R"=Me Grubbs' Il
78-92% oiP
’ o QH M\
OH — O/B\/\ _B Mes—N N—-Mes
— 9 b
RN L - P “Cl
N R N R C|'Ru:\
Me N Me | Ph
45a-d Me PCys
a: R = CH,TIPSO; b: R = Ph; 49 50a-d G2

¢: R =iPr, d:R = tBu a: R = CH,TIPSO; b: R = Ph;

¢:R=iPr;d: R = tBu

1.17. att. Alilborskabes diizopropilestera 46 annulésana
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Péc analogijas propargilspirta atvasinajumi 45a-d transesterificéSanas reakcija ar
alilborskabes esteri 46 ka starpproduktus deva jauktos borskabes esterus 49, kas enu-inu (ene-
yne) metatézes reakcija, Grubbs katalizatora G1 klatieng, deva 1,2-oksaborinin-2-olus 50a-d
(1.17. attels) [50].

Velak McNulty ar lidzstradniekiem public€ja ciklisku alkenilborskabju pusesteru 54
sintézi (1.18. attéls), kurus ieguva cikla saslégSanas metatézes reakcija no vinilborskabes
estera 52 un homoalilspirtiem 51 [51]. Cikla saslégSanas metat€zi veica reakcijas maisijumu

varot CH,Cl,, Grubbs pirmas paaudzes katalizatora klatien&.

Z > B(0Bu), OH
OH 52 Grubbs' | o® . - .
R)\/\ + vai | R= alkil, alkenil, aril, hetaril
CH,Cl, A, 24h, R
M
51 e~ BoPr,  33-72% 54
53

1.18. art. Alkenilborskabju pusesteru 54 sintéze

Lidzigi ka ieprieks, sakotn&ji notika vinilborskabes estera 52 transesterific€Sanas
reakcija ar homoalilspirtu un sekojoSu cikla saslégSanos. Autori noradija, ka nemot veéra
vinilborskabes dibutilestera (52) dargas izmaksas un ta polimerizéSanas iespgjas,
propenilborskabes diizopropilesteris (53) ir tam laba alternativa, kas lava iegit cikliskos
alkenilborskabju pusesterus 54 ar 33-72% iznakumiem [51].

So cikla saslégSanas metatézi veica ar dazadiem alkil, aril un alkenil homoalilspirtiem.
Reakcijas ar fenil un 2-furil aizvietotajiem spirtiem notika ar nedaudz augstakiem

iznakumiem neka reakcijas ar alkil un alkenil aizvietotajiem [51].

1.2.4. IegiiSana no benzofuraniem ar bora iespieSanos C-O saité

2016. gada profesora Yorimitsu grupa aprakstija benzoksaborinu S6a-k iegiiSanas
metodi, kura notika bora iespieSanas benzofuranu C-O saité nikela-NHC katalizeta reakcija ar
bis(pinakol)diboranu, Cs,CO; klatbiitne (1.19. att€ls) [52]. Autori uzsvera, ka Sis bija pirmais
piemérs katalitiskai bora atoma ievadiSanai heteroaromatiskaja cikla, neizjaucot ta aromatisko
sisttmu. Tapat autori noradija, ka 5-vieta aizvietotu benzofurana substratu klasts bija plaSs un
reakcija notika bez fluor, metoksi un estera funkcionalo grupu zaudéSanas, kuras potenciali ir
reagCtspejigas nikela kataliz&tajas reakcijas [52].

Benzofuranu 55 C2-O saites boriléSana tika veikta NiCl,(PPh;)IPr katalizatora klatiené,
karsgjot toluola, 100 °C temperattra (1.19. attéls). P&c reakcijas izdaliSanas skaba vidg, bora

iespieSanas produkti, oksaborini S6a-k, tika iegiiti ar 55-84% iznakumu [52].
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B,Pin, (1,5 ekviv.)
NiClo(PPh3)IPr (5 mol%)

o) Cs,CO; (3,0 ekviv.) O\B/OH
/R 7 Tol, 100°C, 12h P
R 55 tad izdalisana skaba vide R R
55-84% 56a-k
O .OH . N
- PhoN 2 MeO,C N Ar 7
56a (75%) 56b (68%) 56¢ (76%) 56d (74%) O 56e (79%) 56f (61-84%)
0. OH O .OH
=
=
569 (55% 56h (71%) 56| (72%) 56j (81%) 56k (62%)

1.19. att. Benzoksaborinu 56a-k sintéze

Minétie reakcijas apstakli izradijas pieméroti benzofuranu atvasinajumiem ar
aizvietotajiem benzola gredzena. Ar furana cikla 2-vieta atvasinatiem substratiem autoriem
izdevas iegut tikai benzoksaborinu 56g ar 55% iznakumu ar metil aizvietotaju 2-vieta,
izmantojot 10 mol% katalizatora [52].

Turpinot pétijumu, 2017. gada profesora Yorimitsu grupa aprakstija jaunu metodi
heteroatomu iespieSanas reakcijai benzofurana S5a C-O saiteé (1.20. att€ls) [53]. Mangana
katalizeéta arilg§josa cikla atveérSanas reakcija ar fenillitiju ieguva cikla atv€rSanas
starpproduktu 57, kuru apstradajot ar B(OMe); parakumu, ieguva 3-fenilbenzoksaborinu 58 ar

58% iznakumu.

MnCl, (10 mol%)
TMEDA (1 ekviv.)

@EO) PhLi (4 ekviv.)
Y
THF, -78 °C lidz 40 °C

55a

B(OMe); (6 ekviv.)

0°C lidz 25 °C
izdali$ana skaba vidé
58%

1.20. att. Benzoksaborina 58 sintéze

1.2.5. Dibenzoksaborinu iegiiSana Suzuki-Miyaura sametinasanas reakcija

Jaunu metodi dibenzoksaborinu 62 iegtSanai bora-selektiva Suzuki-Miyaura
Skérssametinasanas reakcija publicgja Sumida ar kolégiem (1.21. att€ls) [54]. Autori sagaidija,
ka paladija katalizeta reakcija starp orfo-hidroksifenilborskabi (59a) un arilhalogenidu vai
triflatu 60 veidosies Suzuki sametinasanas produkts 61, kam noskeloties diaminonaftilgrupai,
iekSmolekularas ciklizéSanas reakcijas rezultata iegiis dibenzoksaborinu 62a. Tacu, veicot
Suzuki reakciju, sagaidamais sametinasanas produkts 61 netika izdalits, bet uzreiz tika iegiits
dibenzokaborins 62 bez papildus manipulacijam. Autori to skaidroja ar skabekla augsto

afinitati pret bora atomu, kas iesp€jami veicinaja diaminonaftilgrupas noSkelSanu un stabilas
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benzoksaborina struktiiras veidoSanos. Labakie reakcijas rezultati bija iegiiti katalitiskaja

sistéma par ligandu izmantojot CyJohnPhos un K;PO, ka bazi [54].

O avots B avots
Pd(OAc), (5mol%)

on Bdan  CyJohnPhos (10 mol%) H
N . X KsPO,*nH,0 (1,5 ekviv.) & O Bygan
g 1R R _
X 1,4-Dioksans/H,0 (10/1) i
59 60 90°C o N :
B = B(OH),, BPin, ) 56-92%
B X = OTf, CI, Br
O._,.0OH O._,.0OH CF3 0O.,-OH
‘/\‘ /‘/\‘ O N/‘/\‘ MeOzC \‘/\‘
62a (74%) 62b (88%) 62c (67%) 62d (92% 62e (56%) 62f (72%)
O. OH
O O.B,OH
MeO2C Z
N\ CsHy1
OMe
629 (92%) 62h (80%) 62i (83% 62j (85% 62k (65%) 621 (81%)

1.21. art. Benzoksaborinu 62a-1 sintéze

Sajos reakcijas apstaklos dazadi fenola atvasinajumi 59 un bora avota savienojumi 60
gan ar ED aizvietotajiem, gan ar EA aizvietotajiem kalpoja ka labi substrati dibenzoksaborinu
62a-1 iegtiSanai (1.21. attéls). Jaatzim&, ka reakcija notika ne tikai ar fenola borskabju
atvasinajumiem, bet ar1 fenola borskabes pinakolesteru vai trifluoroborata salu
atvasinajumiem 59. P&c §is metodes bija iesp&jams iegiit arl diaizvietotu benzoksaborinu
atvasinajumu 62j, ka ar1 heteroatomu saturoSu atvasindjumu — ar piridina ciklu kondensétu
benzoksaborinu 62k. Autoriem izdevas iegtt ar1 biciklisku alkilatvasinajumu 62l ar ]oti labu

iznakumu (81%) [54].

1.2.6. Iegiisana zelta katalizéta reakcija no 2-alkinilfenilborskabeém

Guo ar lidzstradniekiem 2014. gada aprakstija jaunu heteroaril atropoizoméru 65a-k
sintézi no 2-alkinilfenilborskabes 63, tas reakcija ar diazénu 64 zelta(I) kompleksa katalizeta
cikloizomerizacijas-amin€Sanas kaskades reakcija (1.22. att€ls) [55]. Autori ar labiem
iznakumiem un augstu enantioselektivitati ieguva savienojumus 65 no alkinilborskabém ar

lineariem, sazarotiem alkil un alkenil, ka ar7 fenil aizvietotajiem.
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2
= R (R)-BINAP(AUCI), (11 mol%), N .
. N-BOC  AgNTF, (10 mol%), 4A MS, Xy 2
I
R B(OH), Boc ¥ CH,Cly, 0°C R’ ‘.3/0
35 - 88% OH
63 64 65

R'=H, Me, iPr, F
R2 =Ph, alkil, alkenil

1.22. art. Ciklisku borskabes pusesteru 65a-k sintéze zelta katalizéta reakcija

Autori noradija, ka alkilaizvietotaji borskabes 63 aromatiskaja gredzena reakcijas
iznakumus un enantioselektivitati neietekméja, savukart fluora aizvietotajs enantioselektivitati

samazinaja l1dz 74% [55].

1.3. Efektivako boru saturoso SBL un MBL inhibitoru sintéze

1.3.1. Monocikliska vaborbaktama (1) sintézes metode

Hecker ar lidzstradniekiem (Rempex  Pharmaceuticals) monocikliska a-
acilamidoborskabes pusestera vaborbaktama (1) sint€zi veica seSas stadijas ar kop€jo
iznakumu ap 30% (1.23. att€ls) [34]. Sint€zi saka no S-hidroksi estera 66, kura spirta funkciju
aizsargaja ar TBDMSCI imidazola klatien€, iegustot silileteri 67. Attiecigais borskabes
pinakolesteris 68 tika iegiits iridija katalizéta hidrobor&Sanas reakcija. Lai uzlabotu pinakolata
68 stabilitati un stereoselektivitati, to parveérta par pinandiola esteri 70. Hloridu 71 ka
diastereoméru maisijumu (dr 85:15) ieguva stereoselektiva hlormetiléSanas reakcija péc
Matteson protokola [56]. Amida atvasinajumu 73 ieguva hlorida 71 stereospecifiska
aizvietoSanas reakcija ar LiIHMDS, kam sekoja in sifu aciléSana ar karbonskabi 72. Visu

aizsarggrupu noskelSanu veica skaba vidg, iegiistot ciklisko borskabes pusesteri 1 [34].
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TBDMSCI [Ir(COD)Cl], dppb
7 COyBu  Imidazols -~ co,fBu " inakolborans o) CO,fBu
OH CH,Cl, OTBDMS CH,Cl, OTBDMS
94% 96%
66 67 68
e
ERG2
69 nBuLi, CH,CI -
H o8 co,Bu  — 22 o B CO,tBu
THF OTBDMS -95°C, THF Q o) OTBDMS
91% 88% H
70 71
(6] S N\ .
NN
1. LIHMDS, THF HN 8
o o
-78 °C Iidz ist. t. o\? CoyBu 3N HCI, dioksans m 0
2 Q 0 OTBDMS 64% S %o 8o OH
0 o
S H
72
EDCI. HOBT 73 vaborbaktams (1)
NMM, CH,Cl, h

70%

1.23. art. Vaborbaktama (1) sintéze

1.3.2. Biciklisko boronatu sintézes metodes

Reddy ar lidzstradniekiem bicikliskos a-acilamidoborskabes pusesterus 74 sintez€ja no

attiecigajiem o-aminoboronatiem 75, kurus savukart piedavaja iegiit péc divam dazadam
metodem (1.24. att€ls) [57]. Viena no pieejam bija lidziga monocikliska vaborbaktama (1)
sint€zei, kur izmantoja Matteson virknes pagarinasanas reakciju (1.24 att€ls, metode A).

& p
O\B/O o B

: _B__X : O N
Amingsana: 0 : S
' Ellman borilé$ana /1\
—— 1 X=N(TMS),, P
RO Matteson  pigy + NHy*HCI R'O R'O
virknes H H
RO Yo pagarinasana  Ro” Yo RO O : RO™ 0
77 76 emammaeas LA H 79
1. Amida saites veido$ana
H 2. Aizsarggrupu noskel$ana
Y- Ox
Metode A R H Metode B
RO T I RO
RO SO %o RO 0
78 O~ "OH 80
74

Y = OH, OTf, Br, B(OR)s,
Me, CH,OH, CH,Br

1.24. att. Biciklisko boronatu 74 iegiiSanas shéma

Pateicoties borskabes pinandiola esterim, no benzilborskabes atvasinajuma 77 Matteson

virknes pagarinaSanas reakcija ar labu stereokontroli ieguva oa-hlor-borskabes esteri 76.
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Matteson 1983. gada aprakstija virknes pagarinasanas reakciju, kur notika CHCI grupas
iespieSanas C-B saité dioksoborolana molekula, kas nodro§inaja stereoselektivu sintézes celu
(a-hloralkil)borskabju esteru 84 iegtiSanai (1.25. attéls) [56]. legiitos hloridus 84 talak vargja
stereospecifiski parveérst par dazadiem a-aizvietotiem atvasinajumiem 85 [56,58-62].
(Dihlormetil)litiju ieguva no dihlormetana un butillitija -100°C, kas reakcija ar borskabes
esteri 81 izveidoja ‘“bora-ata” kompleksu 82. (Dihlormetil)litija pievienoSana borskabes
pinandiola esterim novietoja dihlormetilgrupu mazak stériski traucéta pus€. Reakcijas
maistjumu atsildot 11dz istabas temperatiirai ZnCl, klatieng, pargrup&sanas rezultata ieguva (o-

hloralkil)borskabes esterus 84 ar diastereoméro tiribu lidz pat 99% [58—62].

CH,Cl, + nBulLi

l ZnCl,
atsilda CI-ZnCl,
LICHCI, H Cl iz [ yC
O -100 °C 0 ist.t. |g=~_0O Cl O—
R™-E — C')SB’; — |7 B — ¥
o) R 'O rR" O R ©
81 82 83 84

RZ /o o
7B,
R" O

85

1.25. att. Matteson virknes pagarinasanas reakcija

Talak iegiito hloridu 76 (1.24. attels, metode A) parvérta par bis(trimetilsilil)aminu 75
stereospecifiska aizvietoSanas reakcija ar LIHMDS, kuru skaba vid€ var€ja parverst par aminu
vai izmantot talak amida saites veidos$ana tapat, bez TMS grupu noskelSanas [57]. Otra pieeja
o-aminoborskabes esteru 75 iegtiSanai bija izmantojot jaunaku sint€zes metodi, veicot vara
kataliz€tu N-terc-butilsulfinilaldiminu 79 boriléSanu ar bis(pinakol)diboranu ar sekojosu
Ellmana hiralas paliggrupas noskelSanu skaba vide (1.24. attels, metode B) [57].

Ellman ar lidzstradniekiem 2008. gada public§ja jaunu efektivu pieeju dazadu o-
aminoborskabju 89 asimetriskajai sint€zei vara (I) kataliz€ta bis(pinakol)diborana (87)
pievienoSanas reakcija N-terc-butilsulfinilaldiminiem 86 istabas temperatiira (1.26. att€ls)
[63]. Ta no alkil un arilaizvietotiem N-terc-butilsulfinilaldiminiem 86 vara (I) katalizeta
reakcija ar B,Pin,, ieguva N-sulfinil-a-aminoborskabes pinakolesterus 88 ar vid€jiem lidz

labiem iznakumiem (diastereoselektivitate 95-99%).
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(ICy)CuOtBu (5 mol%)

\‘/ benzols, ist. t. \‘/
52-88% (de 95-99%)

/S\\ /S\\ + —
N0 o 0 HN" S0 NH; Cl
P + B-B — 0 Hol = ® o
R= alkil, aril CuS0, (1,2 mol%) o dioksans o)
PCy,*HBF, (1,2 mol%)
86 87 BnNH, (5 mol%) 88 89

toluols/H,0O (5:1), ist. t.
60-86% (de 94-98%)

1.26. art. Ellman boriléSanas reakcija

Velak 2014. gada Ellman grupa zinoja par gaisa un mitrumu izturigu vara (II)
katalizatora sistému N-terc-butilsulfinilaldiminu 86 boriléSanai [64]. Izmantojot CuSO,4 un
PCy;-HBF, katalitisko sistemu, boriléSanas reakcija notika toluola/idens maistijuma (5:1)
istabas temperattira, laujot viegli iegiit alkil un aril aizvietotus N-sulfinil-a-aminoborskabes

pinakolesterus 88 ar labiem iznakumiem un augstu diastereoselektivtati (94-98%).

1.3.3. Taniborbaktama sinteze

Burns ar lidzstradniekiem (Venatorx Pharmaceuticals) taniborbaktamu (2) ieguva 7
stadiju sint€éz€ no komerciali pieejamas 3-borono-2-metoksibenzoskabes (90), kur
karboksilgrupu aizsargaja terc-butilestera forma (1.27. att€ls) [38]. Talak benzoskabes ferc-
butilestera 92 borskabes grupu reakcija ar (+)-pinandiolu (69) parverta hirala borskabes estert
93. Sekojot Matteson protokolam, no arilborskabes estera 93, ta reakcija ar hlormetillitiju -
100 °C ar 88% iznakumu tika iegiits par vienu CH, fragmentu pagarinats borskabes esteris 94
[61]. Otro virknes pagarinasanu veica ar (dihlormetil)litiju, kuru gener€ja no dihlormetana,
rezultata selektivi iegtitot (S)-a-hlor-borskabes esteri 95. Stereospecifiska savienojuma 95
hlora atoma aizvieto§ana ar LIHMDS -20 °C deva a-sililaminoborskabes esteri 96, kuru talak
bez attiriSanas izmantoja amida saites veidoSanas reakcija ar karbonskabi 97, HATU un NMM
klatieng, ka rezultata ieguva amidu 98. Ar 1 M BCl; Skidumu dihlormetana tika veikta
aizsarggrupu noskelSana un produkta cikliz€Sana, ka rezultata tika iegiits taniborbaktams (2)

[38].
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1.27. art. Taniborbaktama (2) sintézes metode

1.3.4. Bicikliska boronata QPX7728 sintéze

Hecker un kolégu izstradata savienojuma QPX7728 (3) sintézi autori saka no 2-brom-5-
fluorfenola (99), kuru parverta par terc-butilkarbonatu 100 (1.28. attels) [9]. Reakcija ar LDA
tika veikta savienojuma 100 deprotongSana ar acilgrupas parnesi un iegiito fenolu, aizsargajot
ar Boc,0, ieguva terc-butilkarbonatu 101. Skaba videé Boc un tBu aizsarggrupas tika noskeltas
un reakcija ar acetonu nomainitas pret izopropilidéngrupu, iegiistot savienojumu 102. Talak
tas Heka reakcija ar akrilskabi (103) tika transformé&ts par kan€lskabes atvasinajumu 104.
Karbonskabes 104 bromé&Sanas un tai sekojoSas dekarboksilgéjosas elimin€Sanas reakcijas
rezultata ieguva cis-vinilbromidu 105, kas paladija katalizéta reakcija tika parveérsts par

attiecigo cis-vinilborskabes esteri 106 [9].

33
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THE F 2. TFA TES, HO" O F
36% /BUB(OH), o“oH
36%
3

] .28. att. Bicikliska boronata QPX7728 (3) sintéze

Savienojumu 107 ieguva paladija katalizéta ciklopropang&Sanas reakcija ar diazometanu
no cis-vinilborskabes estera 106. Produkts 107 tika iegiits ka diastereomé&ru maisijums, kuru
sadalfja ar AESH un ieguva vélamo diastereoméru 107 ar 36% iznakumu. Hidroliz&jot
acetonida un pinandiola estera grupas, ieguva ciklisko boronatu QPX7728 (3) ar apmierinoSu

izakumu (36%) [9].
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2. REZULTATI UN TO IZVERTEJUMS

Boru saturoSie savienojumi ka p-laktamazu inhibitori jau ilgu laiku tiek pétiti
zinatniskajas laboratorijas [31,32,65-67]. Pédeja desmitgadeé ari farmaceitiska industrija
izradijusi palielinatu interesi Saja joma. Rempex Pharmaceuticals atklaja un attistija
monociklisku boru saturosu SBL inhibitoru vaborbaktamu (1) (2.1. att€ls), kuru kombinacija
ar meropenému FDA 2017. gada apstiprinaja ka zales sarezgitu urincelu infekciju arstéSanai
(Vabomere) [34,68]. Paslaik klinisko pétijumu 3. fazé ir Venatorx Pharmaceuticals
izstradatais bicikliskais boronats taniborbaktams (2), kur§ ir iedarbigs plasa spektra f-
laktamaZzu inhibitors, kas inhib€ visas Cetras Ambler klasifikacijas f-laktamazes [38,69]. Opex
Biopharma izstradatais savienojums QPX7728 (3) paradija ievérojamu saistiSanas spé&ju gan
ar SBL, gan arT ar MBL enzimiem, tadiem ka D klases OXA un B klases NDM1 enzimiem.
Savienojums QPX7728 (3) paSlaik ir pirmsklinisko pétijumu stadija [9]. 2020. gada 3.
decembri Qpex Biopharma pazinoja, ka uzsak plasa darbibas spektra f-laktamazu inhibitora

QPX7728 (3) 1. fazes kliniskos petijumus [10].

s,

H
N N r
~
m mco H HZ”\/\N“'O/\QOJ;;@ HO/B(D@\F
%o Bo 2 H

CO,H CO,H
vaborbaktams taniborbaktams QPX7728
) 2 (3)
Kliniski apstipirnitats kombinacija ar Klinisko pétijumu 3. fazé pirms-kliniskie pétjumi

meropenému

2.1. art. Zinamie cikliskie boronati ka aktivi f-laktamaZzu inhibitori

Nemot vera iepriekSmin€to un izmantojot cikliska boronata pamatstruktiiru, $1
promocijas darba ietvaros tika veikta benzoksaborinu atvasinajumu 4 (2.2. att€ls) sint€zes
metozu izstrade. Dgl ta, ka paslaik nav kliniski pielietojamu MBL inhibitoru, ir pastiprinata
interese un nepiecieSamiba Sadu inhibitoru izstradei. Sadarbiba ar prof. Christopher J.
Schofield grupu, sintez€tajiem savienojumiem tika noteikta inhib&josa aktivitate uz MBL, ka
ar1 potenciali uz SBL enzimiem. Tika arT veikti kristalografiskie p&tijumi, lai noskaidrotu to

saistiSanas veidus fS-laktamazu aktivajos centros.

R
©vs AN

- | >
_B. _B.
HO™ " 0 HO o0 Y
CO,H CO,H
108 =2 4 2 109 CO2H
Bicikliskie benzoksaborini Tricikliskie benzoksaborini

2.2. att. gajﬁ darba sintezéto ciklisko boronatu struktiiras
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2.1. Bicikliska benziltiobenzoksaborina sintéze un inhibitora aktivitate

Sakotngji tika veikti méginajumi iegit mérksavienojumu 115 péc aprakstitas metodes
[57], kur sintéze tika sakta no komerciali pieejamas 3-metilsalicilskabes (110) (2.3. attéls).
Karboksil un hidroksil funkcionalas grupas tika aizsargatas ar ferc-butil un Boc
aizsarggrupam. Savienojuma 111 metilgrupas broméSana veikta ar NBS, varot
tetrahloroglekli, benzoilperoksida klatieng. Iegtitais bromids 112 Miyaura boriléSanas reakcija
tika parveérsts par pinakolboratu 113, kuru paresterificéjot ar (+)-pinandiolu tika iegits
boronats 114. Talak méginajam veikt virknes pagarinasanas reakciju patentu literatiira [57]
dotajos reakcijas apstaklos, tacu produktu 115 iegiit neizdevas, jo Matteson virknes
pagarinasanas reakcija ir b/ ZnCl, kataliz€ta reakcija, kura bez Sis Luisa skabes nenotiek

[59,60,70].

Boc,O, DMAP, B,Pin,, Pd(dppf)Cl,
_ fBuOH _NBS,BPO  Br KOAc
HO THF BocO CCI4 A, 26 h BocO 1,4-dioksans
60°C,5h 40% 90°C,5h
HO™ "0 27-30% 0~ ~0tBu 0~ ~0tBu 46%
110 : ; 112
w gy o|
0. .0 0._..0 Z
B B o/B Cl
) _ CHJCl,
(+)-Pinandiols (69) nBuLi
—_— e
THF, ist. t., 24 h, THF, 100°C
BocO 60% BocO 16 h 0% BocO
O~ "OtBu O~ OfBu 0O~ "OtBu
113 114 115

2.3. att. Savienojuma 115 sintéze péc patenta literatiiras metodes

Ta ka iepriekSminétaja sint€zes cela zemi reakciju iznakumi bija jau sakot ar
aizsarggrupu “uzlikSanas” stadiju, tika nolemts nomainit ferc-butil un Boc aizsarggrupas pret
izopropilidénaizsarggrupu (2.4. attéls). Aizsarggrupu maina nedaudz atviegloja ar1 reakciju
gaitas analizi ar SH-MS metodi, jo nebija pamata bazam par iepiek§ izmantoto rerc-butil un

Boc aizsarggrupu iesp&ju noskelties hromatografijas skabajos apstaklos.
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110 116 117
0 0
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_znCh BnSH, EtsN
THF o CH,Cl, o
-100 °C lidz ist. t., 17 h }\ ist.t., 3 h }\
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120 (8S:8R, 75:25) 121 (8S:8R, 25:75)

2.4.att. Aizsargata tioétera 121 sintéze

Sintéze sakta tapat no komerciali pieejamas 3-metilsalicilskabes (110), kuru maisot
istabas temperatiira ar acetonu, trifluoretikskabi un trifluoretikskabes anhidridu tika iegiits ar
izpropilidéngrupu aizsargats produkts 116 ar labu iznakumu (71%) (2.4. att€ls). BroméSanu
péc radikalu mehanisma veicam ar NBS benzoilperoksida klatiené. Reakcijas maisjjumu varot
tetrahloroglekli, tika iegtits bromids 117 ar ~20% iznakumu. Ta ka bromé&Sanas reakcijas
iznakums bija zems, ka ar1 tetrahlorogleklis ir toksisks un ozona slani noardoSas vielas
klasifikacijas del ir stringri reglamentéts, tika nolemts veikt brom&Sanu cita $kidinataja.
Mgginajam veikt reakciju metilénhlorida, tacu ta virSanas temperatira izradijas par zemu (40
°C), lai inici€tu broméeSanas reakciju. Nomainot $kidinataju pret acetonitrilu un karsgjot 80-90
°C temperatiira, izdevas iegtt bromidu 117 ar 80% iznakumu. Miyaura boriléSanas reakciju
veicam ar bis(pinakolato)diboranu, Pd(dppf)Cl, (5 mol%) katalizatora klatien€, par bazi
izmantojot b/t KOAc. Par skidinataju tika izmantots sauss 1,4-dioksans un reakcijas
maisTjumu karsgja 4 stundas 90 °C temperatiira. Péc attiriSanas ar kolonnas hromatografiju
tika iegits pinakolborats 118 ar ~70% iznakumu, kuru reakcija ar (+)-pinandiolu
tetrahidrofurana paresterificéjam par boratu 119 ar labu iznakumu (80-90%). Lai izvairitos no
zudumiem, kas radas pinakolata 118 attiriSanas procesa, uzreiz péc savienojuma 118
izdaliSanas no reakcijas maisijuma, bez attiriSanas, tika veikta paresterificeSanas reakcija.
Rezultata no bromida 117 divu solu reakcija izdevas iegit boratu 119 ar 87% iznakumu
(rekinot iznakumu no bromida 117).

Matteson virknes pagarinasanas reakcija ieguvam (a-hloralkil)boronatu 120 ka
diastereomé€ru maistjumu (75:25 (S/R)) ar viduv&ju iznakumu. Balstoties uz borskabes
pinandiola estera atvasinajumu aprakstito reakcijas mehanismu [58-62], pienémam, ka
parakuma tika iegiits (S)-hloratvasinajums ($)-120 (2.5. att€ls). Matteson reakcija no sakuma

in situ tika generéts (dihlormetil)litijs, deprotongjot dihlormetanu -100 °C sausa THF. Talak -
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100 °C lénam pievienojot (+)-pinandiola borskabes estera atvasinajumu 119, veidojas ,,bora-
ata” komplekss (2.5. attéls, A), kuram pievienojot ZnCl, tas koordingjas ar mazak steriski
trauceto borskabes skabekla atomu, ka arT ar aizejoso hloridu (2.5. attéls, B). Tad€jadi ZnCl,
nosaka aizvietotaju izvietojumu un, atsildot reakcijas maistijumu Iidz istabas temperatiirai, tas

veicina pargrupésanas reakciju un koordinéta hlorida atSkelSanos.

nBuLi + CH.Cl,

J ZnCI2 cl
Zn.
o@< H Cl \\\ cl 0?1
' ~{_o cig
B\O @Li® Cl B’ N.— N—— \VB O
ZnCl,

E— B perlIigéts
o -100 °C -100 °C \4/
THF o THF | o zﬁl
© 119 o A B g e
° |\VB\0
H >R

atsnda |IdZ ist.t.

/: %
| B
Clu., B~g H(endo)

R H(endo) (S)

B nepriviligéts

.
o) (0]
O)< (R)-120 RIS2575 @ o)< (5-120

2.5.att. (a-Hloralkil)boronata 120 iegiiSana Matteson virknes pagarinasanas reakcija

Gritibas Saja stadija sagadaja produkta 120 attiriSana — diastereoméri uz tieSas fazes
kolonnas neatdalijas. Virknes pagarinaSanas reakcija ne reizi nenotika Iidz galam, vismaz 5%
izejvielas 119 palika neizreaggjusi, ari tad, ja nBuLi un DCM pievienoja lielaka parakuma (2
ekviv.). Ar to varétu skaidrot ar1 viduvéjo iznakumu, jo attirit produktu 120 no izejvielas 119
bija sarezZgiti.

Savienojuma 120 diastereoméru attieciba aprékinata péc aprakstitas metodes [59],
nointegréjot '"H KMR spektra (2.6. attéls) pinandiola grupas Heno protonu, kas paradijas
dupleta veida pie 1.0-1.2 m.d. (J=11.0 Hz) (pamatprodukts ($)-hlorids & 1.05 m.d., mazakuma
(R)-hlorids 6 0.98 m.d.).
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2.6. art. Diastereoméru attiecibas noteik$ana savienojumam 120 péc '"H KMR spektra

Tioeteris 121 ar labu iznakumu tika ieguts nukleofilas aizvietoSanas reakcija ar
benzilmerkaptanu, diastereoméru attieciba ~25:75 (S/R). Diastereomé@ru attieciba aprékinata
lidzigi ka hlorida 120 gadijuma péc 'H KMR spektra (2.7. attéls). Péc signalu attiecibas
mainas, kur tagad signals pie 0.89 m.d. attiecas uz diastereoméru, kas ir parakuma, varam

secinat, ka SN2 reakcija, ka tas bija gaidits, notika ar konfiguracijas apgrieSanos.
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2.7. att. Diastereoméru attiecibas noteikSana savienojumam 121 péc "H KMR spektra
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Savienojuma 121 aizsarggrupu hidrolizi tika planots veikt skabos apstaklos, noskelot
abas grupas viena soli, tacu reakcija skaba vidg, izobutilborskabes klatien€, tika noskelta tikai
pinandiola grupa (2.8. attéls).

A@ f@ H HO
5 B iBuB(OH), _B

Ses . HO
SBB SBB
>J\O (0] >J\O (0]

121 122

2.8. att. Pinandiola grupas hidrolize

Lai atrastu piem@rotus reakcijas apstaklus savienojuma 121 pinandiola grupas
hidrolizei, méginajam veikt reakciju ar salsskabi, trifluoretikskabi, trifluoretikskabes un tidens
maistjumu, jonapmainas svekiem, ka arT mainijam Skidinatajus. Rezultati apkopoti 2.1. tabula.

Pinandiola estera hidrolizi veicam metanola ar konc. salsskabes parakumu,
izobutilborskabes klatiené. Veicot reakciju istabas temperatira, péc 21 stundas novérojam
aptuveni 60% konversiju, tacu So reakcijas maisijumu sildot 60 °C temperatiira tika iegits
sarezgits vielu maistjums, kura SH-MS hromatogramma nevargja vairs identificét ne produktu
122, ne izejvielu 121 (2.1. tabula, 2. rinda). M&ginajam nepaaugstinat reakcijas temperatiiru
un borats 121 augstakminétajos reakcijas apstaklos tika maisits istabas temperatiira 2 dienas
(2.1. tabula, 1. rinda). Rezultata pec SH-MS analizes atkal tika novérots sarezgitu vielas
maistjumu, kura vairs nebija ne produkta, ne izejvielas.

Nomainot $kidinataju uz acetonitrilu, reakcijas gaita izskatijas tiraka. Tad&jadi reakcija
ar konc. salsskabes parakumu, izobutilborskabes klatien€, istabas temperattra péc 17 stundam
tika novérota ~60% konversija (2.1. tabula, 3. rinda). Reakcijas maistjumu karsgjot 60 °C
temperatiira, konversiju uzlabot neizdevas (2.1. tabula 4. rinda). Vel palielinot salsskabes
parakumu un maisot istabas temperatiira, joprojam novérota ~60% Kkonversija, tacu,
pievienojot lielaku izobutilborskabes parakumu (4 ekviv.) un 4 dienas maisot istabas
temperatiira, tika panakta 70% konversija (2.1. tabula 5. rinda). PEc tam reakcijas temperatiira
bija paaugstinata 1idz 40 °C, ka rezultata péc ~20 stundam tika panakta 75% konversija (2.1.
tabula 6. rinda). V&l paaugstinat reakcijas temperatiru vairs netika méginats, jo bija Saubas

par savienojumu stabilitati.
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2.1. tabula

Savienojuma 121 borskabes estera grupas noskelSanas reakcijas apstakli

iBuB(OH),,

Skabe Skidinatajs | T, °C SH-MS analize
ekviv.
L. 1.5 ist. t. Sarezglts vielu
MeOH maisjums
2. 15 60 °C Sarez.gl_t.s vielu
maisijums
3| 36-38% HCI 1.5 ist. t. ~60% konversija
arakums
4. @ ) 15 60 °C ~60% konversija
MeCN
5. 4 ist. t. ~70% konversija
6. 4 40 °C ~75% konversija
7. | TFA (parakums) - CH,Cl, ist.t Reakcija nenotiek
8. | TFA (1 ekviv.) ; THF 70 °C Sarezgits vielu
maisijums
4MHCI ist.t. Iidz
9. dioksana 2 dioksans o ~70% konversija
- 50°C
(parakums)
10. skid. - MeCN ist.t. s
- sarezgits vielu
(parakums) >
maisijums
11. DOWEX i . .. .
SO0Wx4-50 MeOH ist.t. Reakcija nenotiek

Hidrolizi méginajam veikt ar DOWEX 50Wx4 jonapmainas svekiem, maisot metanola

3 dienas, tacu péc SH-MS analizes novérota tikai izejvielas klatbiitne (2.1. tabula 11. rinda).

Art ar TFA parakumu istabas temperatiira péc 3 dienam reakcijas maisjjuma noveérojam tikai

izejvielu (2.1. tabula 7. rinda). Savukart, savienojumu 121 ar TFA karsgjot THF 70 °C

temperatiira, ieguvam sarezgitu vielu maisijumu.

Veicot savienojuma 121 hidrolizi ar 75% TFA ud. skid. (kopsumma pa porcijam

pievienojot 150 ekviv.), izdevas reakciju novest lidz 80% konversijai, tacu péc reakcijas

maisTjuma ietvaicéSanas produkts sadalijas, tika ieglts sarezgits vielu maisijums, kura ar SH-

MS produktu 122 vairs nevargja identificét (2.1. tabula 10. rinda). Lidz ar to tika secinats, ka

piemérotakie apstakli savienojuma 121 pinandiola grupas hidrolizei bija par skabi izmantojot

konc. salsskabes parakumu, 4 ekviv. izobutilborskabes klatien€, reakciju kars€jot acetonitrila

40 °C temperatiira.
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Ta ka skabos apstak]os izopropilidéngrupa “nenoskelas”, tika méginats hidrolizi veikt
baziskos apstaklos. Veicam savienojuma 122 hidrolizi ar LiOH-H,O, tacu tika iegiits sarezgits
vielu maistjums. Lai saprastu, cik labi izopropilidéngrupa vispar hidrolizésies baziskos
apstaklos, nolémam veikt modelreakciju ar savienojumu 119 (2.9. attéls). Ta, veicot reakciju
ar 6 ekvivalentiem LiOH-H,O tetrahidrofurana/tideni (1:1), izdevas iegiit attiecigo

karbonskabi 123 ar 74% iznakumu.

O\B
T L|OH*H20
—0 o
2 THF/HQO (1:1),
/\\O e} ist.t.,20 h

74 %
119

2.9. att. Boronata 119 izopropilidén aizsarggrupas noskelSana ar baziskos apstaklos

(mode]reakcija)

Noskaidrojot, ka ar labu iznakumu izopropilidén aizsarggrupa hidroliz&jas reakcija ar
LiOH monohidratu, tika secinats, ka ir pieejami divi sint€zes celi ka tikt Iidz
mérksavienojumam 108. CelS§ A biitu — no sakuma skabos apstaklos hidrolizét savienojuma
121 pinandiola esteri no borskabes grupas un péc tam baziskos apstaklos hidrolizet
savienojuma 124 izopropilidéngrupu. Savukart, cel§ B biitu pret€js — no sakuma savienojuma
121 izoproilidéngrupas hidrolize baziska vidé un péc tam iegitas karbonskabes 126

pinandiola noSkelSana skabos apstaklos (2.10. attels).
HO

_B SBn
Cels A HO

H Baze HO

— J Hor BeSBN
Q 0”0 BnS
B 124

Cels B
HO™ ~O
126

2.10. art. Aizsarggrupu noskelSanas celi mérksavienojuma 108 iegiiSanai

Sintézes celS A neizradijas labs variants, jo, pirmkart, borskabes estera hidrolize noritgja
visai gruti un ar zemiem iznakumiem, otrkart, savienojuma 124 reakcija ar LiOH neizdevas
identificét un izolét mérksavienojumu 108. Sekojot sintézes celam B, tika veikta

izopropilidéngrupas hidrolize ar LiOH monohidratu THF/iden1 (1:1), ka ar1 ar SM KOH
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tdens Skidumu tetrahidrofurana. Abos gadijumos hidrolize norit€ja veiksmigi, tacu reakcija
5M KOH notika tirak un savienojumu 126 bez attiriSanas vargja izmantot nakamaja soli, lai

tiktu pie mérksavienojuma 108.

é% 0 é% Q
B .SBn B .SBn /BUB(OH), ©\/s

o” 5M KOH o konc. HCI
THE MeCN _B.
o 60°C,6h o 40°C, 3 h HO™ O
I 95% 31% HO YO
o o L HO o
121 126 108
~25:75 (SIR) ~25:75 (SIR)

2.11. att. Merksavienojuma 108 iegiiSana

Rezultata, lai iegiitu mérksavienojumu 108, piemérotakie aizsarggrupu noskelSanas
apstakli bija baziska acetonida hidrolize ar KOH, kuras rezultata tika iegtita karbonskabe 126
ar 95% iznakumu (2.11. att€ls). Tad sekoja borskabes estera hidrolize skaba vidé ar salsskabi,
izobutilborskabes klatien€, ka rezultata tika iegtts mérksavienojums 108 ar 31% uznakumu.

legiitajam benziltiobenzoksiborinam 108 tika noteikta inhibitora aktivitate uz 10
dazadam p-laktamazeém, starp kuram bija parstavji no visam 4 Ambler klas€m. Aktivitates
vertibas attelotas pICsy vienibas, kas ir ICsp molaras koncentracijas negativais logaritms. Ka
references savienojumi tika izmantoti avibaktams (9) un L-kaptoprils (127). Avibaktams (9) ir
klinika izmantojamais SBL inhibitors [71], savukart L-kaptoprils (127) ir literatira zinams
méreni aktivs MBL inhibitors [72]. legiitie rezultati salidzinati ari starp ciklisko boronatu
inhibitoru parstavjiem — literatira aprakstitajiem plaSa spektra SBL un MBL inhibitoriem
biciklisko boronatu 25 un taniborbaktamu (2) [35,38]. Iegutie rezultati apkopoti 2.2. tabula.

HoN
Gaa NH,

)c‘) (j\
i [ j o)
N _SH 7y
. : 3 HN S
<l Q\’o WNQ I( B B B
g \O’S\/ 0 COzH _DJ . \O P1=-N

HO™ O HO HO™ O
OH CO,H CO,H CO,H
avibaktams (9) L-kaptoprils (127)  taniborbaktams (2) 25 108 (R/S 75:25)

2.12. att. Benziltiobenzoksiborins 108 un literatiira aprakstitie f-laktamazu inhibitori

2.2. tabula
Inhibitoras aktivitates vértibas pret f-laktamazem (pICs,,)*

Al?lz;)slzr Laktflmz'lze Avibaktams KaptLoprils 108 (R/S) [352,536] 237,38
A TEM-116 8,1 <34 6,7 8,5 6,9
Bl IMP-1 <34 5,0 6,9 6,0 5,6
Bl NDM-1 <34 5,8 7,4 7,5 8,0
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2.2. tabulas turpindjums

Ambler p- . - L- 25
Klase | Laktamaze | VIP2KGMS | o toprils | 108 ®) | (3536) | 2137381
Bl VIM-1 <34 5.6 7.1 7,0 8,1
Bl VIM-2 <34 6,1 72 8,5 9,3
B2 CphA <24 <5,0 6,3 >4 5,6
B3 L1 <4,7 5,6 53 n.d.’ <5,0
C AmpC (P. 6.5 <44 7.8 6,9 6.5
aeruginosa)
OXA-10 <47 <44 59 4,5 6,6
OXA-10
D (+100 mM <47 <44 4,1 4,7 6,2
NaHCO3)
D OXA-48 6,2 <44 8,2 4,6 6,3
OXA-48
D (+100 mM 6,1 <44 8,0 4.8 5,6
NaHCO3)

“Savienojumu noteikto aktivitasu pICs, vértibu standartnovirzes ir 0,2 log kartas robezas; " nav datu

Balstoties uz 2.2. tabulas datiem secinats, ka avibaktams (9) neuzradija MBL
inhibéSanas aktivitati un L-kaptoprils (127) neuzradija SBL inhib&Sanas aktivitati. Savukart,
Iidzigi ka ciklisko boronatu inhibitoru parstavji, boronats 25 un taniborbaktams (2), arl
iegiitais benziltiobenzoksaborins 108 sp&ja inhib&t visas 10 testétas f-laktamazes.

Salidzinot A un C klases SBL inhib&Sanas aktivitates, noverots, ka savienojums 108 un
taniborbaktams (2) ir mazak aktivi pret A klases TEM-116 enzimu neka
acilaminoatvasinajums 25 un avibaktams (9). Savukart, pret C klases AmpC enzimu aktivaks
izradijas savienojums 108.

D klases enzimu Kkatalizei ir nepiecieSams lizina karbamats, kur§ veidojas reaggjot
aktiva centra lizinam ar (bi)karbonatu/oglekla dioksidu [73,74]. ST iemesla dé] OXA enzimu
inhib&Sanas aktivitates noteica gan ar, gan bez pievienota bikarbonata. Savienojums 108, tapat
ka bicikliskais boronats 25 un taniborbaktams (2), neuzradija augstu inhibitoro aktivitati uz
OXA-10 enzimu. Tacu savienojuma 108 saistiSanas sp&ja ar OXA-48 enzimu izradijas
augstaka neka savienojumam 25, taniborbaktdmam (2) vai avibaktamam (9).
Benziltiobenzoksaborins 108 uzradija nanomolaru inhib&Sanas aktivitati pret OXA-48.

Analizgjot B1 klases MBL (NDM-1, VIM-1 un VIM-2) inhib&Sanas datus, secinats, ka
savienojums 108 izradijas aktivaks neka L-kaptoprils (127). Aptuveni lidzigu savienojuma
108 aktivitati ka boronatam 25 noverots pret NDM-1 un VIM-1 enzimiem, tacu uz VIM-2
enzimu savienojums 108 izradijas mazak akfivs. Sis aktivitates at3kiribas visticamak

atspogulo MBL aktivo centru dazadibu [75]. Art savienojuma 108 paaugstinatais iedarbigums

44



pret B3 klases MBL L1 un mono-cinka B2 klases MBL (CphA) ir nozimigs, jo tas norada, ka
talakie strukturas—aktivitates likumsakaribu pétijumi visdrizak paplaSinas potenciali iedarbigu
biciklisko boronatu inhibitoru klastu pret visam 3 MBL apakSklasém.

Lai izpetitu cikliska boronata 108 S-laktamazu saistibas veidu, tika iegiitas savienojuma
108 kompleksu kristalstruktiras ar SBL AmpC (no Escherichia coli) un MBL VIM-2.

Metal-f-laktamazes VIM-2 un 108 kompleksa asimetriskaja vieniba ir 2 proteina
molekulas (A un B k&de) un abu savienojuma 108 (R)- un (S)- enantioméru elektronu blivums
bija saskatams abas kédeés (enantiomé&ru S/R attieciba 1:1, 2.13 att€la ciankrasas un violeta
struktiira attiecigi). Savienojums 108 bija iegiits ka enantiom€ru maisijums, kurd (R)-
enantiomérs bija parakuma (nosakot péc starpsavienojumu KMR spektriem, attieciba 25:75
(S/R)), tadejadi pec kristalografijas rezultatiem var€tu spriest, ka (§)-enantiomé@ra saistiSanas

varétu bat priviligéta, tacu, lai apstiprinatu $o pienémumu, ir nepiecieSami talaki p&tijumi.

2.13. att. VIM-2 un benziltiobenzoksiborina 108 kompleksa kristalstruktiira. PDB kods: 6RPN

Savienojuma 108 elektronu blivums VIM-2 abas proteinu A un B k&dés skaidri noradija
uz tetraedriska bicikliska boronata klatbiitni (2.14. attéls). Galvenie saistiSanas veidi bicikliska
boronata cikla un ar karboksilata skabekliem ir Joti lidzigi tiem, kas raksturoti savienojumam
25 ar VIM-2 [35] un citam MBL. Sis novérojums ir pieradijums par labu piengmumam, ka
bicikliskas borskabes un boronati var€tu biit pielietojami f-laktama ciklu saturoSu pf-
laktamaZzu substratu (to sp2 forma) un ar enzimu saistito tetraedrisko starpsavienojumu (to sp3

forma) imitéSanai.
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HO™ ~O
His263 tetraedriskais boronats 108

ks. N S
IR HO—B< 0
o N % HO

Hls‘l 16 CV5221
His196

2.14. att. Benziltiobenzoksiborina 108 VIM-2 MBL inhibésana. PDB kods: 6RPN

Viens no savienojuma 108 karboksilata skabekla atomiem ir novietots ta, lai
koordingtos ar cinku VIM-2 aktivaja centrd, tapat ar cinku koordingjas ari boronata cikla
“endocikliskais” skabeklis. “Eksocikliskie” ar boru saistitie hidroksilgrupu skabekli (2.14.
attels, O3 un Ol) koordingjas ar otru cinku VIM-2 aktivaja centra, tada veida imitgjot
saistiSanos ar diviem skabekliem oksianjona starpsavienojuma, kur§ veidojas p-laktama
hidrolizes procesa.

Tika novérota cinka jonu atraSanas vietas maina aktivaja centra salidzinot ar to
novietojumu VIM-2 miera stavokla struktiira, tadéjadi Zn-Zn attalumam palielinoties no ~3,5
A uz 4,3 A (2.15. attels, kur cinka joni miera stavoklt att€loti melna krasa, bet kompleksa ar
savienojumu 108 peleka krasa). Sis novérojums sakrit ar citiem kristalografiskajiem
petijumiem, kas norada uz to, ka metala jonu kustiba var notikt MBL vai citu metaloenzimu
inhibéSanas vai katalizes procesa [72].

Salidzinot ar iepriekS zinoto savienojuma 25 un VIM-2 kompleksa struktiiru [35,76],
kopuma boronatu 108 un 25 pamata struktiiru saistiSanas pozicijas ir loti Iidzigas. Lidz ar to,
tapat ka boronatam 25 wun citiem lidzigiem savienojumiem, savienojuma 108
benzoksaborinina cikls ir izvietots analogi cefalosporina ciklam (vai analogi penicilinu vai
karbapenému f-laktamu kondensétiem cikliem) VIM-2 aktivaja centra. Tas nozimé, ka
bicikliskajiem boronatiem kopuma ir lidziga saistiSanas aktivaja centra ka ar cefalosporinu un

citu f-laktamu substratiem.
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2.15. art. Cinka-cinka attalumu izmainas VIM-2 MBL miera stavokli (PDB kods 4BZ3) un
kompleksa ar savienojumu 108 (PDB kods: 6RPN).

Savienojuma 108 tiogtera sanu kéde VIM-2 aktivaja centra izkartojas I1idziga virziena ka
acilamino kéde cefalosporina (un ta atvasinajumu) vai boronata 25 kompleksa ar VIM-2
[36,38,76]. Tomer savienojuma 108 tio€tera sanu k&de neveido tidenraza saites ar proteina
pamata NH- grupu Aspl19 molekula, ka tas noverots substratiem un inhibitoriem ar
acilamino (piemé&ram, boronats 25, penicilini, cefalosporini) vai hidroksietil (karbapenémi)
sanu keédem. ST saistiSanas atSkiriba varétu dalgji izskaidrot inhib&Sanas spgjas atskiribas
savienojumiem 108, 25 un taniborbaktamam (2). Kaut ar1 japiebilst, ka §1 mijiedarbiba,
iespejams, nav tik biitiska sp€jai inhib&t atseviskas pf-laktamazes, pieméram, AmpC (P.
aeruginosa) un OXA-48, kur tio€tera atvasinajums 108 bija aktivaks par
acilaminoatvasindjumu 25 un taniborbaktamu (2). Tomér, pemot véra, ka kopuma
savienojuma 108 aktivitate ir zemaka salidzinajuma ar biciklisko boronatu 25, iesp&jams, ka
§1 idenrazu saiSu veidoSana varétu sekmét saistiSanos ar enzimu.

Analizéjot 108 elektronu blivuma izvietojumu AmpCgc proteina A k&des aktivaja
centra, var secinat, ka bicikliskais boronats 108 ar aktiva centra nukleofilo serina
hidroksilgrupu izveidoja tetraedrisko savienojumu ar sp3 hibridizétu boru (2.16 attéls), lidzigi
ka tas tika noverots ar citam biciklisko boronatu un SBL kompleksu struktiiram [35,36,38,76—
78]. Lai arT boronats 108 tika iegiits ka enantiom&ru maisijums ar (R)-enantiomé&ru parakuma,

tomér AmpCpgc aktivaja centra tika noverota tikai (S)- enantiomeéra klatbiitne.
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2.16. att. AmpCgc un benziltiobenzoksiborina 108 kompleksa kristalstruktiara. PDB kods: 6YPD

Bicikliska boronata 108 karboksilgrupai AmpCgc aktivaja centra tika noveérota
mijiedarbiba ar lizina-315, treonina-316 un aspargina-346 aminoskabju atlikumiem. Savukart
pie bora esoSai hidroksilgrupai tika noveérota tidenraZzu saiSu veidoSanas ar alanina-318 NH-
grupu un skabekli. Benziltiogtera grupa aktivaja centra novietota ta, lai veidotu m-saiSu
sisttmu mijiedarbibu ar tirozinu-221 un hidrofobas mijiedarbibas ar valina-211 un treonina-
319 sanu k&édem. Sis hidrofobas mijiedarbibas var&tu skaidrot boronata 108 augsto aktivitati
pret AmpC un, iesp&jams, citam C klases SBL.

Nozimigi ir tas, ka savienojums 108 inhib€é virkni MBL, kas nostiprina piepémumu, ka
bicikliskie boronati ir potenciali plaSa spektra SBL un MBL inhibitori.

Nemot véra kristalografijas rezultatus, var secinat, ka iegttais benzoksaborina tio€tera
atvasinajums 108 izradijas diezgan daudzsolos$s sakums turpmakam plasa spektra SBL un
MBL inhibitoru optimizacijam. Selektiva (AmpCgc gadijuma) un priviligéta (VIM-2
gadijuma) (S)-enantioméra saistiSanas enzima aktivaja centra norada uz stereoselektivas (S5)-
108 sintézes nepiecieSamibu, kas var€tu uzlabot inhib&Sanas rezultatus. Lai arl iegiitais
boronats 108 izradijas aktivs atsevisku f-laktamazu inhibitors, tom&r diemZ€l tas neuzradija

labus rezultatus $tnas (mikrobiologiskajos testos). Tad€] varétu bt nepiecieSsams modificét
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tioetera sanu kedi, pievienojot taja aminogrupu, lai uzlabotu savienojuma iespieSanas sp&ju

Sunas.
2.2. Triciklisko benzoksaborinu sintéze un to MBL inhibitora aktivitate

Par triciklisko borskabju 109 sint€zes pamatu tika nemta literatiira aprakstita metode ar

Suzuki sametinaSanas reakciju (2.17. att€ls) [54]. Lidz ar to no sakuma bija nepiecieSams

sintezet buvblokus 128 un 129.
OTf
3 5 Crh
R o-B R _N
B
‘ — + | O
HO HN
0" Yo oo
128 129

109
2.17. att. Retrosintétiska shéma ciklisko borskabju 109 iegiSanai

H

Buvbloka 129 sint€ze tika veikta sakot ar o-hidroksifenilborskabi (130) [54], kur no
sakuma borskabes grupa tika aizsargata ar 1,8-diaminonaftalinu (131) (2.18. att€ls) un péc
tam fenola grupa parvérsta par triflatu reakcija ar triluormetansulfonskabes anhidridu,
trietilamina klatien€. Rezultata tika iegiits biivbloks 129 ar 38% iznakumu divu solu reakcija

(rekinot iznakumu no 130).

OH oTf
H H
©:OH NH; NH, ©: gN T,0 ©:B/ N
| |
gt 131 HN O _ BN HN O
O Tol, A, 3 h O CH.Cl O
-78°C lidz ist. t., 17 h

130 132 38-85% 129

2.18. att. Buvbloka 129sintéze

Ta ka nevargjam izskaidrot zemos reakcijas iznakumus, vélak pielavam iesp&ju, ka
buvbloka 129 sint€zes procesa veidojas gaismas jutigi blakusprodukti, kas samazinaja
reakcijas iznakumu. Par to liecinaja dazadi faktori, pirmkart, tas, ka pats 1,8-diaminonaftalins
(131) ir gaismas jutigs, I1idz ar to pastav iesp€ja, ka ta atvasinajumi ari tadi varétu but. Otrkart,
pamanijam, ka péc kada laika uz PSH plaksnes punkti iekrasojas violeta un zila krasa, lai gan
analiz€jot reakcijas maisijumu, punkti bija redzami tikai UV starojuma. Un, treskart, péc
attiriSanas ar kolonnu hromatografiju uz tiesas fazes, silikagels kolonna ar laiku krasojas

zilgans, tacu nopemot kolonnu nost no stiprinajumiem, var redzet, ka stiprinajuma vietas, kur
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gaisma netika klat, silikagels nebija iekrasojies. Lidz ar to nakamreiz veicot buvbloka 129
sint€zi, pec iesp&jas tika mazinata gaismas piekluve reakcijas maisjjumam (izslégta gaisma,
kolbas un kolonna notitas ar foliju). Rezultata izdevas uzlabot reakcijas iznakumu lidz 85%

divu solu reakcija (rékinot iznakumu 130).

PhB(OH),
konc. H,SO Na;COs
- M2904 Pd(dppfCI
Br MeOH Br ( ppf)Cl, Ph Br,
Tol/H,0 (3:1) MeOH
70°C, 17 h 2 e
HO o O 90°C, 16 h ist.t. 18 h
HO” ~O 61% Meo™ X0 84%
133 135
BQPiﬂQ, KOAc
Pd(dppfCl, (10 mol%)
vai Q
Br Ph  Pd(OAc), (5 mol%), PCys (10 mol%) o B Ph
HO 1,4-dioksans HO
90°C, 4 h
MeO” O 22-49% MeO™ O

2.19. att. Buvbloka 128a sintéze

Buvbloks 128a tika iegiits 4 stadiju sint€zé no komerciali pieejamas 5-
bromsalicilskabes (133) (2.19. attels). Sint€zes shéma tika iesakta ar esterific€Sanas reakciju,
5-bromsalicilskabi (133) varot metanola koncentrétas s€rskabes klatiené [79]. No iegita
metilestera 134 Suzuki-Miyaura SkerssametinaSanas reakcija ar fenilborskabi, Na,COsz un 5
mol% Pd(PPh3)4 klatieng [80], iegiits savienojums 135, kur§ broméSanas reakcijas rezultata
tika parversts par attiecigo 3-bromatvasinajumu 136 [81].

Bromida 136 Miyaura boriléSanas reakcija sakotn&ji veikta sausa 1,4-dioksana ar
bis(pinakol)diboranu, Pd(dppf)Cl, katalizatora klatien€, par bazi izmantojot KOAc, ka
rezultata, péc GH-MS datiem, tika ieglits produkta 128a un dehalogenéta produkta 135
maisijums. Lai gan péc planslana hromatografijas un GH-MS vargja redzét, ka reakcija ir
notikusi un ir redzams produkts 128a, radas griitibas to attirit. Veicot attiriSanu ar tiesas fazes
kolonnu hromatografiju, uz planslana hromatografijas plaksnes izskatijas, ka produkts elug€jas
un ir izdalams. Tomér veicot hromatografiju uz kolonnas ar $kidinataju sisttmu PE/EtOAc,
produktu iegiit neizdevas. Nomainot $kidinataju sisttmu uz PE/acetons, tomér izdevas iegit
produktu, bet ar bis(pinkol)diborana piemaisijjumu, kuru bija iespgjams atdalit mazgajot ar
petroléteri. Rezultata tika iegiits produkts 128a ar 22% iznakumu. Nomainot katalizatoru uz
Pd(OAc), ar PCys; ka ligandu, reakcijas maisijumu analiz§ot ar GH-MS, izskatijas, ka

reakcija notiek tirak, radas mazak dehalogenéta blakusprodukta 135 un izdevas uzlabot
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reakcijas iznakumu Iidz 49%. Produkta 128a zudums un Iidz ar to salidzinoSi zemais
iznakums varétu biit skaidrojams ar attiriSanas stadiju. Iesp&jams iegiitais pinakolats 128a

dalgji palika uz kolonnas un neizskalojas.

B,Piny, KOAC o)
Mel Pd(dppf)Cl, !
KoCOg _(1omol%) o B OMe
acetons MeOH 1,4-dioksans HO
70°C,20h ist. t., 19 h, 90°C,4h
69% 57% 35% MeO™ "0
128b
OH konc.HySO4
MeOH
70 °C 23 h
HO™ ~0 93% MeO™ ~O
138
B,Pin,, KOAc o
. . Pd(dppf)Cl, 1
iPrBr vai iPrl i i
K,COs OiPr  Br, Br OiPr (10 mol%) O/B OiPr
acetons g ) MeO1;I . HO 1,4-dioksans HO
70°C, 23 h ist.t, 19N, 90°C, 5h
42-51%  MeO” "0 36% MeO™ ~O 25% MeO” ~0
141 142 128¢

2.20. art. Buavbloku 128b,c sintéze

Biivbloki 128b un 128c sakotngji tika sintez€ti no komerciali pieejamas 5-
hidroksisalicilskabes (137), kuru esterificgjam par metileseteri 138 (2.20. attéls). Talak veikta
O-alkiléSana ar alkilhalogenidu (metiljodidu vai izopropilbromidu) K,CO; klatiene [82].
Reakcijas gaita tika iegiiti v€lamie 5-vieta monoalkilétie produkti 139 un 141.
Izopropoksiatvasinajuma 141 gadijuma, méginot uzlabot iznakumu, nomainijam alkil€joSo
reagentu pret izopropiljodidu, ka rezultata reakcijas iznakums pieauga no 42% uz 51%.

Veicot metoksi atvasinajuma 138 broméSanu péc elektrofilas aromatiskas aizvietoSanas
reakcijas mehanisma ar Brp iegiits vélamais bromids 140 ar 57% iznakumu. Pateicoties
hidroksilgrupas orfo-pozicijas aktiv€joSai un metilestera orto- un para- poziciju
deaktivéjosam 1Ipasibam, bromé&Sana notika selektivi 3-vieta. Tafu bromgjot
izopropoksiatvasinajumu 141 tajos paSos apstaklos, produkta 142 iznakums neparsniedza
36%. Savienojuma 141 reakcija metanola ar Br,, parakuma veidojas 5-metoksiatvasinajums
140. Tas varétu but skaidrojams ar to, ka broméSanas reakcija izveidojusies
bromiidenrazskabe (HBr) nosk&la izopropilgrupu. Savukart reakcijas maisijuma izveidojies
metilbromids, kas var€ja rasties metanola reakcija ar HBr, alkilgjot iegiito fenolu, parverta to

par metoksiatvasinajumu 140.
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OiPr bromésana Br OiPr
—_—
HO £ HO £

MeO™ ~O MeO™ ~O
141 142

2.21. att. Savienojuma 141 broméSanas reakcija

2.3. tabula
Bromeésanas reakcijas apstaklu pétijums
Broméjosais reagents Skidinatajs Rezultati (SH-MS)
1. Br, MeOH Produkts 142/blakusprodukts 140 ~33:66
2. Br, iPrOH Izejviela
3. Br, tBuOH Vielu maistjums, produkta nav
4. Br, AcOH Sarezgits vielu maistjums, produkta nav
5. Br, DCM Vielu maisijums, produkta nav
6. PyHBr; AcOH Sarezgits vielu maisTjums
7. DBDMH CHCl; Vielu maistjums, griiti attirit

Lai izvairitos no $adas blakusprodukta veidoSanas, tika mé&ginats reakciju veikt
izopropanola, tacu diemz€l izopropanols ar Br, noreagéja vél pirms pievienoSanas reakcijas
maisijumam. Tad brom@Sanas reakciju méginajam veikt metilénhlorida, zerc-butanola un
etikskabé (2.3. tabula), tatu diemZel veélamo produktu 142 iegtt neizdevas. Reakcija ar
PyHBr; ieguvam sarezgitu reakcijas maisijumu. Literatira aprakstita metode, kura ar
DBDMH (1,3-dibrom-5,5-dimetilhidantoinu) selektivi bromé& fenolus un polifenolus orto-
pozicija [83]. Veicot reakciju ar substratu 141 péc aprakstitas metodes, ieguvam izejvielas
141 un produkta 142 maistjumu (~1:1). Pievienojot papildus ekvivalentu DBDMH izdevas
reakciju novest 1idz pilnai konversijai, bet rezultata tika iegtts vismaz 3 produktu maisijums,
kur v€lamais produkts 140 bija aptuveni 43%. Veicot kolonnu hromatografiju produktu 142
neizdevas attirit no blakusproduktiem. Reakcija ar NBS Sim substratam 141 netika veikta, jo
metoksiatvasinajuma 139 testa reakcija ar NBS, kars€jot 75 °C temperatiira [84], tika iegiits
sarezgits produktu maisTjums, no kura v€lamais bromids 140 bija izdalits tikai ar 9%
iznakumu. Lidz ar to $aja sint€zes stadija m€s neatradam piemérotakus reakcijas apstaklus
bromida 142 ieguSanai.

Iegiito bromidu 140 un 142 Miyaura boriléSanas reakcijas sakotngji veiktas sausa 1,4-
dioksana ar bis(pinakol)diboranu, Pd(dppf)Cl, ka katalizatoru, par bazi izmantojot KOAc, ka
rezultata iegiiti pinakolati 128b un 128c attiecigi ar 35% un 25% iznakumu.

Bivbloka 128c¢ augstakminétaja sintézes cela (2.20. att€ls) reakcijas iznakumi

bromé&Sanas stadija bija zemi un neparedzami, tapéc méginajam atrast alternativu sintézes
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metodi. Tika méginats veikt brom&Sanu pirms izopropilgrupas ievadiSanas molekula (2.22.
att€ls). No komerciali pieejamas 5-hidroksisalicilskabes (137) reakcija ar Br, etikskabgé [85]
ieguvam bromidu 143, kuru talak reakcija ar metanolu sérskabes klatiené parveértam par

metilesteri 144 ar labu iznakumu (80%).

konc. H2804 PrBr
_ MeOH _ K,COs
|stAtC 02'-:) h HO 70 OC 17h HO acetons
65% 80% 60°C, 15 h
HO™ O 339
B,Pin,, KOAC 0
Br oPr  Pd(OAc); (5 mol%) B OiPr
PCya (10 mol%) 0
HO 1,4-dioksans HO
85°C,45h
MeO 0] 40% MeO (@)
142 128c

2.22. art. Buivbloka 128c alternativa sintéze

Veicot Saja stadija O-alkiléSanu ar izopropilbromidu K,CO; klatien€, monoalkil&tais
produkts 142 tika iegiits ar 33% iznakumu. Sads iznakums skaidrojams ar to, ka, sekojot
reakcijas gaitai ar SH-MS, reakciju nevaréja novest 1idz pilnai konversijai. Ar 1,1 ekviv. iPrl
péc 16 stundam 50 °C temperatiira reakcijas maisijuma vél bija atlikusi ~35% neizreaggjusas
izejvielas 144, tatu pievienojot papildus 0,3 ekviv. iPrl, analiz&jot ar SH-MS, novérojam di-
alkiléta produkta pika palielinaSanos un mono-alkiléta produkta pika samazinasSanos. Tadg]
turpmak $1 alkiléSanas reakcija tika veikta ar 1,1 ekviv iPrl un vélak atgiistot neizreag€juso
izejvielu 144 pec attiriSanas ar kolonnas hromatografiju. Veicot Miyaura boril€Sanas reakciju
par katalizatoru izmantojot Pd(OAc), ar PCy; ka ligandu, sausa 1,4-dioksana, tika iegiits

buavbloks 128c¢ ar 40% iznakumu.

B,Pin,, KOAC Qo
OMe konc.H,S0, ove & Br OMe PA(OAC); (5 mol%) B OMe
MeOH r2 PCys (10 mol%) 0
HO 70°C, 18 h HO ~ MeOH HO 1,4-diokséns HO
90% ist. 1, 19 h 90°C, 4 h
HO™ 0 MeO™ O 46%  MeO” ~O 55% Meo™ -0
145 139 140 128b

2.23. att. Buvbloka 128b alternativa sinteze

Sakot biivbloka 128b sintézi no komerciali pieejamas 5-metoksisalicilskabes (145), kas
cenas zina daudz neatSkiras no 5-hidroksisalicilskabes (137), izdevas saisinat sintézes celu par
1 stadiju (2.23. att€ls). Ka ar1 Miyaura boriléSanas reakciju veicot sausa 1,4-dioksana, par

katalizatoru izmantojot Pd(OAc), ar PCys ka ligandu, pinakolats 128b tika iegiits ar 55%
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iznakumu. Rezultata kopgjais iznakums 3 stadiju sint€z€ bija 22% ieprieksejo 11% vieta, 4
stadiju sint€zes cela.

Lai iegutu 5-vieta neaizvietotu buvbloku 128d tika veikta sint€ze, izmantojot 2.24.
attela redzamo sintézes shému. Komerciali pieejamo 2,3-dihidroksibenzoskabi (146)
aizsargdjam  ar  izopropilidéngrupu, lai selektivi  3-vieta  var€tu  ieviest
trifluorometansulfonilgrupu, ka rezultata velamais triflats 148 tika iegiits ar labu iznakumu
(94%). Miyaura boriléSanas reakcija ieglts pinakolats 149, kuram talak bija nepiecieSams

noskelt izopropilidéngrupu un iegtito benzoskabi parverst par metilesteri 128d.

TFA 5 O szinz
TFAA 2 Pd(dppf)Cl, (10 mol%)
HO acetons HO EtsN TfO KOAc
HO 0°C Iidz ist. t., 48 h CHoCly 1,4-dioksans
40% L -78°Clidz0°C,2h _Q 90°C. 18 h
HO O o) (0] 94% >|\O e} 47%
146 147 148
LiOHxH,0, Me,SO,
‘ THF, A, 3 h l
38%
? ? Q 0
0B LiOHxH,0 o B konc.H,S0, o-B
o THF/H,0 (1:1) HO MeOH, A, 3 h HO
S ist.t, 17 h 28%
o Yo HO” O MeO” O
149 150 128d
| 1. 5M KOH, THF, ist. t., 17 h T

2. MeOH, DCC, DMAP ( 5 mol%), CH,Cl,
ist. t., 18 h, 0%

2.24. att. Buvbloka 128d sinteze

Izopropilidéngrupa labi hidroliz€jas reakcija gan ar LiOH-H,O, gan 5M KOH ud.
$kidumu, ka rezultata pec SH-MS analizes novérojam savienojuma 149 pilnu konversiju par
benzoskabi 150. Tomér benzoskabes 150 esterific€Sanas solis sagadaja griitibas. Veicot
benzoskabes 150 reakciju ar metanolu sérskabes klatieng, vélamo metilesteri 128d izdevas
iegit ar 28% iznakumu, tadu atkartot So reakciju neizdevas. Sajos reakcijas apstdk]os
hidroliz€jas ar1 borskabes pinakolesteris un metanola klatien€ notika paresterificéSanas, ka
rezultata atkartojot So reakciju ieguvam borskabes metilesteri ka galveno produktu un tikai
pedas no vélama produkta 128d. Lai izvairitos no $is blakusreakcijas, veicam esterific€Sanas
reakciju baziska vidé ar dimetilsulfatu [86], varot 3 stundas tetrahidrofurana. Tacu ar Sajos
reakcijas apstaklos iznakums bija zems (38%). M&ginajam izmantot Steglich esterific€Sanas

reakciju [87], kur esterificeSanu veicam ar DCC, DMAP izmantojot ka katalizatoru. Sekojot
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reakcijas gaitai ar SH-MS novérojam produkta veidoanos, taéu diemz&l izdalit tiru produktu
128d neizdevas.

Triflats 152 ir literatira zinams savienojums [88], kas sintezéts no 2,3-
dihidroksibenzoskabes (146), to sakotngji esterificEjot ar metanolu s€rskabes klatiené. No
estera 151 reakcija ar trifluorometansulfonskabes anhidridu, piridina un katalitiska daudzuma

DMAP Kklatieng, ieguts triflats 152 ar 37% lidz 76% iznakumu [88-90].

T£,0, Py, DMAP (10 mol%)

CH,Cl,
0°C lidz ist. t., 22 h, 0%
szinz, KOAc
HO koncHSO, o TEHNPh oo Pd(OAc), (5 mczl%) Q
MeOH Et;N PCy3 (10 mol%) O/B
B —— _—
HO A, 17 h HO ) CH,Cl, HO 1,4-dioksans HO
90% ist. t,2h 90°C, 3 h
HO™ SO MeO” ~O 75% MeO™ ~O 50% MeO™ ~O
146 151 152 128d
Tf,0, DIPEA T
CH,Cl,

-78°C lidz ist. t., 22 h, 0%

2.25. att. Buvbloka 127d alternativa sintéze

Mgginajam atkartot literatira aprakstito sint€zes metodi (2.25. att€ls), tacu selektivi
aizvietot 3-hidroksigrupu pret 3-trifluorometansulfonilgrupu neizdevas. Tika méginats veikt
savienojuma 151 reakciju ar trifluorometansulfonskabes anhidridu DIPEA klatieng, tacu ar1
neizdevas selektivi ieviest triflatu 3-pozicija. Reakcija notika pa abam hidroksilgrupam.

N-Feniltrifluorometansulfonimids literatira [91] aprakstits ka maigs triflgjoSais
reagents, tadé] tika nolemts to izmantot reakcija ar substratu 151. Reakcija ar Tf,NPh, par bazi
izmantojot trietilaminu, izdevas selektivi nomainit savienojuma 151 3-hidroksilgrupu pret
trifluorometansulfonilgrupu. Selektivitati trifluormetansulfoniléSani pa 3-poziciju var€tu
skaidrot ar to, ka ta ir mazak steriski trauc€ta neka 2-hidroksilgrupa, 11dz ar to reakcija notiek
pa vieglak pieejamo poziciju. Rezultata ieguvam triflatu 152 ar 75% iznakumu (2.25. attgls).
Talak Miyaura boril€Sanas reakcija ieguvam vé€lamo biivbloku 128d ar vid€ju iznakumu
(50%).

Talak meginajam S-vieta ievadit alkil un hetaril atvasinajumus. To realizét tika planots
pec 2.26. attela dotas retrosintétiskas shémas. No 5-brom-aizvietota savienojuma 153 Suzuki
Skérssametinasanas reakcija ar attiecigo cikloalkil vai hetaril borskabi 154, iegiistot attiecigo

atvasinajumu 155, kuru talak parverstu par pinakolatu 128.
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Miyaura
borilésana

Suzuki-Miyaura
Skérssametinasana

HO
HO i
HO™ ~O

23
O/B

X R R2 Br 146
R’ OH
—
p— - é\OH +HO vai
1
HO HO R Br
MeO™ ~O MeO™ ~O
MeO™ ~O
HO
128 155 154 153
. . HO™ ~O
R'=cikloalkil-, X=Br- OTf R1=cikloalkil-, R2=H: OH
hetaril- ’ hetaril- 133

2.26. att. Retrosintéetiska shema 5-vieta aizvietotiem pinakolatiem 128

Biivbloka 128e sintézi sakam lidzigi, ka to veicam biivbloka 128a gadijuma (2.27.
attels). 5-Bromsalicilskabe (133) tika parveérsta par metilesteri 134, no kura Suzuki-Miyaura
SkerssametinaSanas reakcija ar ciklopropilborskabi, Pd(PPhs)s (5 mol%) ka katalizatora un
Na,CO; ka bazes klatiené méginajam iegit produktu 156, tacu reakcijas maisijuma manijam
tikai “pe€das” no v€lama produkta un izejvielu 134. Literatiira atradam optimizetus apstaklus
ciklopropilborskabes Suzuki-Miyaura SkerssametinaSanas reakcijai ar arilbromidiem, kur par
katalizatoru izmantoja Pd(OAc), ar PCys; ka ligandu un K3POs ka bazi [92]. Rezultata
ieguvam 5-ciklopropilatvasinadjumu 156 ar zemu iznakumu (22%). lesp€jams, ja aizsargatu
brivo hidroksilgrupu ar metil vai acetilgrupu, reakcija norit€tu daudz labak. Tacu meés
nevargjam paredz€t, vai un ka notiks bromésanas stadija, tapéc nolémam So sintézes celu talak

neattistit.

CcPrB(OH),
Pd(OAG), (5 mol%)

Br konc.H,SO4 Br  PCy; (10 mol%) Br,
MeOH K3PO4XH20 ........ >
HO 70°C,17h HO TolH,0 (20:1) HO
Ho o 81% Meo™ X0 22% MeO” SO
133 134 156
B BzPinz, j\cé
. __Pdkat o
HO HO
MeO” YO MeO” YO
155 128¢

2.27. att. Buvbloka 128e sintéze

Zinot, ka 2,3-dihidroksibenzoskabes metilesteri 151 iesp&jams selektivi parverst 3-
trifluormetilsulfonilatvasinajuma 152 (2.25 att€ls), tika nolemts biivbloku 128e,f sintézi sakt
no ieprieks izmantotas 2,3-dihidroksibenzoskabes (146) (2.28. attels). Bromidu 157 ieguvam
reakcija ar Br, etikskabeé, péc aprakstitas metodes [85,93]. Péc tam tas parveérsts par

metilesteri 158 ar 75% iznakumu. Ar labu iznakumu (90%) fenola 158 hidroksilgrupas tika
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parveérstas par metoksigrupam ar metiljodida parakumu, K,CO; klatieng, iegiistot
savienojumu 159. 5-Bromo-2,3-dimetoksibenzoskabes metilestera (159) reakcija ar
ciklopropilborskabi (160a), Pd(OAc),, PCy; un K;PO, klatieneé ieguvam vélamo 5-
ciklopropilaizvietoto produktu 161e ar gandriz kvantitativu iznakumu (99%). Sajos Suzuki-
Miyaura reakcijas apstaklos méginajam sametinat bromidu 159 ari ar tiofén-3-borskabi
(160b), cikloheksilborskabi (160c) un tiofén-2-borskabi (160d), tacu ieguvam tikai 3-tienil
atvasinatu produktu 161f, bet ar teicamu iznakumu (97%). DiemZ&l reakcijas ar
cikloheksilborskabi (160c) un tiofén-2-borskabi (160d) nenotika, reakcijas maisijumos

neidentific€jam izejvielas un citus blakusproduktus.

! 160a: R = A\g 160b: R = Saé;

i160c:R= Oﬁ 160d: R = @é{

160
P A 10 mol¥
konc.HpS04 o d(OAc), (10 mol%)

PCy; (20 mol%)
jij :§/ _ MeOH _ cho3 D KPO;
AcOH 80 C 17 h HO acetons T
ol/H,0 (4:1)
ist. t., 23 h 75% 50°C, 14 h
68% 86 °C,15h

MeO™ SO
© 90% 97-99%
B,Piny, KOAC o
TE,NPh PA(OAG), (5 mol% !
. MeO R L HO. R i TfO. R PCY3 (10 mol%) 0 B R
MeO CHxCl HO CHCl  Ho 1,4-dioksans HO
.69 °C lidz 0°C, 1 h ist.t. 2 h 90°C. 3h
MeO™ SO 66-73% MeO™ SO 76-77%  MeO” O 30-32% MeO™ "0
161e: R = 162e: R = 163e: R = 128e: R =
B B v D
161F: R =/~ 162f: R =/~ 163f: R = /~ 128F: R = /~
sl S 2L ¢ 2 s

2.28. art. Buvbloku 128e.f sintéze

Iegiitajiem 5-ciklopropil un 5-(3-tienil) atvasinajumiem, attiecigi 161e un 161f, talak
tika noSkeltas metilgrupas reakcija ar 1M BBrs; Skiduma DCM parakumu. legitos 2,3-
dihidroksiatvasinajumus 162e un 162f attiecigi parveértam par triflatiem 163e un 163f ar
labiem iznakumiem (76-77%), izmantojot 2.24. att€la izstradato metodi. Un beidzot Miyaura
boril€Sanas reakcija tika iegtiti biivbloki 128e un 128f ar 30-32% iznakumu.

Lai tiktu pie meérksavienojumiem 109a-f, no iegiitajiem buvblokiem 128a-f un 129
Suzuki-Miyaura Skerssametinasanas reakcija méginajam iegit cikliskos boratus 164a-f (2.29.
attels). Lai saprastu, kuri reakcijas apstakli ir piemérotaki misu mérksavienojumiem, tika

veiktas triflata 129 un pinakolata 128a testa reakcijas péc 2 metodém — viena gadijuma
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reakcijas maisijums karséts dimetoksietana 85-90 °C temperatiira, par katalizatoru izmantojot
5 mol% Pd(PPhs), un ka bazi izmantojot 2M Na,COj; tidens Skidumu. Otra gadijuma reakcijas
maisijums karséts pie 85-90 °C 1,4-dioksana/udeni (10:1), 5 mol% Pd(OAc), katalizatora, 10
mol% CyJohnPhos liganda un K;PO4 H,0O ka bazes klatiené [54]. Abos gadijumos tika
novérota produkta veidoSanas, tacu Pd(OAc),/CyJohnPhos katalitiskas sist€mas izmantoSana
deva mazak blakusproduktu. Reakcija ar Pd(PPhs), izdalito reakcijas maisijumu bija griti
attirit. Situaciju sarezgija ari trifenilfosfina oksida klatbiitne, kas attiriSanas procesu padarija
veél gritaku. Tade] tika nolemts Suzuki-Miyaura reakcijas veikt 1,4-dioksana/tudent (10:1),
Pd(OAc), katalizatora un CyJohnPhos liganda klatieng, par bazi izmantojot K;PO4-H,O.
Reakcija ar fenilatvasinajumu 128a iegita cikliska borata 164a attiriSana bija
salidzino8i vienkarSa — no reakcijas maisijuma produktu izgulsn€jot ar EtOAc/MeOH
maistjumu. Rezultata ieguvam produkta 164a un ta “ata kompleksa” ar MeOH maisijumu,
kuru istabas temperatiira maisot acetonitrila ar tideni un dazZiem pilieniem TFA parvértam par
tiru produktu 164a ar 31% iznakumu. DiemzZ€l gadijumos ar par&jiem atvasinajumiem 164b-f
izgulsnéSanas metode nestradaja, tapec tos attirjam ar hromatografijas metodem. Cikliskos
boratus 164b-f méeginajam tirit gan ar tieSas fazes, gan ar apgrieztas fazes kolonnas

hromatografiju palidzibu.

o Pd(OAC), (5 mol%)
OTf 5 R CyJohnPhos (10 mol%) R R
©: H + o~ K3PO4XH20 LiOHXHZO
_N — — 2
B HO 1,4-dioksans/H,0 (10:1)  1y-B~g THF/H,0 (1:1) Ho" 20
HN 90°C, 2-4 h ist.t, 19 h
O Me0™ S0 o5 51% MeO™ Y0 59-93% HO™ Y0
164a-f 109a-f
129 128a-f b4a
a R= Ph- a: R= Ph (31 %); a: R= Ph (91 %);
b- R=OMe- b: R=OMe (63 %); b: R=OMe (77 %);
¢ R=OPr. ¢: R=0OiPr (51 %); ¢: R=0OiPr (59 %);
d R=H d: R=H (44 %); d: R=H (68 %);
e RecPr e: R=cPr (25 %); e: R=cPr (74 %);
f R-3.tie f: R=3-tienil (30 %) f: R=3-tienil (93 %)

2.29. att. Merksavienojumu 109a-f sinteze

SintéZu procesa pienémam, ja reiz izejvielas 129 sint€zi apgriitindja gaismas klatbiitne,
visticamak ar1 Suzuki-Miyaura reakcijas procesa veidosies blakusprodukti, kas gaismas
ietekmé sadalisies un ,,bojas” reakcijas maisjumu. ST iemesla d&] reakciju trauki tika aptiti ar
aluminija foliju, lai izvairitos no gaismas klatbiitnes reakcijas laika. Veélak art izdaliSanas
procesi tika veikti péc iesp€jas izvairoties no gaismas piekluves reakcijas maisijumiem.
AttiriSanas procesa hromatografijas kolonnas ar1 tika notitas ar foliju. Rezultata
vispiemérotakais veids, ka iegiit tirus cikliskos boratus 164b-f bija reakcijas maisijuma

attiriSana ar apgrieztas fazes kolonnas hromatografijas palidzibu ar sekojoSu attiriSanu uz

tieSas fazes preparativas PSH plaksnes. Lidz ar to zemie iznakumi ir skaidrojami ar sarezgito
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attirisSanas procesu. Talak mérksavienojumus 109a-f ar labiem iznakumiem ieguvam
hidrolizgjot esterus 164a-f ar LiOH monohidratu THF/H,O maistjuma (1:1).

Inhibitora aktivitate uz 10 f-laktamazém (starp kuram ir parstavji no visam 4 Ambler
klasém) tika noteikta tricikliska boronata fenilatvasinajumam 109a. Aktivitate un rezultati tika
salidzinati ar jau iepriekSminéto taniborbaktamu (2) [37, 38] un bicikliska boronata
benziltiogtera atvasinajumu 108 (2.2. tabula). Ka references savienojumui izmanti avibaktams

(9) un L-kaptoprils (127). Iegttie rezultati apkopoti 2.4. tabula

i
HzN)/"'E 7 _SH Q H
o z N
S N\O’\\S\:O /\‘g o HaN- A~ %08
H 3 OH H COzH
avibaktams L-kaptoprils taniborbaktams
®) (127) @)
2.30. att. Merksavienojums 109a un literatoira zinamie SBL un MBL inhibitori
2.4. tabula
Inhibitoras aktivitates vértibas pret g-laktamazem (pICs,)*
Al'zll:Ser p-Laktamaze Avibaktams | L-Kaptoprils | 109a 2
A TEM-1 8,1 <44 6,7 n/a
IMP-1 <34 5,0 8,8 5,6
B1 NDM-1 <34 5.8 7,2 8,0
VIM-1 <34 5,6 5,6 8,1
VIM-2 <34 6,1 7,1 9.3
B2 CphA <24 <5,0 <4,7 5,6
B3 L1 <4,7 5,6 5,0 <5,0
C AmpC (P. 6.5 44 6.9 6.5
aeruginosa)
OXA-10 <4, <4.4 6,9 6,6
D OXA-10 (+100
mM NaHCO3) <47 <44 3 6.2
OXA-48 6,2 <4.4 8,6 6,3
D OXA-48 (+100
mM NaHCO3) 6.1 <44 8,3 56

‘Savienojumu noteikto aktivitasu pICs, vértibu standartnovirzes ir 0,2 log kartas robezas

Tricikliskais boronats 109a uzradija inhibgjoso aktivitati uz 9 no 10 testétajam pS-
laktamazeém, pie tam demonstréjot aktivitati uz visam cetram fS-laktamazu Ambler klasém.

Salidzinot saistiSanos ar A un C klases serina f-laktamazu enzimiem, novérots, ka
savienojums 109a, tapat bicikliskais tiotera atvasinajums 108, ir mazak aktivs pret A klases
TEM-1 enzimu neka avibaktams (9). Savukart C klases AmpC enzima inhib&Sanas aktivitate
savienojumam 109a ir lidziga ka avibaktamam (9) un taniborbaktamam (2), tatu zemaka neka
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bicikliskajam tio€tera atvasinajumam 108. Lidzigi ka taniborbaktams (2), ar1 tricikliskais
boronats 109a neuzradija 1pasi augstu saistiSanas sp&ju ar OXA-10 enzimu, tacu pret OXA-48
enzimu 109a izradijas aktivaks par taniborbaktamu (2) un avibaktamu (9).

Salidzinot B1 klases metal-f-laktamazu (IMP-1, NDM-1 un VIM-2) inhib&Sanas
rezultatus, savienojums 109a izradijas aktivaks neka L-kaptoprils (127). Savienojumam 109a,
Iidzigi ka bicikliskajam tio€tera atvasinajumam 108, novérota inhib&Sanas aktivitate pret
NDM-1 un VIM-2 enzimiem submikromolara Itmeni, tatu boronata 109a saistiSanas sp&ja ar
VIM-1 enzimu neuzradija tik augstu rezultatu. Atskiriba no savienojuma 108, tricikliskajam
boronatam 109a, Iidzigi ka taniborbaktamam (2), netika noverota aktivitate pret B3 klases
metal-f-laktamazi L1 un mono-cinka B2 klases metal-f-laktamazi CphA.

Nemot véra augstakminétos datus par bicikliska boronata 108 un tricikliska boronata
109a inhib&joso aktivitati, varéjam secinat, ka cikliskie boronati sp&j inhibét f-laktamazu
parstavjus no visam 4 Ambler klasém. Bet ta ka pastiprinata interese ir tieSi metal-f-
laktamaZu inhibitoru izveidg, tad turpmak uzmaniba tika koncentréta uz metal-f-laktamazém.
Ta savienojumiem 109b-f tika noteikta inhibitora aktivitate uz B1 klases metal-f$-laktamazem

(IMP-1, NDM-1, VIM-1 un VIM-2). Rezultati apkopoti 2.5. tabula.

CO,H
109¢e

2.31. att. Merksavienojumi 109b-f

2.5. tabula
Inhibitoras aktivitates vértibas pret B1 klases metal-g-laktamazem (pICs)*
P- L- 109b 109¢ 109d 109e 109f
Laktamaze | kaptoprils

IMP-1 5,7 6,7 7,2 7,8 6,5 6,9
NDM-1 5,0 7,8 8,4 7,2 8,0 7,9
VIM-1 5,1 5,1 5,2 5,1 5,3 5,8
VIM-2 5,8 6,9 7,0 6,8 6,7 7,3

‘Savienojumu noteikto aktivitasu pICs, vértibu standartnovirzes ir 0,2 log kartas robezas

Par references savienojumu tika izmantots L-kaptoprils (127). Novérojam, ka
savienojumiem 109b-f aktivitate uz VIM-1 metal-f-laktamazes inhib&Sanu ir lidziga ka L-
kaptoprilam (127). Savukart uz IMP-1, NDM-1 un VIM-2 enzimiem savienojumi 109b-f

izradyjas aktivaki inhibitori neka L-kaptoprils (127), uzradot aktivitati submikromolaras
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koncentracijas. Visaugstako aktivitati tricikliskie borati 109b-f uzradija NDM-1 metal-$-
laktamazes inhib&Sanai.

Ta ka tricikliska borata izopropiloksi atvasinajumam 109c¢ piemit diezgan augsta
sasitiSanas sp&ja ar NDM-1 metal-fS-laktamazes enzimu (ICso = 4.0 nM), tad tika méginats $o
savienojumu kristalizét ar NDM-1 enzimu. Izdevas iegiit 109¢ un NDM-1 kompleksa

kristalstruktiru (2.32. attels).

O~ "OH
tetraedriskais boronats 109¢

2.32. att. Merksavienojuma 109¢ un NDM-1 kompleksa kristalstruktiira (nav publicéts)

Savienojuma 109¢ elektronu blivums NDM-1 proteina k&dé noradija uz tetraedriska
tricikliska boronata klatbiitni (2.32. att€ls). Galvenie saistiSanas veidi tricikliska boronata
pamata un ar karboksilata skabekliem ir loti Iidzigi tiem, kas raksturoti bicikliskajam
boronatam 108 ar VIM-2. Viens no savienojuma 109c¢ karboksilata skabekla atomiem ir
novietots ta, lai koordin€tos ar cinku NDM-1 aktivaja centra, tapat ar1 koordingjas boronata
cikla “endocikliskais” skabeklis. “Eksocikliskie” pie bora saistitie hidroksilgrupu skabekli
koordin€jas ar otru cinku NDM-1 aktivaja centra.

Talak planojam atvasinat ciklisko boronatu no otras puses cikla, tuvak bora atomam,
aizvientojot benzociklu ar heterociklu, pieméram, piridinu vai tiofénu (2.33. attéls). Testa
reakcijam par pinakolata buvbloku izvelg€jamies fenilatvasinajumu 128a, jo no visiem
sintezétajiem pinakolatiem, tas bija visértak ieglistams. Savukart biivblokus 165 un 166 bija

nepiecieSams sintezet.
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s HN
Q
B Ph 165

168

2.33. att. Retrosintétiska sheéma ciklisko borskabju 167 un 168 iegiiSanai

Tioféna atvasinajums 165 tika sintez€ts no komerciali pieejama 3-bromtioféna (169)
reakcija ar litija diizopropilamidu (LDA), veicot protona-litija apmainu tioféna cikla 2-vieta,
tad tika pievients trimetilborats un péc hidrolizes skaba vidé iegiita borskabe 170 (2.34.
attels). Reakcija ar 1,8-diaminonaftalinu (131), iegiita borskaba 170 tika parveérsta par

buvbloku 165.

Br LDA Br
OH B(OMe)3
O ——
s ow __THF S
170 -7°Cldzist. t., 20 h 169

63%

j ? Pd(OACc); (5 mol%) =
g HN O o B Ph CyJohnPhos (10 mol%) S\~ Ph
WB’ + KaPO4xH,0 I
Sl

1,8-Diaminonaftalins (131) | CHxCl,
4A MS ist.t.,1h
94%

HO Dioksans/H,0 (10:1) HO™ O
MeO~ ~O 90°C,2h MeO” Yo
165 128a 167

2.34. att. Meérksavienojuma 167 sintezes shéma

Talak veicam biivbloku 165 un 128a Suzuki-Miyaura SkerssametinaSanas reakciju ar 5
mol% Pd(OAc),/10 mol% CylJohnPhos katalitisko sisttmu un K3;PO, ka bazi, karsgjot
reakcijas maistjumu 90 °C temperatiird. Sekojot reakcijas gaitai ar SH-MS, jau péc 1,5
stundas tika novérota pilniga izejvielu konversija un v€lama produkta 167 raSanas. Péc
reakcijas izdaliSanas boronatu 167 méginajam attirit ar apgrieztas fazes hromatografijas
palidzibu, kolonnu notinot ar foliju, lai nebitu gaismas klatbiitnes, tacu pietiekami tiru
produktu iegiit neizdevas.

Biivbloks 166 tika sintez€ts no komerciali pieejama 2-hlorpiridina (171) divos sintézes

solos (2.35. attels). No sakuma savienojumam 171 veicam protona-litija apmainu piridina
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cikla 3-vieta ar LDA, kuru reakcija ar trimetilboratu un tai sekojoSu hidrolizi skaba vidg,
parvértam par borksabi 172. legiitais j€lprodukts, bez attiriSanas, reakcija ar 1,8-

diaminonaftalinu (131) tika parversts par buvbloku 166 ar 55% iznakumu.

X
|
N~ ~ClI
171
LDA 209
B(OMe), | 0 12N
THF 61%
~
N Cl + citi blakusprodukti
172 Meo™ o O~ "OMe
1,8-D|am|21naféaﬁns (131) ist. t., 21 h
55%
CH,Cl,

Pd(OAc), (5 mol%)

Q\ CyJohnPhos (10 mol%)
HN Ph K3PO4XH20 ------ .
Dioksans/H,O (10:1) Ho o

90°C,2h
MeO™ ~O 0%
166 128a

2.35. att. Meérksavienojuma 168 sintezes shéma

No iegiitajiem buvblokiem 166 un 128a Suzuki-Miyaura Sk€rssametinasanas reakcija
méginajam iegut ciklisko boratu 168. Veicam reakciju ar 5 mol% Pd(OAc),/10 mol%
CyJohnPhos ka katalizatoru, par bazi izmantojot KsPOy4, un karsgjam reakcijas maisjjumu 90
°C temperatiira 25 stundas. Rezultata tika iegiits sareZgits vielu maisijums, kura, saskana ar
SH-MS analizi, izejvielas 166 un 128a netika noveérotas, tacu ari cikliska produkta 168 masa
arT netika identificéta. Viens no reakcijas maisijuma blakusproduktiem, saskana ar SH-MS,
varétu bit Suzuki reakcijas produkts ar hidrolizétu diaminonaftil grupu 173, tacu reakcijas
maistjuma Sis savienojums bija mazakuma, bet péc reakcijas maisijuma izdaliSanas praktiski
vairs nebija novérojams. Tika izdalits vl blakusprodukts, kas péc "H KMR spektra izskatijas
ka 2 vielu maisijums. Vienu no §iem blakusproduktiem, saskana ar SH-MS un 'H KMR
spektru, identific§jam ka paresterificetu izejvielu ar diaminonaftilgrupu 174, tacu otru
identific€t neizdevas. Otrs maisijuma produkts varétu but Suzuki reakcijas produkts, jo spektra
novérojam abu izejvielu struktiiru fragmentu protonus, ka ari briva fenola grupas protonu.
Lidz ar to vargjam spriest, ka tas nav cikliskais produkts, bet ar SH-MS analizi identificét otru

blakusproduktu neizdevas.
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3. EKSPERIMENTALA DALA

Visparéja informacija

Sint€zém, kuram bija nepiecieSama sausa vide, traukus vairakas stundas iztur€ja
zavskapt 110 °C temperatira un atdzes€ja argona plisma. Reakcijam inerta vide tika
nodroSinata ar argona vai slapek]a atmosferu.

Reakcijam nepiecieSamie reagenti iegadati no kimisko vielu piegadatajiem (Acros, Alfa
Aesar, Apollo Scientific, Fluorochem, Sigma Aldrich) un lietoti bez papildus attiriSanas.
Skidinataji zavéti un attiriti (THF un dihlormetans) MBraun-SPS 800 iekarta. Sauss acetons
un 1,4-dioksans iegadati no Acros. Vielu svérSanai izmantoti Boeco Germany svari (d=0.1
mg).

Planslana hromatografijai lietotas TLC Silica gel Fjsqs(Merck) sorbenta aluminija
plaksnes. Preparativajai PSH lietotas PLC Silica gel 60 F,s4, 2mm (Merck) sorbenta stikla
plaksnes. Produktu detektéSanai izmantots UV starojums (vilpa garums 254 nm) un/vai
attistiSana KMnOy Skiduma (1,5 g KMnOg, 10 g K,COs, 150 ml H,O, 2,5 ml 5% NaOH).
Kolonnu hromatografijai izmantots silikagels: Silicagel 0,035-0,070 mm (Merck) un
etilacetata/petrolétera (frakcijas ar Tyyz= 40-60°C), acetona/petrolétera (frakcijas ar Tyig=
40-60°C), un metanola/dihlormetana eluentu sistémas. Apgrieztas fazes kolonnu
hromatografija veikta ar Biotage® SPI iekartu, izmantojot SNAP KP-CI18-HS 12g un 30g
kolonnas.

Reakcijas gaitu kontrolgja un vielu tiribu noteica ar UESH Waters Acquity, detektoru
Acquity UPLC PDA e)\, datu apstrades sistému MassLynx, apgrieztas fazes kolonnu Acquity
UPLC® BEH CI8, 50x2.1 mm, 1.7 pm, ar kustigo fazi: acetonitrils ar 0.01%
trifluoretikskabes Skidumu tdeni, eluenta sastavam 6 mintSu laika, mainoties no 10%
acetonitrila tdens Skiduma lidz 95% acetonitrila tidens Skiduma, plismas atrums 0.5 mL/min.
Masspektrometrs SQ Detector 2 ar elektroizsmidzinaSanas jonizaciju un kvadrupola
analizatoru.

'H un ®C KMR spektri uzgemti ar 200, 300 un 400 MHz spektrometriem. Kimiskas
nobides (6) noraditas miljonajas dalas (m.d.), izmantojot skidinataju ka standartu (lH: CDCls;,
§ = 7.26 m.d., CD;0OD, § = 4.78, 3.31 m.d., DMSO, & = 2.50, 3.33 m.d. ; °C: CDCl;, § =
77.16 m.d., CD3;0D, 6 =49.10 m.d.; DMSO, 6 = 39.52 m.d.)

AIMS analizes veiktas ar Waters Acquity UPLC H-Class UESH, kas apvienots ar
Waters Synapt G2-Si TOF MS masspektrometru.
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Savienojumu 116-121 un mérksavienojuma 108 sint€zu apraksti un eksperimentalie dati

publicéti ACS Infect Dis. 2020, 12, 1398-1404. doi: 10.1021/acsinfecdis.9b00330.
terc-Butil 2-((ferc-butoksikarbonil)oksi)-3-metilbenzoats (111) [9,57]

o 2-Hidroksi-3-metilbenzoskabi (110) (5,00 g, 32,8 mmol) izskidinaja sausa
5?\/0)]\0 THF (20 mL), pievienoja Boc,O (28,6 g, 131 mmol), DMAP (1,14 g, 9,90

° )O< mmol) un terc-butanolu (40 ml, 394 mmol). Reakcijas maisijumu kars€ja 60
°C temperattira 5 stundas, tad atdzes€ja Iidz istabas temperattirai un ietvaic&ja pazeminata
spiediena. Je€lproduktu attirija ar tieSas fazes kolonnu hromatografijas palidzibu
(cikloheksans/EtOAc 100:1). leguva 3,33 g (33%) savienojuma 111 ka bezkrasainu ellu.

'H KMR (400 MHz, CDCl3) & 7.74 (dd, J = 7.8, 1.7 Hz, 1H), 7.38-7.33 (m, 1H), 7.16 (t, J =
7.7 Hz, 1H), 2.26 (s, 3H), 1.56 (d, J = 2.9 Hz, 18H) m.d. °C KMR (101 MHz, CDCl;) &
164.2, 151.3, 149.0, 134.8, 132.0, 129.3, 125.5, 125.4, 83.5, 81.5, 28.3, 27.9, 16.3 m.d.

terc-Butil 3-(bromometil)-2-((ferc-butoksikarbonil)oksi)benzoats (112) [9,57]
Br Savienojuma 111 (3,00 g, 9,70 mmol) Skidumam tetrahloroglekli (27 mL)
oj\ok pievienoja NBS (1,90 g, 10,7 mmol) un dibenzoilperoksidu (313 mg, 0,97
0”0 mmol). Reakcijas maisijumu varjja 26 stundas, atdzes€ja Iidz istabas
K temperatiirai, nofiltr€ja, filtratu ietvaic€ja pazeminata spiediena. JElproduktu
attirja ar tiesas fazes kolonnu hromatografijas palidzibu (cikloheksans/EtOAc 50:1). leguva
1,49 g (40%) savienojuma 112 ka bezkrasainu el]u.
'H KMR (400 MHz, CDCl3) & 7.90 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (dd, J = 7.6, 1.7 Hz, 1H),

7.26 (t, J=7.7 Hz, 1H), 4.52 (s, 2H), 1.58 (s, 18H) m.d.

terc-Butil 2-((terc-butoksikarbonil)oksi)-3-((4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-
iDmetil)benzoats (113) [9,57]
Apalkolba iesvéra bromidu 112 (100 mg, 0,26 mmol), B,Pin, (72 mg, 0,28
0,0 mmol), Pd(dppf)Cl, (10 mg, 0,013 mmol) un KOAc (76 mg, 0,78 mmol),
)CJ)\ )< suspend€ja sausa 1,4-dioksana (1,1 mL), reakcijas maisijumu izpiita ar N, un
o

o oranZo suspensiju karsgja 5 stundas 95 °C. Iegiito tumsi briino suspensiju

© P atdzes€ja lidz istabas temperatirai un ietvaicgja pazeminata spiediena.
Jelproduktu attirija ar tieSas fazes kolonnu hromatografijas palidzibu (cikloheksans/EtOAc
9:1). Ieguva 62 mg (46%) pinakolata 113 ka bezkrasainu ellu.
'H KMR (400 MHz, MeOD) & 7.66 (dd, J = 7.8, 1.7 Hz, 1H), 7.42 (dd, J = 7.6, 1.7 Hz, 1H),
7.20 (t, J =7.7 Hz, 1H), 1.56 (d, J = 8.6 Hz, 18H), 1.24 (s, 12H) m.d.
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terc-Butil  2-((terc-butoksikarbonil)oksi)-3-(((3aS,4S,6S)-3a,5,5-trimetilheksahidro-4,6-
metanobenzo[d][1,3,2]dioksaborol-2-il)metil)benzoats (114) [9,57]

0 pievienoja (1S5,25,3R,55)-(+)-pinandiolu (69) (264 mg, 1,55 mmol) un
maisija istabas temperatira 24 stundas. Reakcijas maisijumu ietvaic€ja
j\ok pazeminata spiediena un j€lproduktu attirija ar tieSas fazes kolonnu
hromatografijas palidzibu (cikloheksans/EtOAc 9:1). Ieguva 300 mg (60%)
K produkta 114 ka bezkrasainu e]lu.
'H KMR (400 MHz, MeOD) & 7.66 (dd, J = 7.8, 1.8 Hz, 1H), 7.43 (dd, J = 7.6, 1.7 Hz, 1H),
7.19 (t, J = 7.7 Hz, 1H), 4.30 (dd, J = 8.8, 2.0 Hz, 1H), 2.33 (ddt, J = 13.9, 8.9, 2.5 Hz, 1H),
2.24-2.16 (m, 3H), 1.98 (t, J = 5.5 Hz, 1H), 1.87 (tt, J = 5.6, 2.9 Hz, 1H), 1.81 (ddd, J = 14.3,
3.4,2.1 Hz, 1H), 1.55 (d, J = 10.8 Hz, 18H), 1.37 (s, 3H), 1.28 (s, 3H), 1.21 (d, J = 10.9 Hz,
1H), 0.84 (s, 3H) m.d. °C KMR (101 MHz, MeOD) & 165.9, 152.6, 149.4, 135.9, 134.9,
129.3, 126.6, 126.5, 87.3, 84.4, 82.6, 79.2, 52.5, 40.7, 39.21, 36.3, 29.0, 28.5, 28.1, 27.5, 27.3,
24.3 m.d.

(1-(Benziltio)-2-(2,2-dimetil-4-okso-4H-benzo[d][1,3]dioksin-8-il)etil)borskabe (122)

OH Borskabes esteri 121 (470 mg, 0,93 mmol) izSkidinaja acetonitrila (15 mL),
SD;\(SB ?0'* pievienoja iBuB(OH), (189 mg, 1,86 mmol), konc. HCI (1,44 mL, 46,5
o /b mmol) un dazus pilienus destiléta Gdens. Reakcijas maisijumu karsgja 40 °C
temperatiira 23 stundas, ietvaic€ja pazeminata spiediena un j€lproduktu attirija ar apgrieztas
fazes kolonnu hromatografijas palidzibu (KP-C18-HS 12g kolona), gradients 10-100%
MeCN/H,0+0,04% TFA. Ieguva 106 mg (30%) borskabes 122 ka iedzeltenu amorfu vielu.
'H KMR (300 MHz, MeOD) & 7.79 (dd, J = 7.8, 1.7 Hz, 1H), 7.50 (dd, J = 7.6, 1.7 Hz, 1H),
7.31-7.18 (m, 5H), 7.10 (t, J/ = 7.7 Hz, 1H), 3.72 — 3.60 (m, 2H), 2.97 (dd, J = 7.9, 2.6 Hz,
2H), 2.43 (t,J = 7.8 Hz, 1H), 1.72 (s, 6H) m.d.

2-(1H-nafto[1,8-de][1,2,3]diazaborinin-2(3H)-il)feniltrifluorometanfulfonats (129) [54]
O Divkaklu apalkolba 2-hidroksifenilfenilborskabi (130) (1,00 g, 7,25 mmol)
H'E?:\ O suspendgja toluola (24 mL), pievienoja 1,8-diaminonaftalinu (131) (1,00 g,
C[OT':' 7,61 mmol) un reakcijas maisijumu tumsa 3 stundas varija ar Dina-Starka
uzmavu. Peéc atdzes€Sanas Iidz istabas temperatiirai reakcijas maisijumu ietvaic€ja un attirija
ar tie§as fazes kolonnu hromatografiju (PE/EtOAc 9:1 1idz 4:1) tumsa. leguva bali roza cietu

......

mL, 13,9 mmol) un maisija istabas temperatira 20 minttes. Tad reakcijas maisijumu

66



atdzes€ja Iidz -78 °C un lIénam piepilinaja trifluormetansulfonskabes anhidridu (1,83 mL, 10,9
mmol). Reakcijas maistjumam ]ava atsilt Iidz istabas temperatiirai un turpindja maisit tumsa,
istabas temperatiira 1 stundu. legiitajam briunajam Skidumam pievienoja 30 mL piesatinata
NaHCOs; ud. skid. un ekstrahgja ar Et,O (3x20 mL), mazgaja ar Gideni, piesatinatu NaCl ud.
skid., Zav€ja uz b/ii Na,SO4 un ietvaic€ja pazeminata spiediena. Je€lproduktu attirija tumsa ar
tie3as fazes kolonnu hromatografijas palidzibu (PE/EtOAc 9:1). Ieguva 2,43 g (84%) produkta
129 ka zalganbriinu amorfu vielu. Ry = 0,17 (9:1 PE/EtOAc).

'H KMR (300 MHz, CDCls) & 7.71-7.63 (m, 1H), 7.58-7.41 (m, 2H), 7.39-7.31 (m, 1H),
7.20-7.03 (m, 4H), 6.41 (dd, J=7.1, 1.1 Hz, 2H), 6.08 (s, 2H) m.d.

Metil 5-brom-2-hidroksibenzoats (134) [79]
Br 5-Bromsalicilskabi (133) (3,00 g, 13,8 mmol) Skidinaja metanola (120 mL),
\E?\OH istabas temperatiira piepilinaja konc. H,SO4 (2,58 mL, 43,4 mmol) un tad

0”0~  Kkars€ja 17 stundas 70 °C. legito bezkrasaino $kidumu atdzes€ja lidz istabas

piesatinatu NaHCOs3 ud. Skidumu (100 mL), zaveja virs b/t NaySOs, filtréja un ietvaic€ja
pazeminata spiediena. Ieguva 2,15 g (68%) produkta 134 ka baltu cietu vielu. Ry = 0,63 (9:1
PE/EtOAC).

'H KMR (300 MHz, CDCl3) § 10.69 (s, 1H), 7.95 (d, J = 2.6 Hz, 1H), 7.53 (dd, J = 8.9, 2.6
Hz, 1H), 6.89 (d, J = 8.9 Hz, 1H), 3.96 (s, 3H) m.d.

Metil 4-hidroksi-[1,1’-bifenil]-3-karboksilats (135) [94]
‘ Bromidam 134 (2,13 g, 9,26 mmol) toluola/tdent (45 mL/25 mL) pievienoja
O fenilborskabi (1,36 g, 11,1 mmol), Na,CO; (2,94 g, 27,8 mmol) un Pd(PPhj),4
o /O " (535 mg, 0,46 mmol), reakcijas maisijumu izpita ar Ar un karsgja 90 °C 16
stundas. Reakcijas maisijumu atdzes€ja Iidz istabas temperatirai, pievienoja dest. H,O (50
mL) un ekstrahgja ar EtOAc (3x50 mL). Organiskos slanus apvienoja, mazgaja ar pies. NaCl
ud. Skidumu, Zavg&ja virs b/ii NaySQOy, filtréja un ietvaic€ja pazeminata spiediena. Atlikumu
attirija ar tie§as fazes kolonnu hromatografijas palidzibu eluentu sistéma PE/EtOAc (100:1
11dz 90:10). leguva 1,29 g (61%) produkta 135 ka baltu cietu vielu. Ry= 0,56 (9:1 PE/EtOAc).
'H KMR (400 MHz, CDCl3) § 10.77 (s, 1H), 8.08 (dd, J = 2.5, 0.3 Hz, 1H), 7.71 (ddd, J =
8.6, 2.5, 0.3 Hz, 1H), 7.57-7.53 (m, 2H), 7.47-7.40 (m, 2H), 7.37-7.31 (m, 1H), 7.07 (dd, J =
8.6, 0.3 Hz, 1H), 3.99 (s, 3H) m.d. °C KMR (101 MHz, CDCl5) § 170.7, 161.1, 140.0, 134.6,
132.6, 129.0, 128.3, 127.2, 126.8, 118.2, 112.7, 52.5 m.d.
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Metil 5-brom-4-hidroksi-[1,1’-bifenil]-3-karboksilats (136) [81]

O Savienojumu 135 (0,96 g, 4,21 mmol) suspend&ja metanola (25 mL) un
O i istabas temperattra piepilinaja Br, (0,26 mL, 5,05 mmol) $kidumu metanola
o /O " (10 mL) un maisTja istabas temperatiira 18 stundas. legiito oranZo suspensiju

filtr€ja uz stikla filtra un nogulsnes mazgaja ar aukstu metanolu. Ieguva 1,07 g (84%) bromida

136 ka baltu cietu vielu. Ry= 0,45 (9:1 PE/acetons).

'H KMR (400 MHz, CDCl3) & 11.44 (d, J = 0.4 Hz, 1H), 8.05 (d, J = 2.3 Hz, 1H), 7.98 (dd, J

= 2.3, 0.3 Hz, 1H), 7.55-7.50 (m, 2H), 7.47-7.41 (m, 2H), 7.38-7.33 (m, 1H), 4.01 (s, 3H)

m.d. °C KMR (101 MHz, CDCls) & 170.3, 157.6, 138.8, 137.6, 133.6, 129.1, 127.7, 127.6,

126.8, 113.7, 111.8, 53.0 m.d.

Metil-4-hidroksi-5-(4,4,5,5-tetrametil-1,2,3-dioksaborolan-2-il)-[1,1’-bifenil ]-3-
karboksilats (128a)
Spiediena ampula iesvéra bromidu 136 (1,00 g, 3,27 mmol), B,Pin; (1,24

O S\O& g, 4,90 mmol), KOAc (936 mg, 9,81 mmol) un Pd(dppf)Cl, (240 mg, 0,33

O oH mmol), pievienoja sausu degaz€tu 1,4-dioksanu (20 mL), reakcijas

0”0”7 maistjumu izpita ar Ar, aizskrivéja spiediena ampulu un oranzo
suspensiju karsgja 4 stundas 90 °C. Iegito tumsi briino suspensiju atdzes€ja lidz istabas
temperattrai, nofiltréja caur Celitu, filtru mazgaja ar EtOAc, filtratus apvienoja, mazgaja ar
tdeni, piesatinatu NaCl td. Skidumu un ietvaic€ja pazeminata spiediena. J€lproduktu attirija
ar tiesas fazes kolonnu hromatografijas palidzibu (PE/acetons 9:1), p&c tam iegiito
bezkrasaino amorfo vielu izgulsn€ja ar petroléteri. leguva 0,25 g (22%) produkta 128a ka
pelécigu cietu vielu. Ry= 0,30 (9:1 PE/acetons).
'H KMR (300 MHz, CDCl3) § 11.36 (s, 1H), 8.20-8.15 (m, 2H), 7.61-7.55 (m, 2H), 7.46—
38 (m, 2H), 7.36-7.28 (m, 1H), 3.97 (s, 3H), 1.39 (s, 12H) m.d. °C KMR (101 MHz, CDCls)
0 170.7, 165.7, 142.4, 142.4, 140.0, 132.1, 131.8, 128.9, 127.1, 126.9, 112.5, 84.0, 52.6, 25.0
m.d. IS (pléve, cm™) 3155, 2979, 1683, 1675, 1611, 1330, 1244, 764, 705. AIMS (m/z):
[M+H]" aprékinats CooH3BOs: 355.1717. Noteikts: 355.1716.

Metil 2,5-dihidroksibenzoats (138) [82]
HO\E?\ 2,5-Dihidroksibenzoskabi (137) (2,65 g, 17,2 mmol) izSkidinadja MeOH (110

OH mL), piepilindja konc. H,SO4 (3,20 mL, 60,2 mmol) un iedzelteno reakcijas

o ~

maisTjuma Skidumu karséja 70 °C temperatiira 23 stundas. Reakcijas maisijumu
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ar pies. NaHCO; ud. skid. (2x150 mL), zavgja virs Na,SO4 un ietvaicgja pazeminata
spiediena. Ieguva 2,70 g (93%) metilestera 129 ka beSu cietu vielu.

'H KMR (300 MHz, CDCl3) & 10.34 (s, 1H), 7.28 (d, J = 3.1 Hz, 1H), 7.01 (dd, J = 8.9, 3.1
Hz, 1H), 6.88 (d, J = 8.9 Hz, 1H), 3.93 (s, 3H) m.d.

Metil 2-hidroksi-5-metoksibenzoats (139) [82]
0 2-Hidroksi-5-metoksibenzoskabes (145) (3,00 g, 17,8 mmol) Skidumam
i OH metanola (120 mL) piepilinaja konc. H,SO4 (3,32 mL, 62,4 mmol) un kars&ja

v
oo 18 stundas 70 °C. Iegito iedzelteno Skidumu atdzes&ja lidz istabas temperatirai,

ietvaicgja, atlikumu Skidinaja EtOAc (100 mL), mazgaja ar pies. NaHCOj3 ud. skid. (100 mL),
Zavgja uz b/t NaSOy4 un ietvaic€ja pazeminata spiediena. Ieguva 2,90 g (90%) metilestera
139 ka dzeltenu ellu.

'H KMR (300 MHz, CDCl3) & 10.36 (s, 1H), 7.29 (d, J = 3.2 Hz, 1H), 7.08 (dd, J = 9.1, 3.2
Hz, 1H), 6.92 (d, J = 9.1 Hz, 1H), 3.95 (s, 3H), 3.78 (s, 3H) m.d. °C KMR (101 MHz,
CDCl3) & 1704, 156.2, 152.1, 124.2, 118.7, 112.0, 111.9, 56.0, 52.5 m.d. IS (pléve, cm™)
3201, 2956, 1638, 1487, 1227, 1083, 1038. AIMS (m/z): [M]" aprekinats CoH;0O4: 182,0579.
Noteikts: 182,0580.

Metil 3-brom-2-hidroksi-5-metoksibenzoats (140)

o g Metil 2-hidroksi-5-metoksibenzoata (139) (1,50 g, 8,24 mmol) Skidumam
\(E[OH metanola (47 mL) istabas temperatiira piepilindja Br, (0,46 mL, 9,06 mmol)
0”0~  Skidumu metanola (19 mL) un maisija istabas temperatiira 19 stundas. Iegiito

dzelteno Skidumu ietvaic€ja pazeminata spiediena un j€lproduktu attirija ar tieSas fazes

kolonnu hromatografijas palidzibu (PE/EtOAc 20:1 = 9:1). Ieguva 0,99 g (46%) bromida

140 ka baltu amorfu vielu. Ry = 0,40 (9:1 PE/acetons).

'H KMR (400 MHz, CDCl3) § 10.98 (s, 1H), 7.36 (dd, J = 3.1, 0.5 Hz, 1H), 7.31 (d, J = 3.1

Hz, 1H), 3.97 (s, 3H), 3.78 (s, 3H) m.d. >°C KMR (101 MHz, CDCl3) & 170.1, 152.8, 152.1,

126.8, 112.9, 112.5, 111.6, 56.2, 52.9 m.d. IS (pléve, cm™) 3012, 1675, 1609, 1441, 1244,

1043, 786. AIMS (m/z) : [M]" aprekinats CoHoBrOy: 259,9684. Noteikts: 259,9686.
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Metil 2-hidroksi-5-izopropoksibenzoats (141) [82]

YO\E?\ Savienojumu 138 (1,00 g, 5,95 mmol) izSkidinaja sausa acetona (11 mL),
OH pievienoja b/t K,CO; (0,74 g, 5,36 mmol) un iPrBr (0,56 ml, 5,95 mmol) un
o” 0" iegiito dzelteno suspensiju karsgja 70 °C slégta ampula 23 stundas. Reakcijas
maistjumu atdzes€ja, nofiltr&ja, filtratu ietvaic€ja pazeminata spiediena. Atlikumu Skidinaja
EtOAc (30 mL), mazgaja ar tideni (30 mL), pies. NaCl ud. skid. (30 mL), zZavéja virs b/i
Na,SO4 un ietvaic€ja pazeminata spiediena. J€lproduktu attirija ar tieSas fazes kolonnu
hromatografijas palidzibu (PE/EtOAc 20:1). leguva 0,52 g (42%) produkta 141 ka
bezkrasainu ellu.

'H KMR (400 MHz, CDCl3) & 10.35 (d, J = 0.4 Hz, 1H), 7.32 (d, J = 3.1 Hz, 1H), 7.06 (dd, J
=9.1, 3.1 Hz, 1H), 6.91-6.88 (m, 1H), 4.42 (p, J = 6.1 Hz, 1H), 3.94 (s, 3H), 1.31 (s, 3H),

1.30 (s, 3H) m.d.

Metil 2-hidroksi-5-metoksi-3-(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)benzoats (128b)
Spiediena ampula iesvéra bromidu 140 (0,99 g, 3,45 mmol), B,Pin, (1,31 g,
o éo\o 4,90 mmol), Pd(OAc), (39 mg, 0,17 mmol), PCys (97 mg, 0,34 mmol) un
\E\;;)H KOACc (1,02 g, 10,4 mmol), pievienoja sausu degazetu 1,4-dioksanu (6 mL),
oo reakcijas maisjjumu izpita ar Ar, aizskriiv€ja spiediena ampulu un oranZo
suspensiju karsgja 4 stundas 90 °C. Iegito tumsi briino suspensiju atdzes€ja lidz istabas
temperatiirai, nofiltr§ja caur Celitu, filtru nomazgaja ar EtOAc, filtratus apvienoja un
ietvaic€ja pazeminata spiediena. J€lproduktu attirija ar tiesas fazes kolonnu hromatografijas
palidzibu (PE/acetons 20:1 = 4:1). Ieguva 0,52 g (55%) pinakolata 128b ka baltu amorfu
vielu. Ry= 0,28 (9:1 PE/acetons).
'H KMR (400 MHz, CDCl3) & 10.93 (s, 1H), 7.52 (d, J = 3.3 Hz, 1H), 7.43 (d, J = 3.3 Hz,
1H), 3.93 (s, 3H), 3.79 (s, 3H), 1.37 (s, 12H) m.d. °C KMR (101 MHz, CDCl3) § 170.4,
160.6, 151.6, 130.5, 116.9, 112.1, 84.0, 56.1, 52.5, 25.0 m.d. IS (pléve, cm™) 3175, 2071,
1678, 1603, 1427, 1244, 1148, 1049. AIMS (m/z): [M+Na]® aprekinats C;sH,;BOgNa:
331,1329. Noteikts: 331,1343.

3-Brom-2,5-dihidroksibenzoskabe (143)
HO B 2,5-Dihidroksibenzoskabi (137) (0,50 g, 3,24 mmol) suspendg&ja etikskabé (5
\?:OH mL) un piepilinaja Br; (0,20 mL, 4,06 mmol) istabas temperattira. legiito oranzo

0" "'OH  suspensiju maisija istabas temperatiira 20 stundas, tad ietvaic€ja pazeminata
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spiediena, atlikumu ietvaic€ja kopa ar hloroformu (x2). Atlikumu suspend&ja hloroforma,
nogulsnes nofiltréja un uz filtra mazgaja ar hloroformu, tad petroléteri. leguva 0,94 g (63%)
bromida 143 ka bésu cietu vielu.

'H KMR (400 MHz, DMSO-ds) & 11.46 (s, 1H), 9.52 (s, 1H), 7.25 (d, J = 3.0 Hz, 1H), 7.20
(d, J = 3.0 Hz, IH) m.d. >C KMR (101 MHz, DMSO-de)  171.4, 150.7, 149.6, 126.0, 114.8,
114.0, 110.0 m.d. IS (KBr, cm™) 3407, 3097, 1713, 1439, 1223. AIMS (m/z) :[M]" aprékints
C7H504Br: 231,9371. Noteikts: 231,9368.

Metil 3-brom-2,5-dihidroksibenzoats (144)
HO gr Bromidu 143 (0,89 g, 8,32 mmol) $kidinaja metanola (40 mL) un istabas
\?:OH temperattira piepilinaja konc. H,SOy4 (0,71 mL, 13,4 mmol) un iegiito $kidumu
00"  Kkarsgja 16 stundas 70 °C. Reakcijas maisTjumu atdzes§ja lidz istabas
temperatiirai, ietvaic€ja pazeminata spiediena, atlikumu $kidinaja EtOAc (50 mL), mazgaja ar
pies. NaHCO; 1d. skid., pies. NaCl @d. skid., Zav€ja uz b/t Na,SO4 un ietvaic€ja pazeminata
spiediena. Jelproduktu attirija ar tieSas fazes kolonnu hromatografijas palidzibu (PE/EtOAc
4:1). Ieguva 0,74 g (78%) metilestera 144 ka balu roza amorfu vielu. Ry = 0,26 (4:1
PE/EtOAC).
'H KMR (400 MHz, CDCl3) & 10.96 (d, J = 0.5 Hz, 1H), 7.32 (d, J = 3.0, 1H), 7.29 (d, J = 3.0
Hz, 1H), 4.72 (s, 1H), 3.96 (s, 3H) m.d. °C KMR (101 MHz, CDCl3) § 169.9, 152.8, 147.8,
127.3, 114.9, 113.1, 111.5, 53.0 m.d. IS (pléve, cm™") 3446, 3400, 1655, 1606, 1229. AIMS

(m/z): [M]" aprekinats CgH,04Br: 245,9528; Noteikts: 245,9529.

Metil 3-brom-2-hidroksi-5-izopropoksibenzoats (142)
o g Spiediena ampula savienojumu 144 (0,70 g, 2,83 mmol) Skidinaja sausa
Y \E?:OH acetona (7 mL), pievienoja b/t K,COs (1,02 g, 7,36 mmol) un iPrBr (0,36
o >0~ mL, 3,68 mmol). Spiediena ampulu aizskriivéja un reakcijas maisjjumu
kars€ja 15 stundas 60 °C. Iegito briino suspensiju atdzes€ja 1idz istabas temperatirai,
nofiltréja caur Celitu, uz filtra Celitu mazgaja ar EtOAc, filtratus apvienoja un ietvaicgja
pazeminata spiediena. Atlikumu Skidinaja EtOAc, mazgaja ar dest. tideni, pies. NaCl ud.
skid., zavgja uz b/t Na,SO4 un ietvaic€ja pazeminata spiediena. Jelproduktu attirija ar tiesas
fazes kolonnu hromatografijas palidzibu (PE/EtOAc 20:1). leguva 024 g (33%)
izopropoksibenzoata 142 ka balu bezkrasainu amorfu vielu.
'H KMR (300 MHz, CDCl3) & 10.99 (s, 1H), 7.35 (d, J = 3.0 Hz, 1H), 7.33 (d, J = 3.0 Hz,
1H), 4.41 (h, J = 6.0 Hz, 1H), 3.96 (s, 3H), 1.31 (s, 3H), 1.29 (s, 3H) m.d. *C KMR (101

MHz, CDCl;) 6 170.1, 152.8, 150.2, 129.0, 115.8, 113.0, 111.4, 71.8, 52.9, 22.1 m.d. IS
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(pleve, cm'l) 3152, 2978, 1683, 1607, 1442, 1240. AIMS (m/z): [M+H]" aprékinats
C11H1404Br: 289,0075; Noteikts: 289,0084.

Metil  2-hidroksi-5-isopropoksi-3-(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)benzoats
(128c¢)
Bromidu 142 (220 mg, 0,76 mmol), bis(pinakol)diboranu (251 mg, 0,99

\(o g\o mmol), Pd(OAc), (9 mg, 0,038 mmol), PCy; (21 mg, 0,076 mmol) un

\9;»4 KOAc (244 mg, 2,28 mmol) suspend€ja sausa degazéta 1,4-dioksana (4

0”0~ mL), reakcijas maisijumu izpiita ar Ar, aizskriivéja spiediena ampulu un
oranZo suspensiju karsgja 4,5 stundas 85 °C. Iegiito tumsSi briino reakcijas maisijumu atdzesgja
Iidz istabas temperatirai, atSkaidija ar EtOAc, nofiltr§ja caur Celitu, Celita slani uz filtra
mazgaja ar EtOAc, filtratus apvienoja un ietvaic€ja pazeminata spiediena. Jelproduktu attirija
ar tiesas fazes kolonnu hromatografijas palidzibu (PE/acetons 20:1). Ieguva 103 mg (40%)
produkta 128¢ ka bezkrasas amorfu vielu. Ry = 0,43 (4:1 PE/acetons).
'H KMR (400 MHz, CDCl3) § 10.95 (s, 1H), 7.53 (d, J = 3.3 Hz, 1H), 7.45 (d, J = 3.3 Hz,
1H), 4.45 (hept, J = 6.1 Hz, 1H), 3.92 (s, 3H), 1.36 (s, 12H), 1.29 (d, J = 6.1 Hz, 6H) m.d. °C
KMR (101 MHz, CDCl3) 6 170.5, 160.8, 149.7, 133.4, 120.1, 112.19, 84.0, 71.4, 52.4, 25.0,
222 m.d. IS (pléve, cm™) 3205, 2978, 2934, 1675, 1609, 1432, 1236. AIMS (ESI/ TOF-Q) (m
/ z): [IM+H]" Apréekinats C;7HsBOg: 337,1822; Noteikts: 337,1832.

8-Hidroksi-2,2-dimetil-4H-benzo[d][1,3]dioksin-4-ons (147) [9, 57]
oH 2,3-Dihidroksibenzoskabi (146) (2,50 g, 16,2 mmol) suspend&ja TFAA (12 mL) un
o pievienoja 0,5 mL trifluoretikskabes. Suspensiju atdzes€ja ledus-tidens vanna un
0" 0 pievienoja iepriek§ atdzes€tu acetona (4,2 mL, 57,2 mmol) Skidumu
trifluoretikskabé (5 mL). legiitai sartai suspensijai lava lénam atsilt I1dz istabas temperatiirai
un turpinaja maisit istabas temperattira 48 stundas. Iegiito briino Skidumu atskaidija ar toluolu
un ietvaicgja. Atlikumu iz8kidinaja EtOAc (20 mL), mazgaja ar pies. NaHCO; ud. $kid. (30
mL), zZaveja virs b/ Na,SOy4 un ietvaic€ja pazeminata spiediena. JE€lproduktu attirja ar tiesas
fazes kolonnu hromatografijas palidzibu (PE/EtOAc/DCM 20:1:20). leguva 1,29 g (41%)
produkta 147 ka beSu amorfu vielu.
'H NMR (300 MHz, CDCl3) & 7.50 (dd, J = 7.9, 1.5 Hz, 1H), 7.19 (dd, J = 8.1, 1.5 Hz, 1H),
7.01 (t, J = 8.0 Hz, 1H), 5.56 (s, 1H) 1.77 (s, 6H) m.d.
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2,2-Dimetil-4-okso-4H-benzo[d][1,3]dioksin-8-il trifluorometansulfonats (148) [9, 57]
OTf  Savienojuma 147 (2,57 g, 13,2 mmol) suspensiju sausa CH,Cl, (35 mL) atdzesgja
o lidz -78 °C zem Ar plasmas. Pievienoja Et;N (9,2 mL, 66,0 mmol), tad piepilingja
o ° Tf,0 (4,5 mL, 26,5 mmol) un reakcijas maisijumam |ava Iénam atsilt Iidz 0 °C,
tad turpindja maisit 0 °C vél 2 stundas. Reakcijas maistjumam pievienoja HyO (~80 mL),
ekstrah&ja ar CH,Cl, (3x50 mL), zaveja virs b/ii Na,SO4 un ietvaic€ja pazeminata spiediena.
Jelproduktu attirija ar tiesas fazes kolonnu hromatografijas palidzibu (PE/EtOAc 9:1). leguva
4,04 g (94%) produkta 148 ka besu amorfu vielu.
'H KMR (300 MHz, CDCls) & 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.51 (dd, J = 8.2, 1.5 Hz, 1H),

7.17 (t, J = 8.1 Hz, 1H), 1.79 (s, 6H) m.d.

2,2-Dimetil-8-(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)-4H-benzo[d][1,3]dioksin-4-ons
(149) [9, 57]
Spiediena ampula iesvera triflatu 148 (1,00 g, 3,07 mmol), B,Pin, (1,17 g, 4,60

(BI)\O mmol), Pd(dppf)Cl, (0,22 g, 0,31 mmol) un KOAc (0,90 g, 9,21 mmol),
910 suspend€ja sausa degazeta 1,4-dioksana (17 mL), reakcijas maisijumu izpiita ar
o o)< Ar, aizskruvéja spiediena ampulu un oranzZo suspensiju kars€ja 18 stundas 90
°C. Iegito tums§i briino suspensiju atdzesgja Iidz istabas temperatirai, nofiltréja caur Celitu,
filtru nomazgaja ar EtOAc, filtratus apvienoja un ietvaic€ja pazeminata spiediena. J€lproduktu
attirija ar tie$as fazes kolonnu hromatografijas palidzibu (PE/acetons 20:1 = 4:1), tiras
frakcijas ietvaic&ja pazeminata spiediena, mazgaja ar PE un nofiltréja. Ieguva 0,39 g (41%)
pinakolata 149 ka beSu amorfu vielu.
'H KMR (400 MHz, CDCl3) & 8.03 (dd, J = 7.7, 1.8 Hz, 1H), 7.90 (dd, J = 7.3, 1.9 Hz, 1H),
7.10 (dd, J=7.7,7.3 Hz, 1H), 1.73 (s, 6H), 1.34 (s, 12H) m.d.

Metil-2,3-dihidroksibenzoats (151) [88]

o 2,3-Dihidroksibenzoskabes (146) (2,00 g, 12,9 mmol) Skidumam MeOH (80 mL)
(E[OH istabas temperatura piepilinaja konc. H,SO4 (0,71 mL, 13,4 mmol) un varija 17
o” 0"  stundas. Reakcijas maisTjumu atdzesgja Iidz istabas temperatiirai, ietvaicgja
ud. skid., Zaveja uz b/t Na,SOs un ietvaic€ja pazeminata spiediena. Ieguva 1,95 g (90%)
metilestera 151 ka bésu cietu vielu.

'H KMR (400 MHz, CDCl3) & 10.89 (s, 1H), 7.37 (dd, J = 8.0, 1.5 Hz, 1H), 7.15-7.08 (m,
1H), 6.80 (t, J = 8.0 Hz, 1H), 5.67 (s, 1H), 3.96 (s, 3H) m.d.
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Metil-2-hidroksi-3-(((trifluormetil)sulfonil)oksi)benzoats (152) [88]

ott Savienojuma 151 (0,85 g, 5,06 mmol) skidumu sausa CH,Cl, (15 mL) atdzesgja
5?10,4 lidz 0 °C, pievienoja Et;N (1,41 mL, 10,1 mmol) un Tf,NPh (1,99 g, 5,56 mmol).
0”07 Iegiito $kidumu maistja 0 °C vél 30 miniites, tad ]ava atsilt 11dz istabas temperatiirai
un maisija 2 stundas. Briingano $kidumu atskaidija ar CH,Cl, (50 mL), mazgaja ar IM HCI,
pies. NaCl ad. skid., zavgja uz b/t Na,SO4 un ietvaic€ja pazeminata spiediena. Jelproduktu
attirija ar tie§as fazes kolonnu hromatografijas palidzibu (PE/EtOAc 20:1). leguva 1,14 g
(75%) triflata 152 ka baltu cietu vielu. Ry= 0,57 (4:1 PE/EtOAc).
'H KMR (400 MHz, CDCl3) § 11.17 (s, 1H), 7.87 (dd, J = 8.1, 1.6 Hz, 1H), 7.43 (dd, J = 8.1,
1.6 Hz, 1H), 6.93 (t, J = 8.1 Hz, 1H), 3.99 (s, 3H) m.d. >C KMR (101 MHz, CDCl3) § 169.8,

154.0, 138.0, 129.8, 128.3, 118.9, 118.8 (q, Jcr = 321 Hz, CF3), 115.1, 53.1 m.d.

Metil 2-hidroksi-3-(4,4,5,5-terametil-1,2,3-dioksaborolan-2-il)benzoats (128d)
Izkarséta un Ar plisma atdzeséta mikrovilnpu ampula triflatu 152 (300 mg, 1,00
gﬁ mmol), bis(pinakol)diboranu (304 mg, 1,20 mmol), Pd(OAc), (11 mg, 0,05
9;),4 mmol), PCys (21 mg, 0,10 mmol) un KOAc (294 mg, 3,00 mmol) suspendg&ja
0”0”7 sausa degazeta 1,4-dioksana (1,5 mL), reakcijas maisijumu izpiita ar Ar un
oranzo suspensiju kars€ja slégta mikrovilpu ampula 3 stundas 90 °C. legiito tumsSi brino
suspensiju atdzes€ja lidz istabas temperaturai, atSkaidija ar EtOAc, pievienoja pies. NH4CI
0d.skid., iidens slani ekstrah&ja ar EtOAc (3x5 mL), organiskos slanus apvienoja, mazgaja ar
piesatinatu NaCl 0d.Skid., Zaveja uz b/t Na,SOs un ietvaicgja pazeminata spiediena.
Jelproduktu attirija ar tieSds fazes kolonnu hromatografijas palidzibu (PE/acetons 20:1).
Ieguva 139 mg (50%) pinakolata 128d ka brunu ellu. R;=0,53 (4:1 PE/EtOAc).
'H KMR (400 MHz, CDCl3) & 11.36 (s, 1H), 7.97-7.90 (m, 2H), 6.88 (dd, J = 7.8, 7.3 Hz,
1H), 3.94 (s, 3H), 1.38 (s, 12H) m.d. °C KMR (101 MHz, CDCl3) & 170.7, 166.3, 143.8,
133.5, 118.9, 112.2, 83.9, 52.4, 25.0 m.d. IS (pléve, cm™) 3154, 2979, 2856, 1674, 1615,
1430. AIMS (ESI/ TOF-Q) (m / z): [M+Na]* Apréekinats C14H;9BOsNa: 301,1223; Noteikts:

301,1234.

Metil 5-ciklopropil-2-hidroksibenzoats (155)

Bromidam 134 (100 mg, 0,43 mmol) toluola/tdent (2 mL/0,1 mL) pievienoja
ciklopropilborskabi (48 mg, 0,56 mmol), KsPO4H,O (319 mg, 1,51 mmol),
Pd(OAc), (5 mg, 0.022 mmol) un Cy;P (12 mg, 0.043 mmol). Reakcijas

HO

~o" o

maisijumu izpita ar Ar un slégta trauka karsgja 90 °C 16 stundas. Reakcijas maisijumu

atdzesgja lidz istabas temperatiirai, pievienoja dest. HO (50 mL) un ekstrah&ja ar EtOAc
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(3x10 mL). Organiskos slanus apvienoja, mazgaja ar pies. NaCl @id. skidumu, zavé&ja virs b/t
Na,SOy, filtréja un ietvaic€ja pazeminata spiediena. Atlikumu attirija ar tieSas fazes kolonnu
hromatografijas palidzibu eluentu sistema PE/EtOAc (20:1). leguva 18 mg (22%) produkta
155 ka bezkrasainu ellu.

'H KMR (300 MHz, CDCls) & 10.55 (s, 1H), 7.55 (d, J = 2.4 Hz, 1H), 7.20 (dd, J = 8.6, 2.4
Hz, 1H), 6.88 (d, J = 8.6 Hz, 1H), 3.94 (s, 3H), 1.88-1.79 (m, 1H), 0.96-0.86 (m, 2H), 0.67-
0.56 (m, 2H) m.d.

5-Brom-2,3-dihidroksibenzoskabe (157) [93]
Br oH 2,3-Dihidroksibenzoskabi (146) (3,00 g, 19,5 mmol) suspendgja ledus etikskab&
\9:% (24 mL), istabas temperattra piepilinaja Br, (1,0 mL, 19,5 mmol) un maisija
0" 'OH  jstabas temperatiira 23 stundas. legito bali oranzZo suspensiju ietvaic€ja
pazeminata spiediena, atlikumu ietvaic€ja kopa ar CHCls (x3), tad izSkidinaja EtOAc (50
mL), mazgaja ar piesatinatu NaCl ud. $kid., Zavéja uz b/t Na,SO4 un ietvaic€ja pazeminata
spiediena. leguva 3,61 g (79%) bromida 157 ka bali violetu pulveri.
'H KMR (400 MHz, DMSO-d) & 9.90 (br s, 1H), 7.31 (d, J = 2.5 Hz, 1H), 7.12 (d, J = 2.5
Hz, 1H) m.d. °C KMR (101 MHz, DMSO) & 171.1, 150.0, 147.6, 122.6, 121.6, 114.7, 109.1

m.d.

Metil 5-brom-2,3-dihidroksibenzoats (158)

Br oH 5-Brom-2,3-dihidroksibenzoskabi (157) (3,00 g, 12,9 mmol) izskidinaja MeOH
\E?:OH (120 mL) un istabas temperattra piepilinaja konc. H;SO4 (2,40 mL, 45,1 mmol)

0“0"  un reakcijas maisfjumu karsgja 17 stundas 80 °C. Iegiito iedzelteno $kidumu

atdzesgja lidz istabas temperatiirai, ietvaic€ja pazeminata spiediena, tad izskidinaja EtOAc,

mazgaja ar pies. NaHCOs 1d. skid., pies. NaCl ud. skid., zavéja uz b/t Na,SOy4 un ietvaicgja

pazeminata spiediena. leguva 2,39 g (75%) metilestera 158 ka violetu amorfu vielu.

'H KMR (400 MHz, CDCl3) & 10.85 (d, J = 0.7 Hz, 1H), 7.50 (d, J = 2.4 Hz, 1H), 7.23 (dd, J

= 2.4, 0.7 Hz, 1H), 5.73 (s, 1H), 3.96 (s, 3H) m.d. °C KMR (101 MHz, CDCls) & 169.9,

148.3, 146.1, 123.0, 113.5, 111.1, 52.9 m.d. IS (plave, cm™) 3446, 3093, 2959, 1675, 1467,

1319, 1198, 1153, 1009.

Metil 5-brom-2,3-dimetoksibenzoats (159)

B o Istabas temperatira b/t  K,CO; (4,26 g, 30,8 mmol) pievienoja

o dihidroksibenzoata 158 (2,70 g, 10,9 mmol) $kidumam sausa acetona (40 mL),

oo~  tad piepilingja Mel (2,04 mL, 30,8 mmol). Ieglito violeto suspensiju sildija
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aizskruvéta spiediena ampula 50 °C 14 stundas. Reakcijas maisTjumu atdzeséja lidz istabas
temperatiirai, nofiltréja caur Celitu, filtru mazgaja ar EtOAc, filtratus apvienoja un ietvaicgja
Skidumu, zavéja uz b/t Na,SO4 un ietvaic€ja pazeminata spiediena. JElproduktu attirija ar
tieas fazes kolonnu hromatografijas palidzibu (PE/EtOAc 9:1). leguva 2,70 g (90%)
dimetoksibenzoata 159 ka bezkrasainu ellu, kura péc laika saciet€ja. Ry = 0,50 (4:1
PE/EtOAC).

'H KMR (400 MHz, CDCl3)  7.45 (d, J = 2.3 Hz, 1H), 7.15 (d, J = 2.3 Hz, 1H), 3.90 (s, 3H),
3.88 (s, 3H), 3.87 (s, 3H) m.d. °C KMR (101 MHz, CDCl3) § 165.5, 154.4, 148.6, 127.3,
1249, 119.1, 116.2, 61.8, 56.5, 52.6. IS (film, cm™) 3087, 2947, 2832, 1732, 1575, 1259,
1002. AIMS (ESI/ TOF-Q) m / z : [M+Na]" Aprekinats CioH;;04BrNa: 296,9738; Noteikts:
296,9737.

Metil 5-ciklopropil-2,3-dimetoksibenzoats (161e)

Izkarséta un Ar pliisma atdzeséta mikrovilnu ampula iesvéra bromidu 159 (1,00
Z: g, 3,64 mmol), ciklopropilborskabi (160a) (0,47 g, 5,46 mmol), Pd(OAc), (82
o~ mg, 0,36 mmol), tricikloheksilfosfinu (0,20 g, 0,73 mmol) un b/t K5POy (2,32
g, 10,9 mmol), pievienoja toluolu (16 mL) un destilétu @ideni (4 mL), reakcijas maisjjumu
degazgja, cauri suspensijai burbulojot Ar ~10 min, tad kars&ja 86 °C 15 stundas. Iegiito briino
suspensiju atdzes€ja 11dz istabas temperatiirai, pievienoja tideni (25 mL), ekstrah&ja ar EtOAc
(3x15 mL), organiskos slanus apvienoja, mazgaja ar pies. NaCl ud. skidumu, zavéja uz b/a
Na,SO4 un ietvaic€ja pazeminata spiediena. J€lproduktu attirija ar tieSas fazes kolonnu
hromatografijas  palidzibu (PE/EtOAc 100:0, tad 9:1). Ieguva 0,85 g (99%)
ciklopropilatvasindjuma 161e ka dzeltenoranzu ellu. Ry = 0,43 (4:1 PE/EtOAc).
'H KMR (400 MHz, CDCl3) & 7.01 (dd, J = 2.2, 0.5 Hz, 1H), 6.80 (d, J = 2.2 Hz, 1H), 3.89 (s,
3H), 3.86 (s, 3H), 3.86 (s, 3H), 1.91-1.82 (m, 1H), 0.99-0.91 (m, 2H), 0.71-0.64 (m, 2H)
m.d. *C KMR (101 MHz, CDCly) & 167.1, 153.4, 147.0, 139.9, 125.7, 119.1, 114.2, 61.6,
56.2, 52.3, 15.4, 9.0 m.d. IS (pléve, cm™) 3083, 3001, 2842, 1729, 1490, 1268, 1064. AIMS

(ESV/ TOF-Q) m/ z : [M+Na]" Aprékinats C;3H;604Na: 259,0946; Noteikts: 259,0952.
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Metil 2,3-dimetoksi-5-(tiofen-3-il)benzoats (161f)
Izkarséta un Ar plisma atdzes€ta mikrovilpu ampula iesvéra bromidu 159
o (1,00 g, 3,64 mmol), tiofén-3-borskabi (0,70 g, 5,46 mmol), Pd(OAc), (82

~

mg, 0,36 mmol), tricikloheksilfosfinu (0,20 g, 0,73 mmol) un b/i K;PO4

S
(2,32 g, 10,9 mmol), pievienoja toluolu (16 mL) un destilétu @ideni (4 mL),
reakcijas maisTjumu degazgja, cauri suspensijai burbulojot Ar ~10 min, tad karsgja 86 °C 15
stundas. Ieglito briino suspensiju atdzes€ja Iidz istabas temperatiirai, pievienoja tdeni (25
mL), ekstrah&ja ar EtOAc (3x15 mL), organiskos slanus apvienoja, mazgaja ar pies. NaCl ud.
Skidumu, zavéja uz b/t Na,SO4 un ietvaic€ja pazeminata spiediena. JElproduktu attirija ar
tie§as fazes kolonnu hromatografijas palidzibu (PE/EtOAc 100:0, tad 9:1). Ieguva 0,98 g
(97%) 3-tienil-atvasinajuma 161f ka brinu ellu. Ry = 0,39 (4:1 PE/EtOAc).
'H KMR (300 MHz, CDCl3) & 7.55 (d, J = 2.2 Hz, 1H), 7.43 (dd, J = 2.9, 1.4 Hz, 1H), 7.39
(dd, J =5.0,2.9 Hz, 1H), 7.35 (dd, J = 5.0, 1.4 Hz, 1H), 7.25 (d, J = 2.2 Hz, 1H), 3.94 (s, 3H),
3.94-3.92 (m, 6H) m.d. °C KMR (101 MHz, CDCl3) & 166.8, 153.8, 148.4, 141.4, 132.1,
126.6, 126.4, 126.3, 120.7, 120.4, 114.2, 61.8, 56.4, 52.4 m.d. IS (pléve, cm™) 3108, 2947,
2831, 1728, 1488, 1267, 1061. AIMS (ESI/ TOF-Q) m/z: [M+Na]" Aprekinats C4H;,04NaS:
301,0510; Noteikts: 301,0505.

Metil 5-ciklopropil-2,3-dihidroksibenzoats (162e)
Ar atmosféra dimetoksibenzoata 161e (0,80 g, 3,39 mmol) Skidumu sausa

CH,Cl, (35mL) atdzesgja lidz -69 °C un piepilingja 1M BBr; $kidumu CH,Cl,

OH

o /O " (13,5 mL, 13,5 mmol). Iegito briino $kidumu maisija -69 °C 40 mintes, tad

atsildija Iidz 0°C un maisija vél 1 stundu. Reakcijas maisijumam 0°C Iénam pievienoja tideni
(40 mL), tad ekstrah&ja ar CH,Cl, (3x15 mL), organiskos slanus apvienoja, mazgaja ar pies.
NaCl ud. skid., Zaveja uz b/t Na,SO4 un ietvaic€ja pazeminata spiediena. Produktu attirija ar
tie3as fazes kolonnu hromatografijas palidzibu (PE/EtOAc 4:1). Ieguva 0,51 g (73%) produkta
162e ka za]ganu amorfu vielu. Ry= 0,46 (PE/EtOAc 4:1).
'H KMR (400 MHz, CDCl3) 6 10.65 (d, J = 0.7 Hz, 1H), 7.12 (dd, J = 2.2, 0.6 Hz, 1H), 6.84
(dt, J = 2.2, 0.6 Hz, 1H), 5.59 (s, 1H), 3.94 (s, 3H), 1.86-1.77 (m, 1H), 0.93-0.86 (m, 2H),
0.65-0.58 (m, 2H) m.d. ?C KMR (101 MHz, CDCl3) § 170.8, 146.9, 145.0, 135.2, 117.9,
117.7, 112.1, 52.5, 14.9, 8.6 m.d. IS (pléve, cm™") 3468, 3123, 3008, 2958, 1669, 1496, 1436,
1375, 1274, 1016. AIMS (ESI/ TOF-Q) m/z : [M-H] Aprekinats C;;H;;04: 207,0664;
Noteikts: 207,0657.
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Metil 2,3-dihidroksi-3-(tiofén-3-il)benzoats (162f)

Ar atmosféra dimetoksibenzoata 161f (0,90 g, 3,23 mmol) Skidumu sausa
CH,Cl, (32 mL) atdzesgja lidz -72 °C un piepilinagja 1M BBr; $kidumu
OH " CH,Cl, (16,2 mL, 16.2 mmol). Iegiito briino $kidumu maisija -69 °C 30

o o~

S~ OH

minites, tad atsildija Iidz 0°C un maisija 1,5 stundu. Reakcijas maisTjumam 0

°C lenam pievienoja tdeni (40 mL), tad ekstrah&ja ar CH,Cl, (3x15 mL), organiskos slanus
apvienoja, mazgaja ar pies. NaCl ud. $kid., Zav€ja uz b/t Na,SO4 un ietvaic€ja pazeminata
spiediend. Produktu attirija ar tie3as fazes kolonnu hromatografijas palidzibu (PE/EtOAc 4:1).
Ieguva 0,53 g (66%) produkta 162f ka oranzu amorfu vielu. Ry= 0,39 (PE/EtOAc 4:1).
'H KMR (400 MHz, CDCl3)  10.87 (d, J = 0.7 Hz, 1H), 7.61 (d, J = 2.2 Hz, 1H), 7.39-7.35
(m, 3H), 7.35-7.32 (m, 1H), 5.75-5.64 (br s, 1H), 3.99 (s, 3H) m.d. °C KMR (101 MHz,
CDCl3) 6 170.8, 148.2, 145.4, 141.3, 127.8, 126.5, 126.22, 119.9, 118.3, 118.2, 112.6, 52.7
m.d. IS (pléve, cm™) 3466, 3103, 2957, 1675, 1442, 1311, 1236, 1181, 1012. AIMS (ESI/
TOF-Q) m/z : [M-H] Aprekinats C;,HoO4S: 249,0222; Noteikts: 249,0229.

Metil 5-ciklopropil-2-hidroksi-3-(((trifluormetil)sulfonil)oksi)benzoats (163e)
Savienojuma 162e (480 mg, 2,30 mmol) Skidumu sausa CH,Cl, (10 mL)
atdzesgja Iidz 0°C, pievienoja Et;N (0,64 mL, 4,60 mmol) un Tf,NPh (905 mg,

OTf

OH
2,53 mmol). Iegiito $kidumu maisija 0 °C vél 20 mintes, tad lava atsilt Iidz

istal;)as femperatﬁrai un maisija 2 stundas. Zalgano Skidumu atskaidija ar CH,Cl, (50 mL),
mazgaja ar IM HCI ud. skid., Gidens slani ekstrah&ja ar CH,Cl, (2x20 mL), organiskos slanus
apvienoja un mazgaja pies. NaHCO; iid. $kid., pies. NaCl ud. $kid., Zavgja virs b/t Na;SO4 un
ietvaic€ja pazeminata spiediena. Jelproduktu attirTja ar tieSas fazes kolonnu hromatografijas
palidzibu (PE/EtOAc 20:1, tad 4:1). Ieguva 604 mg (77%) triflata 163e ka baltu amorfu vielu.
R;= 0,60 (PE/EtOAc 4:1).

'H KMR (300 MHz, CDCl3) & 10.90 (d, J = 0.6 Hz, 1H), 7.57 (d, J = 2.2 Hz, 1H), 7.16 (d, J =
2.2 Hz, 1H), 3.98 (s, 3H), 1.93-1.81 (m, 1H), 1.03-0.94 (m, 2H), 0.69-0.60 (m, 2H) m.d. °C
KMR (101 MHz, CDCls) 6 169.7, 151.5, 137.8, 135.2, 126.8, 126.4, 118.7 (q, Jcr = 320 Hz,
CF3), 114.6, 53.0, 14.7, 8.9 m.d. IS (pléve, cm™) 3189, 3089, 3012, 2962, 1696, 1423, 1196,
1064. AIMS (ESI/ TOF-Q) m/z: [M-H]  Aprekinats C;yH;;06SF;: 339,0150; Noteikts
339,0155.
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Metil 2-hidroksi-5-(tiofen-3-il)-3-(((trifluormetil)sulfonil)oksi)benzoats (163f)
Savienojuma 162f (500 mg, 1,98 mmol) Skidumu sausa CH,Cl, (10 mL)
atdzes&ja lidz 0 °C, pievienoja EtzN (0,55 mL, 3,96 mmol) un Tf,NPh (0,78

S\~ OTf

OH
oo g, 2,18 mmol). Iegiito Skidumu maisija 0 °C vél 20 minites, tad lava atsilt

lidz istabas temperatiirai un maisija 2 stundas. Zal]ganbriino Skidumu atskaidija ar CH,Cl, (50
mL), mazgaja ar IM HCI ud. $kid., tdens slani ekstrahg&ja ar CH,Cl, (2x20 mL), organiskos
slanus apvienoja un mazgaja pies. NaHCO; ud. $kid., pies. NaCl ud. skid., zav€ja virs b/i
Na,SO4 un ietvaic€ja pazeminatd spiediena. JE€lproduktu attirija ar tieSas fazes kolonnu
hromatografijas palidzibu (PE/EtOAc 20:1, tad 4:1). Ieguva 580 mg (76%) triflata 163f ka
baltu amorfu vielu. Ry= 0,56 (PE/EtOAc 4:1).

'H KMR (300 MHz, CDCl3) & 11.10 (d, J = 0.7 Hz, 1H), 8.07 (d, J = 2.2 Hz, 1H), 7.63 (d, J =
2.2 Hz, 1H), 7.45-7.39 (m, 2H), 7.33-7.28 (m, 1H), 4.02 (s, 3H) m.d. >C KMR (101 MHz,
CDCl) 6 169.7, 152.7, 139.5, 138.2, 129.9, 127.3, 126.3, 125.9, 123.9, 121.0, 118.9 (q, Jcr =
320 Hz, CF3), 115.1, 53.2 m.d. IS (pléve, cm™) 3185, 2955, 1695, 1423, 1334, 1201, 1139,
994. AIMS (ESI/ TOF-Q) m/z: [M-H] Aprekinats C;3HsOeS,F;3: 380,9714; Noteikts:
380,9714.

Metil 5-ciklopropil-2-hidroksi-3-(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)benzoats
(128e)

Izkarséta un Ar plisma atdzeséta mikrovilnu ampula triflatu 163e (500 mg,

é;i 1,47 mmol), bis(pinakol)diboranu (448 mg, 1,76 mmol), Pd(OAc), (17 mg,

OH 0,07 mmol), PCy; (41 mg, 0,15 mmol) un KOAc (433 mg, 4,41 mmol)

0”0~ suspend€ja sausa degazéta 1,4-dioksana (3 mL), reakcijas maisijumu izptta

ar Ar un oranZo suspensiju kars€ja slégta mikrovilpu ampula 3 stundas 90 °C. Iegiito tumsi

briino suspensiju atdzesgja lidz istabas temperatiirai, atSkaidija ar EtOAc, pievienoja pies.

NH,4CI ud. skid., tdens slani ekstrah&ja ar EtOAc (3x5 mL), organiskos slanus apvienoja,

mazgaja ar pies. NaCl ud. skid., zaveja virs b/ti Na,SO4 un ietvaic€ja pazeminata spiediena.

Jelproduktu attirija ar tie$as fazes kolonnu hromatografijas palidzibu (PE/acetons 9:1). Ieguva
142 mg (30%) pinakolata 128e ka brunu ellu. Ry = 0,46 (4:1 PE/EtOAc).

'H KMR (400 MHz, CDCl3) & 11.14 (s, 1H), 7.70 (d, J = 2.5 Hz, 1H), 7.63 (dd, J = 2.5, 0.6

Hz, 1H), 3.92 (s, 3H), 1.90-1.81 (m, 1H), 1.35 (s, 12H), 0.92-0.86 (m, 2H), 0.67-0.61 (m,

2H) m.d. °C KMR (101 MHz, CDCl5) § 170.7, 164.3, 142.1, 133.9, 130.4, 112.0, 83. 9, 52.4,

25.0, 14.6, 8.3 m. d. IR (pléve, cm™) 3161, 3083, 2996, 1679, 1607, 1436, 1353, 1323, 1255,

1143. AIMS (ESI/ TOF-Q) m/z: [M+Na]" Apréekinats C;7H30sBNa: 341,1536; Noteikts:

341,1546.
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Metil 2-hidroksi-3-(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)-5-(tiofén-3-il)benzoats
(128f)

o i Izkarséta un Ar plisma atdzeséta mikrovilnu ampula triflatu 163f (500
S~ EI‘\o mg, 1,52 mmol), bis(pinakol)diboranu (463 mg, 1,82 mmol), Pd(OAc),
OH (17 mg, 0,07 mmol), PCy; (44 mg, 0,15 mmol) un KOAc (447 mg, 4,56

o~ o~

mmol) suspend€ja sausa degaz€ta 1,4-dioksana (3 mL), reakcijas
maisijumu izpita ar Ar un dzelteno suspensiju karsgja slégta mikrovilpu ampula 3 stundas 90
°C. legiito tumSi briino suspensiju atdzes€ja lidz istabas temperatiirai, atSkaidija ar EtOAc,
pievienoja pies. NH4Cl 1id. Skid., tidens slani ekstrah&ja ar EtOAc (3x5 mL), organiskos
slanus apvienoja, mazgaja ar pies. NaCl ud. §kid., zav&ja virs b/t Na,SOs un ietvaicgja
pazeminata spiediena. Je€lproduktu attirija ar tieSas fazes kolonnu hromatografijas palidzibu
(PE/acetons 9:1). Ieguva 175 mg (32%) pinakolata 128f ka briinu ellu. Ry = 0,46 (4:1
PE/EtOAC).

'H KMR (300 MHz, CDCl3) § 11.34 (s, 1H), 8.19-8.13 (m, 2H), 7.44-7.41 (m, 1H), 7.41-
7.35 (m, 2H), 3.97 (s, 3H), 1.39 (s, 12H) m.d. >C KMR (101 MHz, CDCls) & 170.6, 165.4,
141.8, 141.2, 131.1, 129.8, 127.2, 126.4, 123.9, 119.8, 112.4, 84.1, 52.6, 25.0 m.d. IS (pleve,
ecm™) 3202, 3112, 2979, 1676, 1606, 1447, 1372, 1324, 1245, 1144. AIMS (ESI/ TOF-Q) m /
z :[M+Na]" Aprekinats C;gH,;0sNaSB: 383,1100; Noteikts: 383,1097.

Vispariga Suzuki-Miyaura Skérssametinasanas reakcijas procediira

Izkars€ta un Ar plisma atdzeséta mikrovilpu ampula iesvéra triflatu 129 (1,0 ekviv.),
pinakolatu 128a-f (1,5 ekviv.), Pd(OAc), (5 mol%), CyJohnPhos (0,1 ekviv.) un K3PO4
monohidratu (1,5 ekviv.). Ampulu aptina ar folijju, izptuta ar Ar, pievienoja 1,4-
dioksanu/tdeni (10:1) (0,1-0,2M rékinot uz triflatu) un karsgja 90 °C 2-4 stundas. Reakcijas
maistjumu atdzes€ja lidz istabas temperatiirai, pievienoja pies. NH4Cl ud. skid., pec iesp€jas
samazinot apgaismojumu, ekstrah€ja ar EtOAc (x3), mazgaja ar tideni (x2) un pies. NaCl ud.
skid., zZaveja virs b/t Na,SO4 un ietvaic€ja pazeminata spiediena. Atlikumu attirija ar kolonnu

hromatografijas palidzibu, kolonnu aptinot ar foliju, vai izgulsng&jot.

Metil 6-hidroksi-2-fenil-6 H-dibnezo[c,e][1,2]oksaborinin-4-karboksilats (164a)
O Ciklisko boronatu 164a (111 mg, 31%) ka peleku cietu vielu ieguva péc
O visparigas Suzuki-Miyaura Sk€rssametinasSanas reakcijas procediiras no
oo pinakolata 128a (380 mg, 1,07 mmol), triflata 129 (280 mg, 0,72 mmol),
(') Pd(OAc), (8 mg, 0,036 mmol), CyJohnPhos (25 mg, 0,072 mmol) un

K3PO4 monohidrata (246 mg, 1,07 mmol) dioksana/H,O maisijuma (6 mL/0,6 mL). Atlikumu
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Skidinaja EtOAc (2 mL) un pievienoja MeOH (2 mL), izveidojusas nogulsnes nofiltréja,
filtratu ietvaic€ja pazeminata spiediena un izgulsné€Sanas proceduru atkartoja vel 2 reizes.
Nogulsnes apvienoja, suspendéja MeCN (2 mL)/H,O (0,2 mL), piepilingja divus pilienus
TFA un iegiito peléko suspensiju maisija istabas temperatira 30 minttes, tad ietvaic€ja
pazeminata spiediena. Ry = 0,30 (9:1 PE/acetons).

'H KMR (400 MHz, DMSO-ds) § 9.62 (s, 1H), 8.70 (d, J = 2.4 Hz, 1H), 8.57 (d, J = 8.3 Hz,
1H), 8.15 (dd, J = 7.5, 1.4 Hz, 1H), 7.96 (d, J = 2.3 Hz, 1H), 7.85-7.81 (m, 2H), 7.78 (ddd, J
=8.2,7.3, 1.5 Hz, 1H), 7.55 (td, J = 7.3, 0.8 Hz, 1H), 7.53-7.48 (m, 2H), 7.44-7.38 (m, 1H),
3.92 (s, 3H) m.d. °C KMR (101 MHz, DMSO-ds) & 166.4, 148.7, 139.0, 138.8, 133.8, 133.5,
133.3, 132.5, 129.0, 127.9, 127.5, 126.8, 125.2, 125.0, 123.8, 123.5, 122.7, 52.3 m.d. IS (KBr,
ecm™) 3369, 2952, 1705, 1605, 1490, 1412, 1388, 1301, 1232, 762. AIMS (ESI/ TOF-Q) m/z:
[M+H]" Apréekinats C0H;6BO4: 331,1142; Noteikts: 331,1154.

Metil 6-hidroksi-2-metoksi-6H-dibenzo[c,e][1,2]oksaborinin-4-karboksilats (164b)
Ciklisko boronatu 164b (131 mg, 63%) ka briinu amorfu vielu ieguva péc

visparigas Suzuki-Miyaura Sk€rssametinasanas reakcijas procediiras no
o on pinakolata 128b (335 mg, 1,08 mmol), triflata 129 (284 mg, 0,72 mmol),
? Pd(OAc), (12 mg, 0,054 mmol), CyJohnPhos (25 mg, 0,011 mmol) un
K3PO4 monohidrata (249 mg, 1,08 mmol) dioksana/H,O maisijuma (6 mL/0,6 mL). Atlikumu
attirjja ar apgrieztas fazes kolonnu hromatografijas palidzibu (KP-C18-HS 12 g kolona),
gradients no 10-100% MeCN/H,0+0,1% TFA.

'H KMR (300 MHz, CDCl3) § 8.13 (dd, J = 7.5, 1.5 Hz, 1H), 8.08 (d, J = 8.2 Hz, 1H), 7.81
(d, J=3.1Hz, 1H), 7.76-7.65 (m, 1H), 7.50 (t, J = 7.4, 1H), 7.43 (d, J = 3.1 Hz, 1H), 6.18 (s,
1H), 3.98 (s, 3H), 3.91 (s, 3H) m.d. °C KMR (101 MHz, CDCls) & 166.5, 153.9, 145.0,
139.5, 133.7, 132.7, 128.00, 125.0, 121.9, 115.7, 113.6, 56.1, 52.5 m.d. IS (KBr, cm™) 3421,
2950, 2839, 1711, 1605, 1497, 1339, 1300, 1215. AIMS (ESI/ TOF-Q) m / z :[M+H] +
Aprekinats C;sH14BOs: 285,0934; Noteikts: 285,0945.

Metil 6-hidroksi-2-izopropoksi-6H-dibenzo[c,e][1,2]oksaborinin-4-karboksilats (164c)
Ciklisko boronatu 164¢ (32 mg, 51%) ka brtinu ellu ieguva pec visparigas

Suzuki-Miyaura Sk€rssametinasanas reakcijas procediiras no pinakolata

128c (100 mg, 0,30 mmol), triflata 129 (78 mg, 0,20 mmol), Pd(OAc), (3

/B\
OH

' mg, 0,01 mmol), CyJohnPhos (7 mg, 0,02 mmol) un K3;PO4 monohidrata
(69 mg, 0,30 mmol) dioksana/H,O maistijuma (1 mL/0,1 mL). Atlikumu attirija ar apgrieztas

fazes kolonnu hromatografijas palidzibu (KP-C18-HS 12 g kolonna), gradients no 10-100%
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MeCN/H,0+0,1% TFA. Papildus attira uz preparativas PSH plaksnes sistema
PE/EtOAc/AcOH (30:20:0,5).

'H KMR (400 MHz, CDCl3) & 8.12 (dd, J = 7.4, 1.5 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H), 7.82
(d, J=3.1Hz, 1H), 7.70 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.4 Hz, 1H), 7.45-7.40 (m, 1H), 6.15
(s, 1H), 4.61 (hept, J = 6.0 Hz, 1H), 3.96 (s, 3H), 1.39 (s, 3H), 1.38 (s, 3H) m.d. °C KMR
(101 MHz, CDCl3) 6 174.5, 166.6, 152.1, 145.0, 139.6, 133.7, 132.7, 131.2, 127.9, 125.1,
121.9, 118.3, 116.2, 71.4, 52.5, 22.2 m.d. IS (KBr, cm™) 3415, 2976, 2932, 1705, 1605, 1494,
1328, 1301, 1209, 1114, 1014. AIMS (ESI/ TOF-Q) m/z: [M+H]" Aprékinats C;7H;3BOs:
313,1247; Noteikts: 313,1249.

Metil 6-hidroksi-6H-dibenzo[c,e][1,2]oksaborinin-4-karboksilats (164d)
Ciklisko boronatu 164d (31 mg, 44%) ka briinu ellu ieguva péc visparigas

Suzuki-Miyaura sk€rssametinasanas reakcijas procediiras no pinakolata 128d
o % on (120 mg, 0,42 mmol), triflata 129 (110 mg, 0,28 mmol), Pd(OAc), (3 mg,
(l) 0,014 mmol), CyJohnPhos (10 mg, 0,028 mmol) un K3PO4 monohidrata (97
mg, 0,42 mmol) dioksana/H,O maisijuma (1 mL/0,1 mL). Atlikumu attirija ar apgrieztas fazes
kolonnu hromatografijas palidzibu (KP-C18-HS 12 g kolona), gradients no 10-100%
MeCN/H,0+0,1% TFA. Papildus attirja uz preparativas PSH plaksnes sist€ma
PE/EtOAc/AcOH (30:20:0,5).

'H KMR (400 MHz, DMSO-ds) & 9.85-9.21 (br s, 1H), 8.49 (dd, J = 8.2, 1.6 Hz, 1H), 8.35
(d, J = 8.2 Hz, 1H), 8.12 (dd, J = 7.5, 1.5 Hz, 1H), 7.79-7.72 (m, 1H), 7.69 (dd, J = 7.5, 1.6
Hz, 1H), 7.53 (td, J = 7.4, 0.9 Hz, 1H), 7.29 (t, J = 7.8 Hz, 1H), 3.89 (s, 3H) m.d. °C KMR
(101 MHz, DMSO) 6 166.5, 149.2, 139.1, 133.4, 132.6, 129.5, 127.7, 127.4, 123.2, 123.0,
122.2, 121.8, 52.2 m.d. SH/MS [M+1]* 255.

Metil 2-ciklopropil-6-hidroksi-6 H-dibenzo[c,e][1,2]oksaborinin-4-karboksilats (164e)

Ciklisko boronatu 164e (38 mg, 25%) ka peleku ellu ieguva p&c visparigas
Suzuki-Miyaura Sk€rssametinasanas reakcijas procediiras no pinakolata
128e (240 mg, 0,75 mmol), triflata 129 (197 mg, 0,50 mmol), Pd(OAc), (6
mg, 0,025 mmol), CyJohnPhos (17 mg, 0,050 mmol) un K3;PO,
monohidrata (172 mg, 0,75 mmol) dioksana/H,O maisijuma (2 mL/0,2 mL). Atlikumu attirija

B\
OH
Y

ar apgrieztas fazes kolonnu hromatografijas palidzibu (KP-C18-HS 12 g kolona), gradients no
10-100% MeCN/H,0+0,1% TFA. Papildus attirija uz preparativas PSH plaksnes sisteéma
PE/EtOAc/AcOH (30:20:0,5). Ry = 0,67 (PE/EtOAc/AcOH 30:20:0,5).
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'H KMR (400 MHz, CDCl3) & 8.17-8.10 (m, 2H), 8.05 (d, J = 2.3 Hz, 1H), 7.74-7.68 (m,
1H), 7.59 (d, J = 2.3 Hz, 1H), 7.49 (td, J = 7.3, 0.9 Hz, 1H), 6.49 (s, 1H), 3.96 (s, 3H), 2.03—
1.97 (m, 1H), 1.06-0.98 (m, 2H), 0.79-0.73 (m, 2H) m.d. *C KMR (101 MHz, CDCl;) &
166.8, 148.8, 139.7, 137.1, 133.7, 132.6, 128.3, 127.8, 125.8, 123.9, 121.8, 121.2, 52.4, 15.2,
8.9 m.d. IS (KBr, cm™) 3404, 3082, 3003, 2951, 1713, 1495, 1377, 1301, 1219. AIMS (ESI/
TOF-Q) m/z: [M+H]" Aprékinats C;7H;BOy: 295,1142; Noteikts: 295,1154.

Metil 6-hidroksi-2-(tiofen-3-il)-6H-dibenzo[c,e][1,2]oksaborinin-4-karboksilats (164f)

Ciklisko boronatu 164f (41 mg, 30%) ka briinu ellu ieguva p&c visparigas
Suzuki-Miyaura Sk€rssametinasanas reakcijas procediiras no pinakolata
128e (150 mg, 0,42 mmol), triflata 129 (108 mg, 0,28 mmol), Pd(OAc),
(3 mg, 0,014 mmol), CyJohnPhos (10 mg, 0,028 mmol) un K;PO,

monohidrata (96 mg, 0,42 mmol) dioksana/H,O maisijuma (1 mL/0,1 mL). Atlikumu attirija
ar apgrieztas fazes kolonnu hromatografijas palidzibu (KP-C18-HS 12 g kolona), gradients
10-100% MeCN/H>O0+0,1% TFA. Papildus attirija uz preparativas PSH plaksnes sistema
PE/EtOAc/AcOH (30:20:0,5). Ry = 0,63 (PE/EtOAc/AcOH 30:21:0.5).

'H KMR (300 MHz, CDCl3)  8.50 (d, J = 2.2 Hz, 1H), 8.21 (d, J = 8.2 Hz, 1H), 8.15 (dd, J =
7.4, 1.5 Hz, 1H), 8.10 (d, J = 2.2 Hz, 1H), 7.74 (ddd, J = 8.2, 7.3, 1.5 Hz, 1H), 7.57-7.42 (m,
4H), 4.00 (s, 3H) m.d. °*C KMR (101 MHz, CDCl3) & 166.5, 149.8, 141.2, 139.6, 133.8,
132.8, 130.0, 129.1, 128.1, 126.8, 126.5, 125.8, 124.5, 121.9, 121.9, 120.7, 52.5 m.d. IS (KBr,
cm™) 3393, 3101, 2952, 1717, 1436, 1386, 1299, 1235. AIMS (ESI/ TOF-Q) m / z :[M+H] +
Aprekinats CgH;4BO4S: 337,0706; Noteikts: 337,0717.

Vispariga metilestera hidrolizes procediira

Estera 164a-f (1 ekviv.) $kidumu THF (I mmol /3 mL) atdzesgja lidz 0°C un
pievienoja LiOH-H,O (5 ekviv.) skidumu H,O (THF/H,O tilpumu attieciba 1:1) un lava
Ienam atsilt 11dz istabas temperatiirai maisot 19 stundas. Iegiito Skidumu paskabinaja ar 1M
HCI tudens skidumu lidz pH ~1, maisija istabas temperattira 2 stundas, nogulsnes nofiltréja, uz

filtra mazgaja ar H,O un Zavgja eksikatora virs P,Os.

6-Hidroksi-2-fenil-6H-dibenzo[c,e][1,2]oksaborinin-4-karbonskabe (109a)
Estera 164a (90 mg, 0,27 mmol) Skidumam THF (1,1 mL) istabas
temperatiira pievienoja LiOH-H,O (57 mg, 1,36 mmol) skidumu H,O (1,4

mL) un maisija istabas temperatira 19 stundas. legiito Skidumu

paskabinaja ar IM HCI tdens $kidumu Iidz pH ~1, ekstrah€ja ar EtOAc (3x3 mL), mazgaja ar
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pies. NaCl ud. skid., zaveja virs b/t Na;SOy4 un ietvaic€ja pazeminata spiediena. leguva 78 mg
(91%) savienojuma 109a ka peleku cietu vielu.

'H KMR (300 MHz, DMSO-dg) § 12.83 (s, 1H), 9.60 (s, 1H), 8.67 (d, 1H, J = 2.4 Hz), 8.56
(d, 1H, J = 8.2 Hz), 8.15 (dd, 1H, J = 7.5, 1.3 Hz), 7.93 (d, 1H, J = 2.3 Hz), 7.87-7.81 (m,
2H), 7.81-7.74 (m, 1H), 7.59-7.45 (m, 3H), 7.45-7.36 (m, 1H) m.d. °C KMR (101 MHz,
DMSO-dg) & 167.5, 148.5, 139.1, 139.0, 133.7, 133.4, 132.5, 129.0, 127.8, 127.5, 1274,
126.8, 125.0, 124.6, 123.6, 122.7 m.d. ''B KMR (DMSO-ds) 28.3 m.d. IS (KBr, cm™) 3411,
3217, 1713, 1610, 1455, 1424, 1308, 754, 691. AIMS (ESI/ TOF-Q) m/z: [M+H]" Aprekinats
C19H14BO4: 317,0985; Noteikts: 317,0994.

6-Hidroksi-2-metoksi-6 H-dibenzo[c,e][1,2]oksaborinin-4-karbonskabe (109b)
Savienojumu 109b (36 mg, 77%) ka peléku cietu vielu ieguva péc
visparigas metilestera hidrolizes procediiras no estera 164b (50 mg, 0,18
mmol) un LiOH-H,0 (37 mg, 0,88 mmol).

'H KMR (400 MHz, DMSO-ds) & 12.91 (s, 1H), 9.45 (s, 1H), 8.37 (d, J =
8.2 Hz, 1H), 8.11 (dd, J=17.5, 1.5 Hz, 1H), 7.93 (d, J = 3.1 Hz, 1H), 7.78-7.70 (m, 1H), 7.52
(t, J =74, 1H), 7.23 (d, J = 3.1 Hz, 1H), 3.87 (s, 3H) m.d. °C KMR (101 MHz, DMSO-ds) &
172.5, 158.7, 148.4, 144.3, 138.6, 137.6, 133.0, 130.2, 129.1, 127.8, 120.1, 116.5, 61.0 m.d.
IS (KBr, cm™) 3261, 3198, 1728, 1607, 1449, 1373, 1284, 1034. AIMS (ESI/ TOF-Q) m/z:
[M+H]" Aprékinats C14H;,BOs: 271,0778; Noteikts: 271,0782.

6-Hidroksi-2-izopropoksi-6H-dibenzo[c,e][1,2]oksaborinin-4-karbonskabe (109c)

Savienojumu 164c¢ (16 mg, 59%) ka peleku cietu vielu ieguva péc

visparigas metilestera hidrolizes procediiras no estera 164¢ (25 mg, 0,093
~Bon mmol) un LiOH-H,O (19 mg, 0,46 mmol).

of 'H KMR (400 MHz, DMSO-d) & 12.93 (s, 1H), 9.44 (s, 1H), 8.36 (d, J =
8.2 Hz, 1H), 8.10 (dd, J =7.5, 1.4 Hz, 1H), 7.92 (d, J = 3.0 Hz, 1H), 7.76-7.68 (m, 1H), 7.55-
7.48 (m, 1H), 7.20 (d, J = 2.9 Hz, 1H), 4.75 (hept, J = 6.0 Hz, 1H), 1.30 (s, 3H), 1.29 (s, 3H)
m.d. °C KMR (101 MHz, DMSO-dg) & 167.3, 151.6, 143.1, 139.1, 133.4, 132.4, 127.7,
125.0, 124.0, 122.6, 116.9, 113.7, 70.2, 21.8 m.d. IS (KBr, cm™) 3304, 3201, 2975, 2604,
1699, 1604, 1493, 1301, 1109. AIMS (ESI/ TOF-Q) m/z: [M+H]" Aprékinats C;sH;¢BOs:
299,1091; Noteikts: 299,1106.
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6-Hidroksi-6H-dibenzo[c,e][1,2]oksaborinin-4-karbonskabe (109d)

Savienojumu 109d (19 mg, 68%) ka peleku cietu vielu ieguva péc visparigas

metilestera hidrolizes procediiras no estera 164d (30 mg, 0,12 mmol) un
O 1iOH-H,0 (25 mg, 0,59 mmol).

"H KMR (400 MHz, DMSO-d) 5 12.89 (s, 1H), 9.56 (s, 1H), 8.45 (dd, J = 8.2,
1.7 Hz, 1H), 8.34 (d, J = 8.2 Hz, 1H), 8.12 (dd, J = 7.5, 1.5 Hz, 1H), 7.75 (ddd, J = 8.3, 7.2,
1.5 Hz, 1H), 7.67 (dd, J = 7.5, 1.6 Hz, 1H), 7.52 (td, J = 7.3, 0.9 Hz, 1H), 7.27 (t, J = 7.7 Hz,
1H) m.d. °C KMR (101 MHz, DMSO-dg) & 167.63, 148.97, 139.21, 133.44, 132.52, 129.32,
127.65, 126.79, 124.41, 123.10, 122.22, 121.77 m.d. IS (KBr, cm™) 3291, 3190, 3062, 1700,
1605, 1405, 1353, 1279, 1248. AIMS (ESI/ TOF-Q) m/z: [M+H]" Aprekinats Ci3H;oBO4:
241,0672; Noteikts: 241,0676.

2-Ciklopropil-6-idroksi-6H-dibenzo| c,e][1,2]oksaborinin-4-karbonskabe (109e)
Savienojumu 109e (20 mg, 74%) ka peleku cietu vielu ieguva péc
visparigas metilestera hidrolizes procediiras no estera 164e (29 mg, 0,098
mmol) un LiOH-H,O (21 mg, 0,49 mmol).

'H KMR (400 MHz, DMSO-dg) & 13.10-12.55 (br s, 1H), 9.48 (s, 1H), 8.39
(d, J = 8.2 Hz, 1H), 8.18-8.04 (m, 2H), 7.80-7.69 (m, 1H), 7.51 (t, J = 7.3 Hz, 1H), 7.33 (d, J
= 2.3 Hz, 1H), 2.12-2.02 (m, 1H), 1.04-0.92 (m, 2H), 0.84-0.74 (m, 2H) m.d. >C KMR (101
MHz, DMSO-ds) 6 167.7, 146.9, 139.2, 136.9, 133.4, 132.4, 127.5, 126.1, 124.9, 124.2,
123.5, 122.8, 122.4, 14.6, 9.2 m.d. IS (KBr, cm™) 3269, 3086, 2999, 2365, 1720, 1607, 1436,
1280, 1023. AIMS (ESI/ TOF-Q) m/z: [M+H]" Aprekinats C;¢H;4BO,: 281,0985; Noteikts:
281,0995.

6-Hidroksi-2-(tiofén-3-il)-6 H-dibenzo[ c,e][1,2]Joksaborinin-4-karbonskabe (109f)

Savienojumu 109f (25 mg, 93%) ka peleku cietu vielu ieguva péc

visparigas metilestera hidrolizes procediiras no estera 164f (29 mg, 0,086
%04 mmol) un LiOH-H,0 (18 mg, 0,43 mmol).

'H KMR (400 MHz, DMSO-ds) & 13.03 (s, 1H), 9.82-9.37 (m, 1H), 8.72
(d, J=2.3 Hz, 1H), 8.58 (d, / = 8.2 Hz, 1H), 8.14 (dd, J = 7.5, 1.5 Hz, 1H), 8.10 (dd, J = 2.9,
1.3 Hz, 1H), 7.98 (d, J = 2.2 Hz, 1H), 7.83-7.74 (m, 2H), 7.68 (dd, J = 5.0, 2.9 Hz, 1H), 7.55
(t, J = 7.3 Hz, 1H) m.d. >C KMR (101 MHz, DMSO-ds) & 167.6, 147.9, 140.3, 139.2, 133.4,
1325, 129.0, 127.8, 127.1, 126.6, 126.5, 125.1, 123.7, 123.5, 122.7, 121.1 m.d. IS (KBr, cm’
" 3325, 3099, 2575, 2256, 2127, 1942, 1717, 1609, 1296, 1003. AIMS (ESI/ TOF-Q) m/z:
[M+H]" Aprékinats C;7H;1BO4S: 323,0549; Noteikts: 323,0559.

OH
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(3-Bromtiofen-2-il)borskabe (170)

Br on 2M LDA skidumu THF (3,7 mL, 7,36 mmol) atSkaidija sausa THF (15 mL), Ar
| ; BiOH atmosféra atdzesgja lidz -10 °C un piepilindja 3-bromtioféna (0,57 mL, 6,13
mmol) skidumu sausa THF (10 mL). IzveidojuSos briino §kidumu maisija -7 °C temperatira
1 stundu. Iegiitajam dzeltenajam $kidumam -6 °C piepilindja B(OMe); (1,4 mL, 12,3 mmol),
maisija -6 °C 15 mintes, tad istabas temperatira 20 stundas. Iegiito briino §kidumu atdzs&ja
ledus-tidens vanna un paskabindja ar 1M HCI ad. $kid. (50 mL), nodalija organisko slani,
mazgaja ar pies. NH4Cl id. §kid. (20 mL). Udens slani ekstrah&a ar Et;0O (2x20 mL),
organiskos slanus apvienoja, mazgaja ar pies. NaCl @id. Skidumu, Zav&ja virs b/ Na,SOq,
filtr€ja un ietvaic€ja pazeminata spiediena. Ieguva 799 mg (63%) produkta 170 ka peleku

-V

amorfu vielu, kuru bez attiriSanas izmantoja nakamaja sintézes soli.

2-(3-Bromtiofén-2-il)-2,3-dihidro-1H-nafto[1,8-de][1,3,2]diazaborinins (165)

Br Borskabi 170 (739 mg, 3,57 mmol) suspend&ja sausa CH,Cl, (9 mL),
Q*Ef: pievienoja 4A molekularos sietus (~500 mg), 1,8-diaminonaftalinu (131) (565

mg, 3,57 mmol) un maisija tumsa istabas temperatira 1 stundu. Reakcijas

maistjumu filtr§ja caur Celitu, Celita slani mazgaja ar CH,Cl,, filtratus apvienoja un ietvaicgja
pazeminata spiediena. leguva 1,10 g (94%) savienojuma 165 ka zalganbrtinu amorfu vielu.
'H KMR (400 MHz, CDCl3) & 7.51 (d, J = 4.9 Hz, 1H), 7.17-7.12 (m, 3H), 7.07 (dd, J = 8.4,
1.1 Hz, 2H), 6.43 (dd, J = 7.3, 1.1 Hz, 2H), 6.30 (s, 2H) m.d. >C KMR (101 MHz, CDCls) &
140.6, 136.4, 132.9, 130.2, 127.7, 120.0, 118.3, 116.5, 106.4 m.d.

(2-Hlorpiridin-3-il)borskabe (172)
oH  Ar atmosfera diizopropilaminu (1,05 mL, 7.5 mmol) $kidinaja sausa THF (12
B\

Y ©°H mL), atdzesgja lidz -10 °C, piepilindja nBuLi (3,0 mL, 7,5 mmol) un maisija -

Pz
Cl

10°C temperatiira 30 minites. Tad reakcijas maistjumu atdzesgja lidz -70 °C,
piepilindja 2-hlorpiridina (171) (567 mg, 5,0 mmol) §kidumu sausa THF (10 mL) un maisija -
70 °C temperatira vél 1,5 stundu. Talak reakcijas maisijumam piepilinaja B(OMe); (0,84 mL,
7,5 mmol) turpinaja maisit -70 °C temperatiira 2 stundas. Reakcijas maisijumam pievienoja
THF/HO maistjumu (5SmL/1mL), atsildija atsildija reakcijas maisijumu lidz 0 °C, pievienoja
vél H,O (5 mL) un Et;O (5 mL), paskabinaja ar konc. HCI Iidz pH 1, ekstrahg&ja ar EtOAc
(3x5 mL), organiskos slanus apvienoja, mazgaja ar pies. NaCl ud. skid., zaveja virs b/u
Na,SOy, filtréja un ietvaic€ja pazeminata spiediena. leguva 484 mg (61%) produkta 172 ka

—-—

sartu amorfu vielu, kuru bez attiriSanas izmantoja nakamaja sintézes soli.
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2-(2-Hloropiridin-3-il)-2,3-dihidro-1H-nafto[1,8-de][1,3,2]diazaborinins (166)

Borskabi 172 (480 mg, 3,05 mmol) suspend&ja sausa CH,Cl, (5 mL),
O

H’E?: pievienoja 4A molekularos sietus (~300 mg), 1,8-diaminonaftalinu (723 mg,
X
|N/ CIH 4,57 mmol) un maisija tumsa istabas temperatira 21 stundu. Reakcijas

maistjumu filtr§ja caur Celitu, Celita slani mazgaja ar CH,Cl,, filtratus apvienoja un
ietvaicgja. leguva 470 mg (55%) savienojuma 166 ka peleku amorfu vielu.

'H KMR (400 MHz, DMSO) & 8.44 (dd, J = 4.8, 2.1 Hz, 1H), 8.26 (s, 2H), 7.98 (dd, J = 7.3,
2.1 Hz, 1H), 7.45 (dd, J = 7.3, 4.8 Hz, 1H), 7.07 (t, J = 7.8 Hz, 2H), 6.92 (d, J = 8.2 Hz, 2H),
6.45 (d, J = 7.3 Hz, 2H) m.d. >C KMR (101 MHz, DMSO) & 153.1, 150.1, 144.0, 142.0,
136.0, 127.6, 122.5, 119.8, 116.6, 105.7 m.d.
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SECINAJUMI

1. Bicikliska boronata 108 iegiiSanai, vispiemérotakie apstakli aizsarggrupu hidrolizei ir
sakotn€ja izopropilidéngrupas hidrolize baziska vidé un sekojoSa borskabes pinandiola estera

hidrolize skabos apstak]os.

2. Triciklisko boronatu 109a-f un 2,3-dihidro-1H-nafto[1,8-de][1,3,2]diazaborinina
atvasinagjuma 129 sint€zes procesa, iesp&jams, rodas gaismas jutigi blakusprodukti, kas

samazina reakciju iznakumus. Tadel izdaliSanu un produktu attiriSanu javeic tumsa.
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3. legttie boronati - bicikliskais 108 un tricikliskais 109a uzrada inhibitoro aktivitati
gan uz SBL, gan MBL enzimiem, kas pastiprina pien€émumu, ka cikliskie boronati potenciali

darbojas ka plasa spektra f-laktamazu parejas stavokla analogu inhibitori.

s ® -~ )
HO™ "0 Ho o

CO,H CO.H
2 109a 2

4. Tricikliskiem boronatiem 11a-f piemit augsta saistiSanas sp&ja ar B1 klases MBL
enzimiem IMP-1 un NDM-1. Aktivitate ir atkariga no aizvietotaja dabas 2. pozicija.
Izopropoksigrupas ievadiSana noved Iidz NDM-1 aktivitates inhibicijai Iidz ICs5p=4,0 nM.

Savienojums 11c¢ ir par kartu aktivaks neka traniborbaktams (2).

O OY ICso IMP-1 = 0,063 uM
B ICso NDM-1 = 0,0040 M
HO 0

CO,H
109¢c

5. Bicikliskais boronats 108 salidzinajuma ar 2 uzrada augstaku inhibitoro aktivitati pret

B2 (CphA) un B3 (L1) klases MBL enzimiem, ka art pret D klases OXA-48 SBL enzimu.
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Lidz ar to tio€tera atvasinajums 108 ir daudzsoloSs sakumpunkts talakam optimizacijam plasa

spektra dualu SBL/MBL inhibitoru izstrade.

@\/S ‘\\WH
SOOI CR NS
COH H

co
108 taniborbaktams (2) oH
IC590 AmpC = 0,016 uM 1C50 AmpC = 0,32 uM
ICso CphA = 0,50 uM ICso CphA = 2,51 uM
ICgp L1 =5.01 uM ICsoL1=10,0 uM
IC50 OXA-48 = 0,0063 uM IC59 OXA-48 = 0,50 pM

ICso IMP-1 = 2,51 uM
ICso NDM-1 = 0,010 uM

6. Kristalografijas dati savienojuma 108 VIM-2 enzima aktivaja centra skaidri norada uz
tetraedriska bicikliska boronata klatbutni. Galvenie saistiSanas veidi bicikliska boronata 108
cikla un ar karboksilata skabekliem ir loti I1dzigi aprakstitajam savienojumam 25 un lidzigiem
savienojumiem VIM-2 un citu MBL aktivaja centra. Tas lauj secinat, ka cikliskiem

boronatiem ir [idziga saistiSanas MBL aktivaja centra.

7. Savienojuma 108 tio€tera sanu kéde VIM-2 aktivaja centra izkartojas 11dziga virziena
acilaminok&dei boronata 25 kompleksa ar VIM-2. Enzima aktivaja centra neveido tidenraza
saites ar enzima aminoskabju atlikumiem, tacu tas izvietojums veicina hidrofobu un ©-saisu
sist€ému mijiedarbibu veidoSanos ar proteina aminoskabju sanu k&deém, kas izskaidro boronata

108 augsto aktivitati pret AmpC.
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ABSTRACT: f-Lactamases comprise the most widely wed mode of
redstance to f-lactam antibiotics. Cydic boronates have shown promise as
a new dass of f-lactamase inhibitor, with pioneering potential to potently
inhibit both metallo- and serine-f-lactamases. We report studies conceming a
bicydic boronate ester with a thinether rather than the more typical f-lictam
antibiotic “C-6/C-7" acylamino type dde chain, which & present in the
penidllin/cephalosporin antibiotics. The thicether bicydic boronate ester was
tested for activity against representative serine- and metallo-f-lactamases. The
results support the broad inhibition potential of bicyclic boronate based
inhibitors with different side chains, including against metallo-f-lactamases
from Bl, B2, and B3 subchsses. Combined with previous crystallographic
studies, analysis of a crystal structure of the thivether inhibitor with the
clinically relevant VIM-2 metallo-f-lactamase implies that further SAR work
will expand the already broad scope of fHlactamase inhibiion by bicydic
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boronates.

EEYWORDS: f-lodam antibiotic resistance, boronate’boron based fHactamase/hydrolase imhibitors, serine f-loctemase,

metallo-fi-lictamase, carbapenem, penicillin, cephalosporin

he fHactams are the most prescribed cliss of anti-

bacterials, but their clinical utility & being eroded by
multiple resistance mechanisms. Currently, the most prevalent
redstance mechanism is hydrolyds via §-lactamases™ (Figure
1), of which there are two mechanistic groups, the mudeophilic
serne-f-lactamases (Ambler dasses A, C, and I); SBLs) and
the #inc jon dependent metallo-f-lactamases (class B, MELs).*
While for many years the SBL: were the most clinically
relevant fHlactamases, the MBLs are of increasing relevance,
being endemic in some regions.* Several SBL inhibitos,
including chwulinic add, sulbactam, and tmobactam (Figure
1}, are established for clinical use in combimation with flactam
antibiotics. These combinations have been hxgh]'g.r effective
against cliss A and some dass D f-hctamases. “F However,
they are ineffective againg MBLs and evolved broad spectrum
SBLs” Moreover, recent studies have shown that MBLs are
being expressed alongside SBLs, making these current methods
even less effective”

The development of avibactam, a broad spectrum SBL
inhibitor, was significant 2 this was the first dinically used f-
lactamase inhibitor that did not contain a Flctam ring,
reducing its rate of SBL cleavage'® However, like the f-
lactams, avibactam works by the formation of an acyl-enzyme
type complex, which has the potential to be hydrmbtically
labile."! Further, there i evidence that avibactam may become

< ACS Publications  © 2009 sedarn Ceeical Sodey
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susceptible to MBL2'® Comsequently, there iz a desire to
develop flictamase inhibitors and antibiotics targeting the
transpeptidase targets of the flictams that do not operate via
an acylation type mechanian susceptible to f-lactamases.

Toward this objective, the “tramsition state” analogue
approach for SBL/tramspeptidise inhibition has long been
explored ¥ OF the different functional groups inves-
tigated for this approach, cydic boronic adds and boronate
esters have emerged as of particular promise (Figuee 1'%
One such compound, vabarbactam'® (1), has been approved
for dinical use as an SBL inhibitor, but it does not effidently
inhibit MBLs and has limited SBL coverage.® By contrast,
bicyclic boronates (eg., 2 and VINRX-5133) are reported to
inhibit a broader range of SBLs,'*'7™" a5 wel as some
members of the dinically important B IMBL subfamily such as
VIM-2 1

There are only very limited SAR studies reported on potent
bicyclic boronates as f-lactamase inhibitors, with work to date
focusing an those with the canonical penidllin/cephalosporin

type aclamino side chains on the boronate ester fng ™"
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Figure 1. fhctamase mechanisms and inhibitors. (A) Outline of the S$BL and MBL mechanisms with a penicllin substrate. (B} Clinically wed
SBL inhibitors (cavulanate, sulbactam, tazobactam, avibactam ), which operte using acylation type mechanisms, and L-captopril, a nonclinically
used MBL inhibitor. (C) Boronate based f-lactamase inhibitors: the SBL nhibitor vaborbactam and the broader spectrum bicyclic boronates 2,
VHRX-5133, and 3, the Liter of which is the subject of the current work. Note that both the penicilling and 2 have an acylmino side chain.

Here, we report bhiochemical and biophysical studies on a
bicydic boronate (3) (reported in the patent literature™) that
has a thioether side chain positioned analogously to the typical
C-6/C-7 side chain of penicilling/cephalogporine (Figure 1).
The results further validate the potential of bicyclic boronates
as bmoad-spectrum inhibitors of both SBLs and MBLs and
highlight the need for more SAR work on side chain vadants of
bicydic bomnate fHactamase inhibitors.

B RESULTS

Synthesis of Thicether Substituted Cyclic Boronate 3.
The thioether substituted cydic boronate 3 was prepared via
an eight-step sterenselective mute from commercially availlable
I-methysalicylic acid (Figure 2). One-pot protection of the

1340
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phenolic alcohol and bersoic add groups under addic
conditions gave acetonide 4 (71%), which was then
brominated wsing N-bromosucdnimide to give benzylic
bromide 5 (72%). Bromide 5 underwent Mivaura borylation
to give pinacolato boronate 6, which was transesterified fn situ
with (1528 3R 55)-(+ }-pinanediol to give the boronic acid
(#)-pinanediol ester 7 in good yield (E7% over two stegs}.
Boronate 7 was then subjected to Matteson homologation™"
to give the chloride 8 a5 a mivture of sterecisomers (85/8R
T2:28, a5 assigned by g oNMER) M Subsequent nucleophilic
substittion (with asmmed inverdon) with benzylmercaptan
gave thioether 9 (70% ) with inversion of stereochemistry (85/
BR 2476, as assigned by 'H NMR). Cleavage of the
isopropylidene protecting group and hydmlysis of the duiral
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Figure L. Synthesis of C-2 substituted bicyclic boronates. (a) Trifluarcacetic add, trifluoroacetic anhydride, acetone, § “C then room emperature
(71%); (b) N-brommuccinimide, benzoy] peroxide, MeCN, 90 *C (72%); (c) bis(pinacolto)diboron, Pd(dppfiCl, KOAc, dicaane, 90 °C; (d)
(15,253R 55) - +)-pinanediol, THF, 30 “C (87% over two steps); (e) CH,Cl,, wBali, ZnCl,, THF, —100 °C, then room temperature (61%); (f)
PRCHSH, Et,N, CH.CL, room temperature (70%); (g} aquecus KOH, THF, 80 *C; (h} HCL iBuB{OH )5, MeCN, HOQ, 40°C (31%). dppf =

1,1" bis{ diphenylphosphino errocene, Bn = benyl

Table L. plCy, values for 3 with Several f-Lactamases and for Selected Reported Inhibitors™

Ambler dazs Flactamase avibactam
A TEM-115 a1
Bl TMEP- 1 <14
B DM | <14
Bi VIM. 1 <4
B VIM.2 <14
B CphA <14
B3 Li <47
C AmpC (F. aeruginssa) a5
o ONA-10 <47
o OXA-A0 (+100 mM NaHCO,) A7
o OXA4E a1
o OXA4S [(+100 mM NaHCO,) &1

Lcaptopnl 3 2 VHRX- 5133
<i4 a7 a5 gt
40 a9 5{-.'1_]& -.'UEM
5% 7.4 75 e
56 74 7™ ™
6l 72 85 3" 27"
<50 &3 wgtl Mlt
56 LE] b <5
<44 78 o™ s 78"
<44 59 45 a5
<44 41 47 (53 ax
<44 a2 48 63" a4
<At 8 48 (56" LT

“Inhibition asmays for Jlactamases were performed as described * The cephalosporin FC-5 was used as 2 substrate for VIM-1, VIM-2, IMP-1,

MIM-1, SPM-1, TEM-116, OXA-10, and OXA-48"" meropenem was used for

" Column 1 defines the Ambler das or subchss for MBLs

of the Jlctamases used Experiments :irl.\u]ving_ inhibition of OXA-10 and OXA-48 by mu'npmmd 2 were done with and without added
bicarbonate. All in vitro assays except, for VMEX 5133, were freshly determined. The results are generally in accord with the reported vahues, ™=

with exceptions in parentheses. Eh ot inhibited.

awiliary gave the desired bicyclic boronate 3, which was
isolated 2 a mixture of (R/S lenantomers,

Inhibition of f-Lactamases. Compound 3 was tested for
inhibition agairst ten f-lictamases, compridgng representatives
from all four Ambler dases, using an established fuorescence
based method."*' ™"+ The clinically wsed SBL inhibitor
avibactam'' and 1-captoprl a well-studied and moderately
potent MBL inhibitor (Figure 1),"" were used for comparison.
As anticipated, avibactam did not manifest MBL inhibiion'’
and 1-captopsl did not manifest SEL inhibition.” By contrast
thioether 3 inhibited all 10 of the tested flactamases, though
like the reported acylamino bicydic bormates (eg, 2***and
VIMRX-5133"5%) it showed varistions in potency. Notably, the
inhibition profiles for 2, VINBX-5133, and 3 differ (Table 1).
With the class A and C SBLs, 3 and VNRX-5133 amre les
potent than 2 againg the chss A TEM-116 enzyme, but 3 &
maore potent than 2 and VMEX-5133 against the AmpC
enzyme from P. aerugingss

The results for the inhibition of the dass D ereymes OXA-
10 and OXA-48 by 3 are notable Class I} enzymes require a
lysine carbamate for catalysis which is formed by reaction of
an essental active dte lysine with (hi)jcarbonate/carbon
dioxide™ ™ (hence OXA assays were carried out with and
without added bicarbonate ). Notably, 3, like cydic boronate 2
and VMEX-5133, was not highly potent against the class I
emyme OXA-10, either with or without added bicarbonate
(100 mM ), and the plC g value was reduced in the latter case
[plCsp Fom 5.9 to 4.1; Table 1) Importantly, thioether 3 was
significantly more potent than 2 and VNRX-5133"%% (or
avibactamn ) against OXA48, an SBL of major contemporary
clinical impontance.’”™ " The pIC,, values of 3 against OXA-
48, both in the absence and presence of bicarbonate were
substantially greater than for 2 and VNRX-5133 (Table 1).*
Recent work employing kinetic and biophysical (NMR and
crystallography ) analyses shows that different inhibitor classes
interact with class I OXA enzymes in a manner that differently
influences their lysinecarbamylation status.™ The molecular
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Figure 3. Mode of inhibition of the VIM-2 MBL by thicether 3. [A) View from a crystal structure of 3 in compler with VIM-2. Both the [ R)-
[cyan} and (8} (date blue) enantiomers of 3 are present in the active site. mF -DF, OMIT electron density contoured to 37 i shown as a gray
mesh Naote, the phenyl sde-chain of 3 is partially disordersd in both the (5} and (R }-enantiomers, a5 reflected by high B-fctors for these atoms.
(B} Comparisan of crystal structures of VIM-1 in complex with hydrolyzed mempenem [W}.]"a]mg_wjﬂiﬁgk-mmﬁmﬂ [cyan) and the 5
enantiomer (slate blue) of C-3 thicether 3. The zinc ions for VIM-1 ($N51} are shown in green and those for VIM-2 (6RPN) in gray.

L3 Loop

A

Figure 4. Comparison of the L3 and L10 loop

conformations and snc—zine distances in the VIM-2 resting state (4BZ3) (pink} and VIM-2 in

complex with thivether 3 (white) (6RFN). (A) Both the L3 and L10 loops adopt different positions in the resting state (pink ) compared to the
complex with 3 (white). Residues important for intezctions are ako shown. [ B) When 3 & bound to VIM-2, the zinc jons are disphoed; VIM-2

(black) compared to VIM-2/3 complex (gray). Distances are in A

basis of the difference in potency between 3 and 2 for OXA-10
and OXA-48 merits further investigation and will be the
subject of future studies

Most importantly, thicether 3 inhibits a range of MBLs
supporting the proposal that bicyclic boronates have
considerable potential as potent broad spectrum SEL and
MEL inhibitos."*"" In terms of the tested Bl MELs (NDM-1,
VIM-1, VIM-2), 3 was condderably more potent than 1-
captoprl, by at least 10-fold. Compound 3 was of similar
(MDD 1, VIM-1) or reduced (VIM-2) potency compared to 2
against Bl MELs These differences in potency likely reflect
variations in the active sites of individual MBLs, for exumple,
VIM-1 and VIM-2 differ in their binding modes for the f-
lactam substrate (or analogous inhibitor) carboxylate (Figure
3).* The increased potency of 3 compared to 2 versus the B3
MEL L1 and a monozine B2 MBL (CphA) is notable
because it implies that further structure—activity relitionship

140

105

[ SAR) studies will likely expand the scope of potent inhibition
by bicyclic boromates to all three MBL subclisses.

Minimum Inhibitory Concentrations. We then inves-
tigated the potency of 3 in microbiological asays. Given the
inhibitory activity of 3 against OXA-48, we assessed its ability
to restore the antimicrobial adivity of a carbapenem
(meropenem ) agaimst an OXA-48 producing bacteria (Kleb-
sigla pramonige NCTC 13442) and compared it with the
monocyclic boronate vaborbactam. Determimation of MIC
values were performed in triplicate using broth microdilution
following CLSI (Clinical Laboratory Standards Institute)
guidelines™ Plites were incubated overnight at 37 °C for
1824 h, and the absorbance at 600 nm was read using a
ClaidoSTAR (BMG LabTech) microplite reader.

Meropenem alone had a MIC value of 4 ug mL™" against
Eldbwsizlla preumoniae MCTC 13442, As expected, the addition
of vaborbactam has no effect in an OXA4E camier™ with the
MIC value being maintained at 4 pg ml ™' However, the

D 0 DI el D 13
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Figure 5. Views from crystal structures of the (5)- and (R)-enantiomers of 3 (bhue and cyan, respectively) superimposed with that of 2 (orange) at
the VIM2 active site om'n]u:l:ing_ana]np'u.i ]1}1{113-?1 i:-mu['inﬁ_ interactions. (A ) One carboaylate OXygen [HETATM 018} of both 2 and 3 interacts
with the main chain amide of Asn233. PDB [Ds 6BPN and SFQC. (B) Carbony group of the acylmino side chain of compound 2 interacts with
the backhone NH nd".ﬁ.qul'?_: 3 cannot make this interaction due to its thicether side chain. Residues A::_pll?and A=mn233 from the VIM-2/2
complex structure are shown in green (PDB 5FQC) Hydmogen bonds: dotted lines Distances are in A

combination of meropenem and 3 at the same fixed
concentration used for vaborbactam (8 pg mL™') reduced
the MIC value to the susceptible range (1 pg mL™"), Although,
3 i not particularly potent in these microbiological assays, this
observation provides evidence to support the proposal that
bicydic boronates with varied side chaing should be further
explored to identify more potent bread spectrum F-lactamase
irthibitors.

Crystallographic Investigations. To investigate the
mode of fhcamase inhibiion by 3, we obtained a crystal
structure of VIM-2 in complex with 3 Crystals appeared in
wells with a solution of 02 M MgCL, 0.1 M Tris (pH 825),
and 25% PEG 8000; a structure of VIM-2 in complex with 3
was determined to 1.4 A resolution (Figure 3, Supplementary
Table 1) There are two protein molecules in the asymmetric
unit (chains A and B, Supplementary Figure 1); electron
density for both ( 5)- and (R -enantiomers of 3 was apparent in
each of the chains. Each enantiomer of 3 was refined with 50%
oocupancy in both A and B dhaing Compound 3 was prepared
as a mivture in which the (R}-enantomer was in evcess a
asdgned by NMR of intermediates (see abovel; thus the
crystallographic evidence indicates hinding of the (5)-
enantiomer may be preferred, though futher wark & required
to verify this proposal in solution. The electron density for 3 in
both chains A and B & clearly consistent with the presence of a
“tetrahedral® bicyclic boronate. The general binding modes of
the bicydic boronate core and its carboxylate are very similar
to those reported for 2 and related compounds with VIM-2
and other MBLg, including NDM-1.* No evidence for partial
tricyclization, a5 observed crystallographically for VINEX-5133
in complex with NDM-1 was observed.'® These observations
further suppaort the use of bicyclic boronic acids and boronates
to mimic @-lactam containing f-lactamase substrates (in their
sp® form) and ereyme bound high energy tetrahedral
intermedistes (in their sp® form ).

One of the oxygen atoms (HETATM designation (V18) of
the C-3 carboxylate of 3 is positioned to coordinate to Znd of
the dizinc ion active ste of VIM-2, as is the “endocydic”
boronate ring oxygen (Figures 3 and 4). Moreover, there is
clear reposiioning of the minc jons in the adive ste when
compared to “resting state” VIM-2 structures, with the Zn—Zn
distance increasing from ~35 A to 4.3 A (Figure 4).*7 These
observations are consistent with other solution and orystallo-
graphic studies, implying metal ion movement may ocour

during inhibition and catalysis by MBLs and other metal-
loergymes ***

The L3 loop bordering the VIM-2 active site is in a different
position compared to the repomed unligated stmctures,
apparently to accommodate the binding of 3 (Figure 4).
Compared to previously reported structures of VIM-2 with the
cyclic boromte 2, the overall hinding positions of the
bicyclic boronate core rings of 2 and 3 are very similar;
however, 2 binds at a slightly greater distance (2.5 A) from the
znc fons compared to 3 (23 A) relative to the boron bound
oxygens and hydrocides (Figure 4). Moreover, the non-zine
ion-ligating carboxylate ocygen of 3 (HETATM desgnation
019) is positioned to form a hydrogen bond with the amide
nitrogen of Asn233 (Figure 5). The “exncydic” boron bound
oxygens and hydroxides (HETATM designation 03 and O1)
appear to mimic the binding modes proposed for the two
oxygens in the oxpanion intermediate in f-lctam hydrolysis
(Figure 3). Again, as with 2 and related compounds,'™" the
bicyclic pheryl-boronate ring of 3 & analogously positioned to
the cephalosporin dilydmthiazine ring (or analogous penicllin
or carhapenem fHlactam fused rngs) at the VIM-2 active site;
that is, the bicyclic boronates have a similar overall active ste
binding mode to ceplalosporins and other f-lactam substrates.

At the VIM-2 MBL active site, the C-6 thioether side chain
of 3 projects ina amilar direction to that of the acylamino side
chain of cephalosporin derived complexes and that of
3 IS o ever, 3 does not have an amido group
containing side chain and hence cannot hydmgen bond with
the backbone MH of Aspl19 as observed for substrates and
inhibitors with acylamino (eg., 2, peniclling, cephalosporing)
or hydroxyethyl (carbapenems) side chains. This difference
muay, at least im part, refled varitions in the inhibiton
potendes of 2, 3, and VINRX-5133 though different side chain
conformations may ako be important. it should ako be noted
that this interaction is not essential for potent inhibition of
some [lactamases (e, AmpC P geruginosa) and OXA-48,
where 3 is more potent than 2, Table 1), though given the
mostly lower activity of 3 compared to 2, it is possible that it
can promote binding.

B CONCLUSIONS
The combined inhibition, crystallographic, and microbiological
results support the potential of bicydic boromate based fi-
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lactamnase inhibitors with broad spectrum activity against both
SBls and MEBLs. In prindple, bicydic boromates are in
equilibrivm  with monocydic and potentially even acydic
forms, which can react with nucleophilic active site
reddues” " In several cases, structural studies have revealed
the potential for ersyme bound boronate esters to undergo
unexpected reactions, a exernplified by the observation of
tricyclic Ang formation in the reaction of the bicydic boronate
VMEX-5133 with NDM-1 and tricovalemt binding of a
boronate with a penicillin binding Pmtejn.’m However, in
most (bijoyclic cases studied by protein crystallography, the
core cyclic unit, as observed in solution, appears to adopt a
bicydic structure as revealed in this study (Figure 3 and 4) and
in most previows work i shown in Supplementary Figure 2,
which compares the observed binding modes of difierent
bicydic boronates in both MBLs and SBLs."*'%% 1

Although there are limited studies on varied side chain
in bicyclic boromates reported in the academic literature, 4
owr study indicates that the potency and selectivity of the
bicydic boronates can be substantially altered by the nature of
the C-3 substituent (equivalent to C-6 penidllin and C-7
cephalosporin side chains). Thus, while 3 was less potent than
2 againd some of the tested flactamases, it was more potent
against otherss, notably MBLs in the B2 (CphA) and B3
subclames (L1), revealing the potential of bicyclic boronates
for potent inhibition of all three MBL subclisses. Although 3 &
a potent inhibitor of some f-lactamases, it was not very active
in our cell based assays (inchiding compared to 2),'"* possibly
due to lack of cell penetration or to efi .

The overall results imply not only that further work on side
chain SAR of bicydic boronates will be productive, but also
that it may be useful to revisit side chain chemistry of the
established types of fHactam containing SBL/transpeptidase
inhibitors, the SAR of which mostly reflects cell-based studies.
At least in the case of the dinically established f-lactan based
cliss A SBL inhibitors, the range of C-6 penidllin equivalent
side chains is imited to either none (eg, 2 in davulinic acid,
sulbactam, taobactam ) or hydrocyethyl (carbapenems). The
sugpestion that further work on dde chain optimization should
be done is supported by ongoing work concerning derivatives
of avibactam, wherein substitution of the avibactam CONH,
side chain can lead to improved activity, including with respect
to confering transpeptidase inhibiion and antibacterial
activity.” Given the enormous contemporary societal
importance of fHactams and related antibiotics, we suggest
there i condderable scope for continued work in the field
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1. Experimental Details for synthesis

All commercially acquired starting materials, reagents and solvents were used as received,
except for N-bromosuccinimide, which was recrystallized. Flash chromatography employed
Silicagel (35 — 70 pm) {Merck). Thin layer chromatography was performed using Merck silica gel
G0 Fo=q TLC plates and was visualized using UV or by staining with KMnOs. Reverse phase
chromatographic purifications were performed using a Biotage SP1 purfication system with
Biotage SNAP Cartridge KP-C18-HS (12g or 30g) pre-packed columns. 'H and “C NMR
spectra were recorded on Varian Mercury spectrometer (400 MHz) or Bruker Fourier
spectrometer (300 MHz) machines. Chemical shift values (3) are reported in ppm using the
residual solvent signal as an intemal standard; J values are to the nearest 0.5 Hz. Multiplicity is
given as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), app (apparent),
or a combination of these. IR spectra were recorded using a Shimadzu FTIR IR Prestige-21
spectrometer. High-resolution mass spectra (HRMS) were recorded using a mass spectrometer
with a time-of-flight (TOF) mass analyzer using the ESI technique. Specific optical rofations
were measured on an Autopol Vi polarimeter. [ch]::.T values are reported in 10° ; deg cm? g'i, and
concentrations (c) are quoted in g per 100 mL; D refers to the D-line of sodium (585 nm), and
temperatures (T) are given in degrees Celsius (°C). Petroleum ether refers to distilled light
petroleum of fraction 3040 *C.

1.1 Synthesis and compound characterization

l aH {_\ " o ~ _r\ j.-'.-"\D L&)
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Scheme S1. Synthesis of cyclic boronate with a thio-ether side chain 3. TFA
triflucroacetic acid, TFAA = triflucroacetic anhydride, NBS = N-bromosuccinimide, BPO =
benzoyl peroxide, B-Pin; = bis{pinacolato)diboron, dppf = 1,1-hisidiphenylphosphinoiferocene,
DCM = dichloromethane, Bn = benzyl, TEA = friethylamine.
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2,2, 8-Trimethyl-4H-benzo[d][1,3]dioxin-4-one (4)

To a cooled suspension of 3-methylsalicylic acid (2.5 g, 16.4 mmeol) in triflucroacetic

0 acid (7.5 mL) was added a cooled solution of acetone (3 mL, 406 mmaol) in
o D’J< trifluoroacetic anhydride (5 mL) dropwise at 0%C. The resultant suspension was
then stirred at room temperature for 18h. The resultant yellow solution was diluted

with toluene (15 mL), then concentrated under reduced pressure (this procedure was repeated
three times). The residue was dissolved in EtOAc, washed with saturated agueous MaHCZO;,
brine, dried (Na,50,), then concentrated in vacuo. The crude material was purified by flash
chromatography (5-10% EtOAc in petroleum ether) to give 4 (2.23 g, 71% vyield) as an off white
solid. Ry 0.50 (6:1 Hexanes/EtOAC). m.p.. 66 — 67°C. 'H NMR. (400 MHz, CDCl:) & 7.76 — 7.80
{m, 1H), 7.36 — 741 (m, 1H), .99 (t, J = 7.5 Hz, 1H), 2.21 (s, 3H), 1.73 (s, 6H). *C NMR (101
MHz, CDCly) 6 161.7, 154.3, 137.4, 127.2, 126.8, 1221, 113.3, 106.2, 26.0, 15.1. IR {fim, cm™)
3062, 2622, 1727, 1383 1263, 1064, 982. HRMS (ESI/ TOF-Q) miz: [M+H]* caled for Cy4H4:05,

192.08586; found, 193.0865.

8-(Bromomethyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (%)

To a solution of compound 4 (2.21 g, 11.5 mmaol) in acetonitrile (33 mL) was

added N-bromosuccinimide (2.25 g, 12.6 mmol) at room temperature, followed

o Djﬁ: by benzoyl peroxide (with 25% of H20) (371 ma, 1.15 mmol). The yellow

3 colored suspension was heated at 80°C for 22h. The resultant yvellow solution

was concentrated under reduced pressure and purified by flash chromatography (5-10% EtQAcC
in petroleum ether) to afford bromide 5 (224 g, 72% yield) as an off white solid. Ry 0.45 (61
Hexanes/EtOAC). m.p.; 141 — 142°C. "H NMR (400 MHz, CDCI;) & 7.94 (dd, J = 8.0, 1.5 Hz,
1H), 7.59 (dd, J = 7.5, 1.5 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 4.48 (s, 2H), 1.79 (s, 6H). "C NMR
{101 MHz, CDCl;) & 160.7, 1543, 1372, 130.3, 126.9, 122.7, 114.3, 107.1, 26.2, 26.0. IR (film,
cm™') 3031, 1734, 1313, 1066, 757. HRMS (ESU TOF-Q) m/z- [M+H] + calculated for
Cy1H20:Br, 2709957, found, 270.9970. The obtained spectral data were consistent with that

reported by Bosnich et al!
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2,2-Dimethyl-8-(({35,45,65)-3.5,5-trimethylhexahydro-4,5-
methanobenzo[d][1,3,2]dioxaborol-2-yljmethyl)-4H-benzo[d][1,3]dioxin-4-one (7)

Bromide 5 (2.14 g, 7.89 mmal), B2Pinz (2.20 g, 8.68 mmaol), KOAC (2.32 g,

237 mmol) and PdidppfiCl: (28% mg, 0.39 mmal) were suspended in
o ’1\ 7Q degassed 1,4-dioxane (30 mL). The mixture was flushed with argon and

the resulting crange suspension was heated at 230°C in a sealed tube for
4h. The dark brown suspension was cooled to room temperature and filtrated through a pad of
Celite™ with EtOAC washing. The filtrate was washed with water and brine, dried (Na;S0,), then
concentrated in vacuo. The residue was dissolved in THF (35 mmol); {15, 25, 3R, 55)-(+)-
pinanediol (2.69 g, 15.8 mmol) was added and solution was stimed at 40°C for 18h. The
resultant brown scolution was concentrated under reduced pressure and punfied using flash
chromatography (10-20% EtQAC in petroleum ether) to give pinanediol boronic ester 7 (2.55 g,
87% vyield over 2 steps) as a colorless oil. Ry 0.25 (9:1 petroleum ether/EtOAC)."H NMR (500
MHz, COCl3) 6 7.75 (dd, J=8.0,1.5Hz, 1H), 748 - 7.32 (m, 1H), 6.99 (t, J= 7.5 Hz, 1H), 4.25
(dd, J=85 20 Hz, 1H), 233 - 228 (m, 1H), 2.26 (s, 2H), 222 - 216 (m, 1H), 201 {t, J=55
Hz, 1H), 1.91 —1.87 (m, 1H), 1.79 (dd, J = 14.5, 3.5, 2.0 Hz, 1H), 1.72 (8, 3H), 1.70(s, 3H) 1.37
(s, 3H), 1.27 (s, 3H), 113 (d, J = 11.0 Hz, 1H), 0.81 (s, 3H). ®C NMR (126 MHz, CDCl;) &
161.8, 153.9, 137.1, 128.3, 1266, 1222, 113.3, 106.2, 86.1, 78.1, 51.3, 39.5, 38.25, 35.5, 28.5,
271, 265, 26.1, 25.8, 24.1. IR (film, cm™) 2987, 2919, 2871, 1741, 1379, 1305, 1058, 758.

HRMS (ESl TOF-Q) mfz: [M+H] + calculated for CxHz=BOs, 371.2030; found, 371.2048.

Optical rotation: [a]®n = +15.6 (c = 10.0 mg/mL, CHCI3).
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8-({25)-2-Chloro-2-{(3a5,45,65)-3a,5 5-trimethylhexahydro-4,6-
methanobenzo[d][1,3. Z]dioxaborol-2-yl)ethyl) -2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one
(8, major product)
A cold bath at —100 *C was prepared by addition of liguid nitrogen to 50:50 mixture of
ethanolfmethanol. To an oven dried 2-necked round bottom flask
g—'{);)i under an argon atmosphere was added a solution of CHLCl, (0.61
P ;

B
-
o Cl
™0 ,J.;i solution in hexane {(1.73 mL, 4.32 mmol) was added slowly down the
8

mL, 9.45 mmel) in anhydrous THF (10 mL) at -100°C. 2.5M nBuLi

inside wall of the flask, keeping the temperature below -90°C. The
resulting white turbid solution was stirred at -100%C for 50min. At -100°C a solution of boronate 7
(1.0 g, 2.70 mmaol}) in anhydrous THF (4 mL) was then added dropwise. The solution was stirmed
at -100°C for ca. 15 min before a 0.5M solution of ZnCl in anhydrous THF (4.32 mL, 2.16
mmol) was added dropwise; the yellow solution was allowed to warm to room temperature
slowly and stirred for 17h. The resultant orange solution was quenched with sat. NH.CI (ca. 30
mL), extracted with EtOAC (3 x 30 mL), dried over anhydrous Nax30, concentrated under
reduced pressure, then purified by silica gel chromatography (5-20% EtOAC in petroleum ether)
fo give product & (678 mg, 61% yield) as a colorless oil and a mixture of sterecisomers (85.8R
T2:28 as assigned by "H MMR; Supplementary Figure 3). Analytical data are given for the major
steresisomer. Ry 0.25 (31 petroleum ether/Et0OAc)."H NMR (400 MHz , CDCl;) & 786 (dd, J =
8.0, 15Hz 1H), 749 (dd, J=7.5,1.5Hz, 1H), 7.05 (t, J=7.5 Hz, 1H), 435 (dd, J =90, 2.0
Hz, 1H), 3.76 — 3.68 (m, 1H), 3.22 — 307 (m, 2H), 2.39 — 228 (m, 1H), 2.23 — 215 (m, 1H]},
2.08 —2.04 (m, 1H), 1.93 —1.81 (m, 2H), 1.74 (5, 6H), 1.36 (5, 3H), 1.28 (5, 3H), 105 (d, J =
11.0 Hz, 1H), 0.83 (s, 3H). "™C NMR (101 MHz, CDCI:) § 1614, 1544, 1379, 1285, 1272,
1222, 113.7,106.5, 871, 78.7, 775, 772, 76.84, 51.3, 394, 384, 353, 340,285, 271, 264,
26.1, 26.0, 241 IR {film, cm™) 2987, 2928, 2871, 1741, 1379, 1302, 1060, 759. HRMS (ESI/
TOF-Q) mfz: [M+H] + calculated for CxHaeBCIOs, 4191798, found, 419.1806. Optical

rotation: [ao]"°p = +13.0 (c = 12.3 mg/mL, CHCIl3).

112



8-((2R)-2-(Benzylthio)-2-((3a5,45,65)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3. 2]dioxaborol-2-yl)ethyl)-2,2-dimethyl-4H-benzo[a][1.3]dioxin-4-one

(9, major product)

To a solution of chloride 9 (534 mag, 1.27 mmal) in anhydrous CH2Clz
(11 mL) at room temperature was added benzyl mercaptan (0.19 mL,

1.66 mmol), followed by addition of trithylamine (035 mL, 2.54

mmal). The resultant yellowish solution was stimed at room
temperature for 3h, then diluted with ~10 mL CH2Clz, washed with agueous HCI (1M), dried
(Ma,504) and concentrated under reduced pressure. The crude material was purified by flash
chromatography (5-20% EtOAC in petroleum ether) to give product 9 (449 mg, 70% vyield) as a
colorless amorphous solid and a mixture of sterecisomers (85:8R 24:76) as assigned by H
MNMR (Supplementary Figure 4). Analytical data are given for the major sterecisomer. Ry 0.30
(9:1 petroleum ether/Ef0AC)."H NMR (400 MHz, CDCl;) 5 7.80 (dd, J = 8.0, 1.5 Hz, 1H), 7.43
{dd, J=7.5, 1.5 Hz, 1H), 7.35 - 7.27 (m, 4H), 7.25 =719 {m, 1H), 6.97 ({t, J= 7.5 Hz, 1H), 424
(dd, /=90, 20 Hz, 1H), 3.85 - 3.75 (m, 2H), 2.88 — 283 (m, 2H), 247 — 2.40 (m, 1H), 2.35 —
226 (m, 1H), 2.14 —2.06 (m, 1H), 2.03 — 1.98 (m, 1H), 1.88 — 1.83 {m, 1H), 1.82 — 1.76 (m, 1H),
162 (d, J=H5Hz, 6H), 1.32 (s, 3H), 1.26 (s, 3H), 0.89 (d, J = 11.0 Hz, 1H), 0.81 (s, 3H). ®C
NMR (101 MHz, CDCl5) 5 161.5, 154 4, 1384, 137.8, 120.2, 1286, 128.0, 1271, 122.00, 113.5,
106.3, 86.3, 782, 77.5, 77.2, 76.8, 514, 395 383, 365, 355, 31.3, 287, 271, 26.3, 26.2,
256, 24.1. IR (fim, cm™) 2087, 2024, 2871, 1743, 1379, 1305, 1060, 759, 703. HRMS (ESI/
TOF-Q) miz - [M+H] + calcd for CagH:sBOsS, 5072377, found, 507 2395 Optical rotation:

[a]*%; =-24.2 {c = 10.5 mg/mL, CHCI;).

113



(R)-3-[Benzyithio)-2-hydroxy-3,4-dihydro-2H-benzo[e][1.2]oxaborinine-8-carboxylic acid
(3, major enantiomer)

To a solution of compound 9 (244 mg, 0.48 mmol) in THF (4 mL) at room temperature

. &M agueous KOH (3 mL) was added. The resulting two-phase solution
=

I
S~ was stimed at 60°C for 6h, then cooled to room temperature. EtzO (2

o ®on mL) and water (2 mL) were added, the phases were separated and the
o I(E&R) organic layer extracted with water (3 x 2 mL). The combined agueous
extracts were acidified with aqueous HCI (1M) to pH 1 and extracted with EtOAC (3 x 3 mL). The
combined organic layers were washed with brine, dried (Na:50s), then concentrated in vacuo.
The residue thus obtained and /BuB {OH)- (90 mag, 0.88 mmol) were dissolved in acetonitrile (6
mL), before conc HCI (0.68 mL, 22.0 mmol) and few drops of water were added. The resulting
yellow solution was stirred at 40°C for 3h. The resulting orange solution was allowed fo cool to
room temperature, was washed with petroleum ether (3 x 3 mL), then concenfrated under
reduced pressure. The residue was purified using a C18 column 10-100% MeCH in water (+
0.1% wiv aqueous TFA) to give the desired product 3 (43 mag, 31% yield) as a yellow solid. m.p.:
190 — 192°C. "H NMR (400 MHz, MeOD) & 7.75 (d, J = 8.0, 2.0 Hz, 1H), 7.36 — 7.32 (m, 1H),
7.29-723 (m, 4H), 7.20 — 716 (m, 1H), 6.85 - 6.79 (m, 1H), 3.64 (d, J= 2.5 Hz, 2H), 3.06 —
2.95 (m, 2H), 2.52 (dd, J = 8.5, 6.5 Hz, 1H). "*C NMR (101 MHz, MeOD) & 140.5, 1376, 130.3,
130.0, 120.0, 129.9, 129.3, 129.2, 129.2, 127.8, 1274, 119.7, 36.9, 33.8. IR (film, cm™) 3401,
2913, 1700, 1597, 1475, 1230, 758, 698. "'B NMR (MeOD) 27.9. HRMS (ESI/ TOF-Q) m/z: [M-
H] — calculated for C,gH,,BO:S, 313.0706; found, 313.0708. Optical rotation: [a]%y = +68.6 (c

=10.0 mg/mL, MeOH).
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'H and "*C NMR Spectra

'H and *C NMR for 2,2,8-Trimethyl-4H-benzo[d][1.3]dioxin-4-one {4) in CDCls.
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'H and "*C NMR for 8-(Bromomethyl})-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (5) in

CDCl,.
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ks

NMRE  for

2,2-Dimethyl-8-(({35,45,65)-3,5,5-trimethylhexahydro-4,6-

methanobenzo[d][1,3, 2]dioxaborol-2-yl)methyl)-4H-benzo[a][1.3]dioxin-4-one (7) in CDCls.
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'H and ™C NMR for B8-((25)-2-Chloro-2-{(3a5,45,65)-3a,5,5-trimethylhexahydro-4,5-

methanobenzo[d][1,3, 2]dioxaborol-2-yl)ethyl)-2,2-dimethyl-4H-benzo[d][1.3]dioxin-4-one

(&) in CDCl5.
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'H and "*C NMR for 8-{{2R)-2{Benzylthio)-2-((3a5,45,65)-3a,5,5-trimethylhexahydro-4,6-

methanobenzo[d][1,3, Z]dioxaborol-2-yl)ethyl)-2,2-dimethyl-4H-benzo[d][1.3]dioxin-4-one

(9) in CDCl,.
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H and L NMR for {R)-3-{Benzylthio)-2-hydroxy-3,4-dihydro-2H-

benzo[e][1,2]loxaborinine-8-carboxylic acid (3) in MeQD (major enantiomer).
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2 Experimental details for Protein Purification and Crystallisation

The VIM-2 DNA insered into the pOPINF vector was used o produce recombinant VIM-2
protein in Lemo21(DE3) pLysS E. coli cells as previously rt.e;:n::rt«ad.2 The purfied protein was
then buffer exchanged info the crystallisation buffer (S0mM HEPES pH 7.5, 100 mM MacCl, 1
mi TCEF and 100 uM ZnClz) and concentrated to 8.1 mg/mL. To prepare the protein solution
with inhibitor for co-crystallisation a 10 mM solution of compound 3 was diluted tenfold in a 8.1
madml solution of VIM-2 and incubated on ice for 10 minutes. The protein-inhibitor mixture was
then co-crystallised by sitting drop vapour diffusion method at room temperature by vanying
concentrations of PEG 8000 (7.5 - 358% (wh)), Tris buffer (pH 7 - 8.75) and 0.2 M magnesium
chloride. Crystallization plates (96 well At Robbins low profile intelliplates) were prepared using
a PhoenixRE liquid dispenser {with 200-300nL drops and 80uL reservoir volumes in 1:2, 1:1,
and 2:1 ratios of protein-reservoir). VIM-2 crystals appeared after 24 hours in the condition 25 %
PEG 8000, 0.2 M magnesium chloride and 0.1 M Tris pH 8.25. A 150 x 50 x 50 crystal was
cryo-protected using 15% (wv) glycerol diluted in well solution, harvested using nylon loops,
then cryo-cooled by plunging in liquid nitrogen. Data were collected using a single crystal which
diffracted to 1.4 A resolution in-house using a Rigaku FRE+ X-ray gensrator equipped with HF
Varimax optics (300uM collimator) and a Saturn 944+ CCD detector. The data were processed
using HKL3000° (Supplementary Table 1).The structure was solved by molecular replacement
using XYZ as a search model in PHASER Model building® and fitting was done using COOT.®

Refinement was carried out using the PHENDX suite (Supplementary Figure 3].2'5
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Supplementary Figure 1. Cartoon showing the two VIM-2:3 complex molecules in the
asymmetric unit with compound 3. Both {5) and {Rl-enantiomers of 3 were refined (1:1) at
the active site of each of the chains (A and B) comprising the asymmetric unit, cyan and slate
blue sticks respectively. PDB code: 6RPN.
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Supplementary Figure 2. Figure showing the different binding modes of various cyclic
boronates in complex with B-lactamases and a PBP. (4) Cyan and blue: conformations of
the (R) and (5)-enantiomers of compound 3 in complex with VIM-2, respectively (FDB: 6RPN);
Orange: compound 2 bound to VIM-2 (5FQC); Light pink: compound 2 bound to PBPS (5J8XF);
Green and purple, YNRX-5133 bound to NMDM-1 [ERMF?J in its bicyclic and tricyclic forms,
respectively; Yellow: VNRX-5133 bound fo OXA-10 (GRTN"). The different side chain
conformations observed imply that there is scope for optimisation to extend the spectrum of
activity of cyclic boronates. (B) Structures of bicyclic and tricyclic boronates.
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Data collection and refinement statistics from VIM-2:3 structure

¥-ray source (A)

Rigaku FR-E+ Superbright (Culk; 1.54 A)

Sample temperature (K)

100

Crystal size (pm) 150 x 50 x 50

Resclution range (A) 3134141 (148141
Space group &2

Unit cell {a, b, ¢} (&) 101081 78155 &7.746
Unit cell {a. B. ¥} (%) g0, 130.3, 00

Mao. of reflections

TE1Z1 (Doaz)

Frerge 0.084 (D.365)"
1l 14.4 (1.85)"
cC12 0.725 (D.658)"
Completeness (%) 85.5 (85.1)"
Multiplicity 20(1.4)
Wilson B values (A7) 154
Refinement"
Flwors/Rires 0.1287/ D.1556
Average B factors (A7)

All Atoms 15.8

Enzyme Afloms 13.2

Ligand Atoms 224

WWater Atoms 283
RMS Deviations

Band lengths [A) 0007

Bond angles (") 1.088

Supplementary Table 1: Data processing and refinement statistics for the VIM-2:3 crystal

structure (PDB Code: 6RPN). *Values from the highest resolution shell are in brackets.
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Supplementary Figure 3. Estimation of the diastereomeric ratio of compound 8. Following
reported procedures®, the diastersomeric rafio (85:8R, 72:28) of the Matteson homologation
was estimated by '"H NMR by integration of the Haygg proton of the (+)-pinanadiol derived moiety
of the chloro intermediate 8 (6 major, (S)-chloride, 1.05 ppm, doublet; & minor, (R)-chlonde: 0.98
ppm, doublet)®.
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Supplementary Figure 4. Estimation of the diastereomeric ratio (85:8R, 24:76) of
compound 9. The diastereomeric ratio was estimated by 'H NMR by integration, as described
in the legend of Supplementary Figure 3.
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A bstract: Fesistance to P-lactam antibacterials, importantly via production of B-lactamases, threatens
their widespread use. Bicyclic boronates show promise as dinically useful, dual-action inhibitors
of both serine- {(SBL) and metallo- (MBL) B-lactamases. In combination with cefepime, the bicyclic
boronate taniborbactam is in phase 3 clinical trials for treatment of complicated urinary tract infections.
We report kinetic and crystallographic studies on the inhibition of AmpC, the class C -lactamase
from Esdherichia coli, by bicyclic boronates, including taniborbactam, with different C-3 side chains.
The combined studies reveal that an acylamine side chain is not essential for potent AmpC inhibition
by active site binding bicyclic boronates. The tricyclic form of taniborbactam was observed bound
to the surface of crystalline AmpC, but not at the active site, where the bicyclic form was observed.
Structural comparisons reveal insights into why active site binding of a tricyclic form has been
observed with the NDM-1 MBL, but not with other studied B-lactamases. Together with reported
studies on the structural basis of inhibition of class A, B and D f-lactamases, our data support the
proposal that bicyclic boronates are broad-spectrum [P-lactamase inhibitors that work by mimicking a
high energy ‘tetrabedral’ intermediate. These results suggest further SAR guided development could
improve the breadth of clinically useful f-lactamase inhibition.

Keywords: antibiotic resistance;  [-lactam  antibacterial; bicyclic boronate  inhibitors;
VMEX-513%taniborbactam; vaborbactam; metallo- and serine-B-lactamase inhibition; transition
state analogue

1. Imtroduction

The p-lactams are amongst the most important antibiotics [1], but their widespread use is
challenged by resistance, substantially through the global dissemination of B-lactamases [2,2]. There are
two structural/mechanistic groups of P-lactamases—the nucleophilic serine-fi-lactamases (SBLs:
Ambler classes A, C, D} and the zinc dependent metallo-B-lactamases (MBLs: Ambler class B)
{Figumne 1b) [4]. Treatment of bacterial infections exhibiting resistance via some 5BLs, particularhy
class A ereymes, was substantially advanced by the co-administration of a B-lactam antibiotic with a
p-lactam-based SBL inhibitor, Le., clavulanic acid [5,6], sulbactam [7], or tazobactam [£] (Figure 1a).
However, these inhibitors are inactive, or are insufficiently active, against most class C SBLs, class
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A carbapenemases, and class B MBLs [3]. The clinical introduction of avibactam and avibactam
derivatives such as relebactam [¥] was an important step in mome broadly combating SBLs because
avibactam is active against class A B-lactamases (including carbapenemases), class C g-lactamases,
and some class [ B-lactamases [10]. Avibactam is also important because it demonstrates the clinical
wviability of non-P-lactam-based f-lactamase inhibition [11]. However, there is emerging SBL-mediated
resistance to avibactam [12,13] and MBLs can hydrolyze avibactam, albeit slowly [14], suggesting that
its future use may be compromised by the evolution of new B-lactamases [14,15].
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Figure 1. Mechanistic basis for f-lactamase mbubition by (bijcydic boronates. (a) chracally used
Prlactamase inhabitors; (b) outline general mechanisms of SBLs and MBLs, exemplified by hydrolysis
of a cephalosporm with ehmoanation at C-3'. The tetrahedral mbermediakes, comimon to both SBL
and MBL catalysis, may be mimicked by the sp? form of (bijoyclic boronates; () equilibria bebeeen
sp* and sp*hybridized forms of mone- and bi-opchic boronates; (d) structumes of bicy dic boronate
P-lactamase nhabitors cyclic boronate 1 (CB1), cyclic borenate 2 (CB2), the thicether boronate (CB3),
and taruborbactam (TAN, foronecly VINEX-5133) Note that the CB3 used in thes sbudy contamned a
muxture of the (35} and (3R Fenantomers (-1:3, respectively) [16].

By contrast with the successes in inhibiting SBLs, to date, there are no clinically useful MBL
inhibitors [3]. There is thus interest in development of non-acylating f-lactamase inhibitors, especially
those exhibiting dual-action SBL and MBL inhibition. Boron-based compounds have long been known
as SBL and, more recently, MBL inhibitors [17]. After early work on acycdic boronic acids, recent efforts
have focused on cyclic boronates. One such compound, the (predominantly) monocyclic boronic
acid vaborbactam [15] (VAB, Figure 1c) which is approved for treatment of complicated urinary
tract infections (cUTI) in co-administration with meropenem [19]. Vaborbactam is a relatively potent
inhibitor of class & ESBLs and the KI'C carbapenemases, but is not, at least usefully, active against tested
MBLs and clinically relevant class C and [ SBLs [19]. By contrast, boronates that are predominanthy
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bigyclic in solution, are able to inhibit many, but not all, of the tested representatives of all four Ambler
fi-lactamase classes [20,21]. The bicyclic boronates are proposed to work by binding in a manner
analogous to that of the etrabedral intermediate(s) likely involred in B-lactam catalyzed hydrolysis
by both SBLs and MBLs [20,21] (Figure 1b). Taniborbactam (TAN, formerly VINEX-5133, Figure 1d)
has passed phase 1 clinical festing [22] and is currently in phase 3 clinical ®sting in combination with
cefepime (registration Wo. MCT03840148 at Clinical Trials.gov ). TAMN has been shown to successfully
inhibit 5BLs and MBLs in titre [23-26], and to restore cefepime’s activity in 7io0 against a class A SBL
(CTX-M-14) producing strain of Klebsiella pneumonige in a neutropenic lung model of infection as well
as CTX-M-15 expressing E. coli in ascending urinary tract infections in mice [26].

Many p-lactamases are encoded by plasmids, but the AmpC type f-lactamases that are present
in most Escherichia codi strains are chromosomally encoded [27]. While normally expressed at low
levels, mutations in the ampC gene promoter and/or attenuator regions can lead to constitutive
hyperproduction of Amp(C in E. coli [25,29]. This is dinically relevant because E. coli is a common
Gram-negative pathogen, which is often responsible for bloodstream infections [30].

Structural data on the modes of action of bicyclic boronate f-lactamase inhibitors are relatively
limited [20,21,24,26,31-33]. Work to date indicates that mome than one side chain binding mode can
occur, making structure-guided optimization challenging. Work on the B1 subfamily MBL NDM-1 has
shown partial oy clisation of the TAN acylamino side chain to form a tricyclic structure, as an observed
bound at the NID?M-1 active site by protein crystallography [24]. The extent to which such tricyclisation
contributes to P-lactamase inhibition more generally is unclear

To enable future efforts on the optimization of bicyclic boronates, we report crystallographic and
kinetic studies on inhibition of the clinically important class C AmpC B-lactamase from Esdherichin coli
(AmpCrc) by TAN, a previously reported model bioyclic boronate 2 (CB2) [20,21,34], and a thicether
bicyclic boronate derivative (CB3) that we have recently shown to have enhanced potency against
some SBLs and MBLs in pitro [16,35]. Together with previously eported studies [20,21,24,26,31-33],
the crystallographic results support the proposal that bicyclic boronates mimic the tetrahedral
intermediate(s) common to both SBL and MBL catalysis. The results indicate scope for the modification
of the -3 side chain of bicyclic boronates to improve potency towards AmpC type f-lactamases and
inform on the likelihood of tricycle formation

2. Materials and Methods

2.1. Materials

(B2, TAN, and CB3 were prepared as previously described [16,20,24]; VAB was purchased from
Cayman Chemical (An Arbor, MI, USA). FC-5 was prepared as previously described [36].

2.2, Enzyme Production

Recombinant AmpC from Escherichia coli was produced according to a modification of the eported
protocol [37]. In brief, AmpCpe was produced using the pADF vector [38] in E. coli W3110 cells
using 2TY media supplemented with 12.5 mg/mL tetracycline. Cells were grown overnight at 37 °C,
harvested via centrifugation (10 min, 12,000x g, 4 °C), resuspended in 50 mL lysis buffer (20 mM Tris pH
7.5, 10 mM MgCly, 50 pgfml. DNAse I), then lyzed via sonification. Subsequent chromatography steps
employed AKTA (GE Healthcare, Chicago, IL, USA) FPLC machines. The resultant supernatant was
dialyzed with three buffer exchanges of 300 mL 10 mM Tris pH 675, then loaded onto a SP Sepharose
{GE Healthcare, Chicagno, IL, USA) cation exchange column and gradually eluted using a gradient
of 1075 mM Tris pH 7.0. Fractions containing the purified protein were pooled and concentrated to
20 mg'mL using an Amicon Ultra (MilliporeSigma, Burlington, MA, USA) centrifugal filter (15 mL,
10kDa MWCO). The protein was highly purified (=95%) as judged by SD5-PAGE and electrospray
ionization mass spectrometry analyses (observed mass: 39,551 Da, calculated mass: 39,551 Da).
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2.3 Kinetics

All kinetic measurements were carried out in competition assays using the fluorescent substrate
FC-5 [36] under steady-state conditions monitoring hydrolysis, in 100 mM phosphate buffer pH 7.5
supplemented with (013 (i) Triton X-100 (Assay Buffer). Fluorescence was measured using a
PHERA starF5 (BMC Labtech, Aylesbury, United Kingdom) plate-reader, recording emission spectra
at A, = 380 nm and A,y = 460 nm. ICgps were determined after 10 min incubation time of 500 pM
AmpCpewith varying concentrations of inhibitors and assayed using 5 uM FC-5. Monlinear regression
analyses wem carried out using GraphPad Prism V. 5.04 (GraphP'ad Software, San Diego, CA, USA).

As described for avibactam inhibition [11], the kinetics of bicyclic boronate inhibition of
fi-lactamases can be described assuming a two-step, reversible inhibition model:

L] kx
E4I—E:I—E-1 (1)
k-1 -2

with E: enery me; I inhibitor; k;: assodation rate constant; k_j: dissociation rate constant; ky: binding
rate constant, and k_;: recyclization rate constant
To obtain the pseudo first-order rate constant k., and the apparent inhibition constant Kiapp,
the rate of FC-5 (5 uM) hydrolysis by AmpCre (100 nM) was measured in the presence of varying
concentrations of the inhibitor Time-courses were then first fitted to Equation (2) to give the observed
initial rafe constants kg, as previously described [39]:
L
P= L‘r;f+{v|j—u5}T+Pﬂ {2)

with P: formed product, proportional to fluorescence signal; P indtial fluorescence; Vs velodty of
no-inhibitor control; and ¥y: velocity of no-eneyme control to estimate a fully inhibited eneyme.

Plotting the resultant k. values against the inhibitor concentration [I] (Figure 51b) and fitting to
Equation (3) gives the apparent second-order rate constant (k;/K)

k :
ke =k + 22 [ @)

with K’ representing the equilibrium coefficient of AmpC g inhibition in the presence of FC-5 in the set
concentration of 5 pM.

This can then be corrected using the Michaelis constant (Kyy) of FC-5 for AmpCrr and the FC-5
concentration [3] according to Equation (4) to give the second-order rate constant (kz/K):

-‘-’1_-‘-'1‘(55]

K K _+1] ®

Kpt

The same data were used to determine the apparent inhibition constant Kiapp [40]. The reciprocals
of the initial rates were plotted against inhibitor concentration (Figure 51a), giving a straight line for
which the value of the intercept divided by the slope gives Kz, From this, Kjapp can be obtained
after correction with the Ky for FC-5 according to Equation (5):

Koy
= 1+|:. a ] (5)
T,

Off rates (kp or k,g) wemne measured using the jump-dilution method [41] (Figure S1c). AmpCrc
{1 pM) was incubated with the respective inhibitor (10 pM for TAN, CB2 and CB3, and 100 pM for
VAB) for 30 min at room temperature, then diluted 100,000 fold in the Assay Buffer (final encyme
concentration: 10 pM) and immediately assayed with 25 uM FC-5. The data were fitted to Equation (2)
with ¥ in this case representing the velocity of the no-enzyme control and Vs representing the initial

Kiay

velocity of uninhibited enazyme.
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The half-life of the eneyme-inhibitor complex ty is given by Equation (&)
In(2)
Koty

(6)

b2 =

2.4 Antimicrobial Susceptibility Testing

Minimum inhibitory concentrations (MICs) were determined by broth microdilution in triplicate
and interpreted using published Clinical and Laboratory Standards Institute (CLSI) guidelines [22].

Ceftazidime (CAZ) was tested alone (00.25-256 pg ml™ Ly against DH5x Escherichia coli and DHS5x
E. coli containing the pAD7-AmpCre plasmid and in combination with CB2, CB3, TAN, and VAB (all
tested at a fived concentration of 4 ug m1~ 1) using the DH5x E. colf strain containing the pATV-AmpCge
plasmid [38].

2.5 Crystallization Experiments, X-Ray Data Collection and Processing

Crystallization plates (low reservoir Intelli-Flate 93-3, Art Robbins Instruments, Sunnyvale, CA,
USA) were set up with a Phoenix RE Drop setter instrument (Art Robbins Instrument, Sunnyvale,
CA, USA). Crystals were grown via the vapor diffusion technique at room temperature. To obtain
AmpCpo-TAN and AmpCpo-CB3 complex crystals, crystals of apo-AmpCpr were grown in Condition
A, comprising 200 nl. AmpCpe (20 mg/mL in 50 mM Tris pH 7.5), mixed with 200 nl. Precipitant
Solution (10 mM zinc chloride, 100 mM MES pH 6.0 and 20% (i) PEG 6000). Crystals grew at room
temperatume over 2-3 days, wem transferred into a well solution supplemented with approximatehy
20 mM inhibitor and incubated for 15 and 10 min, respectively. These AmpCye cryvstals ame highly
sensitive to DMS0 and prolonged soaking times (»15 min). Soaking was successful for TAN and
(B3, but, in the case of CBZ, only low occupancy was cbserved for CB2 following soaking under the
same conditions. A single crystal of the AmpCp~-CB2 complex was obtained via co-crystallization
using Condition B, comprising 200 nL. AmpCre (18 mg/mL in 50 mM Tris pH 7.5) and CB2 (20 mM),
mixed with 200 nl. Precipitant Solution (150 mM HEPES, 60% (/) 2-methyl-2, 4-pentanediol (MPD)).
Crystals grew at room temperature over 1-2 weeks. Due to the less robust crystallization system
and the lower resolution of the data obtained (see Table 51), the co-crystallization approach was not
explored for TAN and CB3. Crystals were cryo-cooled and then stored in liquid nitrogen. Datasets
from single crystals were collected using the i03 and 124 MX beamlines at the Diamond Light Source
{Table 51). Structures were solved by molecular replacement in Phaser [42] using FDB 1D 11EM [43] as
the starting model. Alternating cycles of efinement using PHENIX [44] and model building using
Coot [45] were performed until By, oq; and R comverged. Coordinates and structure factors have been
deposited in the Protein Data Bank. PDB IDs are 6T31, 6YED, 6YPD and 6YEN for the crystal structure
of AmpC from Escherichia coli in its apo-form and in complex with CB2, CB3, and TAN, respectively.

3. Resulis and Discussion

3.1 Kinetic Studies of AmpCgc Inkibition by Bicydic Boronates

To investigate the importance of different side chains at the C-3 position (equivalent to C-6 of
penicillins or C7 of cephalosporing) of the bicyclic boronate core for inhibition of AmpCr., steady-state
kinetic assays (Table 1) were carried out using the fluorescent reporter substrate FC-5 [36]. All three
tested bicyclic boronates showed enhanced potency for AmpCrr inhibition compared to the monooyclic
boronate VAB {K”FF' ~ 1-4 pM for the bicyclic boronates, compared to 19 uM for VAB). Interestingly,
the thioether CB3 was slightly more potent against isolated AmpCr than TAN and the structurally
similar compound CE2 iK'-"P'F' 1 pM for CB3, compared to 3 pM and 4 pM for CB2 and TAN, respectively).
The increased potency of CB3 likely results from accelerated binding (ky/K ~ 224 % 10° M~1 571 companed
to ~ 81/86 3 10° M1 57! for CBYTAN and ~ 7 x 10° M1 57! for VAB). However, dissociation of CB3 is
equally accelerated (21 x 103 g1 compared to 3 1072 571 for CBYTAN and 07 % 107% 57! for VAB),
resulting in a shorter half-life of the enzy me-inhibitor complex for CB3. This proposal is supported by
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PICsy measurements showing equivalent potency of all three tested bicyclic boronates after a 10 min
pre-incubation peried with AmpCre (plCaps of 7.5 for CBZ, TAN, and CB3 compared to 6.3 for VAB).

Table 1. Kanetic analyses of AmpCpe inbabition by (bajeyclic boronates in D, Kypp values and pseudo
first-order rates (kz/K) were determined by assaying 100 nM AmpCpp with 5 pM PC-5 [36]. k4 rates
wede delermned after jump-dilution (100,000 fold) of AmpCre (1 pb) that had been pre-mncubated
with cyclic boromates (10 pM fer TAN, CB2 and CB3 and 100 uM for VAB) at room temperabure for
30 onan, then assayed usmg 25 b FC-5. plCags wene obtained from assays usang 500 phd AmpCp-
and 5 pM FC-5 follow ing a 10 min inhibitor pre-incubation at roony temperatuse. Buffer: 50 mM Tris,
pH 7.5, 0.00%: (ove) Tribom X-100. Drata wene analyzed as deseribed m Materials and Mathods,

Inhibitor  Kiup (M) kzfk (M1 5 1) 1P Ko ls™1) 1073 by (i) PICsg
VAR 191+ 1.32 655 + 046 069 £ 0.03 16.8 £+ 0.7 6.32 £ 0.03
TAN 373+ 050 B56+9.2 25 105 455 +0.91 7532002
CB2 326 + 0.40 BlD+ 64 277107 418 + 041 749200
CB3 116+ 0.14 M+21 209+128 055 +0.34 753+ 002

3.2 Microbiology Experiments Confirm Potential of (Bi )oydic Boronates o Inhilit AmpCpe in Cdls

We then investigated the activity of VAB, TAM, CB2 and CB3 (fixed at 4 pg mL™ 1 in combination
with ceftazidime (CAZ) against E. colil DH5« producing AmpCpe (Table 2). Production of AmpCr-
substantially increased the extent of CAZ resistance (MIC 256 ug mL™! compared to 1 ug mL~! without
the AmpCpc expressing plasmid); all the tested inhibitors significantly restored CAY activity against
the AmpCpe expressing strain. Despite the high potency of CB3 observed in the kinetic analyses
against isolated AmpCpr, it was less potent than CB2, TAN or VAB in mestoring CAY activity in the
engineered strain, Le., CB3 reduced the MIC only to 4 pg mL™!, whereas the other inhibitors restored
the activity of CAZ to £ 1 pgmlL™

Table L Microbwlogy analyses with vaborbactam (VA B), tamborbactam {TAN), eydic boronate 2 (CB2)
and cyche boronate 3 (CB2). All inbulnbors wede tested at a fxed concenitrataon of 4 pg sl

Minimum Inhibitory Concentration
Ceftazidime {J.I.E mL-1}

Strain Masmid CAY CAY (+VAB) CAY(+TAN) CAY(+CBY CAY [+ CB3)
DH5x 1 - - - -

i pAY .
DH5a Al 254 1 1 05 i

3.3, AmpCre Crystal Structires with Bicyclic Boronates Give New Insights into Structural Basis of Inhibition

To investigate the structural basis of AmpCp-inhibition by the three bicyclic boronates (CB2, TAN,
and CH3), we obtained crystal structures of their complexes with recombinant AmpCre. The structures
of AmpCpe in complex with TAN {L42 A resclution, PDB ID: 6YEN) and CB3 (L60 A resolution, PDB
I 6YFPDY) were obtained by scaking of apo-AmpCrc crystals. A structure of the complex of AmpCre
with CB2 (203 A resolution, PDB IDx 6YEQD) was obtained by co-crystallization (see Materials and
Methods). Apo-AmpCpe crystallized with a single chain in the asymmetric unit (space group P4432),
while the asymmetric unit of the AmpCr~—CB2 co-crystal complex contains four molecules of the
[(-lactamase (space group FZ23;).

The overall fold of the AmpCpo-boronate complexes is very similar to that of the apo-AmpCr-
structure (PDB I 6T3D; main chain EMSDs with respect to the apo-structure: (.39, 0.15, 0.07 A for
CB2, TAN, and CB3, respectively, for chain A). In all three structures, analysis of the electron density
maps for the AmpCpc active site indicates that the bioyclic boronates CB2, TAN, and CB3 have reacted
with the nucleophilic 564 to form an anionic ®trahedral species in which the boron is sp® hybridized
{Figure 2}, as observed for other bicyclic boronate SBL complex structures [20,21,26,51-33]. The bigyclic
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core of all three inhibitors in complex with AmpCrr is bound in a similar manner to that observed
for cyclic boronate 1 (CB1, Figure 1d) in complex with the Pseudomonss aeruginosa AmpC (PDB D
6130 [32]). In none of these cases did any of the active site bound bicyclic boronates form a tricy clic
structure, as was observed in crystallographic studies of the MBL NDM-1-TAN complex [24].
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@ T V2Ll

Figure 1. Structural basis for AmpCpe inhibition by bicydic boronates.  (a) reaction bebseen
sp*-hybridized bicyclic boronates and SBLs give a serinebonded anionic sp™hybridized species;
{b) structures of serine-bonded sp” forms of the bicyclic borenates; {c—e) active site views of complaxes
of AmpCEC wath CB2, CB3, and TAN. Hydrogen-bonding interactions ane shown in colosed dashes,
distances ane m A; (F) overlay of active sile views, color coding as m (c—e). Note that the Q120 sade chain
15 rofated i AmpCre-CB2 structure (haghlighted m dark sed); it 18 unclear whether this 1 indwced by
banding of CBZ, or due to the orystalbzabion conditions (see text).
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The aryl carboy lic acid of the bicyclic boronates is positioned similarly to that of the monocyclic
inhibitor VAB as observed in complex with the Enterobacter doacar AmpC (PDB ID: £XUX [18]) and that
of CB1 observed in complex with P agruginoss AmpC [32]. The aryl carboxylic acid of all the bicyclic
boronates is involved in hydrogen-bonding or electrostatic interactions with active site residues K315,
T316, and MN346. The boron-linked hydrocyl group engages in hydrogen-bonding interactions with the
backbone WNH and moygen of A318, as observed for the equivalent 5345/338 residues in the P aeruginosa
AmpC-CB] and E. cloaate AmpC-VAB complex structures [15,32].

As observed in the P aeruginesa AmpC-avibactam [46] and B aeruginesa AmpC-relebactam [%,47]
complex structures, the amide nitrogen and carbonyl group of the TAN acylamino side chain are
paositioned to make hydrogen-bonding interactions with active site residues, Le., 120, N152, and A318.
The cyclohexyl ring of TAN is directed out of the active-site K1 pocket (Figure 2e); only weak density
was observed for the likely disordered terminal alkylamine side chain, which was excluded from
the model.

AmpCpe was co-crystallized with CB2 giving crystals with four molecules in each asymmetric
unit, all of which manifested clear and continuous electron density for the covalently bound CB2 at the
active site (Figure 52). The overall folds and orientations of active site residues and CB2 (Figure 52d)
are very similar in all four chains (main chain EMSD of Chain B, C and [} in relation to chain A: 0.31,
0.28, and 0,33 A, respectively). Binding of the bicyclic boronate core of CB2, together with that of the
amido side chain group portion, is very similar to that observed for TAN (CB3 has a different type of
side chain).

Interestingly, in the CB2 structure, the side chain of Q120 is directed away from the active site in
all four molecules in the asymmetric unit (Figure 2c); (120 interacts with a water molecule (Figure 2c,
‘w’, observed in all chains of the ASU), which in turn inferacts with the carbonyl oxygen of the
acylamino CB2 side chain. In the apo structure of AmpCrr in condition A (PDB ID: 6T3D), the Q120
side chain is oriented towards the active site; however, the apparently weak density and elevated
B factors for the (2120 side chain indicate partial disorder. The reorientation of the (120 side chain
relative to the apo-enzyme observed in the AmpCrCB2 complex is not manifest in the struchure
of the AmpCrTAN complex. Although the AmpCp--CB2 complex was co-crystallized using a
different crystallization condition than for the two other structures reported here (see Materials and
Methods), because the (120 side chain does not interact with residues of other AmpCpe molecules in
the crystalline lattice, reorientation due to formation of crystal contacts seems unlikely. Ina crystal
structure of AmpCrr, obtained by soaking with CB2, partial density for the bound CB2 was observed
in the active sife, though reorientation of the (120 side chain was not observed (data not shown,
because of poor electron density for the CB2 C-3 side chain). It is thus unclear whether the different
orientation of (M20 compared to apo-AmpCpe is due to the different crystallization conditions or
due to a specific feature of CB2 binding, The positioning of the (120 side chain could impact on the
pofency of inhibition by bicyclic boronates containing an amido side chain, as in CB2 and TAN.

A structure of the AmpCp~-CB3 complex was obtained by soaking of apo crystals of the B-lactamase.
B3 does not contain the amido C-3 side chain, but instead features a benzyl-thivether side chain
{Figure 1d) [16]. CB3 was synthesized as a mixture of the (35} and (3E)}-isomers with the (3R)-isomer in
excess (~24:76 (5:R) ratio) [16]. Although binding of low levels of the {3R)}-isomer cannot be excluded,
only evidence for binding of the (35)-CB3 was observed at the active site of AmpCpe. The thioether
side chain is partially disordered, as manifested by ~ 50% elevated B-factors compared to the CB3
average. The thicether is positioned to make hydrophobic n-stacking interaction with Y221 (~ 4 A
distance between Y221 and CB3 benzyl rings) and hydrophobic interactions with the side chains of
V211 and T31% in the K1 pocket (Figure 2d). These hydrophobic residues located on the AmpCrc
(Hoop (residuess 185-225) are also present in the P aeriginose AmpC, rationalizing the high potency of
CB3 against both AmpCre and P aeruginesa AmpC and likely other class C SBLs, as reported here and
elsewhere [16]. MNotably, mutations in the (Hoop, e.g., deletion of Y221, have been observed to widen
the substrate specificity and also confer ceftazidime-avibactam resistance [12]. Such AmpC variants
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may be less susceptible to bigrclic boronates like CB3 and are thus a potential source of resistance to
such inhibitors. This is of particular concern given that mutations in the (*loop have been linked
to reduced susceptibility of cefepime against AmpC-expressing E. cofi [48], which is the f-lactam
proposed for use in combination with TAN and which is not efficiently tumed-over by the wildtype
AmpCpe.

Interestingly, apart from covalent modification of 554, analysis of the electron density map in
the structure obtained by soaking AmpCre with TAN clearly reveals a second TAN molecule at the
interface between chain A and symmetry related molecules (Figure 53a). The second TAM molecule
adopts a U-shaped conformation in which its side chain folds over the biordic core (Figure 3); it is
positioned to form hydrogen-bonding inferactions with multiple water molecules that interact with
the backbone carbonyls of 140, A141, and N102, and to make hydrophobic interactions with the side
chains of A143 and A% in a symmetry related molecule (Figure 3a).

®
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Figure 3. Comparison of bi- and tri-cyclic forms of sp® hybridized tansborbactam m complex with
AmpCrr. (a) The tricychic form of TAN as observed at the imnterface bebween symmetry related AmpC -
maolecules along a theee-fold rotation axis (see Figure 53a for overview, FDB 1D 6YEN). Reswdues
within & A of TAN ame shewn as greypurple sticks, hy drogen-bonding interactions as orange dashes,
and waters as red sphees; (b) structunes of proposed b and trcyche 3p’ forms of TAN; (¢) overlay of
the “inlerface’ tricyclic TAMN (AmpCre, orange] with active sile bound tricyelic TAN (NIDM-1, green);
(d) owerlay of the ‘mnterface” tncyche TAN (AmpCrr, orange) with achive site bound bicychic TAN
bended to AmpCre 564 (yellow ). Mote, with the MBEL NDM-1 (PDB ID: 6RMF), both the bicychic and
the tricyclic forms wepe observed in one chain of the crystallographic dimer (chain A, shown heoe),
while, 1 the second chan, only the tricyclac form was observed [24].

Motably, with the surface bound TAMN molecule, its C-3 amido side chain is rotated relative to
the conformation observed for bicylic TAN at the active site, positioning the carbonyl derived cxygen
atom in close proximity to the boron Based on the short distance between the refined carbonyl
ooy gen and the boron (1.5 A), this molecule of TAN was thus modelled in a tricyclic form, as shown
in Figum 3b. The 5membered ring of this TAN molecule was modelled in its unsaturated form
based on its planar conformation and the angle between the carbonyl-derived oxygen, carbon- and
amide-derived nitrogen atoms (122°). The observation of tricyclic TAN on the surface of AmpCpgr
indicates the viability of its formation in solution; reaction of acyl-amino side chains to form a ring onto
a proximate boronic acid has synthetic precedent [4%]. An analogous tricycle has also been observed in
the complex formed between the B1 MBL NDM-1 and TAN [24]. Owerlay of the tricyclic boronate core
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observed with AmpCpr and that observed in the active site of NDM-1 shows a strong resemblance
{Figure 3c); however, the side chains adopt different conformations in the two structures.
Importantly, overlays of the bicyclic portions of the tricyclic TAN core with the bicydlic TAN
reveals a steric clash for a potential tricycle, including its side chain, at the AmpCpc active site (Figure 4).
This analysis is consistent with the observed bioyclic structure at the AmpCrc active site and indicates
that it is unlikely that the boronates studied can bind to the AmpCpc active site in the tricyclic form (at
least without conformational change). Further comparisons suggest that the other SBLs, for which
crystallographic studies are reported in complex with the bicyclic form of TAN (Le., KPC-2 [31] (FDB
ID 6T}, CTX-M-15 [26] (PDB ID 65P6), OXA-10 [24] (PDB ID 6RTMN)), will also not accommodate
the tricyclic core, assuming a conserved general binding mode of the bicyde and no conformational

changes (Figure 55).

{a) sp° Bloyelic TAN sp* tricylic TAM
{observed at active sites {observed at NDM-1 actlve site,
of warkous SBLs and MBLs) core predicted o clash in other
il BL active sites)
patential HzH
o MRS HWH

T O g
Wﬂw:j:j EEDWD 4 -,uﬂjc. m'zﬂ

bicyclic core rigid tricydic core
{sp” form) tricycle (sp’ form)

() active site it

Figure 4. Tricychc TAN hkely cannot bind at the AmpCpe achive sile due bo a steric clash of the
putatve tricychc cone and side chain, {a) Structural comparson of tricyche and bacychie forms of TAN;
(b—g) overlay of tricyclic TAN core {orange, not crystallographically observed at AmpCpe active sile}
writh laeyelie TAN (yellow) crystallographically observed bownd to schive sale 564 of AmpCpe (FDB
I 6YEN) reveals a hkely steric dash of the rgd tncyce in the AmpCpe active site as well as active
sites of other B-lactamases (Figure 55). By contrast, both tnicydic (orange) and bicyclac (yellow) forms
of TAN have been crystallographically observed at the active site of the Bl MBL NDM-1 (PDB I
6RMF) [24]. Note, in both structunes, that the termunal anune of the side chain was disordened and
thesefone excluded from the model; (b) observed conformation of bicyelic TAN at the AmpCr- achive
site; (¢} alignment of tricy clic TAN code to acy chie TAN observed at the AmpCpe actove site; (d) putative
steric clash of thcychie TAN 1 the AmpCrr active site based on the overay m c). Mote the appasntly
flex ible parts of the sade chamn are not shown, but would make a clear stenc clash with the achive site;
(&) observed conformation of bucyclic TAN ab the NDM-1 active ste; () everlay of theyche TAN and
noyclic TAN, both as observed at the NDM-1 active site; (g) observed conformation of tncychic TAN at
the NDM-1 active sike.
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Although there are substantial differences in the active site chemistry of the SBLs and MBLs,
crystallographic analysis on the cass B1 MBL VIM-2 [26] (PDB Ix 65P7) shows that the bioyclic
conformation of TAN as observed in SBLs is maintained in binding to this clinically relevant MBL
{Figure 55). In the case of WDM-1, active site binding of both bicyclic and tricyclic TAN was observed as
shown in Figure de—g (~75% of the active sites were occupied by the tricydic and ~25% by the bicyclic
form) [24]. By contrast, overlay of the tricyclic form of TAN with the bicyclic form of TAN as observed
in the active site of VIM-2 reveals a steric clash (Figume 55). This implies that the tricyclic form of TAN
iz likely relevant to the inhibition of some {(NDM-1), but not all MBLs, assuming a conserved binding
mode for the tri/bi-orcle core and a lack of substantial conformational changes. It should be noted
that recent work has shown other tricyclic boronates, i.e., those containing a oyclopropyl group fused
to the C2/C3 carbons of the bigyclic boronate potently inhibit both SBLs and MBLs [50], though the
cyclopropyl ring methylene projects in a different orientation to the “third” ring of the tricy cdic ring
system that can be formed with TAN (Figure S6).

4. Conclusions

Following the clinical application of boronic acids as proteasome inhibitors for treatment of
myeloma, boronic adds/boronates have become more common in medicinal chemistry [17]. In the
antibacterial field, the monocyclic boronate vaborbactam has been approved for dinical use as an
inhibitor of class A and some class C SBLs [19]. More recent work has demonstrated that the scope of
boronates as f-lactamase inhibitors can be extended to multiple 5BLs and MEBLs by integration into a
bigyclic scaffold [20,21], as present in TAM [26] (Figure 1d), which is curmently in late stage clinical trials.
Chur kinetic and structural studies with TAN and other bioyclic boronate derivatives (CB2, CB3) with
different C-3 side chains reveal their potential for inhibition of the class C AmpC serine-fi-lactamase
from Escherichia coli.

Or results further support the potential of bicydic boronates as unusually broad-spectrum
inhibitors of all SBL types and, at least B1 type, MBLs. [t is possible that the potential of cyclic boronates
as clinically useful inhibitors of two or more mechanistically distinct groups of enzymes will extend to
other families, such as proteases. Improvements in methods for their pre paration should enable more
systematic SAR. In this regard, it may be that the incorporation of the boron into a ring system that
limits conformations and modes of reactivity may both enhance potency and reduce unwanted modes
of reaction (e.g. oligomerization) compared to acyclic boronic acids.

Combined with previous reports, our three crystal structumes of bicyclic boronates with
AmpCrr- reveal remarkable similarity between the binding modes of the 6,6-core ring system of
the bicyclic boronates to SBLs from class A (e, CTX-M-15 [21,26], L2 [33] and KPC-2 [31]),
class D (e.g., OXA-10 [20,24]) and the class C AmpC from Pseudomomas aeruginosa [32] as well as
the penicillin-binding protein-5 (PBP-5) from Escherichia cofi [20]. The results thus support the proposal
that mimicking high-energy intermediates common to different types of enzymes can enable their
inhibition by the same inhibitor Mote that the reported bicrclic boronates fend to be weaker PBP
inhibitors (and hence antibiotics) than SBL/B1 MBL inhibitors [20,21]; this may reflect the fact that,
although they reactwith B-lactams, PBPs are not optimized to catalyze their hydrolysis. Alternatively, it
may be that optimized functionalization of the core bicyclic boronate will enable potent PBP inhibition.
The combined results show that, in the case of SBL/MBL inhibition by bicyclic boronates, theme is scope
for (C-3) side chain optimization, which may further broaden the scope of f-lactamase inhibition,
including to multiple B2/B3 type MBLs. Optimization in potency will need to be carried out in
parallel with that at a microbiological level, as has been done for TAN with respect to improved
cell penetration [26]. Interestingly, although VAB was substantially less potent than TAN against
isolated AmpCpe, it performed equally well against our AmpC bearing engineered E. coli strain as
TAN (Table 2), possibly reflecting either improved penetration or reduced e fflux

Together with previous reports showing enhanced activity of CB3 against class [ SBLs, as well as
certain B2 and B3 MBLs compared to TAN and CB2 [16], our results suggest the thioether CB3 could be

139



Bimmolecules 2020, 10, 839 120t 15

a promising start for further optimization towards a broad-spectrum, dual SBL and MBL inhibitor.
Selective binding of the minor (35)-isomer indicates that stereoselective synthesis might further benefit
AmpCre inhibition.  Further optimization will need to address the relatively low potency of CB3
in cells, which could reflect potential poor cell penetration of CB3 due to its lipophilicity. CB3 has
a predicted logP of 4.42; studies have shown that compounds with relatively low logPs (e.g, CB2
TAN and VAB with predicted logPs of 20%, 1.50, and 1.86, respectively) manifest improved penetration
of Gram-negative bacteria [51], leaving further scope for optimization of the thinether side chain, e.g.,
by addition of an amine group as in TAN [26].

The observation of an apparently weakly bound tricyclic form of TAN on the surface of AmpCr
is of interest from a boronate chemistry perspective as it potentially further exemplifies the ability
of boron-based inhibitors to interchange between difierent forms in aqueous solution. It should be
noted that, in both the cases whem a trigrclic boronate form has been observed crystallographically,
ie., with AmpCre and the MBL NDM-1, the crystallization conditions were acidic (pH G0 and 5.8 [24],
respectively). Thus, the tricycle could be formed in aqueous solution during crystallization; such
formation in aqueous solution is precedented in small molecule chemistry [44]. Comparison of SBL
and MBL structumes with tri- and bi-cyclic boronates suggests most SBL adtive sites will not readily
accommodate tricylic structures of the type reported here and previously [24]. Although tricy clic
TAN likely does not significantly contribute to inhibition of AmpCpe and related SBLs, at keast one
fi-lactamase (WIDM-1) can bind a tricyclic form at its active site (at least in crystals) [24], thus the ability
of boronate type inhibitors to interchange between different forms has the potential to extend the range
of B-lactamases usefully inhibited by them.

Supplementary Materials: The following ame available cnlane at hitp:)jwoww. mdpi.com2218- 27 34 1055959 s 1,
Table 51: Data collection and sefnement statistics of AmpCpe erystals. Figume 51: Kmebe characterzation of
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complex wath CB2. Figure 53: Views from a crystal structune of AmpCpe m comples with TAN. Figune 54 Views
from a crystal structure of AmpCpe o comples with CB3. Fagure 55: The tacyche form of TAN hikely cannot band
to some f-lactamases including members from all Ambler classes. Figure 56: Stroctunes of the tricychic form of
TAN and QFX7728.
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Table 1. Data collection and refinement statistcs of AmpCic crystals.

D AmpCrc-Apo AmpCroe-Taniborbactam AmpCre-CB3
(FDE ID: 6T3D) (PDE ID: 6YEN) (FDE ID: 6YFD)
Data Collaction
Beamline (Wavelength, A) DL5 I03 (D.9763) DLS 103 {0.9767) DLS5 I3 (0.9762)
Detector Eiger2 XE 16M Pilatus éM-F Eiger2 XE 16M
Data Processing Xial 3dii XGa2? autcFROC dials
Space group P432 P432 P432
Cell dimensions
abc(A) 139.2,1392, 1392 137.3, 1372, 1372 139.0, 139.0, 135.0
a B viE) 20, %0, 30 20, 90, 30 0, %0, 20
Mo. of molecules/ASLT 1 1 1
Mo reflections 73B65 (5399)" £3449 (4083 605921 (2345)"
Resclution (4) £9.71-1.50 (1.54-1.50)* STO4-147 (1441470 138.97-1.60 (L63-160)
Fimen(T) 0.104 {&.300)" 0.135 (7 2e5)* 0166 (L5358
Lol D3y 266 (10) 210137
CC-half 1.00{051)" 1004 Lo@m"
Completensss (%) 100 (100" 100 (100)* 100 (99.9)*
Mulbiplicity TE.6 (779" 769 (FR.e)" T3(E7 4"
Wilson B value (A7) B.97 2132 1335
Refinement PHENMIX PHENIX PHENIX
Fireore/Fiom 0.15820.1777 0.1447/0.1687 0.1709/0.1874
No. atoms
- Enzyme 2871 2041 2919
- Bouned Inhibitor - 4 n
- Unbound ) 28 )
Inhibitor -
- Water Lk 45 376
Average B-factors 345 254 310
- Enzyme 332 6.7 ¥4
- Boumed Inhibitor - 336 570
- Unbound -
Inhibitor ) =12 i
- Water “ur 394 2
E.m s deviations
- Bond lengths (4) 0.007 0.008 0.009
- Bond angles (%) 0.520 1132 0579

*Highest reschution shell n parentheses.
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Table 1. contirnzed.

AmpCrc-CB2
Datasets (FDE ID: 6YEO)
Data Collection
Beamiline (Wavelengih, j&] DILS I74 {0.9686)
Detector Pilatus? 4
Diata Processing ¥ia? dials
Space group P23%
Cell dimensions
abe i) 100.7, 179.6, 99.7
a By 20, 90, 90
Mo of malecules/ASU 4
No. reflections 117532 (5616)°
Fasolution (4) 100.68-2.03 (206-2.03)"
Fraas(T) 0.358 (0.999)*
Vol 8.7 27"
CC-half 1.0 (06"
Completeness (%) 100 (96,7
Multiplicity 130 (131
Wilson B value (A7) 2411
Refinement PHENIX
FueoetFiren 0.1715/0.2027
MNo. atoms
- Enzyme 10920
- Bound Inhibitor 101
- Unbound Inkibitor -
- Water 554
Averapge B-factors n1
- Enzyme B3
- Bound Inhibitor M7
- Unbound Inhibitor -
- Water 3.0
E.m.s deviations
- Bond lengths (4) 0.002
- Bond angles (%) 0.612

*Highest reschution shell in parentheses.
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Figure 1. Einetic characterization of reversible AmpCe inhibition by cyclic boronates. (A)
Determination of Fap value of AmpCie inhibition by cydic boronates. (B) Pseudo first-order rate
(k/E) determination for AmpCec (100 nb) with TAN, CB2, or CBE3. (C) Dissodation after ‘jump-
dilution’ of an AmpCec solution (10 pM) pre-incubated with cyclic boronates (10 phd for TAN, CB2
anad CB3 and 100 uM for VAB) at room temperature for 20 min, then diluted 1000000 fold and assayed
with FC-5[1] (25 pM). (DY) Dose-response curves for AmpCee (500 pM) after 10 min inhibitor pre-
incubation at room temperature, assayed using FC-5[1] (5 pM). Buffer: 50 mM Tris, pH 7.5, 0.01 %
(v} Triton-X 100
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Figure Z Views from a crystal structure of AmpCee in complex with CB2L (A) Overview of the
asymmetric unit (ASU) containing chains A-D. (B) mFo-DFc polder OMIT maps[2] contoured at 3.0 o
around CB2. (IC) Struchure of bound CB2 inits sp* form. (DY) Owverlay of color coded active site residues
and ligands in chains A-D s in the ASU shows no differences in the orientations of these residues and

CB2.
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Figure 3. Views from a crystal structure of AmpCec in complex with TAN. (A) Overview of
symmetry related molecules aroumd the 3-fold rotation axds, showing bicyclic TAN (red) bonded o
the mucleophilic Seré2 and the position of tricydic TAN (color coded by AmpCec molecale) at the
meonomer interfaces. (B) Views of mPo-DFc polder OMIT maps[2] contoured at 3.0 o and carved
arcumd bicyclic TAN bonded to Seréd (C) Views of mFo-DF« polder OMIT maps[2] contoured at 2.5
o around tricyclic TAN, which binds at the interface between AmpC molecules.

56

149



Figure 4. Views from a crystal structure of AmpCec in complex with CB3. (A) Overview of AmpCic
fold, showing CB3 (orange) bound to active site. (B) mFo-DFc polder OMIT maps[2] contoured at 3.0
« and carved around CB3 bonded to Seréd
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Figure 5. The tricyclic form of TAN likely cannot bind to some f-lactamases including members
from all Ambler Classes, Overlays of the iricydic TAN core (orange, as observed at AmpCr: surface
(Figure 4, FDB ITx. 6YEN)) with bicyclic TAIN complexes {yellow} as crystallographically cbserved at
the active sites of EPC-2[3] (FDB ID €TD1), CTX-M-15[4] (PDB ID £5P€), ONA-10[5] (FDE ID 6RTHN),
and VIM-2[4] (FDE ID £5F7) reveals a likely steric clash of the rigid tricyde in the shown active sites.
Left cohumme Observed conformations of the bicydic form of TAN at the f-lactamase active sites;
Middle column: Crverlays of the ricyclic TAN and bicydic TAN forms at the indicated active sites;
Right columm: The putative steric dashes of tricydic TAN in the indicated p-lactamase active sites
based on the overlays in the middle column. Note, the flexdble parts of the tricyclic TAN inhibitor
sidechain are not shown, but would make a clear sheric clash with the active site.
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Figure 6. Strudures of the tricyclic form of TAN and QPXT728. Shown are the fricycic form of TAN
as observed at AmpCr: surface and QPX7728[€] wiich has a cyclopropyl ning fused to its bicydic
CoTe.
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f-Lactamascs cnable resistance to almost all B-
lactam  antibiotics. The [-lactamase-catalysed
hydrolysis of p-lactam antibiotics (BLAs) is of
cenral importance in  antibiotic  resistance.
Clavulanic acid is a fi-lactam-based inhibitor of the
class A serine P-lactamases (SBLs) and is widely
used in combinaton with penicillins [1]. A
pioneering work revealed that acyclic boronic acids
act as ‘transition state analogue’ inhibitors of
nucleophilic serine enzymes, including serine -
lactamases,
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e com coM

1 z
Figure 1. Known SBL inhibitor vaborbactam and
target cyclic boronic acids.

Since acyclic boronic acids are established as
SBL/PBP (penicillin-binding-protein) inhibitors and
the SBL inhibitor RPXT009 is in clinical trials [2],
we have focused on the synthesis of cyclic boronic
acids 1 and 2 (Figure 1).

Echtmt 1. R.etnsyn’ihchc route to cyclic bmunm
acid 1 type derivatives.

Synthesis of cyclic boronic acid 1a starts with a
protection of 3-methylsalicylic acid 6, bromination
of methyl group with NBS, followed by Suzuki
borylation with BzPine and transesterification with
{+)-pinandiol gave boronate 5 Matieson’s
homologation gives chlorinated compound 4, which
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after Sn2 reaction with a nucleophile and
deprotection of boronate in acidic conditions gives
boronic acid 3. To get the target compound 1a,
conditions for deprotection of acetonide protecting
group still should be found.

B.? OH
¢ = K
-li o "oH

o7 g

L] L
Scheme 2. Retrosynthetic route to cyclic boronic
acid 2 type derivatives.

For synthesis of cyclic boronic acids 2 two
building blocks 7 and 8 should be synthesized,
which further in Suzuki coupling reaction would
give target boronic acids 2. Synthesis of building
block 7 starts with protecion of 2.3-
dihydroxybenzoic acid 10 followed by conversion
of phenol to triflate for borylation to afford boronate
9, At this stage, the borylation reaction conditions
are under investigation.
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fi-Lactamases enable resistance to almost all P-lactam antibiotics (BLAs).
Pioneering work revealed that acyclic boronic acids can act as “transition state
analogue™ inhibitors of nucleophilic serine enzymes, including serine [i-
lactamases (SBL). The [-lactamase-catalysed hydrolysis of BLAs is of central
importance in antibiotic resistance’.
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Acyclic boronic acids are established as SBL/PBP (penicillin-binding-protein)
inhibitors and SBL inhibitor RPX7009 (vaborbactam)® was discovered by
Rempex Pharmaceuricals. In August 29, 2017 Vabomere (combination of
vaborbactam with BLA meropenem) was approved by FDA for complicated
urinary tract infections including pyelonephritis. Therefore we have focused our
investigations on the synthesis of cyclic boronic acids 1 and 2.
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