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1. Uvod

Jednim z cil organického chemika jefipravit nové slodeniny, které by rély
terapeuticky ginek. Nekonénou inspiraci pro hledani motipii designu novych k&v
je priroda, respektiveifrodni latky. Jednim zidezZitych rysi prirodnich latek je jejich
trojrozmerna (3D) architektura, ktera je vytena gitomnosti nasycenych vazeb, resp.
uhlikii v sp® hybridizaci. Nezanedbatelnou vlastnodifqunich latek je také chiralita,
ktera s pitomnostisp™-hybridizovanych uhlik Gzce souvisi. A prévtyto skuténosti
jsme n&li na pangti pii ptipraw novych latek, jejichz syntéza je popsanaedpzené
praci.

Prace je¢lenéna doétyi kapitol (Uvod, Seznameni s tématikou, Publikace k
rigorézni praci a Dopljici informace k publikaci). V ilozené publikaci i v praci
samotné oznraji z praktického dvodu pipravené 4,7,8,10-tetrasubstituované
(((4S5,10eH)-3-0x0-3,4,10,10a-tetrahydrobenzo[4,5]imidazo[d]Ryrazin-2(H)-
yhalkyl)amidy zjednodusenjako ,benzimidazolinopiperazinony*.

Prednostmi popsané syntézy jsou stereoselektigjhybridizované uhliky,
vysoka cistota a mirné reg&ki podminky. Cela reg&ki sekvence byla provéda na
pevné fazi, jejiz vyhody jsou shrnuty v KomantépiedloZzené publikaci.

Vysledky této ¥decké prace byly publikovany v mezinarodnim impeaéiteém

casopiseThe Journal of Organic Chemistry



2. Seznameni s tématikou

2.1. Trendy v medicinalni chemii

Prirodni latky jsou nekor@@ou inspiraci ¥dca na girodowdném poli. Latky
vyskytujici se v firodk maji velmi¢asto 3D-architekturu, tzn., Ze nejsou planarni, ale
zaujimaji prostor ve vSechieth dimenzich, coZ je mj. dano tim, Ze maji ve své
molekulesp®-hybridizované uhliky. A pré&vtrendem sotasné medicinéalni chemie je
piiprava takovychto slaenin, tzn., Ze navobjevovana potencialni d&a jsou vice
»prostorova“ a nikoliv planarni.

Nas vyzkum spada do chemie heterotylteré jsou v firodé zastoupeny
v hojném pétu a zaujimaji¢asto vysadni postaveni v Zivych organizmech. Jako
piiklad 1ze uvést nukleové baze jako nedilnécasti nukleovych kyselin — purinové
(adenin a guanin) a pyrimidinové (tymin, cytosinueacil). Také mnohé vitaminy
obsahuji ve své strukiel heterocyklus. Derivatem pyridinu jsou vitamin (Byselina
nikotinova), ktery hraje @ezitou roli v energetickych pochodech BUN(NAD" a
NADH) a vitamin B. Pyrimidin je zase s@asti vitaminu B. Od pteridinu je odvozen
vitamin By (kyselina listova), ktery je nezbytny pro syntémukleovych kyselin,
krvetvorbu a zdravy vyvoj plodu. Vitamin,Be derivatem dvou heterocyklickych
slowenin, a to chinoxalinu a pyrimidinu, od chromanupek odvozena struktura
vitaminu E.

Furan je taktéZ hofnzastoupen v Zivych systémech. Jakiklpd uvelme
vitaminy C, B a By,. Struktura poslednzmirgného vitaminu je vS8ak komple&si —
obsahuje¢tyii pyrrolova jadra vazana na centralni atom kobadtuvytvdi tak
porfyrinovy skelet. Strukturalni obdobu Ize nal®ztivociSnétisi v krevnim barvivu
hemoglobinu, kde je centralnim atomem Zelezo, nedmmpak v rostlinnéisi, kde je
Zelezo vyminéno za atom hi@iku (chlorofyl). Ze skupiny proteinogennich
aminokyselin jmenujme pyrrolovy derivat pyrolyzinpeolin obsahujici pyrrolidinovy
skelet. Imidazolovy kruh je obsazen v histidinnéhoz se vdle dekarboxylaci tvio
histamin, a kon&¢ indol je zakladem tryptofanu, prekurzoru vyznanméh

neurotransmiteru serotoninu.



Existujefada publikaci zagstujicich se na trendyipvyzkumu novych l&iv.*3
Duraz na 3D-charakter potencidlnicinnych latek je pak podrobnvyswtlen v
nékolika studiich?®

Praw vyzkum z roku 2009 poukazuje na skutmost, ?e zavedenistsiho
poctu chiralnich latek s vySSim stufin nenasycenosti fiie zlepsit klinicky vyhled
potencialnich l&v, coZ souvisi i s rozpustnostchto latek ve vodl Cim vy3si je totiz
podil uhlika v sp® hybridizaci k celkovému gou uhliki ve farmakologicky relevantni
molekule (velkina Fsp°, fractionalsp’), tim je latka |épe rozpustna ve ¥oda tim
efektivrgji aplikovatelna v zZivych systémech a vyuzitelnégjaralni I€ivo.

K posouzeni, zda ma latka iegymi farmakologicky relevantnimi vlastnostmi
piedpoklady stat se d&wvem podavanym ora#y slouzi Lipinského pravidlo &
(Lipinski's Rule-of-Five, RO5Y. Zminsnymi predpoklady rozumime souhrn
nasledujicich fyzikalechemickych vlastnosti: (1) molarni hmotnost bylambyt
mensSi nez 500; (2) pet donoi vodikovych vazeb (-NFa -OH skupiny) by & byt
mensSi nebo rovergp; (3) patet akceptar vodikovych vazeb (atomy dusiku a kysliku)
by mel byt menSi nebo roven deseti; (4) lipofilita (chefvand jako logaritmus
rozckélovaciho koeficientu mezi vodu a oktan-1-ol) bylanbyt mensi nezgp.

Také stoji za pozornost, e schvélené léky majisivysp® (0,47) ne?
v soukasné dob pripravované latky (0,36) Autori ¢lanku poukazuji na vliv pouZivani
cross-couplingovych reakci v propadu syntézy noviatek ssp-hybridizovanymi
uhliky, jelikoZ tyto reakce umabji tvorbu nové vazby mezi dmna uhliky vsp’
hybridizaci. Walters a kdl.na zaklad molekul publikovanych vasopiseJournal of
Medicinal Chemistry letech 1959 - 2009 pozoroval, Ze v obdobi mekem 1995 a
2009 P’ pozvolna klesalo, co? Ize vyalit rozmachensp-spfcouplingovych reakci.

Medicinalni chemie se vSak nyni navraci itppaw slowenin s vlastnostmi
pripominajicimi girodni latky s cilem zvySit pra¥dodobnost jejich interakce
s biologickymi cili. L. Schreiber z Harvardské ueizity spolu se svym vyzkumnym
tymem zkoumal vazebnou aktivitu jak latekirpdnich, tak latek z komémi i
akademické sféry, ke stovcdiznych proteif.” Zjistili odlisné chovani &hto
slowenin, coz souviselo s obecnymi trendy tykajicimjegeeh stereochemie a tvaru.
Bylo vypozorovano, 7e vy$si podil uhlikv spg® hybridizaci a stereogennich atbm

zlepSuji selektivitu a schopnost vazat se na cisruéktury.
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Preference ifpravovat chirdini sloteniny ged achiralnimi je pak objasma
ve studii zroku 201%. Kolem 60% v sokasnosti pouZivanych d& je praw

chiralnich, picemz I&iva piipravena v enantiome¥riisté forme jsou preferovan’

Obrazek 1.Priklady optické izomerie tév

Cl l l
00 00 o S o |
NH NH AN 5 N
HN
: : | g
(R)-izomer (S)-izomer (S)-izomer (R)-izomer

1 2 (2S,3R)-izomer 5 (2R,3R)-izomer
thalidomid ketamin propoxyfen

Syntéza optickyistych produki je cenna jak z pohledu organického chemika,
tak z hlediska vyuziti échto produkt jakozto potencialnich &&v. Je znamo, ze
jednotlivé enantiomery jedné a téze skeniny mohou mit odliSny biologickycinek.
Jako piklad Ize uvést thalidomid (Obrazek 1), v minulosti hofnpodavanydhotnym
Zenam jako sedativum, kdy se fmse ukazalo, ze kyzeny efekt ma pouReiZomer,
zatimco §-izomer je teratogenni. DalSintikladem je ketamir2, kdy (S)-izomer ma
anestetické &inky, naproti tomu R)-izomer je halucinogenni. Existuji takéigady,
kdy maji jednotlivé enantiomery téze latky odli&G@&louci dinky, jako napiklad D- a
L-propoxyfen3 (Darvon® a Novrad®), kdy prvni uvedeny slouZi jakaalgetikum,

zatimco druhy se pouZivé jako antitusiktim.

2.2. Heterocykly pribuzné benzimidazolinopiperazinom

Predmétem pfedloZzené ¥decké prace je syntéza kondenzovaného dusikatého
heterocyklu, benzimidazolinopiperazinodu(Obrazek 2), latky, ktera dosud nebyla
popsana. Naproti tomu benzimidazolové derivaty;dih®drobenzo[4,5]imidazo[1,2-

5218 nebo jejich deazaanalodhjsou znamé’ Slouwseniny 6

alpyrazin-3(4)-ony
vykazuji anxiolytické;” antiviralnt® a antimikrobialni tinky.*® Syntéza tricyklickych
slowenin7?° byla popsana na pevné fazi, nicraéyto sloweniny jsou uZ vyrazhvice

planarni.
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Obrazek 2. Pribuzné heterocyklické sléaniny

Ry Quop Qo Yo, oo

N =L _NH N
H N H N H

4 5 6 7 8

Na benzimidazolinopiperazinony lze pohlizet nejakoj na benzimidazoliny
s kondenzovanym piperazin-2-onovym cyklem, ale tgkélze posuzovat jako
hexahydroimidazo[1,2]pyrazin-6(31)-ony 8 s kondenzovanym benzenovym jadrem.

Syntézadchto bicykh 8 byla popsana na pevné f&Zi.

2.3. Stereoselektivni syntéza dusikatych heterocyklyuZivajici tvorbu iminiovych

ionti provadéna na polymernim nos€i

Iminiova chemie je efektivni metododipravy Siroké Skaly heterocyklickych
slowenin s 3D-architekturou a je @lnkompatibilni se syntézou na pevné fazi.
Cyklizace na iminiové ionty nasledovana adici intko nukleofilu je jednou
z nej&inngjdich metod Fpravy dusikatych heterocykf? Vyznamnymi vlastnostmi
iminiovych intermediat jsou velka reaktivita a prochiralifa.Tyto vlastnosti sehraly
v naSem vyzkumu kibvou roli. Syntéza na pevné fazi se stala efektivnéstrojem
pro syntetické vyuZziti iminiovych iofita prochiralitadchto intermediat poslouzila ke
vzniku noveho chiralniho centra (viz. dale Komémt@iedloZzené publikaci).

NejuniverzalgjSi metodou pro vytd@ni iminiovych intermedidt je
kondenzace sekundarnich aiid aldehydy nebo ketori§** Tato metoda je velmi
dohlie vyuZitelnd v chemii peptid pro pipravu peptidomimetik>®® Syntéza
jednoduchych, kondenzovanych nebéstkovych dusikatych heterocyklyuZzivajici
tvorbu iminiovych meziproduktna pevné fazi byla nedavneehledrs zpracovand’

Kli¢ovym krokem v iminiové chemii je inkorporace masaongho aldehydu do
peptidovehaetézce9 (Schéma 1) nebo obecdo jakehokoliv prekurzoru obsahujiciho
alespa jednu nukleofilni skupinu. V kyselém preestli se tato chrénici skupina agst
a dojde k reakci aldehydu s amidem za vzniku imviyoh intermediat 10 nebo12,

které v neutralnim prosdi rechazeji na dihydropyrazinoiy nebol3.

12



Schéma 1Tvorba a ndsledna stabilizace iminiovych tont
(Pozn. Sipky ve schématu znaaaji smsr cyklizace, nikoliv pohyb elektrdn)

"Westbound" cyklizace "Eastbound" cyklizace

NN o N o | e 9N I Y N
| — N R |~—— R N R | R2 N | — R N
N H,R JLH H/T N H/}O( o} N/}( vgo
0 0 o 0
1 10 X = CH(OMe), 12 13

Jak je v chemii peptid zavedeno, znazimjeme rostouci peptidovietzec
zprava doleva (tedy karboxylovy konec peptidu vpjawvedena cyklizace iie
probihnout d¥ma sméry, a to b’ smérem k aminoskupih (ozna&ovana jako
~westbound” cyklizace, kdy aminoskupina lezici Weod atomu dusiku, na ktery je
navazan chramy aldehyd, atakuje aldehydickou skupinu po jejideloarini), nebo
ke karboxylové skupih (ozna&ovana jako ,eastbound” cyklizace, kdy je odchkrén
aldehydicka skupina atakovana dusikem amidické iskugktera lezi napravo od
atomu dusiku, nag¥ je aldehyd navazary.Pojmy ,westbound“ a ,eastbound* byly

poprvé zmirny v Slanku®,

Schéma 2.Tvorba a nasledna stabilizace iminiového ionturitomnosti dalSiho
interniho nukleofilu

(Pozn. Sipky ve schématu znaaaji smir cyklizace, nikoliv pohyb elektrdn)

"Westbound" cyklizace

X 0
o] /7 N H R2
H [H] N v Nu R \ 1
.R
RQN\KKN/\WN\R1 R N \ p\l/\N o Ny
Nu: o) Nqu,( "R HN o} HNU/_yN\/&
o) R?Z O o]
14 X = CH(OCHg), 15 16 17

"Eastbound" cyklizace

X NuH R2 R2 {
0 + H N Nu < N
( \ " [Hl w N, N o N/\I/ o
L N, — N RU | — N N
o) R2 o] 0 N o) NuH
o H
18 X =CH(OCHa), 19 20 21
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Pokud je v molekuleiftomen dalSi nukleofil (O, S, N, C), iminiovy cy&ky
meziproduktl5 nebo19 (Schéma 2) népjde na dihydropyrazinon, ale elektrodov
deficitni uhlik je timto dalSim nukleofilem atakov&a tvorby kondenzovanych
bicyklickych skelel 16, 17, 20 nebo21

Prikladi vyuZiti iminiové chemie je nespet?>* a nasleduijiciiklady budou
zaneieny pouze na vyzkum prov&ty na Kateée organické chemie ve spolupraci
s University of Notre Dame (Indiana, USA) pod veiderRNDr. Viktora Krchiaka,
CSc. od roku 2012, kdy této problematicéata byt ¥novana pozornost.

2.3.1. 2-AminoN-(2,2-dimetoxyetyl)etanamidy jako univerzalni mezipodukty

Jednim z univerzalnich meziprodiikt z nichz Ize fipravit Siroka Skala
heterocyklickych slotenin S 3D-architekturou, je 2-amimd{2,2-
dimetoxyetyl)etanamid22 (Schéma 3). VyuZiti tohoto intermediatu je nézamny
piikladem diverz# orientované syntézy (Diversity-Oriented SyntheBi®S)®

Prvnimi  d¥ma giklady uvedenymi ve Schématu 3 je syntéza
benzimidazolinopiperazindn 23 a jejich dehydrogenovanych deritaR4, jejichz
piipraw je wnovana cela nasledujici kapitola, proto na tomtocstmnebude

rozepisovana.

Schéma 3.Vyuziti klicovych 2-aminoN-(2,2-dimetoxyetyl)etanamid22 pro syntézu
rozlicnych dusikatych heterocykP3 - 29

14



R4
R\?’ /N%H\/ N ‘R1 H R2
0 R® R3
R 23 N O
RS N,

/
S Ny | N/J\/N\R1H

29
R2 = CHRZ0t-Bu

/

R2

0] R2
L0 R H2N)\f
- 1 _—
R4NfJ\N/kfo Ji R @i )[vN iH
H 22
/ \ 25
o) R? 0O R?
0
Ra—ek NJ\V? ELN)\(O
/N/}\/N‘R1H N/X\/N\R1H
4 H 1 H
R4
27 26
DalSim gikladem v poadi je syntéza 1,2,11,11a-

tetrahydrobenz@|pyrazino[1,2b][1,2,4]thiadiazin-3(#)-on 6,6-dioxidi 25 (Schéma
3, resp. 4) vyuzivajici mérsastéN-sulfonyliminiové intermediaty® a-Aminokyselina
nebo kyselina bromoctova imobilizovana na polymarnhoséi 30, chrarny
aminoacetaldehyd (nebo glykolaldehyd) jako dimatdtal31, Fmocea-aminokyselina
32 a 2-nitrobenzensulfonyl chlorid (2-Nos-C3B byly pouzity jako prekurzory pro
syntézu &chto heterocyKi. Po gipraw meziproduktu34 byla gitomné nitroskupina
redukovana za pouziti S@H,0 nebo NaS,0, v piitomnosti TBAHS a KCO; jako
redulkénich cinidel. Vznikly meziprodukt35 byl poté vystaven iysobeni 50% TFA
v DCM po dobu 90 minut, kdy doslo k tandemové aédii na vysledné produkba,
resp.25h.

15



Schéma 4. Stereoselektivni syntéza 1,2,11,11a-tetrahydratjelrazino[l,2-

b][1,2,4]thiadiazin-3(4)-on 6,6-dioxidi 25

R2 RS
o Fmoc\N)YO SnCI22H20
2 H  oH ON R2 DIEA, DMF
@[ cl 32 ok Le o 50°C, 24 - 48h
R? NO ——— 22N nebo
? Y X‘R*"\O ToNL Na,S,0
33 R O 25,04
J: TBAHS, K,CO,
HsCO™ ~OCHs 30 X = Br, NH, HsCO™ “OCH, DCM/H,0, 1, 2h
31Y = NH,, OH 34
R3
2
, o, R o, ®
HaN R 50% TFA/DCM S\N)\fo S‘N/\(O
_— 0S., o A
N rt, 90 min R3 N/KN\RN" R3 N> NagiH
No_,L H H H A
"o
35 25a 25b

HaCO™ “OCHs

Popsana syntéza prdila i v tomto pipad stereoselektivy pricemz se
konfigurace na nay vzniklém chirdlnim centrufidila konfiguraci pouzitéa-
aminokyseliny (zaveden substituerft) RZatimco cyklizace intermediabbsahujicich
(S9-aminokyselinu mly za nasledek R)-konfiguraci na no¥ vznikléem chiralnim
uhliku, testovanadR)-aminokyselingidila cyklizaci na §-isomer.

Klicovy meziproduk®2 byl pouZzit také pro ipravu dalSich kondenzovanych
heterocykii, jako jsou pyrazinopyrimidin diony26, imidazopyrazin diony27 a

pyrazinoxazin dion28 (Schéma 3, resp. 5j.

16



Schéma 5Syntézatiznych heterocyklickych sl@enin26 —28

0 R? R2

1. Fmoc-B-alanin, HOBt, DIC, " 0
DCM/DMF (1:1), t, 16h R~N/\)kN)\f0 50% TFA/DCM N/'\fo
H H S ——
2. 50% piperidin/DMF N._ 4L 1h N._.H
/15 min ) R 'T‘/i\/ R
) 3. zavgdenl su.sbtltuentu R HsCO™ OCH; R
R (viz. publikace) 2
J\fo 36
HoN _ |
RS
2
H,CO™ “OCH; H 9 R
22 , N o
1. Fmoc-a-alanin, HOBt, DIC, R*™ H 50% TFA/DCM
DCM/DMF (1:1), rt, 16h R® NoiL e,
( 2. 50% piperidin/DMF ) /[ \O i
rt, 15 min H;CO™ "OCHj;
3. zavedeni susbtituentu R‘) 37
(viz. publikace)
2 2
o R o ' 0 R .
. R3 N R %NJ\T&
nebo
/N/i\/N\R1H ro SN
R4 H H
27 pokudR3= <~ OH 28 pokud R®= «&__OH
‘JJI\CH:; CHs
R*=Ts R* = Fmoc, acyl

Zatimco byl v prvnich dvouftfpadech iminiovy intermediat (neni zakreslen ve
schématu) atakovan dusikatym nukleofilem za vzrilawienin 26 a 27, ve tetim
piipact se jako silgjSi nukleofil ukdzal atom kysliku (produkB). Klicovou roli zde
sehral R substituent. Sulfonylace L-alaninu nebo L-serinoufitim Ts-Cl vedla
pusobenim 50% TFA v DCM k uzé&éeni gticlenného cyklu27. Naproti tomu pokud
byla aminoskupina L-threoninu acylovana nebo bytmgzhdna Fmoc-protektivni
skupina bez dalSi derivatizace, jako nukleofil upstval kyslik za uzaeni
Sestélenného kruh28.

DalSim pikladem stereoselektivni syntézy vyuzivajici 2-aoda(2,2-
dimetoxyetyl)etanamidy22 je piiprava naistkovych dusikatych heterocykl29
(Schéma 3, resp. 6).TaktéZ zde formovani produktu probihai@iminiovy cyklus
40, ktery byl nasled& cyklizovan na cilovy produk29. | zde vystupuje jako nukleofil,

ktery atakuje iminiovouts, kyslik hydroxylové skupiny.
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Schéma 6 Stereoselektivni syntézag5S)-6-oxa-3,8-diazabicyclo[3.2.1]oktard9

H3;CO.__OCH3
j/ OCHj
R2 Y ) arylsulfony! chlorid
Fmoc\N/k’(OH 31 Y =NH,, OH R { SCH3 lutidin, DCM

— HN/kﬂ/ R \O rt, on
H o) 2 I

. X. L
R?2=CHRZOt-Bu "*°R!
%8 R \O 22

30 X = Br, NH,
CF,C00
, §cte 50% TFA/DCM L R3
t-BuO R nebo R+ N
H\ OCHj 95% TFAH,0 N e
— R3 N. L ———— | rZ L N_H| — R XK
N “R! \O rt, 90 min N “R! o N H
"o OH O R
39 R3=S0,Ar 40 29

2.3.2. Dalsi iklady vyuziti iminiové chemie pro pfipravu dusikatych heterocykk

Rozsfenim chemie benzimidazolinopiperazifprjimz je predlozena prace
vénovana, je inkorporace tohoto skeletu do strukpeptidu pro omezeni konforrva
mobility (Schéma 7%

Syntéza vychazela z-aminokyseliny navazané na prysiky 41, o-
fluornitrobenzenu42, kyseliny 2-brompropanovél3, aminoacetaldehydu dimetyl
acetalud44 a 4-Nos-Cl, Ts-Cl nebo chloridu kyselid$. Meziprodukt46 byl nasleds
podroben kyselému &eni z pryskiice, kthem kterého doslo zarove k odSepeni
protektivnich skupin z aldehydu a cyklizaci za kn6-hydroxypiperazin-2-ond?7,
ktery byl déle cyklizovan na finalni benzimidazalpiperaziny48a, resp.48b.
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Schéma 7.Syntéza benzimidazolinopiperaziiod8 inkorporovanych do struktury

peptidu
R?
R2
F L R?
HO  Br NO, HN" R? ]
= R T 1,Q
o) 43R3 \ T 0 R3 N)\WN\L 50% TFA/DCM
R*=CHs 2 4 R nH Po rt. 30 min
HsCO  NH, X-R* H,CO © 46
45 OCH,
H,CO
Rzr Rzl R1 RZ' R1
R2 1 NH2 NH2
H)\WNHz 50% TFA/DCM N/& 0 N)% 0
—— _—
O N o rt, 16h
Lo Mo 07 Mg
R3 N R3 R3
R? 47 48a 48b

V praci byl studovan vliv konfigurace substituegnta vysledek cyklizace
z hlediska stereochemie. Zatimco konfigurace naniprvstavebnim kameni «-
aminokyseli (zaveden substituent’Rnentla vliv na stereochemii cilovych latek
(vznikaly snisi diastereom@), konfigurace na uhliku nesoucim substituent((®)-
nebo R)-2-brompropanova kyselinajdila cyklizaci na optickycisté produkty48a
resp. 48b. Pokud byla pouzZita kyselina bromoctova, vznikalgktéZz smisi
diastereomer.

DalSi zajimavou aplikaci iminiové chemie je syntéhaalnich makrocyki 54
- 57 (Schéma 85° Stoji za pozornost, Ze odcheag aldehyd byl atakovan dusikem
sulfonamidické skupiny za vzniku 11-ti nebo 12l8nného makrocyklb4, a nikoliv
dusikem amidické skupiny, jak sévodre o¢ekavalo. Vyndnou vychoziho amind9a
za jiné aminy49b — 49d byly vysledné makrocykly roz&ny o dalSi kondenzované
heterocyklické skelet5 — 57. Jako nukleofil, kterym se uzavira druhy cyklude z
vystupuje kyslik (produkt$4, 55) nebo uhlik (produkt$6, 57).

19



Schéma 8 Stereoselektivni syntéza chiralnich makroayd - 57

H
Fmoc” N‘M:\OH

49a HaN 0,
HoN nebo \/\C[ > 0,
49d 0 S\N,RIL/O
L
49b
OH 4\,@00&; PG PG - N RS -
O (0] %Y\

49¢c

N O.
o] PG
o 0 n Rs WP G
2
s’ Br%OH NH,
cl RS 53
5 52 PG = CH3, CQHs
R NO, 51 m=1,2

50

2.4. Koment& k predloZzené publikaci

PredloZzena publikace popisuje synteticky postup vetldusubstituovanym
(((4S10&5)-3-0x0-3,4,10,10a-tetrahydrobenzo[4,5]imidazo[d]Ryrazin-2(H)-
yhalkyl)amidim (benzimidazolinopiperazindm) 23 (Schéma 3, resp. 9) na pevneé
fazi. Syntéza vyuzivd kombinaceéZmych, jiz dive popsanych regkich kroki a vede
k novym, dosud nepopsanym heterocyklickym &minam.

Syntéza byla prov&da na pevné fazi, coz cely postup usmaalo, jelikoz
nebylo nutné jednotlivé meziprodukty izolovat ¢estit, nybrz byly jen promyty
prislusnym rozpoustlem. Pro kontrolu mibéhu reakce byl analyticky vzorek (cca 5
mg) odS¢pen z polymerniho nas, analyzovan pomoci LC/MS a meziprodukt (stéle
navazany na pryskigi) podroben dalSimu reakimu kroku. Zvlast u tohoto vyzkumu
bylo vyhodné prova#t syntézu na polymernim ndsivzhledem k vysoké reaktivit
iminiovych ionfa.

Vyhodami popsané syntézy je jeji regioselektivisgereoselektivni tvorba
nového chiralniho centra, mirné réakpodminky a vysokdistota surovych produit
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Pro gipravu klitového meziprodukt@2 byly pouzity d¥ cesty.Cesta lbyla
zahajena acylaci imobilizované primarni aminoskygiyselinou bromoctovou a brom
byl

aminoskupina byla poté acylovana Fmoc-chinén a-aminokyselinou a Fmoc-skupina

nasleds substituovan aminoacetaldehydem dimetyl acetaleédekundarni
odSepena za vzniku meziproduk®® (Schéma 9). Druhym #gobem Cesta 1), jak
docilit kyzeného meziprodukt@2, byla acylace primarni aminoskupiny pochazejici
z pryskyice alifatickou ¢i aromatickou aminokyselinou (Fmdealaninem nebo
kyselinou Fmocg-aminomaselnou ¢i  Fmoc-4-aminomethylbenzoovou, Building
Block, BB1, Obrazek 3, str. 23). Po o#3eni Fmoc-protektivni skupiny byla volna
priméarni aminoskupina sulfonylovana 4-Nos-Cl fitgmnosti lutidinu v DCM.

Pripraveny sulfonami®O byl poté podroben Mitsunobu alkylaci.

Schéma 9.Stereoselektivni syntéza benzimidazolinopipera®in®3 na polymernim

noski

1.50% pip/DMF, 1t, 15 min u © 1. Fmoc-aminokyselina R?
2. BrCH,COOH, DIC, DCM N‘RWMN"‘ HOBL, DIC - o,
DIEA, rt, 16h H DCM/DMF (1:1) 2 .
— Ne AL
3. aminoacetaldehyd dimetyl acetal HyCO™ "OCH3 2 503';@7’3,\/": R H 0
. 50%
Cesta | DIEA, DMF, tt, 2h 59 R'=CH, rt, 15 min H3CO” "OCH3
22
H /o 1. 2-merkaptoetanol
Fmoc™ L DBU, DMF, rt, 5 min
2. Fmoc-aminokyselina
- HOBt, DIC
58 L = Rink link Y
nicfinker 1. 50% pip/DMF, rt, 15 min DC"r"t”%"é'E a1
Cestall\ 2 Fm":{'ggti”g‘%se"”a 3. 50% pip/DMF, rt, 15 min
DCM/DMF (1:1) O,N glykolaldehyd ON
rt, 16h \©\ dimetyl acetal
SO, O
3. 50% pip/DMF, tt, 15 min §02 (0] PPh3, DIAD, bezv. THF N 2 k L
4. 4-Nos-Cl, lutidin, DCM HN. N"‘O 0-50°C, 16n /[ RUON Q
t, 4h H
6 HyCO”~ “OCH;
61
4 4 Ac,0, rt, 16h
1. o-fluoronitrobenzen 3 R 3 R 2nebo
DIEA, DMSO, 50°C, 16h R R2 SnClyH,0 R R2 karboxylova kys.
nebo /kfo DIEA, DMF /'\fo DIC, DCM/DMF (1:1)
4,5-disubst. o-fluoronitrobenzen H JOL rt, 16h H JOL rt, 16h
DIEA, DIISO, tt, 16 N MRt Q) e MR TN s ee i
2. pro R* = piperidin-1-yl: /[ H L H -Dc():sl\-/l M u113r|1n
piperidin, DMSO, 50°C, 16h HaCO™ "OCHj HsCO™ "OCHs, o
62 63
R
R3 R2 R4 ,
o R
N o 50% TFA/DCM &3 /'\(0
s N\RALN,LO €, 90 min N 0
H N N-gr NH,
HaCO™ ~OCH;, Ro H
64 23
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Druhd syntetickd cestargristavovala vyhodisi zpisob zavedeni diverznich
substituent do vysledné molekuly gzna délka alifatickéhdetzce nebo aromaticky
kruh). Mirné uskali vSakipdstavovala Mitsunobu alkylace s glykolaldehydemedyl
acetalem, protoZze konverze natispusny N-(2,2-dimetoxyetyl)sulfonamid 61
neprokhla komplet® (i kdyZ reakce probihakéste).

Bé&zné reakni podminky (0,1 M roztok glykolaldehydu dimetylegalu, 0,1 M
PPh a 0,1 M roztok diisopropyl azodikarboxylatu (DIAD)desetinasobném objemu
rozpoustdla vzhledem k hmotnosti pryskge (tzn. na 1 g pryskice bylo pouzito 10
ml rozpou&dla)), ani nasledné zopakovani reakce nevedlo Eerlgmu vysledku.
Jina rozpousgdla, jako je bezvody DMF nebo bezvody DCM, stejako jiny fosfin
(PBuwy), nevedly ke zlepSeni.

Nakonec se nam poill@ optimalizovat reaéni podminky tak, aby poskytly
vySSi konverzi, a kdyZz byla reakce zopakovana, gmabkvantitativie. NejlepSimi
podminkami se tedy ukézaly byt: 0,1 M roztok glytdehydu dimetyl acetalu, 0,1 M
PPh a 0,1 M roztok DIAD ve dvojnasobném objemu rozpédia ve srovnani se
standardnim mnoZzstvim pouzivanym v syntéze na paiyimm nosii a reakce byla
provadna @i 50°C.

Schéma 10Stpeni analytického vzorku jpomnosti reduknihoginidla

o o o
H TFA/TES/DCM H H
N AL L »
RT N O S AL B N‘R1JLNH2 * o) N‘R1JLNH2
H rt, 30 min I J/
H;CO~ "OCHj3 HO FaC (o)
65 66
59
OoN O,N O,N
\©\ TFATES/DCM \©\ \©\
5:1:4
Eoz ?L L rt( 30 n')nin EOZ JOL : 5 ?L
RN ’ J/ “R'NH, 0 jN‘R1 NH,
" M
H3CO OCH3 HO F3C O
67 68

61

Po zavedeni chréného aldehydu do molekuB® nebo61 jsme, stej# jako po
kazdém reatnim kroku, &SEpili ptislusny meziprodukt z analytického vzorku
pryskyice. Jelikoz v kyselém prastdi dochazelo séasre i k odS€peni protektivnich

skupin za vzniku reaktivniho aldehydu, pro¥édjsme Stpeni v gitomnosti
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trietylsilanu (TES) jako redukiho ¢inidla. V LC/MS spektru jsme potom misto
aldehydu detekovali alkoh®5 nebo67 (Schéma 10). V zavislosti na prodieC/MS
meieni byl rRkdy pozorovan i ester kyseliny trifluorocto@é nebo68.

4-Nitrobenzensulfonylova skupina byla z molek@§ (Schéma 9, str. 21)
odSepena merkaptoetanolem v DMRHem g@ti minut a aminoskupina nésletin
acylovana Fmoao-aminokyselinou. Pouzili jsme aminokyseliny tgmou délkou
postrannihdettzce a stiznymi funkénimi skupinami: Fmoc-Ala-OH, Fmoc-Lys(Boc)-
OH a Fmoc-SetBu)-OH BB3, Obrazek 3).

Obrazek 3.Seznam pouzitych stavebnich karin¢Building Blocks, BB)

Fmoc Fmoc
R QD OH  HN OH N
HN" L B Y Y HN/\/\[( H OH
(6] o) Fmoc
BB1 (1 (2) (3) (4) 0
X /[NHz JiOH
H3CO£OCH3 H,CO~ “OCH;, H;CO™ “OCH,4
BB2 (1) (2)
I?oc
NH
R2 CH, (g OtBu
FmOC\N/ka Fmoc\N/k”/OH Fmoc\N OH Fmoc\N OH
Ho on Ho§ Hol Ho D
BB3 (1 2) (3)
| o Q Ii GIX
R3 NO, NO,
BB4 %)
HsC. _O. _CH HyCO
S A G Ui m
BBS 1)

Odchragna primarni aminoskupina intermedidfi2 posléze substituovala
fluor z o-fluornitrobenzenu. Vybrali jsme nasledujici detiwal-fluor-2-nitrobenzen,
1-fluor-2-nitro-4-(trifluormethyl)benzen a 4-fludr2-dichlor-5-nitrobenzen BB4,
Obrazek 3). Zatimco reakce se substituovangrfiuornitrobenzeny probihala za
laboratorni teploty, reakce s nesubstituovangafiuornitrobenzenem musela byt
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zahrivana (50°C). Abychom zvysili diverzitu finalnicaték, provedli jsme vdkterych
piipadech i substituci chloru v polopara- vici nitroskupirgé piperidinem.

Nitroskupina byla poté zredukovana a acylovana zaku meziprodukt64
(Schéma 9, str. 21). Jeuldzité upozornit, Zze bylo nutné tuto aminoskupinu
derivatizovat, aby nedoSlo k nezadoucimu ,cykiidenu SEpeni® za vzniku
dihydrochinoxalin-2-onu69 (Schéma 113 Tyto sloweniny byly pozorované ip
rutinni analyze intermedi&t63 pomoci LC/MS. Pro substituci aminoskupiny byly

zvoleny jak kyseliny (alifatické i aromatické), tak-Nos-Cl| B8B5, Obrazek 3).

Schéma 11.Tvorba 3,4-dihydro-H-chinoxalin-2-ori 69 pii Stpeni analytického
vzorku intermediat3

R4

R R?

3
N 04 50% TFA/DCM R 0
NH; : N\R1JJ\N/L\O rt, 30 min R4 N~ “R2
jod :
HsCO™ “OCHj

63

Latka64 (Schéma 9, str. 21) byla nakonec podrobena kyse&gpeni. BEhem
tohoto kroku doslo spontaéirke sledu nasledujicich reakci: k agh&ni z pryskiice,
odSEpeni vSech chranicich skupin (z aldehydu i z amysekny) a k tvorb
Sestélenného N-acyliminiového meziproduktu, na ktery se okamhzidoval interni
nukleofil za vzniku finalniho benzimidazolinopipemaonového skelet@3.

Stoji za pozornost, Ze cyklizace na iminiovy mezgukt prokhla
regioselektivi (na aldehyd se adoval dusik pochazejici z amiradikys nikoliv dusik
amidicky). Produkty byly fipraveny \istot od 85 do 99%. Bylaifjpravenaiada
latek, na niZ jsme demonstrovali, Ze je uvedendézgnkompatibilni s rozinymi
substituenty.

Vysledné produkty byly stabilni a neoxidovaly sebemzimidazolove derivaty,
protoze na rozdil od sléanin72 (Schéma 12) na dusiku 10 nenesly Zadny substituent
Vysledna cyklizace probihaléist¢ za vzniku jednoho diastereomeru. PouZiB (
aminokyselina u k&ového intermediat22 (Schéma 9, str. 21) indukoval&){
konfiguraci na no¥ vzniklém stereogennim centru (uhlik 10ajisRiISny diastereomer

byl potvrzen'H a **C NMR experimenty. Diagnosticky proton navazany moa
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vytvoreny chirdlni uhlik 10a rezonoval jako dublet dublstchemickym posunem 5,6
— 6,3 ppm, ficemzZ interakni konstanty se pohybovaly v rozmezi 7 — 9 Hz a43Hz.
Rozsfenim této prace pak bylatiprava benzimidazolového deriva#
(Schéma 3, resp. 12), kterd vyZadovala derivatiaagnoskupiny (Fmoc skupinou)
z jiz zmireného divodu cyklického 3ipeni. Cyklizace na benzimidazolinopiperazinon
71 prokehla na pryskiici ve 2% TFA v DCM khem 16-ti hodinové reakce.
Nasledovalo odchr&ni sekundarni aminoskupiny roztokem piperidinu viDM
Stpeni produktu z pryskice pisobenim 50% TFA v DCM, ip kterém doSlo ke

spontanni oxidaci vzduchem na finalni prod2dkt

Schéma 12Pfiprava benzimidazolopiperazino@4 na polymernim nogi

R* R

2 R 2 R R2
R R? Fmoc-Cl R .
o DIEA, DCM N)\fo o 2% TFAIDCM NJ\fo o
NH N i ji L rt, 30 min NTRL I tt, 16h N%VN\WMN/L\O =~
h - Fmoc” RN
> L R H \o moc L N O frod H N
7
HsCO” ~OCHs HsCO™ "OCHs
63 70
R4
4
R? 1.50% TFA/DCM R )
50% pi R® 0 t, 16h R
o pip/DMF /T\/ ji R? N)\fo .
i 2. oxidace vzduchem
rt, 15 min N L
g N R ON7 —
HH N Q NJ\/N\RAkNHz
72 ,
2.5. Shrnuti

Cilem vyzkumu prezentovaného v raméegioZené rigordzni prace byldgigravit
dusikaté heterocyklické sleeniny s vy$sim podilemp™-hybridizovanych uhlik tak,
aby byla struktura vice prostorova a vy®la noveé chiralni centrum.

Pripravili jsme nové kondenzované heterocykly, bendamolinopiperazinony,
stereoselektivni syntézou ve vyso&étott. Syntéza probihalai@s N-acyliminiovy
intermediat, ktery byl atakovan internim nukleafilgdusikem) za vzniku finalnich
produkti. Vznikl novy chirélni uhlik, jehoz konfigurace laylzavisla na konfiguraci
zvolené aminokyseliny acyklického prekurzoru.S-konfigurace pislusné
aminokyseliny indukovala §j-konfiguraci na no¥ vytvoreném chiralnim centru.
Struktury v&ech fipravenych latek byly pkcharakterizovanyH, **C NMR spektry a

HRMS.
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ABSTRACT: We describe the efficient synthesis of 4,7,8,10-
tetrasubstituted-(((45,10aS)-3-0x0-3,4,10,10a-tetrahydro-
benzo[4,5]imidazo| 1,2-a]pyrazin-2( 1H)-yl)alkyl)amides on
solid phase via tandem N-acyliminium ion cyclization—
nucleophilic addition reactions. The synthesis proceeded
with complete stereocontrol of a newly formed stereogenic
center, provided crude material of high purity, and used
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commercially available building blocks under mild reaction conditions.

B INTRODUCTION

Rnughley,] Walters,” and co-workers reported intriguing papers
devoted to the impact of hybridization of carbon atoms on the
biological and physicochemical properties of compounds. They
emphasized that the incorporation of a greater proportion of
chiral compounds with higher degrees of unsaturation could
improve clinical outcomes, a conclusion that was drawn from
Lovering’s study.’ Lovering introduced a fractional sp’-
character (Fsp3) as a ratio of the number of spa—hybridized
carbon atoms and total carbon count. It is reported that
marketed drugs tend to have a higher Fsp3 than discovery
compounds do.”* On the other hand, Rciughley,l and co-
workers documented that between one-quarter and one-half of
carbon atoms are sp*-hybridized, although it seems that most of
the recently prepared compounds by medicinal chemists are
“flat”. To contribute to syntheses of chiral compounds with
higher degrees of unsaturation, we developed efficient synthesis
of 4,7,8,10-tetrasubstituted-(((4S,10a$)-3-0x0-3,4,10,10a-
tetrahydrobenzo[4,5]imidazo[1,2-a]pyrazin-2(1H)-yl)alkyl)-
amides.

The synthesis of 1,2,10,10a-tetrahydrobenzo(4,5)imidazo-
[1,2-a]pyrazin-3(4H)-ones I (termed “benzimidazolinopiper-
azinones” hereafter, Figure 1) has not been described, although
the preparation of 1,2-dihydrobenzo[4,5]imidazo[1,2-a]-
pyrazin-3(4H)-ones I (Figure 1) has already been reported.

Two main routes lead to those compounds; the first starts from

Figure 1. Heterocyclic cores.

W ACS Publications @ 2012 American Chemical Society 5687

benzimidazole scaffold,*” whereas the second utilizes piper-
azin-2-one as the starting material'® The latter synthetic
approach involved a four-component Ugi—Smiles reaction,
which was followed by an acid-catalyzed cyclization, an
intramolecular reductive cyclization, and an oxidation.'”

Other related derivatives, such as deazaanalogues of
compound II, 1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyridin-
3(5H)-ones III (Figure 1), are reportedly :1nx]'01},rtjc,“_]3
antiviral,'* and antimicrobial'® agents. 3,4,4a,5-Tetrahydro-
benzo[4,5]imidazo[1,2-a]pyridin-1(2H)-ones linked by benzi-
midazoles have also been documented.'® The aromatic part of
1,2-dihydrobenzo[ 4,5 ]imidazo[1,2-a]pyrazin-3(4H)-ones II,
benzimidazoles, were synthesized several times, in solution'” ™!
and on solid phase.”>™** Benzimidazole derivatives can serve as
angiotensin II receptor antagonists,m as inhibitors of trypsin-
like serine protease (factor Xa),”” and as antibacterial algen*:s.28
The synthesis of benzimidazolines and their closely related
compounds, 2-oxo/thioderivatives and spiro-benzimidazolines,
has also been described.'®**~3*

On the other hand, 1,2,10,10a-tetrahydrobenzo[4,5 Jimidazo-
[1,2-a]pyrazin-3(4H)-ones I can be considered not only as
benzimidazolines fused with piperazin-2-one cycle but also as
hexahydroimidazo[ 1,2-a]pyrazin-6(5H)-ones IV (Figure 1)
fused with benzene ring. The synthesis of hexahydroimidazo-
[1,2-a]pyrazin-6(5H)-ones IV and their closely related
compounds has been reported many times, in solution™
and on solid phase.*® Analogous compounds have also been
used for the preparation of aza-].igandsm or azacyclododecane
Derivatives of imidazolopyrazine IV have
intriguing biological properties; they can be used for the

T
derivatives.
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Scheme 1. Stereoselective Synthesis of Benzimidazolinopiperazinones 10 on Solid Phase”
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“Reagents and conditions: (i) 50% piperidine in DMF, rt, 15 min; (i) bromoacetic acid (2 equiv), DIC (1 equiv), DCM, 5 min, then DIEA (1
equiv), rt, 16 h; (iii) aminoacetaldehyde dimethyl acetal, DIEA, DMF, rt, 2 h; (iv) Fmoc-amino acid (1 equiv), HOBt (1 equiv), DIC (1 equiv),
DCM/DMEF (1:1), rt, 16 hy; (v) 4-nitrobenzenesulfonyl chloride, lutidine, DCM, rt, 4 h; (vi) glycolaldehyde dimethyl acetal, PPh,, DIAD, anhydrous
THEF, 0—50 °C, 16 h, repetition; (vii) 2-mercaptoethanol, DBU, DMF, rt, 5 min; (viii) o-fluoronitrobenzene, DIEA, DMSO, 50 °C, 16 h or 4,5-
disubstituted o-fluoronitrobenzenes, DIEA, DMSQ, tt, 16 h; (ix) for R* = piperidin-1-yl: piperidine, DMSO, 50 °C, 16 h; (x) SnCl,-2H,0, DIEA,
DMF, rt, 16 h; (xi) Ac,O, rt, 16 h or carboxylic acid (2 equiv), DIC (1 equiv), DCM/DMF (1:1), rt, 16 h or 4-nitrobenzenesulfonyl chloride,

lutidine, DCM, rt, 16 h; (xii) 50% TFA in DCM, rt, 90 min.

and
36

treatment of anorexia,*® cancer,” and fibrotic disorders,ﬂ
can also serve as integrin-mediated cell adhesion inhibitors.

The stereoselective synthesis of different bicyclic nitrogenous
heterocycles utilizing iminium salts has been described several
times. Iminium salts have been used, for example, for the
preparation of quinolizidines,* pyrroio[z,ljajisoquinolines,‘m
octahydropyrazino[1,2-a]p ynmidin-6-0nes,4° bicyclic deriva-
tives containing lactone,™ and 6,6-fused blcychc scaffold-
containing compounds derived from tripeptides,”” among
others. The chemistry of iminium ions and its application to
the synthesis of diverse heterocycles has been published in
excellent reviews.**”

Although benzimidazolines fused with other heterocycles
have been subject of synthesis research, no attention has been
paid to benzimidazolines fused with piperazin-2-one. Herein we
report their solid-phase synthesis from acyclic intermediates via
N-acyliminium ion cyclization—nucleophilic addition. The acid-
mediated unmasking of the aldehyde was followed by
spontaneous formation of the cyclic N-acyliminiums. The
mechanism of the acid hydrolysis of acetals in anhydrous
conditions has been reported.®* The nitrogen derived from the
amino acid was substituted with o-fluoronitrobenzenes, and the

5688

nitro group was subsequently reduced to the amino group to
serve as an internal nucleophile for the creation of the fused
ring upon acid-mediated cleavage from solid support.

Herein reported compounds do not suffer from the above-
mentioned shortcomings, such as “flatness” etc. We developed
the synthesis of benzimidazolinopiperazinones characterized by
the presence of two chiral carbons and three sp*-hybridized
carbon atoms on the skeleton, compounds that have potential
biological and therapeutic value. The biological activities will be
reported in due time.

B RESULTS AND DISCUSSION

Our research aimed to design a general route to benzimida-
zolinopiperazinones with the following criteria in mind: (i)
nonplanar scaffold (sp* hybridization), (i) stereoselectivity,
(iii) transformations providing high purity of crude target
compounds, (iv) diverse scaffolds, and (v) commercially
available building blocks.

The synthesis was carried out on Rink amide resin using four
different starting carboxylic acids: bromoacetic acid, Fmoc-f-
Ala-OH, Fmoc-y-Abu-OH, and Fmoc-4-aminomethylbenzoic

dx.dolorg/10.1021/j0300836¢ | L. Org. Chem. 2012, 77, 56875695
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Figure 2. Building blocks used for the synthesis of benzimidazolinopiperazinones 10.

acid. Bromoacetic acid was immobilized via symmetric
anhydride in the presence of an N,N'-disopropylethylamine
(DIEA) (Scheme 1, Route I). The bromine was subsequently
substituted with aminoacetaldehyde dimethyl acetal to afford
polymer-supported 2-((2,2-dimethoxyethyl)amino)acetyl bro-
mide 2. The secondary amines were further acylated with
different Fmoc-amino acids to yield polymer-supported amides
3.

Alternatively, these intermediates can also be obtained using
Route II. The advantage of the Route II over Roufe I is the
possibility of extending the scope of the target compounds to a
more diverse scaffold. The acylation of Rink resin with various
Fmoc-amino acids was carried out via activation with
diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole
(HOB) to afford intermediates 4 (Scheme 1, Route II). After
removal of the Fmoc-protecting group in 50% piperidine in
dimethylformamide (DMF) for 15 min, the resin-bound
primary amines were activated with 4-nitrobenzenesulfonyl
chloride (4-Nos-Cl) in dichloromethane (DCM) in the
presence of lutidine to yield appropriate sulfonamides 5. The
subsequent Mitsunobu alkylation with glycolaldehyde dimethyl
acetal afforded N-(2,2-dimethoxyethyl)-4-nitrobenzenesulfona-
mides 6. The Mitsunobu alkylation proceeded without any
impurities, but the conversion did not exceed 90%. As a result
we examined different solvents, namely, anhydrous tetrahy-
drofuran (THF), anhydrous DMF, and anhydrous DCM, as
well as different phosphines (triphenylphosphine or tributyl-
phosphine), and repeated the reaction two times (3 X 16 h).
However, none of these reaction conditions afforded complete
conversion, Finally, 0.1 M solution of the alcohol, 0.1 M PPhs,
and 0.1 M diisopropyl azodicarboxylate (DIAD) in double
volume of anhydrous THF (e.g., we used 20 mL of solution for
1 g of resin) at 50 °C for 16 h and repetition of the Mitsunobu
reaction one time provided satisfactory N-alkylation. Interest-
ingly, the Mitsunobu reaction with glycolaldehyde diethyl acetal
failed to yield N-alkylated product.

The resin-bound sulfonamides 6 were treated with 2-
mercaptoethanol and 1,8-diazabicyclo[5.4.0Jundec-7-ene

5689

(DBU) in DMF for 5 min to remove the 4-Nos-protecting
group. Acylation with different Fmoc-amino acids afforded N-
acylated intermediates 3 (Scheme 1). Three different Fmoc-
amino acids, namely, Fmoc-Ala-OH, Fmoc-Lys(Boc)-OH, and
Fmoc-Ser(tBu)-OH, were used for acylation, and all of them
afforded expected products. The Fmoc-protecting group was
then cleaved, and the resin-bound primary amines were treated
with three different unsubstituted/4,5-disubstituted o-fluoroni-
trobenzenes to yield intermediates 7. While the substitution of
an amino group with activated o-fluoronitrobenzenes, such as 1-
fluoro-2-nitro-4-(trifluoromethyl)benzene and 1,2-dichloro-4-
fluoro-5-nitrobenzene, proceeded at room temperature, the
reaction with unsubstituted o-fluoronitrobenzene required
elevated temperature (~30 °C). To further increase the
diversity of the final benzimidazolinopiperazinones, the chlorine
in para position with regard to the nitro group was substituted
with piperidine. All building blocks used in this synthesis are
shown in Figure 2.

Subsequent reduction of the nitro group was carried out with
tin(I1) chloride dihydrate in the presence of a base (DIEA) to
afford intermediates 8. Acylation with either Ac,O or carboxylic
acid activated via symmetric anhydride (Fmoc-Gly-OH, 4-
methoxybenzoic acid, 4-bromobenzoic acid) was used for the
final derivatization of the amino group. Reaction with 4-Nos-Cl
afforded appropriate sulfonamides. It was critical for the aniline
nitrogen to be functionalized; otherwise 3,4-dihydro-1H-
quinoxalin-2-one 11 (Scheme 2) was formed as a result of
cyclative cleavage.53 We detected 3,4-dihydro-1H-quinoxalin-2-
ones 11 by LC—MS during routine analysis of intermediates 8.

The target benzimidazolinopiperazinones 10 were obtained
by cleavage of resin-bound intermediates 9 from the resin in
50% trifluoroacetic acid (TFA) in DCM for 90 min. The
substitution patterns of prepared benzimidazolinopiperazinones
10 are described in Table 1. The purity of final crude
compounds was exceptionally high, in the range of 71-99%,
and the total yields were respectable considering a 9- to 13-step
synthesis.

dx.doi.org/10.1021/jo300836¢ | J. Org. Chem. 2012, 77, 5687-5695
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Scheme 2. Formation of 3,4-Dihydro-1H-quinoxalin-2-ones
11*
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aReagents and conditions: (i) 50% TFA in DCM, rt, 30 min.

Importantly, the benzimidazolinopiperazinones 10 are stable
and are not air-oxidized in comparison with the N(10)-
unsubstituted derivatives, benzimidazolinopiperazinones 14
(Scheme 3). To intentionally prepare benzimidazolopiperazi-
nones 15, intermediates 8 were treated with Fmoc-Cl in the
presence of DIEA in DCM for 30 min and yielded intermediate
12. The Fmoc-group served as temporary derivatization of the
primary aniline nitrogen to prevent formation of 3,4-dihydro-
1H-quinoxalin-2-ones 11. Following unmasking of the aldehyde
by 2% TFA in DCM for 16 h, cleavage of the Fmoc-group with
50% piperidine in DMF afforded polymer-supported benzimi-
dazolinopiperazinones 14. Finally, the target benzimidazolopi-
perazinone 15 was obtained after cleavage of the intermediate
14 from the resin with 50% TFA in DCM for 30 min followed
by air oxidation.

The synthesis of benzimidazolinopiperazinones 10 pro-
ceeded with full stereocontrol; the formation of one
diastereoisomer was confirmed by 'H and '*C NMR analyses.
The presence of a proton attached to the carbon 10a indicated
the formation of a fused ring system. The crucial proton
resonated as doublet of doublets at a chemical shift in the range
of 5.6—6.3 ppm (depending on the distribution of electrons).
The ] constants were 7—9 Hz and 3—4 Hz, which
unequivocally indicated the configuration of a newly formed

stereogenic center. Qur results are in concord with stereo-
selective synthesis of related bicyclic derivatives tetrahydro-1H-
pyrazino[ 1,2-a]pyrimidine-4,7(6H,8H)-diones; the absolute
configuration was confirmed by X-ray crystallography.** In
conlusion, we have confirmed that (S)-configuration on an
amino acid of the acyclic precursor induced the (S)-
configuration on a newly formed stereogenic center (carbon
10a).

It is worth noting that the occurrence of two rotamers
depending on the substitution patterns (bulkiness as well as
electronic properties) was observed in NMR spectra. In
general, a bulky R' substituent increased the amount of the
second rotamer. A similar effect was caused by the electronic
properties of an R* substituent when the chlorine was replaced
by piperidine. The presence of two rotamers was apparent
mainly at singlet corresponding to the methyl derived from the
acetyl (see the Experimental Section). Herein we reported the
NMR spectra of the major rotamers. "H NMR spectra of target
compounds acylated with 4-substituted benzoic acids showed
very broad unresolved peaks for both methylene protons at
ambient temperature; therefore, the spectra of derivative
10(1,1,2,4) was measured at elevated temperature (50 °C).

To conclude, we described an efficient solid-phase synthesis
of benzimidazolinopiperazinones via N-acyliminium ion cycli-
zation—nucleophilic addition under mild reaction conditions
using commercially available building blocks. Target com-
pounds with four diversity positions were prepared with full
stereocontrol of the newly formed stereogenic center.

B EXPERIMENTAL SECTION

Cleavage of Fmoc-Protecting Group and Acylation with
Bromoacetic Acid (Resin 1). Rink resin (100—200 mesh, 0.68
mmol/g, 1 g) was swollen in DCM, washed 3% with DMF, and treated
with 50% piperidine in DMF for 15 min. After washing 3% with DMF
and 3x with DCM, a solution of bromoacetic acid (5 mmol, 700 mg)
in 10 mL of DCM was made in a syringe, and DIC (2.5 mmol, 386
HL) was added. After 5 min, DIU was filtered and DIEA (2.5 mmol,
436 pL) was added to the solution. That solution was added to the

Table 1. Synthesized Derivatives of Benzimidazolinopiperazinones 10

R4
RQ
Ra
N
N”}‘\/
RE H
10
cmpd R R’ R R
10(1,1,1,1) —CH,— —CH;4 -H -H
10(1,1,2,1) —CH,— —CH, —CEF, -H
10(1,1,2,2) ~CH,— ~CH;, —CF, -H
10(1,1,2,3) —CH,— —CH; —-CF, -H
10(1,1,2,4) —CH,— —CH;, —CF, -H
10(1,1,2,5) —CH,— —CH, —CF, -H
10(1,1,4,1) —CH,— —-CH, -Cl piperidin-1-yl
10(1,2,3,1) —CH,— —(CH,),NH, -Cl -Cl
10(2,2,1,1) —(CH,),— —(CH,),NH, -H -H
10(3,1,3,1) —(CH,);— —CH, -Cl ~Cl
10(3,3,3,1) —(CH,)s— —CH,0H -Cl -l
10(4,1,3,1) —p-CH,Ph— —CH, -Cl -Cl
10(4,3,3,1) —p-CH,Ph— —CH,0H —Cl -l
10(4,3,4,1) —p-CH,Ph— —CH,0H —Cl piperidin-1-yl

)\(o

o
I

N,

R "NH,

R® purity® [%]  MS [M + H]*  yield” [%]
CH,-CO— 89 303 39
CH,-CO- 87 371 6
CH;-CONH-CH,-CO— 95 428 66
—p-CH;0Ph-CO- 76 463 57
—p-BrPh-CO— 85 s11 63
—p-NO,Ph-50,— 71 514 63
CH,-CO- 74 420 34
CH,-CO- 99 428 19
CH,-CO- 94 374 13
CH;-CO- 90 399 23
CH;-CO- 92 415 6
CH,-CO— 82 447 13
CH,-CO-— 94 463 21
CH;-CO- 93 512 30

“Purity of the crude product before purification. “Total yield after purification of target compounds prepared in a 9- to 13-step synthesis.
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Scheme 3. Preparation of Benzimidazolopiperazinones 157
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“Reagents and conditions: (i) FmocCl, DIEA, DCM, rt, 30 min; (ii) 2% TFA in DCM, rt, 16 h; (iii) 50% piperidine in DMF, rt, 15 min; (iv) 50%

TFA in DCM, tt, 30 min; (v) 50% TFA in DCM, rt, 16 h.

syringe with the Rink resin and shaken at rt for 16 h and then washed
5% with DCM.

Reaction with Aminoacetaldehyde Dimethyl Acetal (Resin
2). Resin 1 (1 g) was swollen in DCM and washed 3x with DMF. A
solution of aminoacetaldehyde dimethyl acetal (10 mmol, 1.09 mL)
and DIEA (10 mmoel, 1.74 mL) in 10 mL of DMF was added to the
resin slurry and shaken at rt for 2 h. The resin was washed 3x with
DMEF and 3% with DCM.

Acylation with Fmoc-Amino Acids (Resins 3). Resin 2 (1 g)
was swollen in DCM, and a 0.3 M solution of Fmoc-amino acids (3
mmol), HOBt (3 mmol, 460 mg), and DIC (3 mmol, 464 L) in 10
mL of DCM/DMEF (1:1) was added. The resins were shaken at rt for
16 h and washed 3X with DMF and 3X with DCM.

Acylation with Fmoc-Amino Acids (Resins 4). Rink resin
(100—200 mesh, 0.68 mmol/g, 1 g) was swollen in DCM, washed 3X
with DMF, and treated with 50% piperidine in DMF for 15 min, After
washing 3X with DMF and 3X with DCM, a 0.3 M solution of Fmoc-
amino acids (3 mmol), HOBt (3 mmol, 460 mg), and DIC (3 mmol,
464 uL) in 10 mL of DCM/DME (1:1) was added. The resins were
shaken at rt for 16 h and washed 3x with DMF and 3x with DCM.

Cleavage of Fmoc-Protecting Group and Reaction with 4-
Nos-Cl (Resins 5). Resins 4 (1 g) were washed 3X with DCM and 3x
with DMF and treated with 50% piperidine in DMF for 15 min. After
washing 3x with DMF and 3x with DCM, a solution of 4-Nos-Cl (3
mmol, 663 mg) and lutidine (3.3 mmol, 382 xL) in 10 mL of DCM
was added to the resin, and the resin slurry was shaken at rt for 4 h.
The resin was washed 3% with DCM.

Mitsunobu Alkylation with Glycolaldehyde Dimethyl Acetal
(Resins 6). Resins 5 (1 g) in 20 mL plastic reaction vessel were
washed 3x with anhydrous THF, and a solution of a 0.1 M
glycolaldehyde dimethyl acetal (2 mmol, 202 yL), PPh; (2 mmol, 525
mg), and 10 mL of anhydrous THF was added to the reaction vessel.
A 10 mL plastic reaction vessel was charged with 0.1 M DIAD (2
mmol, 404 pL) in 10 mL of anhydrous THE. This syringe was
connected to the plastic reaction vessel containing the resin 5.
Connected syringes were left in a freezer for 30 min, and the DIAD
solution was drawn into the syringe with a resin. The resin slurry was
shaken at rt for 10 min and then transferred to a vial and shaken at 50
°C for 16 h. The resin was washed 3X with anhydrous THF and 3x
with DCM. The reaction was repeated for quantitative alkylation.

Cleavage of Nos-Protecting Group and Acylation with
Fmoc-Amino Acids (Resins 3). Resins 6 (1 g) were swollen in
DCM and washed 3X with DMF. A solution of 0.6 M 2-
mercaptoethanol (6 mmol, 420 yL) and 02 M DBU (2 mmol, 300
uL) in 10 mL of DMF was added, and resin slurries were shaken for 5
min. The resins were washed 3X with DMF and 3X with DCM. The
resins were subsequently treated with a 0.3 M solutien of Fmoc-amino
acids (3 mmol), HOBt (3 mmol, 460 mg), and DIC (3 mmol, 464 L)
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in 10 mL of DCM/DME (1:1) at rt for 16 h, and were washed 3 with
DMF and 3% with DCM.

Cleavage of Fmoc-Protecting Group and Reaction with
Unsubstituted or 4,5-Disubstituted o-Fluoronitrobenzenes
(Resins 7). Resins 3 (0.2,5 g) were swollen in DCM, washed 3%
with DMF, and treated with 50% piperidine in DMF for 15 min. After
washing 3% with DMF and 5% with DMSO, a solution of a 1 M
unsusbtituted or 4,5-disubstituted o-fluoronitrobenzenes (2.5 mmol,
330 L) and 1 M DIEA (2.5 mmol, 435 uL) in 2.5 mL of dimethyl
sulfoxide (DMSQ) was added to the resin, and the resin slurry was
shaken at 50 °C (for unsubstituted o-fluoronitrobenzene) or rt (for
4,5-disubstituted o-fluoronitrobenzenes) for 16 h. The resins were
washed 3x with DMSO and 3x with DCM.

Substitution of Chlorine with Piperidine (Resins 7). Resins 3
(0.25 g) (after substitution with 1,2-dichloro-4-fluoro-5-nitrobenzene)
were swollen in DCM and washed 3x with DMSO, a 0.5 M solution
of piperidine (1.5 mmol, 150 L) in 3 mL of DMSO was added, and
the resin slurries were shaken at 50 °C for 16 h. The resins were
washed 3% with DMSO and 3x with DCM.

Reduction of the Nitro Group with Tin(ll) Chloride
Dihydrate (Resins 8). Resins 7 (0.25 g) were swollen in DCM,
washed 3X with DMF (saturated with N,), and a solution of tin(IT)
chloride dihydrate (2.5 mmol, 564 mg) and DIEA (2.5 mmol, 433 uL)
in 2.5 mL of DMF (saturated with N,) was added to the resin. The
resin slurries were shaken at rt for 16 h. The resins were thoroughly
washed 3% with DMF and 3x with DCM.

Acylation with Acetic Anhydride (Resins 9). Resins 8 (025 g)
were swollen in DCM, acetic anhydride was added to the resins, and
the resins were shaken at rt for 16 h. The resins were washed 3x with
DCM.

Acylation with Carboxylic Acids (Resins 9). Resins 8 (0.25 g)
were swollen in DCM, and a solution of carboxylic acid (1 mmol) and
DIC (0.5 mmol, 77 L) in 2.5 mL of DCM/DMF (1:1) was added.
The resins were shaken at rt for 16 h. The resins were washed 3x with
DMF and 3x with DCM.

Sulfonylation with 4-Nos-Cl (Resin 9). Resin 8 (0.25 g) was
washed 3x with DCM. A 0.5 M solution of 4-Nos-Cl (1.25 mmol, 276
mg) and 0.5 M lutidine (1.25 mmol, 145 4L) in 2.5 mL of DCM was
added to the resin, and the reaction slurry was shaken at rt for 16 h.
The resin was washed 5X with DCM.

Reaction with FmocCl (Resin 12). Resin 8 (0.25 g) was swollen
in DCM, and a 0.5 M solution of FmocCl (1.25 mmol, 325§ mg) and
0.5 M DIEA (1.25 mmol, 218 uL) in 2.5 mL of DCM was added. The
resin was shaken at rt for 30 min. The resin was washed 3x with
DCM.

Cyclization on Resin (Resin 13). Resin 12 (0.25 g) was swollen
in DCM, and a solution of 2% TFA in 2.5 mL of DCM was added.
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The resin was shaken at rt for 16 h. The resin was washed 3X with
DCM.

Cleavage of Fmoc-Protecting Group (Resin 14). Resin 13
(0.25 g) was swollen in DCM, washed 3% with DMF, and treated with
50% piperidine in DMF for 15 min. The resin was washed 3X with
DMF and 3x with DCM.

Cleavage, Cyclization (10), Cleavage (15), and Isolation.
Resins 9 and 14 (0.25 g) were treated with 50% TFA in DCM at rt for
90 min. TFA solution was collected, resin was washed 3x with 50%
TFA in DCM, and combined extracts were evaporated by a stream of
nitrogen. The oily residue was dissolved in 1 mL of DMSO and diluted
with 9 mL of 10 mM agueous ammonium acetate. Depending on the
type of compound, a solution or opalescent solution, occasionally with
precipitation, was formed.

A fritted 10 mL syringe was charged with 2 g octadecyl-
functionalized silica gel, and the plug was covered with another
porous disk. Sorbent was wetted with 5 mL of MeCN and washed with
5 mL of 10 mM aqueous ammonium acetate. The solution of the
target compound was passed through the column and was washed with
S mL of 10 mM aqueous ammonium acetate, and the target
compound was eluted with 5—10 mL of MeCN. The MeCN was
evaporated, and the products were purified by semipreparative reverse
HPLC. All products were isolated by freeze-drying as amorphous
solids and characterized by LC—MS, HRMS, and 'H and '*C NMR.

Analytical Data of Individual Compounds. 2-((4S,10a5)-10-
Acetyl-4-methyl-3-ox0-3,4,10,10a-tetrahydrobenzo[4,5]imidazo-

o]

e
NXHJ 2
C

HiC,

’=o

H

[1,2-a]pyrazin-2(1H)-yl)acetamide 10(1,1,1,1). Yield 9.1 mg of
amorphous solid (39%): ESI-MS m/z = 303, [M + H]*; '"H NMR
(600 MHz, DMSO-dg) & ppm 7.69 (d, J = 7.3 Hz, 1 H), 7.44 (br. s, 1
H), 7.10 (br. s, 1 H), 6.92 (t, ] = 7.5 Hz, 1 H), 6.70—6.62 (m, 2 H),
6.03 (dd, ] = 4.7, 7.0 Hz, 1 H), 424-4.17 (m, 1 H), 3.98 (d, ] = 16.7
Hz, 1 H), 391 (d, ] = 16.7 Hz, 1 H), 3.63—3.59 (m, 2 H), 2.22 (s, 3
H), 1.45 (d, ] = 7.0 Hz, 3 H); “C NMR (151 MHz, DMSO-d,) § ppm
169.7, 168.7, 166.9, 141.4, 130.7, 1247, 118.3, 115.3, 106.8, 71.5, 52.9,
49.7, 49.4, 23.0, 18.2; HRMS (TOF) m/z caled for C,sHygN,O; [M +
H]* 303.1457, found 303.1452.
2-((45,10a8)-10-Acetyl-4-methyl-3-oxo-8-(trifluoromethyl)-
3,4,10,10a-tetrahydrobenzo(4,5]imidazo[1,2-ajpyrazin-2(1H)-yl)-

HC, O

hd
AL

o
H;C

acetamide 10(1,1,2,1). Yield 16.3 mg of amorphous solid (36%): ESI-
MS m/z = 371, [M + H]"; 'H NMR (600 MHz, DMSO-d;) & ppm
7.91 (s, 1 H), 7.46 (br.s, 1 H), 7.27 (d, ] = 82 Hz, 1 H), 7.13 (br. s, 1
H), 6.79 (d, ] = 82 Hz, 1 H), 6.21 (dd, ] = 8.4, 3.7 Hz, 1 H), 4.38 (q, ]
=7.0Hz, 1 H), 403 (d, ] = 16.7 Hz, 1 H), 3.88 (d, ] = 16.7 Hz, 1 H),
3.62—3.73 (m, 2 H), 2.24 (s, 3 H), 1.45 (d, ] = 7.0 Hz, 3 H); ¥C
NMR (151 MHz, DMSO-d;) & ppm 169.7, 168.1, 167.7, 144.1, 1312,
124.9 (q, J = 270 Hz), 122.7, 117.8 (q, J = 32.5 Hz), 111.2, 105.4, 71.6,
52.4, 50.1, 49.9, 23.0, 17.8; HRMS (TOF) m/z caled for
C¢HF3N, 04 [M + H]* 371.1331, found 371.1326.
2-((4S,10aS)-10-(2-Acetamidoacetyl)-4-methyl-3-oxo-8-(trifluoro-
methyl)-3,4,10,10a-tetrahydrobenzo(4,5]imidazo[1,2-ajpyrazin-
2(1H)-ylacetamide 10(1,1,2,2). Yield 20.9 mg of amorphous solid
(66%): ESI-MS m/z = 428, [M + H]*; '"H NMR (600 MHz, DMSO-
dy) & ppm 8.34 (t, ] = 5.7 Hz, 1 H), 7.90 (br. s, 1 H), 7.47 (br. s, 1
H), 7.30 (d, J = 82 Hz, 1 H), 7.15 (br.s,, 1 H), 6.82 (d, ] = 8.5 Hz, 1
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H), 6.44—6.26 (m, 1 H), 4.40 (g, ] = 6.9 Hz, 1 H), 4.14 (dd, ] = 4.3,
16.6 Hz, 1 H), 4.06—3.99 (m, 2 H), 3.89 (d, ] = 16.7 Hz, 1 H), 3.79—
3.62 (m, 2 H), 1.90 (s, 3 H), 1.46 (d, ] = 7.0 Hz, 3 H); °C NMR (151
MHz, DMSO-d;) & ppm 169.9, 169.6, 168.0, 166.9, 143.8, 131.0, 124.8
(g J = 270 Hz), 123.9, 123.0 (m), 117.8 (q J = 32.5 Hz), 111.3 (m),
105.6, 70.5, 52.4, 49.9, 41.6, 22.2, 17.9; HRMS (TOF) m/z caled for
CgH, F;N.O, [M + H]" 428.1546, found 428.1540.
2-((4S,10aS)-10-(4-Methoxybenzoyl)-4-methyl-3-oxo-8-(trifluoro-
methyl)-3,4,10,10a-tetrahydrobenzo(4,5]imidazo(1,2-ajpyrazin-

o]

HN
X;j —QFNHZ

HiC,
N
DNL

HaCO

FsC

2(1H)-yl)acetamide 10(1,1,2,3). Yield 19.8 mg of amorphous solid
(57%): ESI-MS m/z = 463, [M + H]*; "H NMR (600 MHz, DMSO-
dg) 8 ppm 7.59 (d, ] = 8.5 Hz, 2 H), 7.40 (br. s, 1 H), 7.24 (d, ] = 8.2
Hz, 1 H), 7.09 (br. s, 1 H), 7.07 (d, ] = 8.8 Hz, 2 H), 6.82 (d, ] = 8.2
Hz, 1 H), 6.19 (dd, ] = 3.8, 8.8 Hz, 1 H), 443 (q, ] = 7.0 Hz, 1 H),
393 (d, J=16.7 Hz, 1 H), 3.83 (s, 3 H), 3.78 (d, ] = 16.7 Hz, 1 H),
3.71 (dd, J = 8.8, 12.0 Hz, 1 H), 1.45 (d, ] = 7.0 Hz, 3 H); *C NMR
(151 MHz, DMSO-d,) § ppm 169.3, 168.0, 167.0, 161.4, 144.0, 1309,
129.2, 1269, 122.5, 124.7 (q, J = 270 Hz), 1175 (q, J = 32.5 Hz),
114.2, 110.3, 105.7, 71.8, §5.5, 52.3, 50.1, 49.8, 16.9; HRMS (TOEF)
m/z caled for Cy,H,,F3N,O, [M + H]™ 463.1588, found 463.1570.
2-((4S, 10a5)-10-(4-Bromobenzoyl)-4-methyl-3-oxo-8-(trifluoro-
methyl)-3,4,10,10a-tetrahydrobenzo(4,5]imidazo[1,2-alpyrazin-

a

HiG,
N
o
FoC N 4

H
o]
Br

2(1H)-yl)acetamide 10(1,1,2,4). Yield 24.4 mg of amorphous solid
(63%): ESI-MS m/z = 511, [M + H]*; '"H NMR (600 MHz, DMSO-
ds) 3 ppm 7.75 (d, ] = 8.5 Hz, 2 H), 7.59 (d, ] = 8.5 Hz, 2 H), 7.29 (br.
s, 1 H), 7.26 (d, ] = 8.5 Hz, 1 H), 6.94 (br. s, 1 H), 6.82 (d, ] = 8.2
Hz, 1 H), 6.17-6.11 (m, 1 H), 441 (g, J = 6.9 Hz, 1 H), 3.92 (d, ] =
16.7 Hz, 1 H), 3.80 (d, ] = 16.7 Hz, 1 H), 3.74 (td, ] = 1.5, 10.1 Hz, 1
H), 3.47 (br. s, 1 H), 1.46 (d, ] = 7.0 Hz, 3 H); *C NMR (151 MHz,
DMSO-d;} & ppm 169.0, 167.7, 166.0, 143.9, 1339, 131.8, 1304,
128.9, 124.3, 124.0 (q, J = 270 Hz), 1235, 117.5 (q, ] = 32.5 Hz),
110.4 (m), 105.6, 71.6, 52.2, 49.9, 49.6, 16.8; HRMS (TOF) m/z caled
for C,H,,BrF,N,0, [M + H]" 511.0563, found 511.0587.

2-((4S, 10a5)-4-Methyl-10-((4-nitrophenyl)sulfonyl)-3-oxo-8-(tri-
fluoromethyl)-3,4,10,10a-tetrahydrobenzo{4,5]imidazo{1,2-a]-
pyrazin-2(1H)-yllacetamide 10(1,1,2,5). Yield 24.5 mg of amorphous
solid (63%): ESI-MS m/z = 514, [M + H]*; 'H NMR (600 MHz,
DMSO-d,} 6 ppm 8.35 (d, ] = 9.1 Hz, 2 H), 8.02 (d, J = 9.1 Hz, 2 H),
7.48 (d, ] = 1.8 Hz, 1 H), 745 (br. s, 1 H),7.37 (dd, J = 1.2, 82 Hg, 1
H), 7.14 (s, 1 H), 6.73 (d, ] = 8.2 Hz, 1 H), 6.17 (dd, J = 4.1, 9.4 Hg, 1
H), 4.24 (q, ] = 7.0 Hz, 1 H), 401 (d, ] = 16.4 Hz, 1 H), 3.82 (d, ] =
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16.7 Hz, 1 H), 3.76 (dd, J = 9.4, 12.0 Hz, 1 H), 3.48 (dd, J = 4.1, 11.7
Hz, 1 H), 1.16 (d, 3 H); “C NMR (151 MHz, DMSO-d;) & ppm
169.5, 167.8, 150.8, 144.9, 140.5, 129.0, 128.5, 125.5 (m), 124.7, 124.5
(g, J = 270 Hz), 118.5 (q, ] = 32.5 Hz), 113.3 (m), 107.1, 72.2, 52.1,
507, 50.1, 17.6; HRMS (TOF) m/z caled for CopH gF3NsOGS [M +
H]* 514.1003, found 514.0983.
2-((45,10a5)-10-Acetyl-8-chloro-4-methyi-3-oxo-7-(piperidin-1-
yl)-3,4,10,10a-tetrahydrobenzo[4,5]imidazo[1,2-alpyrazin-2(1H)-

Cl

He O
3 H
Oﬁxﬂf
HJC}:O

yllacetamide 10(1,1,4,1). Yield 11.3 mg of amorphous solid (34%):
APCI-MS m/z = 420, [M + H]"; 'H NMR (600 MHz, DMSO-d,) &
ppm 7.65 (s, 1 H), 7.45 (br. s, 1 H), 7.11 (br. s, 1 H), 6.50 (s, 1 H),
6.05 (dd, ] = 7.3, 44 Hz, 1 H), 431 (q, ] = 6.8 Hz, 1 H), 4.00 (d, ] =
16.7 Hz, 1 H), 3.87 (d, ] = 16.7 Hz, 1 H), 3.59-3.64 (m, 2 H), 2.79—
2.92 (m, 4 H), 220 (s, 3 H), 1.62 (dt, ] = 11.1, 5.5 Hz, 4 H), 1.46—
1.54 (m, 2 H), 144 (d, ] = 6.7 Hz, 3 H)Y; “C NMR (151 MHz,
DMSO-dg) & ppm 169.7, 168.6, 166.7, 147.3, 1410, 126.2, 1165,
115.4, 99.8, 71.5, 52.6, 52.5, 49.8, 49.5, 25.9, 23.8, 22.7, 18.3; HRMS
(TOFE) m/z caled for C,yH,CINNaO; [M + Na]* 442.1616, found
442.1618.
4-((45,10a5S)-10-Acetyl-2-(2-amino-2-oxoethyl)-7,8-dichloro-3-
oxo-1,2,3,4,10,10a-hexahydrobenzo[4,5]imidazo[1,2-ajpyrazin-4-
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o0 \/\/\AN
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]
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ylbutan-1-aminium acetate 10(1,2,3,1). Yield 6.6 mg of amorphous
solid (19%): APCI-MS m/z = 428, [M + H]*; '"H NMR (600 MHz,
DMSO-dy) § ppm 7.77 (s, 1 H), 7.45 (br. s, 1 H), 7.11 (br. s, 1 H),
6.93 (s, 1 H), 6.11 (dd, J = 8.1, 40 Hz, 1 H), 4.28 (dd, ] = 7.9, 4.1 Hg,
1 H), 402 (d, ] = 16.7 Hz, 1 H), 3.81 (d, ] = 16.7 Hz, 1 H), 3.60—3.70
(m, 2 H), 2.60 (t, ] = 5.9 Hz, 2 H), 2.24 (s, 3 H), 1.83—-1.93 (m, 2 H),
1.40—-1.50 (m, 4 H), 128—-1.37 (m, 2 H); “C NMR (151 MHz,
DMSO-d;) & ppm 173.5, 169.5, 167.7, 1674, 1419, 130.8, 126.2,
118.3, 115.8, 107.3, 71.8, 56.8, 49.8, 49.7, 40.1, 31.7, 30.6, 23.1, 22.9,
22.3; HRMS (TOF) m/z caled for C,H,,CLN.O; [M + H]
428.1251, found 428.1243.
4-((45,10a5)-10-Acetyl-2-(3-amino-3-oxopropyl)-3-oxo-
1,2,3,4,10,10a-hexahydrobenzo[4,5]imidazo[1,2-alpyrazin-4-yl)-
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butan-1-aminium Acetate 10(2,2,1,1). Yield 7.0 mg of amorphous
solid (13%): APCI-MS m/z = 374, [M + H]*; '"H NMR (600 MHz,
DMSO-d,) & ppm 7.70 (d, ] = 7.9 Hz, 1 H), 7.38 (br. s, 1 H), 6.89 (1,
J =76 Hz, 1 H), 6.86 (br. s, 1 H), 6.67 (d, ] = 82 Hz, 1 H), 6.60—
6.65 (m, 1 H), 5.89 (dd, ] = 8.5, 3.8 Hz, 1 H), 4.07 (dd, J = 7.5, 4.0 He,
2H), 3.66 (dd, ] = 11.9, 3.7 Hz, 2 H), 3.53 (dd, ] = 12.0, 8.8 Hz, 2 H),
3.47 (t, ] = 6.9 Hz, 2 H), 2.58—2.65 (m, 2 H), 2.36 (br. s, 1 H), 2.27—
2.32 (m, 1 H), 2.25 (s, 2 H), 1.88 (td, ] = 9.0, 4.7 Hz, 1 H), 1.78 (5, 3
H), 146 (d, ] = 5.0 Hz, 2 H), 1.34—1.40 (m, 1 H); *C NMR (151
MHz, DMSO-d;) 6 ppm 1732, 172.5, 167.3, 1669, 141.5, 1304,
124.7, 118.1, 1154, 106.5, 71.4, 56.9, 48.6, 44.2, 40.1, 33.1, 32.0, 30.5,
23.1, 22.9, 22.5; HRMS (TOF) m/z caled for CoH,4N;O; [M + H]*
374.2187, found 374.2212.
4-((4S,10as)-10-Acetyl-7,8-dichloro-4-methyl-3-oxo-3,4,10,10a-
tetrahydrobenzo(4,5]imidazo[1,2-alpyrazin-2(1H)-yl)butanamide

Hc, O
cl 1\4}4 N
C‘I:INXHJ f\'ngHz
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10(3,1,3,1). Yield 12.0 mg of amorphous solid (23%): APCI-MS m/z
=399, [M + H]*; 'H NMR (600 MHz, DMSQ-d;) & ppm 7.76 (s, 1
H), 7.24 (br. s, 1 H), 6.92 (s, 1 H), 6.73 (br. s, 1 H),6.10 (dd, ] = 7.5,
3.1 Hz, 1 H), 429 (q, ] = 7.0 Hz, 1 H), 3.61-3.67 (m, 1 H), 3.54—
3.61 (m, 1 H), 3.38-3.41 (m, 1 H), 3.22—3.29 (m, 1 H), 2.27 (5, 3 H),
1.96—2.04 (m, 2 H), 1.59—1.74 (m, 2 H), 142 (d, ] = 7.0 Hz, 3 H);
BC NMR (151 MHz, DMSO-d;) 6 ppm 173.8, 167.6, 167.5, 1413,
130.9, 126.2, 118.4, 115.8, 107.2, 71.6, 52.5, 48.3, 46.5, 32.3, 22.9, 22.6,
17.9; HRMS (TOF) m/z caled for Cj;H, CLN,O; [M + HJ
399.0985, found 399.0956.
4-((4S,10a5)-10-Acetyl-7,8-dichloro-4-(hydroxymethyl)-3-oxo-
3,4,10,10a-tetrahydrobenzo[4,5]imidazo[1,2-a]pyrazin-2(1H)-yl)-

OH

O
Gl N N
C\DENX_H—/ ’\~O>'NH2
% =0

butanamide 10(3,3,3,1). Yield 20.0 mg of amorphous solid (36%):
APCI-MS mi/z = 415, [M + H]'; '"H NMR (600 MHz, DMSQ-d,) §
ppm 7.76 (s, 1 H), 7.23 (br. s, 1 H), 6.89 (s, 1 H), 6.73 (br. s, 1 H),
6.07 (dd, J = 8.7, 4.0 Hz, 1 H), 5.06 (br. s, 1 H), 424 (dd, ] = 4.5, 3.4
Hz, 1 H), 3.88 (dd, ] = 10.4, 4.5 Hz, 1 H), 3.75 (dd, J = 10.3, 2.1 Hz, 1
H), 3.54-3.64 (m, 1 H), 3.46 (dt, ] = 13.5, 7.0 Hz, 1 H), 3.29-3.39
(m, 1H),3.21 (dt, J = 13.4, 6.8 Hz, 1 H), 2.26 (5, 3 H), 1.98—2.06 (m,
2 H), 1.58=1.73 (m, 2 H); “C NMR (151 MHz, DMSO-d,) & ppm
173.8, 167.4, 165.1, 141.6, 130.5, 12622, 117.9, 115.9, 107.1, 72.5, 62.9,
59.0, 48.1, 46,6, 32.3, 22.8, 22.6; HRMS (TOF) m/z caled for
CH,, CLN,O, [M + H]* 4150934, found 415.0930.
4-(((45,10a5)-10-Acetyl-7,8-dichloro-4-methyl-3-o0x0-3,4,10,10a-
tetrahydrobenzo[4,5]imidazo(1,2-ajpyrazin-2(1H)-yl)methyl)-

Hic, O
cl N H
" C)‘\‘o NH,
N 0
benzamide 10(4,1,3,1). Yield 8.0 mg of amorphous solid (13%):
APCI-MS m/z = 447, [M + H]*; '"H NMR (600 MHz, DMSO-dy) 6
ppm 7.93 (br. s, 1 H), 7.80 (d, ] = 82 Hz, 2 H), 7.73 (5, 1 H), 7.34

(br.s, 1 H),7.29 (d, = 7.6 Hz, 2 H), 6.96 (5, 1 H), 6.17 (dd, ] = 7.3,
3.2 Hz, 1 H),4.73 (d, ] = 15.3 Hz, 1 H), 445 (q,] = 7.1 Hz, 2 H), 3.68
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(dd, J = 12.2,2.8 Hz, 1 H), 3.52—3.58 (m, 1 H), 2.17 (s, 3 H), 1.47 (d,
J = 67 Hz, 3 H); *C NMR (151 MHz, DMSO-d;) § ppm 168.1,
167.5, 167.5, 141.2, 140.0, 133.3, 130.9, 127.7, 127.3, 126.2, 1187,
115.8, 107.5, 71.6, 52.7, 49.8, 48.7, 22.9, 17.6; HRMS (TOF) m/z
caled for C,H, CLN, O, [M + H]* 447.0983, found 447.0978.
4-(((45,10a5)-10-Acetyl-7,8-dichloro-4-(hydroxymethyl)-3-oxo-
3,4,10,10a-tetrahydrobenzo[4,5]imidazo[1,2-alpyrazin-2(1H)-yl)-

OH
o]

mjij[N >VJN
N H
cl 5 NH,
HaC' a4
methyl)benzamide 10(4,3,3,1). Yield 13.7 mg of amorphous solid
(21%): APCI-MS m/z = 463, [M + H]"; 'H NMR (600 MHg,
DMSO-d;) 6 ppm 7.93 (br. s, 1 H), 7.81 (d, ] = 8.5 Hz, 2 H), 7.72 (s,
1 H), 7.28-7.39 (m, 3 H), 6.92 (s, 1 H), 6.14 (dd, ] = 8.8, 3.2 Hz, 1
H), 5.13-5.20 (m, 1 H), 4.76 (d, ] = 153 Hz, 1 H), 449 (d, ] = 15.3
Hz, 1 H), 441 (t, ] = 3.7 Hz, 1 H), 3.98 (dd, ] = 10.0, 44 Hz, 1 H),
3.76—3.83 (m, 1 H), 3.63 (dd, J = 12.0, 2.9 Hz, 1 H), 3.49—3.56 (m, 1
H), 2.16 (s, 3 H); “C NMR (151 MHz, DMSO-d,) & ppm 167.5,
167.3, 165.7, 141.5, 139.9, 133.2, 130.5, 127.7, 127.3, 126.2, 118.0,
115.9, 107.2, 72.6, 63.0, 59.0, 50.0, 48.5, 22.8; HRMS (TOF) m/z
caled for C, H,,CLLN,O, [M + H]" 463.0934, found 463.0923.
4-(((45,10a$)-10-Acetyl-8-chloro-4-(hydroxymethyl)-3-oxo-7-(pi-
peridin-1-yl)-3,4,10,10a-tetrahydrobenzo[4,5]imidazo[1,2-a)-

(o]

pyrazin-2(1H)-yl)methyl)benzamide 10(4,3,4,1). Yield 21.4 mg of
amorphous solid (30%): APCI-MS m/z = 512, [M + H]"; 'H NMR
(600 MHz, DMSO-ds) 8 ppm 7.89—7.97 (m, 1 H), 7.81 (d, ] = 7.9 Hz,
2 H), 7.61 (s, 1 H), 7.25—7.36 (m, 3 H), 6.52—6.59 (m, 1 H), 6.06
(dd, J = 9.0, 3.7 Hz, 1 H), 5.13—5.18 (m, 1 H), 4.71 (d, ] = 15.6 Hz, 1
H), 4.52 (d, ] = 15.3 Hz, 1 H), 435—4.43 (m, 1 H), 3.97—4.09 (m, 1
H), 3.77 (d, ] = 4.1 Hz, 1 H), 3.59 (dd, J = 12.2, 3.7 Hz, 1 H), 3.41—
3.49 (m, 1 H), 2.78—2.91 (m, 4 H), 2.12 (s, 3 H), 1.58—1.66 (m, 4 H),
1.48—1.52 (m, 2 H); ¥C NMR (151 MHz, DMSO-dg) & ppm 167.6,
166.9, 166.3, 147.3, 141.0, 139.9, 133.3, 127.7, 127.3, 125.6, 1167,
115.0, 99.8, 72.3, 63.4, 58.9, 52.5, 49.9, 48.1, 25.9, 23.8, 22.6; HRMS
(TOF) m/z caled for C,gHy CIN,Q, [M + H]* 512.2059, found
512.2053.
(5)-2-(4-Methyl-3-oxo-8-(trifluoromethyl)-3,4-dihydrobenzo(4,5]-
imidazo[1,2-a)pyrazin-2(1H)-yl)acetamide 15(1,1,2). Yield 4.6 mg of

CHa

Q%

(e]
]
NNy,

amorphous solid (14%): ESI-MS m/z = 327, [M + H]*; 'H NMR
(600 MHz, DMSO-ds) & ppm 8.00 (s, 1 H), 7.92 (d, ] = 8.5 Hz, 1 H),
7.60 (dd, ] = 8.5, 1.2 Hz, 1 H), 7.57 (br. s, 1 H), 7.18 (br. s, 1 H),
5.34 (q, ] = 6.9 Hz, 1 H), 5.03 (d, J = 16.4 Hz, 1 H), 4.80 (d, ] = 16.7
Hz, 1 H), 4.14 (d, ] = 16.7 Hz, 1 H), 404 (d, ] = 16.7 Hz, 1 H), 1.63
(d, J = 7.0 Hz, 3 H); *C NMR (151 MHz, DMSO-d,) & ppm 169.3,
166.6, 147.9, 142.8, 135.1, 124.1, 123.3 (m), 118.8 (m), 116.1 (m),
111.8, 52.6, 49.0, 46.0, 18.9 HRMS (TOF) m/z caled for
C,H,F3N,0, [M + H]* 327.1062, found 327.1063.
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Material and Methods

Solvents were used without further purification. The Rink amide resin (100-200 mesh, 1%
DVB, 0.68 mmollg) was used. Synthesis was carried out on Domino Blocks

(www torvig.com) in disposable polypropylene reaction vessels.

The volume of wash solvent was 10 mL per 1 g of resin (except Mitsunobu alkylation; the
volume was 20 mL per 1 g of resin). For washing, resin slurry was shaken with the fresh
solvent for at least 1 minute before changing the solvent. After adding a reagent solution, the
resin slurry was manually vigorously shaken to break any potential resin clumps. Resin-
bound intermediates were dried by a stream of nitrogen for prolonged storage and/or

guantitative analysis.

For the LC/MS analysis a sample of resin (~5 mg) was treated by 50% TFA in DCM, the
cleavage cocktail was evaporated by a stream of nitrogen, and cleaved compounds
extracted into 1 mL of MeOH. The LC/MS analyses were carried out using two instruments.
The first one comprised a 3 x 50 mm C18 reverse phase column, 5 um particles. Mobile
phases: 10 mM ammonium acetate in HPLC grade water (A) and HPLC grade acetonitrile
(B). A gradient was formed from 5% to 80% of B in 10 minutes, flow rate of 0.7 mL/min. The
MS electrospray source operated at capillary voltage 3.5 kV and a desolvation temperature
300 °C. The second instrument comprised a 2.1 x 50 mm C18 reverse phase column, 2.6 um
particles, at 30°C and flow rate of 800 uL/min. Mobile phases: 10 mM ammeonium acetate in
HPLC grade water (A) and HPLC grade acetonitrile (B). A gradient was formed from 10% to
80% of B in 2.5 minutes; kept for 1.5 minute, flow rate of 0.8 mL/min. The column was re-
equilibrated with 10% solution B for 1 minute. The APCI| source operated at discharge

current of 5 WA, vaporizer temperature of 400°C and capillary temperature of 200°C.

Purification was carried out on C18 reverse phase column 18 x 100 mm, 5 um particles,
gradient was formed from 10 mM aqueous ammonium acetate and acetonitrile, flow rate 15

mL/min.
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NMR spectroscapy. All 'H and "*C NMR experiments were performed at magnetic field
strengths of 14.09 T corresponding to 'H resonance frequencies of 599.89 MHz, and at
ambient temperature {~21°C), except derivative 10(1,1,2,4), which was measured at 50°C.
'H spectra and "*C spectra were referenced relative to the signal of DMSO ('H & = 2.49 ppm,
3G 8 = 39.50 ppm).

The HRBMS analyses were carried out on a Dionex RSLC (UPLC) System with a Bruker
MicrOTOF-Q Il, using a Dionex Acclaim RSLC 120 Cyg, 2.2 um, 120 A, 2.1 x 100 mm column
run at 40°C. Mobile phases: (A) Millipore purified water with 0.1% formic acid at a flow rate of
0.5 mL/min and UV detection at 254 nm. (B) HPLC grade acetonitrile with 0.1% formic acid

at a flow rate of 0.5 mL/min and UV detection at 254 nm.
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Analytical data of synthetic compounds

'H and "*C NMR spectra (ds-DMSO) for compound 10(1,1,1,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,1,2,1)

<

KA486-2 esp

< < =1
~ © ©

=1
o

Normalized Intensity
=
=

o
w

=]
o
ITAREETIRRTTI RTOT] NTTANTERINTTRI FYTRY FUUTINTRY AVITY FYVR1RTITA (TVE CNRY CNVR1 AT RULTRNA FUTTY (VAT (AURU IT)

=
]

0

-

e

U

"

Chemical Shift {ppm)

KA486-2C esp
011

0.10

0.09

0.08

0.07

0.08

0.05

Normalized Intensity

0.04

0.03

0.02

0.01

180 180 140 120 100 80 60

Chemical Shift (ppm})

40

20 0

S5

41



'H and "*C NMR spectra (ds-DMSO) for compound 10(1,1,2,2)
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,1,2,3)
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,1,2,4) measured at 50°C
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'H NMR spectra (d-DMSO) for compound 10(1,1,2,4) measured at rt and at 50°C
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,1,2,5)
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,1,4,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(1,2,3,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(2,2,1,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(3,1,3,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(3,3,3,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(4,1,3,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(4,3,3,1)
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'H and "G NMR spectra (ds-DMSO) for compound 10(4,3,4,1)
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"H and ™C NMR spectra (ds-DMSQ) for compound 15(1,1,2)
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