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ANOTACIJA

Kondenséti selenoféni: stratégija un perspektivas. Paegle E.,
zinatniskais vaditajs Dr. kim. Arsenjans P. Promocijas darbs, 83 lappuses, 42
atteli, 40 literattiras avoti. LatvieSu un anglu valoda.

Darba ir veikta aril(hetaril)alkinu cikliz€Snas reakcijas selénbromé&sanas
apstaklos pielietojamibas robezu paplasSinaSana, izmantojot alkéna piedevu.
Alkéna piedevas klatieng biutiski samazinas vai pilnigi tiek noversta
blakusreakcija, kas saistita ar izejvielas triskar§as saites bromé&Sanos, ka
rezultata aril(hetaril)alkinu selénbroméSana ir kluvusi par efektivu metodi plasa
spektra 3-brombenz[b]selenoféna atvasindjumu iegfisanai, ka ar1 pirmo reizi
metode ir pielietojama selenoféntioféna atvasinajumu iegiiSanai. Ir pétits
diarilalkinu selénbroméSanas mehanisms, sniedzot padzilinatu izpratni par
cikliz€sanas procesa norisi un regioselektivitates avotu nesimetrisku substratu
reakcijas. Uzlabota arilalkinu selénbroméSanas metode ir izmantota ka atslegas
stadija raloksiféna (selektlvs estrogéna receptoru modulators) seléna analogu
sintezei, ka arT kombinacija ar skabes inducétu 3,2-arilgrupas migraciju iegita
rinda dabisku polifenola antioksidantu inspirétu  benz[b]selenofena
atvasinajumu.

SELENS, BENZ[b]SELENOFENS, SELENOFENTIOFENS,
SELENBROMESANA, RALOKSIFENS.
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IEVADS

200 gadu ir pagajusi kops zviedru kimikis Jenss Jakobs Bercgliuss (Jons
Jacob Berzelius) 1818. gada atklaja kimisko elementu selénu. Pirmais iespaids
par So elementu nebija pievilcigs, jo bija zinams, ka tas spgj izraisit dazadas
veselibas problémas, ka ar1 tika noveéroti toksiski efekti petfjumos ar
dzivniekiem'. Neskatoties uz to, interese par seléna biokimisko nozimi saka
palielinaties 20. gs. 50-ajos gados, kad nov@roja, ka dazi bakteriju paveidi
vairojas atrak ar selénu bagatinata vide'®. Nozimigakais sasniegums, kas lava
noskaidrot seléna biokimisko nozimi ziditaju organismos, tika paveikts 1973.
gada, kad izdevas atklat seléncisteina (Sec) klatbiitni antioksidanta enzima
glutationa peroksidazes (GPx) aktivaja centra'®. Misdienas cilvéku organisma
ir atklati vismaz 25 selénu saturoSi proteini, bet darbibas mehanisms ir
noskaidrots tikai daziem no tiem”. Neskaitot pladi pazistamo GPx, ir atklatas ari
citas svarigas prokariotu organismos neaizstajamas selénenzimu klases; to
skaita jodtironina dejodinazes (Ids), tioredoksina reduktazes (TrxRs),
selénfosfata sintaze un selénproteins P'*.

Lai gan selénu saturosi savienojumi liela méra savu kimisko un fizikalo
ipasibu zipa ir loti Iidzigi attiecigajiem s@ra analogiem, kopuma red/oks
potenciali seléna savienojumiem ir zemaki neka atbilstoSajiem s€ra
savienojumu parstavjiem, kas noved pie selena saV1en0Jumu paaugstinatas
reagétspejas salidzinajuma ar séra savienojumiem'®. ST varétu biit nozimigaka
atSkiriba starp s€ra un seléna analogiem savienojumiem, ka rezultata seléns,
preteji séram, organisma sp&j darboties ka mikroelements. Faktiski vairaku
petljumu rezultati ir apstiprinajusi, ka nepietickams seléna daudzums ikdienas
diéta var novest pie dazadu nevélamu saslimsanu paradiSanos, taja skaita véza,
diabéta, sirds saslimSanam un ar Tminsistémas darbibu saistitiem
traucéjumiem’.

Gan dabiskus, gan sintetiski iegiitus seléna atvasinajumus, balstoties uz
to darbibas lomu organisma, varétu iedalit tris lielas grupas:

1) Seléna savienojumi, kuri sp& metabolizEties lidz udenraza
selenidam (HSe ), tad&jadi kalpojot par selena avotu, kas var tikt
iesaistits selenproteTnu sinteze;

2) Selénenzimu mimetiki;

3) Selénu saturo$i savienojumi, kuriem piemit biologiska aktivitate,
bet ta nav tiesi saistita ar selénu.

Pirmaja grupa ietilpst, pieméram, selenits (SeOs” ), selenats (SeO,> ) un
Sec. Interesanti, ka Sec netiek tiesi ieklauts proteinu biosintéze, lai gan ta ir
galvena seléna forma selénproteinu aktivajos centros. Vispirms Sec tiek



metabolizéts 1idz tdenraza selenidam (HSe ), un tikai péc tam tas piedalas
genétiski iekod@ta selénproteinu sintéz€, kas to padara par patiesu 21.
neaizstajamo aminoskabi’. Turpreti otras grupas parstavji ir tiesi atbildigi par
konkrétajam selénenzimam lidzigu aktivitati. Labakie sasniegumi So
savienojumu vidl ir sasniegti GPx mimetiku saimé (Ebselen ir visplasak
pazistamais piemérs)’, tomér sasniegumu citu selénenzimu mimétiku
mekl&jumos praktiski nav.

Sis disertacijas konteksta 3. savienojumu grupa ienem vislielako nozimi,
jo pastav loti maza iesp&ja, ka benz[b]selenoféna atvasinajumi varétu tikt
metabolizeti 11dz Gdenraza selenidam, ka arT tieSi darboties ka GPx mimétiki.
Lai gan benz[b]selenofena heterocikliska sist€éma lidz $Sim nav atrasta dabas
savienojumu sastava, tas tiek uzskatits par naftalina, benz[b]furana,
benz[b]tioféna un indola bioizostéru®. Pétfjumi ir paradijusi, ka milfasartana
(milfasartan) un eprosartana (eprosartan) (savienojumi, kas tiek izmantoti asins
spiediena pazeminaSanai) benz[b]selenofeéna analogi ir efektivi AT, receptoru
antagonisti, un seléna analogi uzrada augstaku aktivitati neka attiecigie
benz[b]tioféna atvasindgjumi’. Ari misu pasu pétijumi par 2,3-aizvietotu
Siem savienojumiem piemit vidgjs vai vaj$ citotoksiskais efekts uz normalam
§Gnam, neizraisot izmainas $inu morfologija®. Ta rezultita jau zinamu
preparatu seléna analogu sintézi, ka ari jaunas biologiskas aktivitates
meklgjumus benz[b]selenoféna atvasindjumu rinda esam izraudzijusies ka loti
perspektivu petijumu virzienu.

Tadel par pétjjuma galveno meérki tika izvirzita pieejamo metozu loka
paplasinasana nepiecieSamas struktiiras benz[b]selenoféna atvasinajumu
sintezei, ka arT pétljuma izstradatds metodes pielietot izvirzito mérku
sasniegSanai medicTnas kimija.

Lai sasniegtu mérki, tika izvirziti sekojosi uzdevumi:

1) Uzlabot jau zinamo  arilalkinu  cikliz€sanas  metodi
seléenbromé&sanas apstaklos, lai paplasinatu 3-
brombenz[b]selenofena atvasinajumu sintézei pieejamo substratu
loku, ka arT piem&rot metodi selenoféntiofénu iegisanai.

2) Veikt selénbromésanas mehanisma péetjjumus, lai noteiktu
regioselektivitates avotu nesimetrisku  diaril(hetaril)alkinu
ciklizésana un veicinatu dzilaku izpratni par substratu noteiktu
strukttiras elementu ietekmi uz reakciju iznakumu.



3) legut raloksiféna (selektivs estrogéna receptoru modulators)
seléna analogu, lai novérotu, kadu efektu uz savienojumu
biologisko aktivitati atstaj séra atoma aizvietoSana pret selénu.

4) Polihidroksi benz[b]selenoféna atvasinajumu ka potencialu
antioksidantu un pretvéza agentu sintéze.

Pétijuma zinatniska novitate:
Ir izstradata aril(hetaril)alkinu cikliz€$anas metode reakcijas ar in situ
iegiitu SeBry. Alkéna piedevas ka broma “savacgja” izmantoSana lauj
viegli iegtt funkcionalizétus benz[b]selenoféna un selenoféntioféna
atvasingjumus no komerciali pieejamam vai viegli sintez&amam
izejvielam. Reakcijas norisinas atvérta atmosféra, neizmantojot
mitruma jutigus reagentus, sausus $kidinatajus vai inertu atmosferu.
Reakcijas mehanisma pétljumi apstiprina, ka cikliz€Sanas sakas ar
regioselektivu anti 1,2-pievienoSanos selénbromésanas stadija un
noslédzas ar sekojosu elektrofilu aizvietoSanos aromatiskaja gredzena.
Selena dibromida reakcijas ar 1-(aril(tienil)ettnil)pirolidin-2-ona
atvasinajumiem sniedz alternativu sint€tisko celu jauna tipa
hipervalentu 10-Se-3 sist€mas cviterjonu ieglisanai.
Uzlabota arilalkinu cikliz€Sanas metode selénbromésanas reakcijas ir
izmantota ka atslégas stadija raloksiféna (selektivs estrogéna receptoru
modulators, kas tiek izmantots sievieSu osteoporozes arst€Sanai
postmenopauzes perioda un kriits véza raSanas riska mazinasanai)
selena analogu sintézei. Tadgjadi s€ra atoma aizvietoSana ar selénu
ievérojami paaugstina savienojuma citotoksisko efektu uz dazadam
v€za Stinu [inijam, tai pat laika uzradot zemaku bazalo toksicitati neka
originala zalu viela.
Uzlabota arilalkinu ciklizéSana kombinacija ar skabes inducétu 3,2-
arilgrupas migraciju tika izmantota ka vispargja metode polihidroksi
2- un 3-arilbenz[b]selenoféna atvasinajumu iegfiSanai, izmantojot
kopigas izejvielas. Ir petitas iegiito savienojumu red/oks Ipasibas,
brivo radikalu savaksanas sp&ja un citotoksicitate uz dazadam véza
Stunu Inijam. legltie rezultati ir izmantoti struktliras — aktivitates
likumsakaribu (SAR) noteikSanai, ka rezultata ir noteikti struktiiras
elementi, kas nodrosina augsto peroksilradikalu savaksanas sp&ju.
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1. NODALA. PETIJUMA KONCEPCIJA

1.1. Pamatojums benz[b]selenoféena heterocikliskas sistémas ieklauSanai
biologiski aktivu savienojumu struktiiras

Pedgja laika paaugstinata interese par benz[b]selenoféniem tiek izradita
gan medicinas kimija>®, gan materialzinatng"”. Lai gan benz[b]selenofena
heterocikliska sisttma Iidz $im nav atrasta dabas savienojumu sastava,
benz[b]selenofens tiek uzskatits par naftalina, benz[b]furana, benz[b]tioféna un
indola bioizosteru.* Petfjumi ir paradijusi, ka milfasartana (milfasartan) un
eprosartana (eprosartan) (savienojumi, kas tiek izmantoti asinsspiediena
pazeminasanai; 1.1. att€ls, A) benz[b]selenoféna analogi ir lieliski AT,
receptoru antagonisti, turklat seléna analogi ir aktivaki par attiecigajiem
benz[b]tioféna atvasinajumiem.’ Ari miisu pasu pétijumi par 2,3-aizvietotu
benz[b]selenoféna atvasinajumu sint€zi un biologisko aktivitati ir paradijusi, ka
Sie savienojumi ir vid&ji vai vaji citotoksiski uz normalam $tnam, neizraisot
izmainas $iinu morfologija (1.1. attels, B).°

B 1
Avil(Hetaril) X~ Aril(Hetaril) E
N—co,Et N—co,Et
Se Se
X=N,S, Se
> T,
< J\/R (N/< R

Eprosartan X=CH.N

____________________________________________________________________________________________________

1.1. attéls. Milfasartana (milfasartan) un eprosartana (eprosartan) molekularas
struktiiras (A) un 2,3-aizvietoti benz[b]selenofeni (B).

Benz[bh]selenoféna  atvasindgjumu zema citotoksicitate® un to
bioizostériskums attieciba pret saviem séra analogiem’ ir pamudindjis mis
pieversties jau zinamu preparatu seléna analogu sintézei, lai novérotu, kadu
efektu sniedz $ada s€ra aizvietoSana pret selénu uz savienojumu biologisko
aktivitati.

11



1.2. Izaicinajumi raloksiféna seléna analoga sintézes stratégija

Viena no farmaceitisko vielu saimém, kuru struktiira ir balstita uz
benz[b]tioféna vai indola heterocikliskas sistémas un plasi tiek izrakstita
pacientiem, ir selektivi estrogéna receptoru modulatori (SERMs)' (1.2. attéls).
Sis zales parsvara tiek izmantotas sievie$u osteoporozes arstéSanai
postmenopauzes perioda, kriits véZa rasanas riska samazinasanai, ka arf citu ar
menopauzi saistttu simptomu arste€Sanai. Saistiba ar to, ka benz[b]selenofens un
ta s€ra analogs ir Iidzigi fizikalo 1pasibu (8kidiba, polaritate, telpiskais
novietojums utt.) zina, varétu prognozet, ka sintezetie seléna analogi saglabatu
originalas zalvielas SERM aktivitati. Tomér nelielas atSkiribas $o struktiiru
noteiktas TpaSibas, tadas ka pazeminats selenoféna gredzena aromatiskums
salidzinajuma ar tiofenu, ka rezultata savienojumi varctu vieglak oksid&ties un
piedalities arT citas kimiskas parvertibas, potenciali varétu novest pie biitiskam
izmainam biologiskaja aktivitate. Tade]l mes fokus&jam savu uzmanibu uz
raloksiféna seléna analoga sintézi (1.2. att€ls, A).

o e O QB
0w SO

raloxn’ene (Evista™) bazedoxifene (DUAVEE™)

1.2. attéls. Benz[b]tioféna un indola heterocikliskas sistémas saturosu SERMs
molekularas struktiiras.

Apliikojot raloksiféna 1.1 sint€zes metodes, vistiesakais cel$ uz atsleégas
intermediata 1.3 iegiiSanu ir tioetanona atvasinajuma 1.5 ciklizé$ana skaba videé
(1.3. attels)'". Sis ciklizé$anas process sevi ietver skabes katalizétu elektrofilu
aizvietosanos aromatiska gredzena (SgAr), tioféna gredzena aromatizaciju péc
fdens molekulas atSkelSanas un sekojoSu skabes inducEtu 3,2-arilgrupas
migraciju, ieglstot 2-arilbenz[b]tioféna atvasinajumu 1.3. Diemz&l seléna
analoga 1.6 gadijuma $ada stratégija nav piemeérota, jo eksperimentu rezultata
noskaidrojam, ka izejviela 1.6 skaba vide, kas ir nepiecieSama SgAr stadijas
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norisei, pilniba sadalas, Skeloties Se-C(sp’) saitei. Ta rezultata bija
nepiecieSams meklet citas alternativas savienojuma 1.4 vai ta ekvivalenta
iegliSanai.

e
Q)
(0] SEAr
o = W OO
OH MeO S
Ho 5 1.3

X =S (1.1), Se (1.2) 1) ScAr

X =S | 2)-H,O
SgAr ﬂ X =Se 3) 3,2-aril-migracija

X =Se OMe
Yo X ol g L
MeO MeO 3%
14 o)

X =S (1.5), Se (1.6)
1.3. attels. Raloksiféna sintézes stratégija.

Visproduktivakas pieejas 3-neaizvietotu vai 2-aril-3-
halogénbenz[b]selenofénu  sintézei ir Laroka'? (Larock) 1-(1-alkinil)-2-
(alkilselen)arénu elektrofila cikliz€Sana (1.4. attels, A), Takimijas13 (Takimiya)
o-halogénarilalkinu reakcijas ar in sifu iegttu natrija selénidu (1.4. att€ls, B) un
Sasidas'* (Sashida) arillitija savienojumu ciklizésana reakcijas ar elementaru
selenu (1.4. attels, C). Laroka elektrofila cikliz€sana norisinas loti maigos
apstaklos, regiospecifiski un ar augstu produkta iznakumu, bet ar selenofénu
kondenséta benzola gredzena aizvietotaju diverifikacija ir vai nu képigs, vai arl
finansiali neizdevigs process, jo nepiecieS$amo o-jodanilinu iegliSna ir loti
sarezgita vai arf tie ir loti dargi. Lidzigi trikumi piemit ari Takimijas un Sasidas
metodeém, bet papildus iepriek§ min&tajiem trukumiem Takimijas ciklizacijas
tiek veiktas loti augstas temperatiiras, savukart Sasidas reakcijam gluzi pretgji ir
nepiecieSama zemas temperatiiras kontrole, tiek izmantoti viegli uzliesmojosi
un mitruma jutigi litija organiskie reagenti, sausi $kidinatdji un inerta
atmosfera.
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A: R Larock (2006) E

h 7 ® !
. A E X |
L FG — FG mR I
I Z S seMe CHxCly, r.t. #Se E

E =1,, ICI, PhSeBr, PhSeCl, Br,, NBS, Hg(OAc),

B R Se Takimiya (2008)
: = !
| NaBH, mR :
| —_— !
| B NMP, 190°C Se :
| r (73-81%) :

R=TMS (H), CGH13, Ph

C: 1) tBuLi Sashida (1998)

= 2) Se
i 3) EtOH m A
| Br Se |

1.4. artels. Visplasak izmantotas metodes 2-arilbenz[b]selenoféna atvasinajumu
sintezei.

1.3. Arilalkinu selénbromésSana ka piemérota atsléegas stadija raloksiféna
seléna analogu sinteze

Bez ieprieks minétajam metodém (1.4. attels), 3-
halogénbenz[b]selenoféni 1.8 ir iegiistami ari, cikliz€jot arilalkinus 1.7
selenbromésanas apstaklos (1.5. attéls). Benz[b]selenoféna atvasinajumu
sintézes vesture seléna halogenidu reakcijas ar fenilacetiléna atvasinajumiem
ilgst no pirmas publikacijas’® 1963. Gada lidz pedgjai 1998. Gada. Tomer
sakotngjie pétijumi'®'® Saja petijumu lauka nesp€ja radit efektivas metodes
vélamo produktu iegtiSanai, jo to iznakumi (balstoties uz izmantota arilalkina
daudzumu) pat visveiksmigakajos pieméros neparsniedza 40 %. Véra nemams
progress tika sasniegts, ievieSot selénbroméSanu divfazu (fazu parneses)
apstaklos', kur tiek izmantots izejvielas arilalkina §kidums organiskaja faze
(parasti dietilétera vai dioksana $kidums) un SeX, (X = Cl vai Br) tdens
Skidums, kas viegli tiek pagatavots no seléna dioksida un attiecigas
halogéniidenrazskabes (HCI vai HBr). Ta rezultata ir publicéti vél dazi raksti*”
* lai paraditu metodes pielietojamibas robezas.
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Lai gan divfazu metode ir ievérojami efektivaka par ieprieks izmantoto
»vienfazes” pieeju, tomér §is strat€gijas limit€josais faktors ir nepiecieSamiba
izmantot tikai substratus ar elektroniem nabadzigam triskarSajam saiteém. Tadel
efektiva ciklizacija ir izdevusies tikai ar fenil- un naftilpropiolskabem'®?,
fenilpropiolskabes amidu®* un sulfonamidu'®, feniletinilfosfonskabi®® un
fenilpropargilaminiem®®. Lai gan ieprieks literatira'>>* tas nav bijis mingts,
miisu paSu pétijumi noveda pie secindjuma, ka elektroniem bagatu triskarso
saiSu izmantoSana cieta neveiksmi tadel, ka reakcijas pirmaja stadija
selenhalogenésanas vieta norisinajas konkurgjosa halogenésanas, tadgjadi
»saindgjot” izejvielu (1.5. attels).

Se0, + 4 HX

i /N ——R SeXq . Fo-L N R
| FG = X=ClB >

: 1.7 + Br Se

i R = COOH, SO,NH,, PO;H,, CH,NR',

; FG = NO,, OR'

SeX, Z R SeAr
FG+ |7 HX
NN SeX3 - X
1.9 2
1.5. attéls. 3-Halogénbenz[b]selenoféna atvasinajumu sintéze, izmantojot arilalkinu

selenhalogenésanu.

Saistiba ar to, ka dazadi fenilacetiléna atvasinajumi ir komerciali
pieejami  vai viegli ieglistami no attiecigajiem arilhalogenidiem
(pseidohalogenidiem) un terminalajiem alkiniem, m&s bijam motivéti §is
metodes talakai attistiSanai. Ta ka attiecigie broma atvasinajumi ir plasak
pielietojami talakai modificéSanai dazadas parejas metalu katalizEtu reakcijas,
tad savu uzmanibu esam koncentrgjusi uz selenbromésanu (1.5. attéls, X = Br).
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1.4. Dabisku polifenolu inspirétu benz[b]selenofena atvasinajumu
konstruésana

Miisdienas ir novérojama pieaugosa interese par antioksidantiem. Jo
pasi biitu jaizce] dabiskiem polifenoliem lidzigi savienojumi, un resveratrols ir
iesp&jams visvairak pétitais $1s antioksidantu saimes parstavis (1.6. attgls).”
Misu pétijumu turpinagjuma esam centuSies viena struktira apvienot
polifenolu®*?* un selena”>' spgju aizsargat pret saslimSanu ar v&zi ar to
oksidativa stresa moduléSanas aktivitati karcinogenézes procesa. Ta ka Se-
raloksiféna 1.2 pamatstruktiira ietver abus min&tos struktiiras elementus, tad
radas motivacija pétit, ka hidroksilgrupu skaits un novietojums ietekmé
sintez€to polihidroksibenz[b]selenoféna atvasinajumu citotoksicitati un radikalu
kerSanas aktivitati.

[FG = F, Me, OMe, OH ] arilééanaﬂ

Br

selénbromésana AN
—— (TS

Z~Se

1.1
1.6. attéls. Sintézes stratégija dabisku polifenolu inspirétu
polihidroksibenz[b]selenoféna atvasinajumu iegiSanai.

Nepieciesamo polihidroksibenz[b]selenoféna atvasinajumu 1.12 un 1.13
konstrugsanai ka atslégas stadijas izvel&jamies izmantot uzlabotas arilalkinu
cikliz€Sanas selénbromésanas apstaklos un skabes inducétas 3,2-arilgrupas
migracijas kombinaciju, kas lautu iegiit v€lamos produktus no vienam
izejvielam.
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MY — — . . - . ez = vy =_1b
1.5. AtSkiribas starp séra un selena savienojumu kimiskajam 1pasibam

Autori Hans J. Reich un Robert J. Hondal 2016. gada ir publicjusi
apskata rakstu'®, cenSoties atbildét uz jautajumu, kapéc daba ir izvélgjusies
selénu? Sava zina tas sasaucas ar jautdjumu, kapéc més esam izvelgjusies
sintezet benz[b]tioféna seléna analogus. Mingtais apskata raksts sniedz plasu
ieskatu lidz $im atklataja seléna loma biologiskajos procesos, koncentrgjoties
uz atskirtbam no sava tuvaka radinieka — séra. Saja promocijas darba sadala tiks
sniegta tikai biatiskaka informacija par atSkribam So elementu un to
atvasinajumu starpa, tapec detaliztakas informacijas ieglisanai rekomend&ju
iepazities ar iepriek§ mingto rakstu.

Séram un selénam piemit loti lidzigas kimiskas un fizikalas Ipasibas,
raugoties no dazadiem aspektiem. Tiem ir kopigas visas oksidacijas pakapes, ka
ari funkcionalo grupu tipi. Analogisku savienojumu struktiiras ir tik lidzigas, ka
Sie savienojumi daudzos gadijumos viegli kokristaliz€jas. Vairakas no
butiskakajam atSkirtbam s€ra un seléna kimiskajas ipasibas ir saistitas ar
visparzinamam likumsakaribam, kas iezim&jas pareja no vieglakiem uz
smagakiem elementiem. Smagaki elementi parasti ir vieglak polariz&jami, kas
parasti noved pie atrakam gan elektrofilas, gan nukleofilas aizvietoSanas
reakcijam. Lielaka dala saiSu ar selénu stipruma zina ir vajakas neka attiecigas
saites ar s€ru, ka rezultata pie seléna vieglak norisinas saites SkelSanas
reakcijas. Tas nozimé, ka Se—X saites o* orbitale ir zemakas energijas neka
attieciga S—X saites o* orbitale, ka rezultatad Se—X saite ir efektivaks elektronu
akceptors. Tadgjadi seléns visas savas oksidacijas pakapes ir elektrofilaks par
s€ra analogiem. Piem@ram, visplasak zinama seléna reakcija organiskaja sinteze
ir seléna oksida eliminéSana, veidojot alkénus (1.7. att€ls). Seléna gadijuma
elimingSanas notiek aptuveni 100 000 reizu atrak neka analoga sera oksida

atSkelSana.
£
Ph=Y.

% ~H = =\ + [PhvoH]
“

1.7. attéls. Seléna oksida eliminésana, veidojot alkénus.
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Ir zinama arf vispargja likumsakariba, ka smagakiem elementiem parasti
ir mazak stabilas augstas osidacijas pakapes formas, un §ada paradiba ir speka
arT seléna un s€ra gadijuma. Seléns ka smagaks elements ir vairak tolerants art
pret hipervalentiem saiSu stavokliem. Viens no nedaudzajiem piemériem, kad
Se—X saites ir specigakas neka attiecigas S—X saites, ir So elementu hipervalenti
savienojumi. Piem@ram, selénani (R4Se) veidojas daudz vieglak neka sulfurani
(R4S), un tie ir daudz stabilaki. Analogiska relativa stabilitate ir ve€rojama ari
ata kompleksos R;Se” un R3S,

Aciditate. Lielaks atoma izmers un Iidz ar to vajaka saite ar Gdenradi, ka
arT lielaka polariz€jamiba noved pie selenolata anjona vajaka baziskuma
salidzinajuma ar attiecigu tiolatu, pK, vertibam atSkiroties pat par 3-4
vienibam. Tadgjadi seléncisteins neitrala pH ir praktiski pilnigi jonizets, kameér
cisteins pastav praktiski tikai tiola forma. Ta ka selenolati ir mazak baziski par
tiolatiem, tad parasti selenolati ir ari labakas aizejosas grupas.

Nukleofilitate. Pretstata vajakam baziskumam, selenolata anjoni ir
aptuveni par kartu aktivaki nukleofili par attiecigajiem tiolata anjoniem. To
skaidro ar seléna lielaku polariz§jamibu. Ieguldjjumu selenolata anjona
pastiprinata nukleofilitaté protiskos Skidinatajos sniedz ari vajakas tdenraza
saiSu akceptora Tpasibas salidzinajuma ar to s€ra analogiem. Vislielaka atskiriba
seléna un s@ra nukleofilitaté novérojama fiziologiska pH robezas, kad selenoli
pretgji tioliem ir praktiski pilnigi joniz&ti.

Elektrofilitate. Selena lielaka tolerance pret hipervalentiem stavokliem
atstdj nozimigu iespadu uz seléna elektrofilitati, jo nukleofils uzbrukums
selénam parasti norisinas, veidojot hipervalentus starpsavienojumus (R4Se vai
R;Se”). Tadel sada tipa reakcijas ar selénu norisinas daudz straujak neka ar
séru, un visu tipu seléna savienojumi ir labaki elektrofili neka attiecigie séra
analogi.

Vajas m-saites. Selénam salidzinajuma ar s€ru ir lielaks atoma radiuss
un lidz ar to lielakas hibridizétas orbitales. Kombinacija ar lielakiem saiSu
garumiem tas izraisa vajaku m-saiSu veidoSanos. Pieméram, sada seléna 1pasiba
izraisa selénesteru ievérojami zemaku stabilitati par attiecigajiem tioesteriem,
jo seléna rezonanse ar karbonilgrupu ir apgriitinata. Tadgjadi selénesterus var
izmantot ka efektivus acilgrupas parneses agentus.

Red/oks kimija. Vislielaka atSkiriba starp séru un selénu novérojama
tieSi abu elementu oksidéSanas un reduc€Sanas procesos, un atSkiribas ir
butiskas gan viena, gan divu elektronu parneses procesos. Lai gan labakas
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uztveramibas d&] halkogéna-skabekla saites biezi vien tiek attElotas ka
dubultsaites, seviski seléna gadijuma, korektak bitu izmantot vienkarSu o-saiti
ar dalladiniem uz atomu centriem, jo vajas m-saiSu veidoSanas sp&jas dé] Y-O
saites ir loti polarizétas (1.8. att€ls). Iespgjams tadel, ka skabekla atoma nedalita
elektronu para atgriezensikas saites veidoSana ar akceptora orbitali (o* vai d
orbitales) uz seléna ir mazak efektiva neka séra gadijuma, Y—O dativas saites
selénoksidos, selenonos, seleninskabés un selenonskabgs ir vajakas un vairak
polarizétas neka attiecigajos séra analogos. Sis atikiribas paradas daudzos
aspektos, ja salidzina s€ra un seléna kimiskas 1pasibas. Piemeram, alkilselenoni
ir lieliski alkilé$anas agenti, bet sulfoniem $ada reagétsp&ja praktiski nepiemit.
Turklat dimetilselénoksids ir ievérojami baziskaks par dimetilsulfoksidu.
Tadgjadi skabes katalizéta reakcija selénoksida gadijuma aktivas protonétas
formas koncentracija ir aptuveni 10* reizes lieldka neka sulfoksida gadijuma.
Ta ka seléns pats par sevi jau ir elektrofilaks par séru Se—O saites palielinatas
polarizacijas del, tad $adas papildu aktivacijas rezultata seléna elektrofilitates
parakums par s€ru pieaug veél dramatiskak. Ari selénoksidu racemizacija
norisinas daudzkart atrak neka tas notiek ar sulfoksidiem, un racemizacijas
mehanisms abos gadijumos ir atskirTgs.

o) el
(@) \ (@)
R/Y\R‘ L» /Y\+ . L» ><++
R R R R'
sulﬁd_s sulfoksids sulfons
selenids selénoksids selénons
Y- [C] \Y + [O] - \Y/++
R™ OH R™ " OH R™ " OH
sulfénskabe sulfinskabe sulfonskabe

selenénskabe seleninskabe

selenonskabe

1.8. attels. Séra un seléna atvasinajumi dazadas oksidacijas pakapés.

Biezi sastopams efekts, salidzinot vieglakus elementus ar smagakiem, ir
smagako elementu lielaka tieksme p&c pastavéSanas zemaka oksidacijas
pakapée, un seléns $aja zina nav iznémums. Piemeram, selénoksidi sp&j oksidet
sulfidus par sulfoksidiem. AtSkiras arT s€ra dioksida (SO;) un seléna dioksida
(Se0,) 1pasibas. SO, tiek uzskatits par maigu reducétaju, turpreti SeO, — par
maigu oksidetaju (Riley oksidéSana). Abi savienojumi reagé ar alkéniem,
veidojot attiecigos alilsulfinskabes un alilseleninskabes intermediatus (1.9.
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att€ls). Tomér SO, gadijuma notiek atgriezeniska reakcija, ka rezultata
elimingjas SO, un no jauna veidojas alkéns, s€ram saglabajot savu augstako
oksidacijas  pakapi. Savukart seleninskabes intermediats iesaistas
[2,3]sigmatropa pargrupésanas reakcija, veidojot divalenta seléna esteri, kas loti
atri hidrolizgjas par alilspirtu.

H /H
i =55
O//S Y
]

OJ Se
Oge« -— \J — 0 ~
HO W H”

1.9. attéls. Séra dioksida (SO,) un selena dioksida (SeQ,) reakcijas ar alkéniem.

Atskirtbas s€ra un seléna oksidu elektroniskajas struktiiras izraisa arl
butiskas atSkirtbas So savienojumu oksidéSanas un reduc@Sanas reakciju
atrumos. Lai gan pirmais oksidésanas solis no sulfida/selenida par
sulfoksidu/selénoksidu atruma zina ir loti Iidzigs, nedaudz atrak reakcijai
notiekot ar selénu, butiska atSkiriba paradas otraja oksideSanas stadija, kur
selénona veidoSanas notiek daudz gritak neka attieciga sulfona. Tas liela méra
saistits ar Se—O saites lielaku polarizaciju un seléna nedalita elektronu para
mazaku nukleofilitati. Salidzinot tiolu un selenolu oksidéSanas atrumu par
attiecigajiem disulfidiem un diselenidiem, jasecina, ka diselenidu veidoSanas
notieck daudz atrak. Kopuma tiolu un selenolu oksidéSanas procesiem
raksturigas iepriekS apskatito sulfidu un selénidu oksidéSanas reakcijam
piemitosas likumsakaribas. Run3jot par viena elektrona oksidéSanas procesiem,
svarigi pieminét, ka selenilradikali ir ievérojami stabilaki par tiilradikaliem.

Kopsavilkums. Apkopojot $aja nodala izklastito informaciju, var
secinat, ka praktiski visas seléna atvasinajumu reakcijas notiek atrak neka ar
attiecigajiem séra analogiem. Apskata raksta autori secina, ka $adu noverojumu
del ir vilinosi teikt, ka daba ir izvelgjusies selenu sra vietd, jo seléna
paaugstinata aktivitate dazadas kimiskas reakcijas lauj paatrinat enzimatiskus
procesus. Tomer autoru patiesa atbilde uz jautajumu, kapec daba ir izvelgjusies
selenu, balstas uz seléna sp&ju apgriezeniski mijiedarboties ar skabekla
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aktivajam formam (SAF). Gan s€rs, gan seléns ir efektivi nukleofili, kas
reakcijas ar SAF divu elektronu parneses procesos oksidgjas. Séra un seléna
oksidu ievérojami atSkirigo elektronisko struktiru dé]l dramatiski atSkiras to
kimiskas 1pasibas. Ta rezultata seléna oksidi daudz vieglak sp€j atgtt reduceto
formu. Paradibu, ka seléns spg&j viegli oksidéties un viegli reducéties atpakal
izejas stavokli, médz saukt par ,seléna paradoksu”. Turklat selenilradikala
ieverojami augstaka stabilitate salidzinajuma ar tiilradikala stabilitati nodroSina
selénu saturoSiem proteTniem paaugstinatu noturibu viena elektrona oksidetaju
klatieng.
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2. NODALA. PETIJUMA REZULTATU KOPSAVILKUMS

2.1. Aril(hetaril)alkinu selénbromésana

Ka jau tika minéts 1.3. apaksnodala, nozimigakais limitgjosais faktors
arilalkinu selénbromés$anas izmanto$anai benz[b]selenoféna atvasinajumu
sintézé ir izejvielas triskar§as saites broméSana, kas konkuré ar v&lamo
selenbromesanu. Sada blakus reakcija ne tikai samazina produktu iznakumu,
bet ari rada griti atdalamus piemaisijumus, no kuriem atbrivoties ir sarezgiti
pat tad, ja to saturs ir relativi niecigs. Ta ka tika pienemts, ka izejvielas
triskarsas saites ,,saindéSanas” notiek reakcija ar molekularo bromu, kas izdalas
cikliz€Sanas procesa (1.5. att€ls), més uzsakam selektiva broma keraja
mekl&jumus. Veiksmiga karta vienkarsas alkéna piedevas izmantoSana izradijas
pietieckami efektiva, lai biitiski paplaSinatu izmantojamo substratu loku 3-
brombenz[b]selenoféna atvasindjumu sintézei (2.1. attéls)*.

Ir svarigi pieminét to, ka bez alkéna piedevas izmantosanas visos 2.1.
attela paraditajos pieméros ka piemaisijumi lielaka vai mazaka mera veidojas
attiecigie triskarsas saites bromésanas produkti, bet, pateicoties alkéna piedevas
izmanto$anai, daudzos gadijumos tie praktiski nav detekt€jami. Loti tiri
reakcijas norisinas ar benzola gredzena neaizvietotiem substratiem 2.1a-d,m,n,
ka rezultata attiecigie cikliz€Sanas produkti 2.2a-d,m,n ir iegiti ar loti labiem
iznakumiem. Lieliski rezultati ir iegtti arT p-elektronakceptoras grupas saturosa
2.1i un fluoraizvietoto 2.1j-1 ciklizéSana, kur loti nozimigs faktors ir m-
fluoraizvietota atvasinajuma 2.11 pilnigi regioselektiva ciklizé$anas.
Neskatoties uz to, ka iepriek§ min&tajos pieméros ir sasniegts butisks progress
salidzinajuma ar selénbrom&Sanu bez alkéna piedevas, o- un p-elektrondonoru
aizvietotaju klatesamiba substratu benzola gredzenos pat alkéna klatbiitné
nelauj noverst triskarsas saites bromésanu. Tadgjadi substratu 2.1f,h gadijumos
blakusreakcija kltst par galveno reakciju. Savukart m-metoksiatvasinajums
2.1g neveido attiecigo dibromatvasinajumu, bet ciklizEjas ar nepilnigu
regioselektivitati (aptuveni 90 %) SgAr stadija.
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Se0, (1.5-2.0 ekviv.) Br

7\ — R ciklohekséns (1.0-1.2 ekviv.) FG I NN\ R
Fe~ = HBr/dioksans A

21a-p istt., 24-72h 2.2ap
Br Br Br
OH
Se Se
2.2a (45%) 2.2b (76%) 2. 2c (89% 2 2d (33%
OMe g,
: OH MeO” : : OH i
2.2e () 2.2 (-) 2. 29 (65% [a] 2.2h (-
OH F OH
2.2i (88%) 2. 2] 5% 2.2k (49%) 2.21 (8 3%

ol e 0 o

2.2m (82%)! 2.2n (71%)d 2.20 (11%) 2.2p (44%)l°!

2.1. attéls. Arilalkinu selenbromésana alkéna piedevas klatieng. [a] Produkts ieglits
ar 10 % attieciga 7-metoksiatvasinajuma piemaisijumu. [b] Ka alkéna piedeva izmantots
cikloheks-2-&nons. [c] Savienojuma 1.1p R = TMS; izmantoti 2.0 ekvivalenti seléna
dioksida un 2.0 ekvivalenti cikloheks-2-&nona, un pilniga desililéSana panakta,
izmantojot 0.5 ekvivalentus TBAF.

Ar merki iegtt attiecigos selenofén[3,2-b]Jtioféna 2.4a-e un
selenofén[2,3-b]tiofena atvasinajumus 2.4f-h, lidzigus apstaklus piemérojam
tienilalkinu 2.3a-h ciklizéSanai (2.2. attéls)’>. Diemz&l 6-bromselenofen[3,2-
b]tiofena atvasinajumu rinda vienigais tiras reakcijas un preparativa iznakuma
piemérs ir formilatvasindjuma 2.3e cikliz€Sana, bet 4-bromselenofen[2,3-
bltiofenus 2.4f,g izdevas iegiit ar viduvgjiem iznakumiem. Zemaki iznakumi
salidzinajuma ar radniecigajiem benzola analogiem (2.1. att€ls) rodas papildus
blakus reakcijas del. Ta ir dalgja tiofena gredzena a-pozicijas broméSana, kas
nopietni apgritina ciklizésanas produktu attiridanu. Sadu apsvérumu dél
efektivas selenofentiofénu sint€zes panakSanai tienilalkinu selénbromésanas



apstaklos ir absoliiti nepiecieSama tioféna gredzenu a-pozicijas ,,aizsargasana”
ar elektronakceptoru aizvietotaju.

Se0; (1.2-1.5 ekviv.)

ciklohekséns(1.2 ekviv.)
= ‘ MOH . m
HBr/dioksans

2.3a-h ist.t., 24h 2dal o 4t
Se Se Se Se
[S_/ZA {30 (3 (3
S Br
2.4a (- 2.4b (34%) 2. 4c 2. 4d
Se
at m m
2.4e 65% 2.4¢ (56 %) 2.4g (39%) 2.4h (-

2.2. attéls. Tienilalkinu selénbromésana alkéna piedevas klatlene.

Propan-2-ola atvasinajumi 2.2j-1 ir loti daudzpusigi mazi ,,biivbloki”
sarezgitakas struktliras benz[b]selenoféna atvasindjumu sintézei. Piem&ram,
deacetongjot 2.2j, iegiist 3-brom-6-fluorbenz[b]selenofénu (2.5a) (2.3. attéls)™
Savienojumam 2.5 ir iesp&jams plass talako parvertibu spektrs, jo C—Br saite ir
izmantojama dazadas parejas metalu katalizetas reakcijas, C-2 pozicija ir
aktiva elektrofilai aizvieto$anai, un ir labi zinams, ka fluora atoms ir loti laba
aizejosa grupa nukleofilai aizvietoSanai aromatiska gredzena, kas lautu
ciklizesanas procesa ,,aizliegtas” pozicijas ieviest elektrondonorus aizvietotajus
(piem@ram, alkoksigrupas). Visas minétas parvertibas ir demonstrétas prakse,
sintezgjot ,,apgrieztos” raloksiféna seléna analogus (skat. 2.5. apak$nodalu) un
dabisku polifenolu inspirgtos benz[b]selenofenus (skat. 2.6. apak$nodalu).

Parejas metalu katalizétas
Skérssametinadanas reakcijas

Br Br)
Me K3POy4 (1.2 equiv.
F Se  OH DMSO, 80°C, 24h F Se
2.2j 2.5a (71%)
SNAr

2.3. attéls. Plasi pielietojama maza biivbloka 3-brom-6-fluorbenz[b]selenoféna (2.5)
sintéze.
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2.2. Diaril(hetaril)alkinu seléenbromésana

Izstradata  aril(tienil)alkinu  ciklizé§anas metode®™  (skat. 2.1
apaksnodalu) talak tika izmantota diaril(hetaril)alkinu cikliz€Sanai (2.4.
attéls), un ta ir arT atslégas stadija raloksiféna seléna analoga sintézei (skat.
2.5. apaks$nodalu). Ta rezultata ieguvam dazadus gan jaunus, gan ieprieks
zinamus 2-aril-3-brombenz[b]selenoféna un selenofentioféna atvasinajumus.

Sekmiga cikliz€Sanas norisinas ne tikai simetrisku substratu 2.6a-d
gadijumos, bet arT nesimetriskie substrati regioselektivi cikliz&jas, veidojot
attiecigos  kondens€tos  selenofenus (2.4. att€ls). Tomér reakciju
regioselektivitati stipri ietekmé aromatisko gredzenu elektroniskas ipasibas, t.i.,
stiprak polarizéta tiiskar$a saite veicina augstaku regioselektivitati. Tadgjadi
izriet sekojosa likumsakariba: selenoféna gredzena veido$anas notiek pie
elektroniem bagataka aromatiska gredzena. Elektrondonori aizvietotaji un/vai
stipri polarizéta triskar$a saite izraisa pastiprinatu izejvielas bromésanu, bet
seléna tetrabromida parakuma izmanto$ana kombinacija ar alkéna piedevu spgj
bitiski samazinat blakusreakcijas Tpatsvaru. Saja konteksta svarigi ir atzimét
elektroniem bagato diarilalktnu 2.6b, kura sekmiga cikliz€Sana lava iegiit
attiecigo raloksiféna seléna analoga sintezes atsl€gas intermediatu 2.7b.

Loti atSkirigi uzvedas stipru elektronakceptoru aizvietotaju saturosi
substrati, pieméram, diarilalkins 2.6d, kur§ cikliz&jas loti tiri pat bez alkéna
piedevas. Gluzi pretgji, alkina 2.6d reakcija ar seléna tetrabromidu
ciklohekséna klatiene praktiski nenotiek, jo seléna tetrabromids atrak brome
cikloheksénu, neka pievienojas izejvielas triskarsajai saitei.

Lai panaktu pilnigu regioselektivitati nesimetrisko diarilalkina
atvasingjumu gadijuma, nepietiek tikai ar spécigu p-elektronu donoru vai
elektronu akceptoru viena no aromatiskajiem gredzeniem. Lai gan alkinu 2.6i,j
ciklizésana nenotiek absoltti regioselektivi, parakuma eso$os regioizomérus
2.7i,j var saméra vienkarsi attirit un izdalit ar viduvéjiem iznakumiem. Diemzel
vienu elektrondonoru saturosa substrata 2.6e cikliz€sana papildus nepilnigajai
regioselektivitatei rodas ari triskar§as saites broméSanas produkti, ka rezultata
tiru produktu 2.7e izdalit nebija iesp&jams. Tomér pat salidzino$i vaji induktivi
elektronakceptora fluora atoma ievadiSana otra aromatiskaja gredzena
(savienojums 2.6f) lauj sasniegt pilnigu regioselektivitati un attiecigo
ciklizé$anas produktu izdalit ar 55 % iznakumu.

Arf feniletinil- un tieniletinilpiridina atvasinajumu 2.6k, un 2.8a,b.e.f
ciklizé$anas norisinas pilnigi regioselektivi, veidojot benz[b]selenofénus 2.7k,1
un selenoféntioféna atvasinajumus 2.9a,b.e.f. Nozimigs sasniegums ir bis-
cikliz€sanas piemers 2.9g.
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Se0; (1.5-4.0 ekviv.) Br
VR X=Y_ EWG  ciklohekséns (1.2-3.0 ekviv.) 1 0 X=Y_EWG
=7 DG W
EDG — HBr/dioksans, ist.t. Z~se
2.6a-1 2.7a-
Se0, (1.2-4.0 ekviv.) Br
ciklohekséns (1.0-3.0 ekvw
R ¥ e
s HBr/dioksans, ist.t. FG
2.8a-f 2.9a-d 2.9e,f
Se MeO Se Se
2.7a (84%) 2.7b (50%)l (64%)
O
O O mph m
Se OEt Se MeO Se
2.7d (84%) 2.7e (-)F! 2.7f (55%)
MeO” ‘ Se . F~ ‘ Se . ‘ Se .
2. 7g (58%) 2.7h (-)d 2.7i (57%)
w @EHND ©E¥Q
Se Se \_/
2.7j ( 64% 2.7k (57%) 2.71 (66%)
- \
Se | se Ml se M NP
XN S
1\ 1\ T\
S Br S Me S Br
2.9a (28%) 2.9b (40%) 2.9¢ (33%)1
<o sy
\ 7/ st \_/ ]
0, r r
2.9¢ (39%) 2.9 (32%) 2.9 (40%))

2.4. attéls. Diaril(hetaril)alkinu ciklizésana selenbromésanas apstaklos.

[a] Izmantota Et;N (4.0 ekviv.) piedeva. [b] Tika iegiits neatdalamu produktu maisjums.
[c] Iegtts divu neatdalamu regioizoméru maisijums. [d] Ciklohekséna vieta izmantots
cikloheks-2-&nons (1.5 ekviv.) Et;N (1.0 ekviv.) piedevas klatieng. [e] Ka izejviela
izmantots 2,5-bis(pirid-3-iletinil)tioféns.
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2.3. Arilalkinu selenbromésanas mehanisma pétijumi

Difluoraizvietota diarilalkina 2.6¢ neparasti 1éna reakcija deva lielisku
iesp&ju pétit pakapenski notiekoso ciklizé§anas procesu (2.5. attéls)”. Fluora
atomu klatiene izejviela 2.6¢, starpsavienojuma 2.12 un produkta 2.7¢ lava tiesi
novérot reakcijas norisi tdeni saturo§a dioksand, izmantojot F KMR
spektroskopiju. Veicot 2.6¢ ciklizaciju bez alkéna piedevas, reakcija beidzas
jau 24 h laika, un ka produktus iegtst benz[b]selenofenu 2.7¢ un attiecigo
triskarsas saites bromesanas aduktu. Tad€jadi mums neizdevas detektet nevienu
starpsavienojumu. Tomeér, reakcijai izmantojot 2.0 ekviv. SeO, un 1.0 ekviv.
Cikloheksena, ciklizacijas process ieveérojami paléninajas.

Se0, + HBr

Br
F F
l Bt‘s‘e'gr Br Br
26 [SeBry] ( = N N
.6c ——m —_—
A O B@ O B O SeBrg [o] ; O SeBr
F g F F 211 Br LF 242
210 . C[ r 916 ppm 2.
Br
SeAr N+ Br,
E

SgAr

O 2.6c SEAr
[SeBry] T» [SeBry] — [212] ———
1 J K
Br

950 ppm 588 ppm
Cla

Br F
H J
O b
573 ppm
Se, F
F “Se O

212
[ 1 N
O Br 2,
E r 213

2.5. attéls. Savienojuma 2.6¢ iespéjamais ciklizéSanas mehanisms.

Sada veida noskaidrojam, ka péc 24 h maisiSanas istabas temperatiira
rekacijas maistjums satur praktiski tikai starpsavienojumu 2.12 (apstiprinats ar
'H, *C, F un ""Se KMR spektroskopijas datiem; 2.5. attéls). Balstoties uz
Poleschner un Seppelr’* pétijumiem, ir pamatots iemesls apgalvot, ka seléna
tetrabromida pievienoSanas izejvielas 2.6¢ triskarSajai saitei norisinas caur
selénirénija tipa katjonu intermediatu 2.10 (2.5. attéls, A, B), savukart
vinilselenilbromida starpsavienojuma 2.12 veidoSanas varétu but izskaidojama
ar sekojosu broma parnesi no 2.11 uz cikloheksénu (2.5. att€ls, C). Nosleguma
starpsavienojums 2.12 1énam ciklizgjas, veidojot vélamo produktu 2.7¢, kas
norisinas péc elektrofilas aizvietoSanas aromatiska gredzena mehanisma (2.5.
attels, D).
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Apstradajot reakcijas maisjjumu ar piesatinatu natrija hlorida tdens
Skidumu un etilacetatu péc 24 h maisisanas, ka galveno reakcijas produktu ar
42 % iznakumu izdalja diselenidu 2.13 (2.5. attéls, F). Acimredzami $ados
apstaklos starpsavienojums 2.12 disproporciongjas, ka rezultata veidojas Se—Se
saite. Ta ka diselenids 2.13 tika izdalits ka tirs E,E-stereoizomérs (apstiprinats,
izmantojot monokristalu rentgendifraktometriju), ir iegiits neapgazams
pieradijums stereospecifiskai anti 1,2-pievienoSanai selénbroméSanas stadija
(2.5. attels, A, B). Papildus pieradijumi starpsavienojuma 2.12 eksistencei tika
iegiiti, oksidativi pievienojot 1.0 ekviv. Br, diselenida 2.13 dioksana §kidumam
(2.5. attels, G). Mazak neka stundas laika diselenids 2.13 parvertas
vinilselenilbromida 2.12, un atkal novéroja I&€nu 2.12 ciklizéSanos, veidojot
produktu 2.7¢ (2.5. attels, H).

Ieverojama ciklizacijas reakcijas atruma atSkiriba (24h vai 72 h)
atkariba no ta, vai alkéna piedevu izmanto vai ng€, varétu biit izskaidrojama ar
elektrofilaka Se'V starpsavienojuma 2.11 piedaliSanos SpAr stadija, ja alkéns
netick izmantots (2.5. attéls, E). Ta ka SeBr, var tieSi reagét ari ar alkéna
piedevu, bromg&jot ta dubultsaiti (2.5. att€ls, I), SeBr, klatieni reakcijas
maisTjuma nevajadzetu kategoriski izslegt. Saistiba ar to, ka 3-brom-2-
fenilbenz[b]selenofena sint€zes piemers SeBr, reakcija ar difeniletinu ir
demonstréts jau ieprieks™, tad dalgja $ada reakcijas norises cela (2.5. attéls, J,
K) iesp&jamiba kopégja ciklizé$anas procesa ir izverteéjama.

2.4. 1-(Aril(tienil)etinil)pirolidin-2-onu reakeijas ar SeBr,"°

Lai gan alkinilamidu 2.14a-g reakcijas ar SeBr, benz[b]selenofeéni
neveidojas, §Ts disertacijas temas konteksta tika iegiita loti vertiga informacija.
Papildus tam, ka negaiditi tika atrasts alternativs pan€miens jauna tipa
hipervalentu T-veida 10-Se-3 sisttmu 2.16 iegiiSanai (2.6. attels), iegdtos
savienojumus 2.16a-g varétu uzskatit arT par ,,notvertiem” intermediata 2.12
(2.5. attels) analogiem. Savienojumu 2.16a-g strukttira parada, ka vispirms
SeBr, seléna atoms mijiedarbojas ar attiecigas izejvielas 2.14 triskarso saiti,
visdrizak veidojot seléniréna tipa starpsavienojumu 2.15, un sekojoss ieksgja
skabekla nukleofila uzbrukums broma anjona vieta noved pie cviterjonu 2.16
izgulsnésanos. Visticamak, savienojumos 2.16 seléns nav pietiekami elektrofils,
lai iesaistitos elektrofila aizvietoSana aromatiska gredzena, ka rezultata
neveidojas benz[b]selenoféna heterocikliska sistéma. Hipervalenta seléna
eksistence savienojumu 2.16 struktiiras ir apstiprinata gan kristaliska stavokli,
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gan $kiduma, izmantojot monokristalu rentgendifraktometrijas un "’Se KMR
spektroskopijas datus.

Br, Br
Y4
o SeBr, (1.0 eq.) /N
Ar(Th———N o o~ > Ar(Th)- N >
CHCl3, 0°C, 15 min k
2.14ag |} 2.15 d
Br Br
o Br ® ®Sé ® ®’Sé @
.Se Br~ N Br N
Br N | |
[ G MeO o
Ph” O
2.16a (50%) MeO MeO 2.16d (kvantit.)
2.16b (82%) 2.16¢ (57%) OMe
QIQ @Ig Q
2.16e (60%) 2.16f (16%) 2 169 (77%)

2.6. attels. Alkinilamidu 2.14a-g reakcijas ar SeBr,.

Diemzgl visi SeBr, izmantoSanas m&ginajumi beidzas ar neveiksmi, jo
reakciju rezultata ieguvam sarezgitus produktu maisijumus.

2.5. Raloksiféna selena analogu sinteze

Ka atslégas prekursors raloksiféna seléna analoga 2.20e un citu
atvasinajumu ar modific€tiem amina fragmentiem sinté€zei tika izvelets
savienojums 2.7b (2.7. attéls)’’. Apstraddjot 2.7b ar cinka pulveri 80 %
etikskabg, ar teicamu iznakumu iegilist 2-neaizvietotu prekursoru 2.17 (2.7.
attels, A). Ta ka benz[b]selenofeéns 2.17 ir analogs benz[b]tioféna
atvasinajumam, kas ir izmantots raloksiféna iegtiSanai, tad atlikusT shémas dala
ir analogiska originalpreparata sintézei’", un produktu iznakumi ir lidzigi tiem,
kadi ir ieghti s€ra analoga gadijuma. Tadgjadi savienojuma 2.17 Fridela—
Kraftsa benzoilésana ar labu iznakumu lava iegtit ketonu 2.18 (2.7. attéls, B),
un sekojoSas fluora atoma nukleofilas aizvietoSanas rezultata ar 65-91 %
iznakumu ieguva prekursorus 2.19a-g (2.7. attéls, C). Visbeidzot, péc fenola
fragmentu aizsarggrupu nonemsSanas ar BBr; (2.7. attels, D) tika iegti
nepiecieSamie seléna analogi 2.20b-g. Saistiba ar to, ka prekursora 2.19a
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demetilésana noveda pie sarezgita produktu maisijuma, karotais 2.20a tika
iegilts, samainot vietam nukleofilas aizvietoSanas un aizsardzibas nonemsanas
stadijas (2.7. att€ls, E un F). Savukart savienojuma 2.20b dimetilamino-
fragmenta kvaternizé$ana lava iegiit holina atvasinajumu 2.22 (2.7. attéls, G).
Lidzigu sintézes stratégiju izmantojam, lai iegiitu raloksiféna seléna analogus
2.25a-c, kuros hidroksilgrupas ir aizstatas ar fluora atomiem (2.8. attels)>’.
2-Benzoil-3-arilatvasinajumi 2.30a-c¢ (apgrieztie analogi) tika iegdti
piecas stadijas, ka izejvielu izmantojot iepriek§ mingto (skat. 2.1. apaksnodalu)
2.5a (2.9.attels)’’. Savienojuma 2.5a Suzuki-Mijaura 3kerssametinaganas
reakcija ar 4-metoksifenilborskabi ar teicamu iznakumu ieguva 2.26, un
sekojosa 2.26 metoksiléSana lava iegiit 3-arilatvasinajumu 2.27 (2.9. attels, A
un B). Prekursora 2.27 Fridela—Kraftsa benzoilésana (2.9. attéls, C) norisinas
ieveérojami lIeénak un ar zemaku iznakumu neka attiecga 2-arilatvasinajuma 2.17
gadfjuma (2.7. attéls, B), tomér ar viduvgju iznakumu ketonu 2.28 iegit
izdevas. Visbeidzot, p&c attiecigd etanolamina fragmenta ievadiSanas un
savienojumu 2.29a-¢ demetiléSanas ieguva ,apgrieztos” analogus 2.30a-c,
produktu iznakumam svarstoties no viduvéja Iidz labam (2.9. att€ls, D un E).
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2.7. attéls. Raloksiféna seléna analoga 2.20e un citu amina fragmenta modificétu
atvasinajumu sintéze. Reakciju norises apstakli: A: Zn (5.0 ekviv.), 80% AcOH,
105°C, 24h, 93 % iznakums; B: 4-fluorbenzoilhlorids (2.0 ekviv.), AICl; (2.0 ekviv.),
DCM, 0°C —r.t., 2h, 73 % iznakums; C: attiecigais 2-aminoetanola atvasinajums (2.0
ekviv.), NaH (2.2 ekviv.), DMF, Ar, ist.t., 2 h, 65-91 % iznakums; D: 1) BBr; (6.0
ekviv.), DCM, 0 °C, Ar, 1h, 2) HCI/Et,0, 29-86 % iznakums; E: BBr; (6.0 ekviv.),
DCM, 0 °C, Ar, 1h, 47 % iznakums; F: 1) 2-metilaminoetanols (4.0 ekviv.), NaH (4.0
ekviv.), DMF, Ar, ist.t., 2 h; 2) HCI/Et,0, 25 % iznakums; G: 1) Mel (10 ekviv.),
dioksans, ist.t., 20 h, 2) jonu apmaina, 85 % iznakums.
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E se

2.25a-c

2.8. attels. Fluoraizvietoto raloksiféna seléna analogu sintéze. Reakciju norises
apstakli: A: Zn (10 ekviv.), 80 % AcOH, 110 °C, 48 h, 87 % iznakums; B: 4-
fluorbenzoilhlorids (2.0 ekviv.), AICl; (2.0 ekviv.), DCM, 0 °C —ist.t., 4 h, 75 %
iznakums; C: attiecTgais 2-aminoetanola atvasinajums (2.0 ekviv.), NaH (2.0 ekviv.),
DMF, Ar, r.t., 2 h, 63-77 % iznakums.
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2.9. attéls. Apgriezto raloksiféna seléna analogu sintéze. Reakciju norises apstakli: A:
4-metoksifenilborskabe (2.0 ekviv.), Pd(Oac), (10 mol-%), (o-Tol);P (30 mol-%),
K;PO, (3.5 ekviv.), ksilols/’PrOH (2:1), 110 °C, Ar, 12 h, 94 % iznakums; B: MeOH
(6.0 ekviv.), NaH (6.0 ekviv.), NMP, 140 °C, Ar, 3 h, 81 % iznakums; C: 4-
fluorbenzoilhlorids (2.0 ekviv.), AICl; (2.5 ekviv.), DCM, 0 °C —r.t., 72 h, 52 %
iznakums; D: attiecigais 2-aminoetanola atvasinajums (3.0 ekviv.), NaH (3.0 ekviv.),
DMEF, Ar, 50 °C; 5 h, 48-68 % iznakums; E: 1) BBr; (6.0 ekviv.), DCM, 0 °C, Ar, 1 h,
2) HCI/Et,0, 31-90 % iznakums.
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2.6. Dabisku antioksidantu inspirétu polihidroksi benz[b]selenofenu
. -39
sinteze

Kombingjot arilalkinu ciklizéSanu selenbromésanas apstaklos ar skabes
inducétu 3,2-arilgrupas migraciju, ir izstradata vispariga sintétiska stratégija,
kas lauj ieglt polihidroksi 2- un 3-arilbenz[b]selenoféna atvasindajumus,
izmantojot vienas un tas pasas izejvielas (2.10. attgls).

Tadgjadi, izmantojot komerciali pieejamus izejmatreialus, strateégiskas
izejvielas 2.5a-c ar labiem iznakumiem ieguva trs stadijas (2.10. attels, A, B,
un C). Atslégas stadijas 3-arilbenz[b]selenoféna atvasinajumu 2.33a-f, 2.40 un
2.41 iegiiSanai ir savienojumu 2.5a-c¢ 3. Pozicijas Suzuki arilésana (2.10. att€ls,
D), attieciga fluora atoma aizvietoSana ar metoksigrupu (2.10. attels, E) un
sekojoSa aizsardzibas nonemsSana fenola fragmentiem, izmantojot piemérotu
demetilésanas metodi (2.10. attels, F, G vai H). Lai ieglitu attiecigos 2-
arilatvasinajumus 2.35a-d, 2.44 un 245, tika veikta pargrupéSanas
metoksiaizvietoto prekursoru 2.32a-d, 2.38 un 2.39 struktiiras, inducgjot 3,2-
arilgrupas migraciju skabes klatieng (2.10. atte€ls, I). P& hidroksilgrupu
aizsardzibas nonemsSanas prekursoros 2.34a-d, 2.42 un 2.43 ieguva karotos
polihidroksi 2-arilbenz[b]selenoféna atvasinajumus 2.35a-d, 2.44 un 2.45
(2.10. attels, F vai H).

Ta ka 3-arilatvasinajumu 2.32e,f pargrup&sanas nenotika (2.10. attéls, I),
tad attiecigo 2-arilizosteru 2.35e,f iegiiSanai ir izstradata alternativa sintézes
shema (2.11.att€ls). Tas pamatd ir 2-bromatvasinajuma 2.48 sintéze
(2.11. attels, A, B un C), jo to ir iesp&jams tiesi arileét 2. Pozicija, ka rezultata
tiek iegilitas nepiecieSamas 2-arilbenz[b]selenoféna molekularas platformas
2.34e.f (2.11. attels, D). Seit paradas actmredzamas prieksrocibas 3,2-arilgrupas
migracijai ~ pargrupésanas stadija ~ (2.10. attels, I, jo liekas
debromésanas/bromésanas stadijas (2.11. att€ls, A un C) ir iespgams no
sintézes shémas izslégt.

Izmantojot loti Iidzigu pieeju iepriek§S aprakstitajai sinttiskajai
strategijai (2.10. att€ls), méginajam ieght ari resveratrola analogu 2.56 un ta
izoméro 3-arilatvasinajumu 2.54 (2.12. attels). Vieniga atSkiriba ir tada, ka
pateicigais hidroksilgrupu izvietojums karotajos benz[b]selenofénos pielava
tieSu metoksi-aizvietota arilalkina 2.50 izmantoSanu cikliz€Sanas stadija
(2.12. attels, B).
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2.10. attéls. Polihidroksibenz[b]selenoféna atvasinajumu sintézes stratégija. Reakciju
norises apstakli: A: 2-metilbut-3-in-2-ols (1.5 ekviv.), PdCl, (5.0 mol-%), PPhs (10 mol-%),
Cul (10 mol-%), ‘Pr,NH (4.0 ekviv.), DMF, 60 °C, Ar, 24 h; B: SeO, (1.5-2.0 ekviv.),
cikloheksens (1.0-1.2 ekviv.), 48 % HBr (0.43 ml uz 1.0 mmol SeO,), dioksans, ist.t., 24-
72 h; C: K5POy4 (1.2 ekviv.), DMSO, 80 °C, Ar, 24 h; D: attieciga arilborskabe (2.0 equiv.),
Pd(Oac), (10 mol-%), (o-Tol)sP (30 mol-%), KsPO, (3.5 ekviv.), ksilols/PrOH (2:1), 110 °C,
Ar, 1 h; E: MeOH (6.0 ekviv.), NaH (6.0 ekviv.), NMP, 140 °C, Ar, 1h; F: BBr; (6.0 ekviv.),
DCM, 0 °C —ist.t., Ar, 12 h; G: n-dodekantiols (6.0 ekviv.), NaH (6.0 ekviv.), NMP, 100 °C,

Ar, 24 h; H: Py HCI, 220 °C, 6 h; I: MeSO,OH (0.4 M), toluols, 90 °C, 4h.

34



Br

A B c
I OO E- N SR GO
F Se  63% F Se  80% MeO Se  97%  MeO Se

253 2.46 247 2.48
D J51-74%
0 O el OO O
HO Se 40 64% MeO' Se
2.35e: R =H 2.34e:R=H
2.35f. R=0OH 2.34f: R = OMe

2.11. attéls. 2-Arilatvasinajumu 35e un 35f sintéze. Reakciju norises apstakli: A: Zn
(20 ekviv.), 80 % AcOH, 110 °C, 24 h; B: MeOH (6.0 ekviv.), NaH (6.0 ekviv.), NMP,
140 °C, Ar, 1h; C: NBS (1.1 ekviv.), DMF, 0 °C —ist.t., 12 h; D: attieciga arilborskabe
(2.0 ekviv.), Pd(Oac), (10 mol-%), (o-Tol);P (30 mol-%), K;PO, (3.5 ekviv.),
ksilols/PrOH (2:1), 110 °C, Ar, 1 h; E: Py HCI, 220 °C, 6 h.
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2.12. attéls. Resveratrola analogu 2.54 un 2.56 iegiSana. Reakciju norises apstakli: A:
2-metilbut-3-in-2-ols (1.5 ekviv.), PdCl, (5.0 mol-%), PPh; (10 mol-%), Cul (10 mol-
%), ‘Pr,NH (4.0 ekviv.), DMF, 60 °C, Ar, 24 h; B: SeO, (1.2 ekviv.), ciklohekséns
(1.2 ekviv.), 48% HBr (0.43 ml uz 1.0 mmol Se0,), dioksans, ist.t., 24 h; C: K3PO,
(2.4 ekviv.), DMSO, 90 °C, Ar, 24 h; D: 4-metoksifenilborskabe (2.0 ekviv.), Pd(OAc),
(10 mol-%), (o-Tol)sP (30 mol-%), K5PO, (3.5 ekviv.), ksilols/PrOH (2:1), 110 °C, Ar,
1 h; F: MeSO,0H (0.4 M), toluols, 90 °C, 8 h; G: Py  HCI, 220 °C, 6 h; E: BBr; (20
ekviv.), DCM, 0 °C —ist.t., Ar, 12 h.
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Ir pétitas ieglito savienojumu red/oks Tpasibas, brivo radikalu kerSanas
sp&ja un citotoksicitate uz dazadam audzgju §tunu linjjam (MCF-7, MDA-MB-
231, HepG2 un 4T1), un iegltie rezultati ir izmantoti struktiiras—aktivitates
likumsakaribu (SAR) noteikSanai. Ta rezultata ir noskaidroti struktiiras
elementi, kas ir pamata loti augstajai peroksilradikalu kerSanas aktivitatei.
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SECINAJUMI

. Alkéna piedeva bitiski samazina aril(hetaril)alkinu triskarsas saites
bromésanos selenbromésanas apstaklos, tadejadi paaugstinot cikliz€Sanas
produktu iznakumu. Uzlabota ciklizE€Sanas metode ir visatrakais panémiens
plasa spektra 3-brombenz[b]selenoféna atvasinajumu iegtsSanai, un pirmo
reizi selénbroméSana ir pielietojama arT selenoféntioféna atvasinajumu
sintézei.

. Eksperimentali iegiiti pieradijumi apstiprina, ka cikliz€Sanas mehanisma
pamatnorises ir stereospecifiska anti 1,2-pievienoSanas selénbromésanas
stadija, kam seko elektrofila aizvietoSana aromatiska gredzena. Tadgl
stiprak polarizéta triskar$a saite ir pamata augstakai regioselektivitatei
nesimetrisku diaril(hetaril)alkinu ciklizésana, un ka vispariga likumsakariba
— prieksroka tiek dota ciklize€Sanas norisei elektroniem bagataka aromatiska
gredzena virziena.

. Aril(hetaril)alkinu ciklizé€Ssanas metodes pielietojamibas robezu bitiskakais
limitgjosais faktors ir stipru elektrondonoru aizvietotaju klatiene substratu
aromatiskajos gredzenos. Zemu regioselektivitati SgAr stadija novéro meta-
aizvietotu izejvielu gadijuma, bet orto- un para-aizvietoto substratu
reakcijas pat alkéna piedevas klatien€ paaugstinas triskarSas saites
bromé&Sanas patsvars.

1-Efinilpirolidin-2-onu reakcijas ar seléna dibromidu paver iespgjas jauna
tipa hipervalentu 10-Se-3 sistémas cviterjonu iegiiSanai. Turklat
hipervalento cviterjonu strukttira norada uz to, ka seléna centra elektrofils
uzbrukums triskarSajai saitei ir aril(hetaril)alkinu selénbromésanas procesa
pirma stadija.

. Relativi zemo izmaksu un vienkar$o veicamo manipulaciju dél 1,2-bis(4-
metoksifenil)etina (2.6b) selénbromésana ir Sobrid piemérotaka atslégas
stadija raloksiféna seléna analoga sintézei.

Séra aizstaSana ar selénu raloksiféna izraisa paaugstinatu citotoksicitati uz
dazadam veéza S§unu linijam in vitro, tai pat laika saglabajot augstaku
véza/normalu $tinu selektivitati.

. Arilalkinu selénbroméSana kombinacija ar skabes induceétu 3,2-arilgrupas
migraciju ir sekmigi izmantojama 2- un 3-arilpolihidroksibenz[b]selenoféna
atvasinajumu iegiiSanai, izmantojot vienas un tas pasas izejvielas.

. Polihidroksibenz[b]selenoféni ir jauna un perspektiva antioksidantu un
pretaudz&ju agentu saime. lesp&jas piem&rotas pozicijas ievadit papildus
hidroksilgrupu/-as lauj nakotné cerét uz vel aktivaku atvasinajumu radiSanu.
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9. Izteikta korelacija struktiras — aktivitates likumsakaribas (SAR) tika
konstateta tikai peroksilradikalu kerSanas eksperimentos, un iegitie
aktivitates dati pilniba atbilst savienojumu struktiiru elektroniskajam
Ipatnibam, kas ir noverotas savienojumu KMR spektrometrijas ptjjumos.

10. Benz[b]selenofena atvasinajumu augsta stabilitate, zema toksicitate un
struktiiras diversific€Sanai pastavigi pieaugoSais metozu klasts tuvakaja
nakotn€ lauj cerét uz jauniem zalu vielu kandidatiem So savienojumu saimé.
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ABSTRACT

Fused Selenophenes: Strategy and Perspectives. Pacgle E., supervisor
Dr. chem. Arsenjans P. Doctoral thesis, 82 pages, 42 figures, 40 literature
references. In Latvian and English.

The scope of aplicability for the cyclization of aryl(hetaryl)alkynes
under selenobromination conditions has been extended by introduction of an
alkene additive. The presence of the alkene additive substantially suppresses or
completely prevents side reaction asociated with bromination of the starting
material’s triple bond. Thus, selenobromination of aryl(hetaryl)alkynes has
become an effective methodology for the preparation of wide variety of 3-
bromobenzo[b]selenophenes, and for the first time the methodology is
applicable for the synthesis of selenophenothiophenes. Mechanistic studies for
the cyclization of diarylalkynes have been done, providing deeper
understanding about the cyclization process and origin of the regioselectivity
upon the cyclization of unsymmetric substrates. The improved cyclization of
arylalkynes has been used as a key step for the synthesis of selenium analogues
of raloxifene (selective estrogen receptor modulator), and, in combination with
acid induced 3,2-aryl migration, a series of natural polyphenol antioxidant-
inspired benzo[b]selenophene derivatives was obtained.

SELENIUM, BENZO[b]SELENOPHENE, SELENOPHENO-
THIOPHENE, SELENOBROMINATION, RALOXIFENE.
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INTRODUCTION

200 years have passed since the discovery of selenium by Swedish
chemist Jons Jacob Berzelius in 1818. The first impression about this element
was not appealing as it was known that selenium is able to cause certain health
problems and toxic effects in animal experiments were also observed'.
Nevertheless, the biochemical role of selenium started to gain more attention in
1950s, when Pincent discovered that some types of bacteria grow faster in
selenium-fortified media'®. The major breakthrough for the establishment of
biochemical role of selenium in the functioning of mammalian organisms was
achieved in 1973 by discovering that antioxidant enzyme glutathione
peroxidase (GPx) contains selenocysteine (Sec) residue in its active site'™.
Nowadays, at least 25 selenoproteins have been discovered in humans, but the
mechanism of their action is known for only few of them”. In addition to the
very well-known GPx, other important selenoenzyme classes essential for
prokaryotic organisms have been found; those include iodothyronine
deiodinases (IDs), thioredoxin reductases (TrxRs), selenophosphate synthetase,
and selenoprotein P'?.

Although selenium compounds resemble many physical and chemical
properties of analogous sulfur containing substances, in general, redox
potentials of selenium compounds are lower than in the case of corresponding
sulfur analogues, leading to higher reactivity of selenium compounds compared
to sulfur ones'. This might be the most important aspect in the differences
between selenium und sulfur derivatives, which in contrast to sulfur allows
selenium to function as a microelement in the living organisms. As a matter of
fact, numerous studies have shown that insufficient amount of selenium in daily
diet can lead to development of various undesired health conditions, including
cancer, diabetes, heart diseases, and immune system disorders®.

Regarding the biochemical role of both naturally occurring and synthetic
selenium compounds, based on their action mechanism, they could be divided
in three major groups:

1) Selenium compounds that can be metabolized to hydrogen selenide
(HSe ), and, therefore, be able to serve as selenium source to be
incorporated in selenoproteins;

2) Synthetic mimics of known selenoenzymes;

3) Selenium compounds possessing biologic activity that is not directly
related to selenium itself.
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Members of the first group are for example selenite (SeO; ), selenate
(SeOy4 ), and Sec. Interestingly, Sec is not directly incorporated in the
biosynthesis of selenoproteins, even though it is the form of selenium in most
of the active sites of selenoenzymes. Therefore, at first, it has to be metabolized
to hydrogen selenide (HSe ) and only afterwards it participates in genetically
encoded selenoprotein synthesis, which makes it a true 21™ essential amino
acid’. On contrary, members of the second group are directly responsible for
the enzyme like activity. The best achievements have been reached in the field
of GPx mimics (ebselen being the most famous example)®, but in the case of
other selenoenzyme mimicking the success is close to none.

In the context of the present thesis, the third group of selenium
compounds becomes the most important one, as there is small possibility that
benzo[b]selenophenes could either be metabolized to hydrogen selenide or
directly act as GPx mimics. Although the heterocyclic system of
benzo[b]selenophene has not been found in natural compounds, it is considered
to be a bioisostere of naphthalene, benzo[b]furan, benzo[b]thiophene, and
indole®. It has been shown that benzo[b]selenophene analogues of milfasartan
and eprosartan (compounds used for treatment of hypertension) are excellent
AT1 receptor antagonists, and the selenium analogues exhibit higher activity
than the corresponding benzo[b]thiophene derivatives’. Our own research on
the synthesis and antiproliferative activity studies of 2,3-disubstituted
benzo[b]selenophene derivatives has shown that these compounds exhibit
medium or low acute cytotoxic effect on normal cells without causing changes
in cell morphology®. Consequently, selenium analogue synthesis of existing
pharmaceuticals as well as seeking for biologic activity in the series of
benzo[b]selenophene derivatives was chosen as a highly perspective research
direction to be explored.

Therefore, the main aim of the current research was to broaden the
scope of available tools for the synthesis of appropriately substituted
benzo[b]selenophenes, and to apply the developed methodologies to the
requirements of medicinal chemistry purposes.

To achieve the goal, the following tasks were proposed:

1) Improvement of the known methodology for the cyclization of
arylalkynes under selenobromination conditions to broaden the
available substrate scope for the synthesis of 3-bromo-
benzo[b]selenophenes, and to extend the -capability of the
methodology in the synthesis of selenophenothiophenes.
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2) Exploration of the selenobromination mechanism to confirm the
regioselectivity origin in the reactions of unsymmetrically
substituted diaryl(hetaryl)alkynes and to gain a better understanding
of the influence of particular structural features of the substrates on
the outcome of the reactions.

3) Synthesis of selenium analogues of raloxifene (selective estrogen
receptor modulator) to observe the effect of sulfur substitution by
selenium on biological activity of the corresponding analogues.

4) Preparation of natural polyphenol inspired benzo[b]selenophenes as
potential antioxidants and antiproliferative agents.

The scientific novelty of the present research:
Cyclization of aryl(hetaryl)alkynes with in situ prepared SeBry is
elaborated. The use of an alkene additive as a bromine scavenger
provides simple access to functionalized benzo[b]selenophene and
selenophenothiophene derivatives from commercially available or
easily accessible starting materials. Reactions can be performed open
to air without the use of moisture sensitive reagents, dry solvents, or
an inert atmosphere. Mechanistic studies confirm regioselective anti
1,2-addition in selenobromination step and subsequent electrophilic
substitution in aromatic ring to complete the cyclization.
Reactions of selenium(II) bromide with 1-
(aryl(thienyl)ethynyl)pyrrolidin-2-one derivatives offer alternative
way towards new type of zwitterionic hypervalent T—shaped 10-Se-3
systems.
The improved cyclization of arylalkynes under selenobromination
conditions was used as the key step for the preparation of selenium
analogues of raloxifene (selective estrogen receptor modulator used
for treatment of osteoporosis in postmenopausal women and for
prevention of breast cancer). Thus, replacement of sulfur atom by
selenium led to highly pronounced antiproliferative effect against
malignant cell lines and considerably lower basal toxicity than it was
recorded for the original drug.
Improved cyclization of arylalkynes under selenobromination
conditions combined with acid induced 3,2-aryl shift was employed to
provide general synthetic pathway for the preparation of polyhydroxy
2- and 3-arylbenzo[b]selenophenes from the same starting materials.
Redox properties, free radical scavenging ability, and cytotoxicity
against malignant cell lines (MCF-7, MDA-MB-231, HepG2, and
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4T1) of the synthesized compounds were explored, and the obtained
results were subjected to discussion of the structure—activity
relationships (SAR). Consequently, structural features responsible for
the highly potent peroxyl radical scavenging activity were established.
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CHAPTER 1. CONCEPT OF THE RESEARCH

1.1. Justification for the introduction of benzo[b]selenophene’s heterocyclic
system in biologically active compounds

Recently, benzo[b]selenophenes have attracted increasing attention in
both medicinal chemistry™® and materials science’”.  Although,
benzo[b]selenophene’s heterocyclic system so far has not been found in natural
compounds, it is considered to be a bioisoster of naphthalene, benzothiophene,
and indole.* It has been shown that benzo[b]selenophene analogues of
milfasartan and eprosartan (compounds used for treatment of hypertension;
Figure 1.1., A) are excellent AT, receptor antagonists and selenium analogue
exhibits higher activity than the corresponding benzo[b]thiophene derivative.’
Besides, our own research on the synthesis and investigation of the cytotoxic
activity of 2,3-substituted benzo[b]selenophene derivatives has shown that
these compounds exhibit medium or low acute cytotoxic effect on normal cells
without causing changes in cell morphology (Figure 1.1., B).®

B :
Aryl(Hetaryl) x-Aryl(Hetaryl) |
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Se Se
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Figure 1.1. Molecular structures of mllfasartan and eprosartan (A) and 2,3-
substituted benzo[b]selenophenes (B).

The low cytotoxicity of benzo[b]selenophene derivatives® and the
bioisosteric nature of benzo[b]selenophenes relative to their corresponding
sulfur analogues’ inspired us to enter in the field of selenium analogue
synthesis of known pharmaceuticals in order to explore the effect of such sulfur
substitution by selenium on the bioactivity of these compounds.
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1.2. Challenges in synthetic strategy for the preparation of selenium
analogues of raloxifene

One of widely prescribed families of pharmaceuticals containing a core
structure based on the heterocyclic system of benzo[b]thiophene or indole is
selective estrogen receptor modulators (SERMs)'® (Figure 1.2.). These drugs
are mostly used for treatment of osteoporosis in postmenopausal women,
prevention of breast cancer, and for lowering of other symptoms associated
with menopause. Due to the close resemblance of benzo[b]selenophene and its
sulfur analogue in terms of physical properties (solubility, polarity, spatial
arrangement, etc.) it might be expected that the synthesized selenium analogues
would retain the SERM activity of the original drug. However, due to the minor
differences in certain characteristics of these structures, such as lowered
aromaticity of the selenophene ring relative to thiophene and consequently
elevated susceptibility towards oxidation and other chemical transformations,
could lead to major differences in biological activity of these compounds.
Therefore, we focused our attention on the synthesis of selenium analogues of
raloxifene (Figure 1.2., A).

o e (O 0 @

o A B
N
o WO
HO I HO
raloxifene (Evista™) bazedoxifene (DUAVEE™)

Figure 1.2. Molecular structures of SERMs containing benzo[b]thiophene and
indole core structures.

Regarding the synthesis of raloxifene 1.1, the most straightforward way
towards the key intermediate 1.3. is cyclization of thioethanone derivative 1.5
under acidic conditions (Figure 1.3)'". The cyclization process involves acid
catalyzed electrophilic substitution in the aromatic ring (SgAr), elimination of
water molecule to aromatize the thiophene ring, and subsequent acid induced
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3,2-aryl migration to produce 2-arylbenzo[b]thiophene derivative 1.3.
Unfortunately, in the case of selenium analogue 1.6 this strategy is not
appropriate, since we found that under acidic conditions required for the SgAr
step the starting material 1.6 was completely decomposed by cleavage of Se—
C(sp’) bond. Therefore, it was necessary to find other suitable synthetic
pathway for the preparation of 1.4 or its equivalent.

SEAF
o O = o

X = 3(1 1), Se (1.2) 1) SeAr

X =5 |2-HO0
SgAr H X =Se 3) 3,2-aryl migration

X =Se
MeO Se MeO

X =85 (1.5) Se (1.6)
Figure 1.3. Synthetic strategy for the preparation of raloxnfene.

The most powerful tools for the preparation of 3-unsubstituted- or 3-
halo-2-arylbenzo[b]selenophenes are Larock’s'? electrophilic cyclization of 1-
(1-alkynyl)-2-(alkylseleno)arenes (Figure 1.4., A), Takimiya’s" reactions of o-
haloarylalkynes with in situ formed sodium selenide (Figure 1.4., B), and
Sashida’s'* cyclization of aryllithium reagents by electrophilic trapping of
elemental selenium (Figure 1.4., C). The Larock’s electrophilic cyclization is
very mild, regiospecific, and high yielding approach, but diversification of the
substitution pattern in the benzene ring condensed to the selenophene is either
tedious or very costly, because the required appropriately substituted o-
iodoanilines are very expensive or difficult to prepare. Similar advantages and
disadvantages apply to the Takimiya’s and Sashida’s protocols, but,
additionally, very high temperature requirement stands in the case of
Takimiya’s cyclization and, on contrary, Sashida’s methodology involves low
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temperature, highly moisture sensitive and easily flammable organolithium
reagents, dry solvents, and inert atmosphere.
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Figure 1.4. The most widely used methodologies for the preparation of 2-
arylbenzo[b]selenophenes.

1.3. Selenobromination of arylalkynes as convenient key step in the
synthesis of selenium analogue of raloxifene

Besides the previously mentioned methodologies (Figure 1.4.), 3-halo-
benzo[b]selenophenes 1.8 also can be obtained by cyclization of arylalkynes
1.7 under selenohalogenation conditions (Figure 1.5.). The history of selenium
halide (SeCl, and SeBry) reactions with phenylacetylene derivatives in order to
obtain benzo[h]selenophenes spans from the first publication’® in 1963 till
1998. However, the pioneering research'>'® in this field did not provide
efficient procedures for the preparation of desired compounds as the yields of
the products (based on the arylalkyne) did not exceed 40 % even in the most
successful examples. Considerable progress was achieved by introduction of
selenohalogenation under two-phase (phase transfer) conditions', consisting of
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the arylalkyne starting material in organic phase (in general, Et,0 or dioxane
solution) and aqueous solution of SeXy, easily prepared from selenium dioxide
and the corresponding conc. Aq. HX (X = Cl, Br). Consequently, several other
publications”®** appeared to show the range of applicability of the
methodology.

Although the two-phase protocol has substantial advantage over the
previously used “one-phase” approach, the methodology was limited to the use
of substrates with electron-deficient triple bonds. Thus, efficient cyclization
was achieved only with phenyl- and naphthylpropiolic acids'®?',
phenylpropiolic acid amide* and sulfonamide', phenylethynylphosphonic
acid”, and phenylpropargylic amines*. Despite the fact that it was never
mentioned in the literaturels'24, our own research led to conclusion that the
electron rich triple bonds were challenging because of the “poisoning” of the
starting material by competitive alogenations instead of selenohalogenation in
the first step of the reaction (Figure 1.5.).

Se0, + 4 HX

2 SeXq N E
e/ R ———— +  rel MR
: 1.7 X=Cl, Br Z~Se !

1.8
R = COOH, SO,NH,, PO3H,, CH,NR',
FG = NO,, OR'
X
SeX4 = N R SEAI'
FG— |7 HX
X SeXj - X
1.9 2
Figure 1.5. Synthesis of 3-halo-benzo[b]selenophenes by selenohalogenation of
arylalkynes.

Due to various phenylacethylene derivatives are commercially available
or easily prepared from the corresponding arylhalogenides and terminal alkynes
we were inspired to further develop this protocol. As corresponding
bromoderivatives are more useful for further modification through different
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kinds of transition metal catalyzed reactions, we focused our attention on the
cyclization under selenobromination conditions (Figure 1.5., X = Br).

1.4. Construction of natural polyphenol inspired benzo[b]selenophenes

Nowadays, there is an increased interest in antioxidants, especially in
natural polyphenol-like derivatives, and resveratrol is probably the most widely
studied representative (Figure 1.6.).” Consequently, in continuation of our
research we tried to merge cancer preventive abilities of polyphenols®** and
selenium®>"  with their oxidative stress modulating activity ~during
carcinogenesis. As the core structure of Se-raloxifene 1.2 contains both
ingredients, we were encouraged to study how the number and displacement of
hydroxyl groups affects the cytotoxicity and radical scavenging activity of the
synthesized polyhydroxy benzo[b]selenophenes.

3,2-aryl migration

[FG =F, Me, OMe, OH ] awlationﬂ

Br
selenobromination N
— (T
Z~Se
1.1

Figure 1.6. Synthetic strategy towards natural polyphenol inspired polyhydroxy
benzo[b]selenophenes.

Therefore, the improved cyclization of arylalkynes under
selenobromination conditions combined with acid induced 3,2-aryl shift was
chosen to construct desired polyhydroxy 2- and 3-arylbenzo[b]selenophenes
1.12 and 1.13 from the same starting materials.
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1.5. Differences in chemical properties of sulfur and selenium compounds'®

In 2016 Hans J. Reich and Robert J. Hondal have published a review
paper'® devoted to the question ,,why nature has chosen selenium?”. In some
sense, it resembles the question, why we decided to prepare selenium analogues
of benzo[b]thiophene derivatives. The mentioned review provides a deep and
concentrated overlook on the biologic role of selenium discovered so far,
keeping the main focus on the differences between selenium and its closest
relative — sulfur. In this section of the thesis only the most important
differences between sulfur and selenium compounds will be covered.
Therefore, in order to obtain more detailed information on the subject, reading
of the full article is recommended.

In many aspects, sulfur and selenium have very similar chemical and
physical properties. They share all oxidation states and functional group types.
Structures of analogous compounds are so similar that in many cases they can
be co-crystallized. Numerous differences between both chalcogens originate
from common observations upon comparison of lighter and heavier elements.
Heavier elements usually are more easily polarized thus leading to faster
nucleophilic and electrophilic reactions. Most bonds with selenium are less
strong than the corresponding bonds to sulfur, therefore, bond cleavage
reactions at the selenium center are more favored. It means that the o* orbital
of Se—X bond is lower in energy than the corresponding ¢* orbital of S—X
bond. As a result, Se—X bond is a better electron acceptor. Thus, selenium in all
of its oxidation states is more electrophilic than sulfur. For example, the most
common selenium reaction in organic synthesis is selenium oxide elimination
to form alkene (Figure 1.7.). In the case of selenium, the reaction proceeds
100 000 times faster than the analogous sulfur oxide elimination.

Ph—Y//O/?-| = [ |
U\LK —\ + [PhYOH

Figure 1.7. Selenium oxide elimination to form alkene.
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Another common characteristic of heavier elements is lowered stability
in high oxidation states and selenium versus sulfur is not an exception.
Additionally, selenium is more tolerant towards hypervalent bonding situations.
Consequently, one of the rare cases when Se—X bonds are stronger than the
corresponding S—X bonds is hypervalent bonding. For example, selenanes
(R4Se) are formed much more easily than sulfuranes (R4S) and they are
considerably more stable. Analogous relative stability is observed in the
corresponding ate complexes R;Se” and R3S

Acidity. The larger atomic radius and consequently weaker bonding to
hydrogen as well as greater polarizability leads to lower basicity of selenolate
anion compared to thiolate, and the corresponding pK, values differ by 3 to 4
units. Thus, selenocycteine at a neutral pH is nearly completely ionized while
cysteine exists almost exclusively in its thiol form. As selenolates are less basic
than thiolates, usually they are better leaving groups as well.

Nucleophilicity. Contrary to the lower basicity, selenolate anions are by
order of magnitude stronger nucleophiles than thiolates. It is attributed to the
greater polarizability of selenium. Additional gain in nucleophilicity in protic
solvents is caused by weaker hydrogen bond acceptor properties of selenolate
compared to thiolate. The most significant difference in nucleophilicity of
sulfur and selenium is observed in the range of physiological pH, because of
the nearly complete ionization of selenols while thiols remain mostly
undissociated.

Electrophilicity. The greater tolerance of selenium towards hypervalent
bonding states strongly influences electrophilicity of selenium. It is explained
by the fact that nucleophilic attack on selenium usually involves hypervalent
intermediates (R4Se vai R3Se"). Therefore, this type of reactions occurs much
faster with selenium than sulfur, and all types of selenium compounds are better
electrophiles than the corresponding sulfur analogues.

Weak n-bonding. Selenium compared to sulfur has larger atomic radius
and consequently larger hybridized orbitals. In combination with longer bonds
it leads to weaker m-bonding. For example, such characteristic of selenium
causes considerably lower stability of selenoesters compared to thioesters, as
the resonance between selenium and carbonyl group is less effective. Therefore
selenoesters are useful acyl group transfer agents.

Red/oks chemistry. The greatest difference between sulfur and
selenium is observed in the oxidation and reduction processes of both elements,
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and the divergence is substantial in both — one and two electron transfer
reactions. Although, for the convenience purposes chalcogen—oxygen bonds
often are depicted as double bonds, especially in the case of selenium, more
correct approach would be use of single o-bond and partial charges on the
elements (Figure 1.8.). Because of weaker m-bonding Y-O bonds are
extensively polarized. Probably because of less effective back-donation of loan
pair electrons on oxygen to an acceptor orbital (¢* or d orbitals) on selenium,
Y-O dative bonds of selenoxides, selenones, seleninic acids, and selenonic
acids are weaker and more polarized, than in the corresponding sulfur
analogues. These distinctions can be seen in many aspects when the chemical
properties of sulfur and selenium are compared. For example, alkyl selenones
are useful alkylating agents, but alkyl sulfones are not. Furthermore, dimethyl
selenoxide is considerably more basic than dimethyl sulfoxide. Thus, the
concentration of active protonated form in acid catalyzed reactions of
selenoxides is 10* times higher than in the case of sulfoxides. As selenium on
its own is more electrophilic than sulfur, such additional activation increases its
electrophilicity even more dramatically. The racemization of selenoxides is
much faster than it is for sulfoxides as well, and the racemization mechanism is
different in each case.

0 o O
L N VI = M v
R R R/ \R'
sulfide sulfoxide sulfone
selenide selenoxide selenone
oo A q01 AL
R . OH. R/ \OH R/Y\OH
sulfenic acid sulfinic acid sulfonic acid

selenenic acid seleninic acid  selenonic acid

Figure 1.8. Sulfur and selenium compounds in various oxidation states.

Common effect observed upon comparison of heavier and lighter
elements is the preference of heavier elements to exist in lower oxidation state,
and selenium is not an exception. For example, selenoxides can oxidize sulfides
to give sulfoxides. Another example is different reactivity exerted by sulfur
dioxide (SO,) and selenium dioxide (SeO,) (Figure 1.9.). SO, is considered as a
mild reducing agent, while SeO, is a mild oxidant (Riley oxidation). Both
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oxides react with alkenes and form the corresponding alylsulfinic and
alylseleninic acid intermediates. However, in the case of sulfur dioxide, the
reaction is reversible. As a result, SO, and alkene are regenerated, and sulfur
remains its higher oxidation state. On the other hand, seleninic acid
intermediate undergoes [2,3]sigmatropic rearrangement to give divalent
selenium ester, which is rapidly hydrolyzed to the corresponding allyl alcohol.

H -H
38— | Y
~ — A
o” P o
o M o s6°
O = 2.d|— ¥
07°¢ ~ HO ™SO H
Figure 1.9. Reactions of sulfur dioxide (SO;) and selenium dioxide (SeO,) with

alkenes.

The differences in the electronic structures of sulfur and selenium oxides
cause substantial distinctions in the rate of oxidation and reduction reactions.
Although rate of the first oxidation step from sulfides/selenides to
sulfoxides/selenoxides is comparative, slightly faster occurring in the case of
selenides, huge difference appears in the second oxidation step, as formation of
the corresponding selenone is much slower, than in the case of sulfone. Mostly
it is associated with the more polarized Se—O bond and the decreased
nucleophilicity of the lone electron pair on selenium. Oxidation of thiols and
selenols in to the disulfides and diselenides occurs much faster in the case of
selenium derivatives, but, overall, oxidation of thiols and selenols follows
similar tendencies as the oxidation of sulfides and selenides. Concerning the
one electron transfer processes, it is important to mention that selenyl radicals
are much more stable than thiyl radicals.

Conclusion. Regarding the information presented in this section, it can
be concluded that nearly all reactions of selenium compounds are faster than
the same reactions of sulfur derivatives. Authors of the review conclude that
based on such observation it is tempting to say that nature has chosen selenium,
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because the increased activity of selenium in different types of chemical
reactions allows to speed up enzymatic processes. However, their true answer
on the question “why nature choose selenium” is that selenium can interact
with reactive oxygen species (ROS) in a readily reversible manner. Both sulfur
and selenium are excellent nucleophiles that react with ROS and thus get
oxidized in two electron transfer processes. Nevertheless, due to the
distinctions in the electronic structures of sulfur and selenium oxides, their
chemical properties differ significantly. Thus, selenoxides are able to regain the
reduced state more easily. The phenomenon that selenium compounds can
easily oxidize and reduce back to the original state is frequently called
“selenium paradox”. Furthermore, the greater stability of selenyl radicals
compared to thiyl radicals provides enhanced persistence of selenium
containing proteins in the presence of one electron oxidants.
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CHAPTER 2. SUMMARY OF THE RESEARCH RESULTS

2.1. Selenobromination of aryl(hetaryl)alkynes

Like it was mentioned in the section 1.3., the main limitation for the use
of selenobromination of arylalkynes in the synthesis of benzo[b]selenophenes is
competitive bromination of the starting materials triple bond instead of its
selenobromination. Such a side reaction leads not only to a diminished yield of
the desired product, but also produces premixes that are extremely difficult to
remove even at relatively small quantities. Since it was postulated that the
“poisoning” of the starting arylalkyne was caused by the molecular bromine
expelled during the cyclization process (Figure 1.5.), we started our quest for a
selective bromine scavenger. Fortunately, a simple alkene additive was efficient
enough to substantially broaden the scope of appropriate substrates for the
synthesis of desired 3-bromo-benzo[b]selenophene derivatives (Figure 2.1.)%.

It is important to mention that in the absence of alkene additive
cyclization of all examples shown in Figure 2.1. occurs by more or less
pronounced formation of premixes due to the bromination of the starting
material’s triple bond, but by use of alkene additive in many cases the premixes
practically can not be detected. Very clean reactions were observed upon
cyclization of in benzene ring unsubstituted substrates 2.1a-d,m,n. As a rezult,
the corresponding benzo[b]selenophenes 2.2a-d,m,n were obtained in very
good yields. Additionally, excellent results were obtained in the cyclization of
p-EWG containing 2.1i and fluorosubstituted 2.1j-1. An important moment to
emphasize here is the complete regioselectivity upon cyclization of m-fluoro
substituted 2.11. Despite the fact that considerable progress has been achieved
in the previously mentioned examples, compared to the cyclization in the
absence of alkene, o- and p-EDG bearing substrates do not allow to suppress
the side reaction efficiently enough even in the presence of alkene additive.
Thus, in the cases of 2.1f,g the side reaction becoms the main one. Whereas, m-
methoxy derivative 2.1g does not form the corresponding dibromoderivative,
but cyclize by incomplete (approximately 90 %) regioselectivity in the SpAr
step.
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Figure 2.1. Selenobromination of arylalkynes in the presence of alkene additive. [a]
Product was isolated with 10% premix of corresponding 7-methoxy derivative. [b]
Cyclohex-2-enone was used as alkene additive. [c] In 1.1p R = TMS, 2.0 equivalents of
selenium dioxide and 2.0 equivalents of cyclohex-2-enone were used, and complete
desilylation was achieved by 0.5 equivalents of TBAF.

To obtain the corresponding selenopheno[3,2-b]thiophenes 2.4a-e and
selenopheno[2,3-b]thiophenes 2.4f-h, similar conditions were applied for the
cyclization of thienylalkynes 2.3a-h (Figure 2.2.)*%. Unfortunately, in the series
of 6-bromoselenopheno[3,2-b]thiophenes 2.4a-e, clean reaction and preparative
yield was achieved only in the case of EWG aldehyde group bearing 2.4e, but
4-bromoselenopheno[2,3-b]thiophenes 2.4f,g were obtained in moderate yields.
Lowered yields, relative to the parent benzene derivatives (Figure 2.1.), were
obtained because of additional side reaction — partial bromination in the a-
position of the thiophene ring, leading to substantially more tedious purification



of the desired products. Therefore, a-protection of thiophene ring by EWG is
crucial to achieve efficient synthesis of selenophenothiophenes.

Se0, (1.2-1.5 equiv.)

Se
cyclohexene (1.2 equi H
\h\/k yclohexene (1.2 equiv.) MOH or m
OH HBr/dioxane

2.3a-h rt., 24h

2.4a- e 2.4f-h
Se Se Se Se
YN M M
S Br
24a(-) 2.4b (34%) 24c 2.4d (-
Se
2.4e (65% 2. 4f (56 %) 2. 4g (39% 2.4h (-

Figure 2.2. Selenobromination of thienylalkynes in the presence of alkene additive.

Propan-2-ol derivatives 2.2j-1 are highly versatile small building blocks
for the synthesis of more complex benzo[b]selenophene derivatives. For
example, deacetonation of 2.2j leads to 3-bromo-6-fluorobenzo[b]selenophene
(2.5a) (Figure 2.3.)*>. Wide range of possible modifications can be envisioned
for 2.5a, as C—Br bond is available for different kinds of transition metal
catalyzed proceses, C-2 is active in electrophilic aromatic substitution, and it is
very well known that fluorine atom is excellent leaving group for nucleophilic
aromatic substitution, which would allow insertion of EDG (for example
alkoxy groups) in positions that are forbidden during the cyclization process.
All of these transformations are demonstrated in the synthesis of reversed
selenium analogues of raloxifene (see section 2.5.) and natural antioxidant
inspired polyhydroxybenzo[b]selenophenes (see section 2.6.).
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Transition metal catalyzed
cross-couplings

Br Bf)
Me KsPOj4 (1.2 equiv.
E Se OH DMSO, 80°C, 24h F Se
2.2j 2.5a (71%)
SNAr

Figure 2.3. Synthesis of 3-bromo-6-fluorobenzo[b]selenophene (2.5) as a versatile
small building block.

2.2. Selenobromination of diaryl(hetaryl)alkynes

The elaborated cyclization of aryl(hetaryl)alkynes®® (see section 2.1.)
was further applied for the cyclization of diaryl(hetaryl)alkynes (Figure 2.4)%,
and it is also a key step in the synthesis of selenium analogue of raloxifene (see
section 2.5.). As a result, a series of new and previously reported 2-
aryl(hetaryl)-3-bromobenzo[b]selenophenes and selenophenothiophenes was
obtained.

Cyclization successfully occurs not only in the case of symmetrical
substrates 2.6a-d, but also the unsymmetrical substrates provide regioselective
cyclization to give the corresponding condensed selenophenes (Figure 2.4.).
Nevertheless, the regioselectivity of the reactions is strongly affected by the
electronic nature of the aromatic rings, e.g., more polarized triple bond leads to
higher regioselectivity. Thus, a general rule can be formulated: the selenophene
ring is formed at the more electron-rich aromatic ring. EDGs and/or strongly
polarized triple bond causes pronounced bromination of the starting material,
though, excessive amount of selenium tetrabromide in combination with alkene
additive can significantly suppress the side reaction. In this context, it is
important to mention that successfull cyclization of electron-rich substrate 2.6b
allowed to obtain the key intermediate in the synthesis of selenium analogue of
raloxifene 2.7b.

EWG bearing substrates exhibit exceedingly different behaviour, as, for
example, cyclization of diarylalkyne 2.6d proceeds very cleanly even in the
absence of the alkene additive. Quite the contrary, reaction of 2.6d with
selenium tetrabromide in the presence of cyclohexene does not take place
practically at all, because selenium tetrabromide brominates cyclohexene faster
than it adds to the triple bond.
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Strong p-electron acceptor or donor in only one aromatic ring is not
enough to achieve complete regioselectivity in the cyclization of unsymmetric
diarylalkynes. Although complete regioselectivity is not achieved by
cyclization of alkynes 2.6i,j, the major regioisomers 2.7i,j can be relatively
easily purified and isolated in moderate yields. Unfortunately, upon cyclization
of one p-electron donor containing substrate 2.6e the incomplete
regioselectivity was accompained by partial bromination of the triple bond.
Therefore, isolation of pure 2.7e was not possible. However, insertion of
fluorine atom (considerably weak inductive acceptor) in the other aromatic ring
of substrate 2.6f allowed to achieve complete regioselectivity, and the
corresponding cyclization product 2.7f was isolated in 55 % yield.

Cyclization of phenylethynyl- and thienylethynylpyridine derivatives
2.6k,1 and 2.8a,b,e.f also proceeds with complete regioselectivity to give the
corresponding  benzo[b]selenophenes 2.7kl and selenophenothiophene
derivatives 2.9a,b,e.f. Quite important achievment is the exapmle of bis-
cyclization 2.9g.
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Figure 2.4. Cyclization of diaryl(hetaryl)alkynes under selenobromination
conditions. [a] Et;N (4.0 equiv.) additive was used. [b] Inseparable mixture of products
was obtained. [c] A mixture of two inseparable regioisomers was obtained.

[d] Cyclohex-2-enone (1.5 equiv.) was used instead of cyclohexene in the presence of
Et;N (1.0 equiv.) additive. [e] 2,5-Bis(pyridin-3-ylethynyl)thiophene was used as a
starting material.
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2.3. Mechanistic studies of selenobromination of arylalkynes

Exceptionally slow reaction of difluorosubstituted 2.6¢ provided an
excellent opportunity to study the stepwise mechanism of the cyclization
process (Figure 2.5)”. The presence of fluorine atoms in the structures of
starting material 2.6¢, intermediate 2.12, and the product 2.7¢ allowed us to
directly monitor the progress of the reaction in water containing dioxane by '°F
NMR spectroscopy using D,O as an external standard. The reaction of 2.6¢ in
the absence of an alkene additive reached completion after 24 h, and a mixture
of cyclization product 2.7¢ and the corresponding triple bond bromination
adduct was obtained. Furthermore, we were not able to detect any intermediate
compounds. However, when the reaction was performed in the presence of
2.0 equiv. of SeO, and 1.0 equiv. of cyclohexene, the cyclization process was
significantly slowed down.

SeO, + HBr
Br
F F
| B
f=seo Br O Br
[SeBry] = X X
26c —— — T»
A O ( Q O B O SeBrs [o] O SeBr
F Br F F 2.1 Br LF
2.0 5 C[ r 916 ppm  2.12
Br
Sehr [ Br2
E
O Workup
2.6¢ SgAr SgAr F
[SeBry] [SeBry] —= [212] —— -2.7c
1 J K b
C[ Br 950 ppm 588 ppm
Br
Br F
b g
Ok
Se573 ppm E
Brp F ~Se
[2.42]

G N
O B
E r o243

Figure 2.5. Proposed mechanism for the cyclization of 2.6c¢.

We found that after 24 h of stirring at r.t. intermediate 2.12 (confirmed
by 'H, "C, "F, and 7Se NMR spectroscopy) was formed almost exclusively
(Figure 2.5.). According to the study by Poleschner and Seppelt,** there is a
good reason to believe that the addition of SeBr; to a triple bond of 2.6¢ occurs
through a cationic selenirenium type intermediate 2.10 (Figure 2.5., A, B), and
the vinylselenylbromide intermediate 2.12 might be formed after subsequent
bromine transfer from 2.11 to cyclohexene (Figure 2.5., C). Consequently,
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intermediate 2.12 is slowly converted into the desired product 2.7¢ through
intramolecular electrophilic substitution in the aromatic ring (Figure 2.5., D).

By quenching the reaction mixture with brine and ethyl acetate after
24 h of stirring, diselenide derivative 2.13 was isolated in 42% yield.
Apparently, an aqueous workup led to the disproportionation of intermediate
2.12 and subsequent Se—Se bond formation. Because diselenide 2.13 was
isolated solely as an E, E-stereoisomer (confirmed by single crystal X-ray
diffraction), it provides unambiguous evidence of stereospecific anti 1,2-
addition in the selenobromination step (Figure 2.5., A, B). More evidence
confirming the existence of intermediate 2.12 was provided by the oxidative
addition of 1.0 equiv. of Br, to the dioxane solution of diselenide 2.13
(Figure 2.5., G). Diselenide 2.13 was completely converted into
vinylselenylbromide 2.12 in less than 1h, and the slow formation of the
cyclization product 2.7¢ (Figure 2.5., H) was observed again.

The significant difference concerning the speed of reaction in the
absence and in the presence of an alkene additive (24 h versus 72 h) might be
explained by the participation of more electrophilic Se'” species (2.11) in the
SgAr step (Figure 2.5., E) in the absence of alkene. However, SeBr, can react
directly with the alkene additive by bromination of the double bond
(Figure 2.5., I). Thus, the presence of SeBr, species in the reaction mixture
should not be categorically denied. As example of 3-bromo-2-
phenylbenzo[b]selenophene synthesis in the reaction of diphenylethyne with
SeBr, has been demonstrated previously’, partial participation of this pathway
(Figure 2.5., J, K) should be under consideration.

2.4. Reactions of 1-(aryl(thienyl)ethynyl)pyrrolidin-2-ones with SeBr,*

Despite that reactions of alkynylamides 2.14a-g with SeBr, did not lead
to formation of benzo[b]selenophenes, highly valuable information was
obtained in the context of the present thesis. Apart from the fact that
unexpectedly was found an alternative route to new type of hypervalent T—
shaped 10-Se-3 systems 2.16 (Figure 2.6.), the obtained compounds 2.16a-g
could be regarded as “trapped” analogues of intermediate 2.12 (Figure 2.5.).
The structure of 2.16a-g reveals that selenium center of SeBr, species first
interacts with the triple bond of the corresponding starting material 2.14,
presumably forming the selenirene type intermediate 2.15, and subsequent
attack of internal oxygen nucleophile instead of bromide anion leads to
precipitation of zwitterionic compounds 2.16. Apparently, the selenium center
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in the structures 2.16 is not electrophilic enough to take part in to the SgAr step
and, consequently, does not lead to formation of the heterocyclic system of
benzo[b]selenophene. The existence of hypervalent selenium in both the solid
state and solution of 2.16 has been supported by single crystal x-ray analysis
and "’Se NMR spectroscopy data.

Br /Br

Sé o B o
SeBr, (1.0 eq.) I\ Br-S% N
Ar(Th—==—N 5 : Ar(Th)—— N —_— TN
CHCl3, 0°C, 15 min
21429 2.15 d Ar(Th)” ~O 2.16a-g

@
Br~
I MeO
2. 16a (50%) MeO MeQ 2.16d (quant.)

2.16b (82%) 2.16¢ (57%) OMe
Br
/ o,/ r
Se @ /
Br NN Br->° e;)\l
5 B
Y X
F \s
2.16e (60%) 2.16f (16%) 2,169 (77%)

Figure 2.6. Reactions of alkynylamides 2.14a-g with SeBr,.

Unfortunately, all attempts to use SeBry were unsuccessful, as complex
mixtures of products were obtained.

2.5. Synthesis of selenium analogues of raloxifene

The key precursor chosen for the synthesis of selenium analogue of
raloxifene 2.20e and other derivatives with modified amine fragment is
compound 2.7b (Figure 2.7.)7. Treatment of 2.7b by zinc powder in 80%
acetic acid provided 3-unsubstituted precursor 2.17 in excellent yield
(Figure 2.7., A). Since benzo[b]selenophene 2.17 is an analogue of
benzo[b]thiophene derivative which has been used for the synthesis of
raloxifene, further steps are analogous to preparation of the original drug™®, and
the corresponding yields are very similar to those obtained in reactions of the
sulphur analogue. Thus, Friedel-Crafts benzoylation of 2.17 led to ketone 2.18
in a good yield (Figure 2.7., B), and subsequent nucleophilic substitution of
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fluorine atom provided precursors 2.19a-g in 65-91 % yield (Figure 2.7., C).
Finally, after deprotection of the phenol moieties by BBr; (Figure 2.7., D), the
desired selenium analogues 2.20b-g were obtained. As demethylation of
precursor 2.19a gave a complex mixture of products, the desired 2.20a was
prepared by reversing the nucleophilic substitution and deprotection steps
(Figure 2.7., E and F). Finally, quaternisation of the dimethylamino-fragment
of 2.20b led to the choline derivative 2.22 (Figure 2.7., G). Similar synthetic
strategy was also applied for the preparation of selenium analogues of
raloxifene 2.25a-c in which hydroxyl groups are substituted by fluorine atoms
(Figure 2.8.)"".

Synthesis of 2-benzoyl-3-arylderivatives 2.30a-¢ (reversed analogues)
was accomplished in five steps starting from previously mentioned (see
section 2.1.) 2.5a (Figure 2.9.)"”. Suzuki-Miyaura cross-coupling of 2.5a with
4-methoxyphenyl boronic acid gave 2.26 in excellent yield, and subsequent
methoxylation of 2.26 led to 3-aryl derivative 2.27 (Figure 2.9., A and B).
Friedel-Crafts benzoylation of 2.27 (Figure 2.9, C) was considerably slower
and lower yielding than analogous reaction of 2-arylderivative
2.17 (Figure 2.7., B), but nevertheless the ketone 2.28 was successfully
obtained in moderate yield. Finally, after insertion of the corresponding
ethanolamine fragment and demethylation of 2.29a-¢ provided 2.30a-¢ in
moderate to good yields (Figure 2.9., D and E).
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Figure 2.7. Synthesis of exact selenium analogue of raloxifene 2.20e and other
derivatives with modified amine fragment. Conditions: A: Zn (5.0 equiv.), 80%
AcOH, 105°C, 24h, 93 % yield; B: 4-fluorobenzoyl chloride (2.0 equiv.), AlCl;
(2.0 equiv.), DCM, 0°C —r.t., 2h, 73 % yield; C: corresponding 2-aminoethanol
derivative (2.0 equiv.), NaH (2.2 equiv.), DMF, Ar, r.t., 2h, 65-91 % yield; D: 1) BBr;
(6.0 equiv.), DCM, 0°C, Ar, 1h, 2) HCVE®,0, 29-86 % yield; E: BBr; (6.0 equiv.),
DCM, 0°C, Ar, 1h, 47 % yield; F: 1) 2-methylaminoethanol (4.0 equiv.), NaH (4.0
equiv.), DMF, Ar, r.t., 2h; 2) HCVE,0, 25 % yield; G: 1) Mel (10 equiv.), dioxane, r.t.,
20h, 2) ion exchange, 85 % yield.
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Figure 2.8. Synthesis of fluoro-substituted selenium analogues of raloxifene. A: Zn
(10 equiv.), 80% AcOH, 110°C, 48 h, 87 % yield; B: 4-fluorobenzoyl chloride (2.0
equiv.), AlCl; (2.0 equiv.), DCM, 0°C —r.t., 4h, 75 % yield; C: corresponding 2-
aminoethanol derivative (2.0 equiv.), NaH (2.0 equiv.), DMF, Ar, r.t., 2h, 63-77 %
yield.

Figure 2.9. Synthesis of reversed selenium analogues of raloxifene. A: 4-
methoxyphenylboronic acid (2.0 equiv.), Pd(OAc), (10 mol-%), (o-Tol);P (30 mol-%),
K5PO, (3.5 equiv.), xylene/iPrOH (2:1), 110 °C, Ar, 12h, 94 % yield; B: MeOH
(6.0 equiv.), NaH (6.0 equiv.), NMP, 140 °C, Ar, 3h, 81 % yield; C: 4-fluorobenzoyl
chloride (2.0 equiv.), AICl; (2.5 equiv.), DCM, 0°C —r.t., 72h, 52 % yield; D:
corresponding 2-aminoethanol derivative (3.0 equiv.), NaH (3.0 equiv.), DMF, Ar,
50 °C; 5h, 48-68 % yield; E: 1) BBr; (6.0 equiv.), DCM, 0°C, Ar, 1h, 2) HCI/Et,0, 31-
90 % yield.

74



2.6. Synthesis of natural antioxidant inspired polyhydroxy
benzo[b]selenophenes39

Cyclization of arylalkynes under selenobromination conditions
combined with acid induced 3,2-aryl shift was elaborated, providing general
synthetic pathway for the preparation of polyhydroxy 2- and 3-
arylbenzo[b]selenophenes from the same starting materials (Figure 2.10.).

Thus, the strategic starting materials 2.5a-¢ were prepared in three high
yielding steps from commercially available substances (Figure 2.10., A, B, and
C). The key steps for the preparation of the corresponding 3-aryl polyhydroxy
benzo[b]selenophenes 2.33a-f, 2.40, and 2.41 are Suzuki arylation in the 3™
position of 2.5a-c¢ (Figure 2.10., D), substitution of the corresponding fluorine
atom by methoxy group (Figure2.10., E), and subsequent deprotection of
phenol moieties employing appropriate demethylation approach (Figure 2.10.,
F, G, or H). To obtain the corresponding 2-aryl derivatives 2.35a-d, 2.44, and
2.45, the methoxy substituted precursors 2.32a-d, 2.38, and 2.39 were
rearranged by acid induced 3,2-aryl migration (Figure 2.10., I). After
deprotection of the phenol moieties of 2.34a-d, 2.42, and 2.43, the desired 2-
aryl polyhydroxy benzo[b]selenophenes 2.35a-d, 2.44, and 2.45 were prepared
(Figure 2.10., F or H).

As 3-aryl derivatives 2.32e,f did not undergo the rearrangement step
(Figure 2.10., I), alternative synthetic pathway was developed to obtain the
corresponding 2-aryl isosteres 2.35e,f (Figure 2.11.). This strategy is based on
the synthesis of 2-bromoderivative 2.48 (Figure 2.11., A, B, and C), which can
be directly arylated to afford the necessary 2-arylbenzo[b]selenophene
molecular scaffold 2.34e,f (Figure2.11., D). Consequently, the obvious
advantage of the 3,2-aryl shift in the rearrangement step (Figure 2.10., I) can be
appreciated, since the quite “silly” debromination/bromination steps
(Figure 2.11., A and C) can be eliminated.

Finally, synthesis of resveratrol analogue 2.56 and its isomeric 3-aryl
derivative 2.54 was attempted (Figure 2.12.), employing very similar synthetic
strategy to the previously described (Figure 2.10). The only difference is that,
the appreciative displacement of hydroxy groups in the desired
benzo[b]selenophenes allowed direct use of methoxy substituted arylalkyne
2.50 in the cyclization step (Figure 2.12., B).
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Figure 2.10. Synthetic strategy for the synthesis of
polyhydroxybenzo[b]selenophenes. Reaction conditions: A: 2-methylbut-3-yn-2-o0l
(1.5 equiv.), PdCl, (5.0 mol-%), PPh; (10 mol-%), Cul (10 mol-%), ‘Pr,NH (4.0 equiv.),
DMF, 60 °C, Ar, 24 h; B: SeO, (1.5-2.0 equiv.), cyclohexene (1.0-1.2 equiv.), 48 % HBr
(0.43 ml per 1.0 mmol of Se0,), dioxane, r.t., 24-72 h; C: K;PO, (1.2 equiv.), DMSO,
80 °C, Ar, 24 h; D: corresponding arylboronic acid (2.0 equiv.), Pd(OAc), (10 mol-%),
(0-Tol)sP (30 mol-%), K5PO, (3.5 equiv.), xylene/PrOH (2:1), 110 °C, Ar, 1 h; E:
MeOH (6.0 equiv.), NaH (6.0 equiv.), NMP, 140 °C, Ar, 1h; F: BBr; (6.0 equiv.), DCM,
0 °C —r.t.,, Ar, 12 h; G: n-dodecanethiol (6.0 equiv.), NaH (6.0 equiv.), NMP, 100 °C,
Ar, 24 h; H: Py  HCI, 220 °C, 6 h; I: MeSO,0H (0.4 M), toluene, 90 °C, 4h.
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140 °C, Ar, 1h; C: NBS (1.1 equiv.), DMF, 0 °C —r.t., 12 h; D: corresponding
arylboronic acid (2.0 equiv.), Pd(OAc), (10 mol-%), (o-Tol);P (30 mol-%), K;PO,
(3.5 equiv.), xylene/PrOH (2:1), 110 °C, Ar, 1 h; E: Py HCI, 220 °C, 6 h.
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Figure 2.12. Preparation of the resveratrol analogues 2.54 and 2.56. Reaction
conditions: A: 2-methylbut-3-yn-2-ol (1.5 equiv.), PdCl, (5.0 mol-%), PPh; (10 mol-%),
Cul (10 mol-%), ‘Pr,NH (4.0 equiv.), DMF, 60 °C, Ar, 24 h; B: SeO, (1.2 equiv.),
cyclohexene (1.2 equiv.), 48% HBr (0.43 ml per 1.0 mmol of SeO,), dioxane, r.t., 24 h;
C: K5POy (2.4 equiv.), DMSO, 90 °C, Ar, 24 h; D: 4-methoxyphenylboronic acid
(2.0 equiv.), Pd(OAc), (10 mol-%), (o-Tol);P (30 mol-%), K;PO, (3.5 equiv.),
xylene/PrOH (2:1), 110 °C, Ar, 1 h; F: MeSO,OH (0.4 M), toluene, 90 °C, 8h; G:
Py HCI, 220 °C, 6 h; E: BBr; (20 equiv.), DCM, 0 °C —r.t., Ar, 12 h.
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Redox properties, free radical scavenging ability, and cytotoxicity
against malignant cell lines (MCF-7, MDA-MB-231, HepG2, and 4T1) of the
synthesized compounds were explored, and the obtained results were subjected
to discussion of the structure—activity relationships (SAR). Consequently,
structural features responsible for the highly potent peroxyl radical scavenging
activity were established.
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CONCLUSIONS

. Alkene  additive  substantially  suppresses  bromination  of
aryl(hetaryl)alkyne’s triple bond, thus, elevating yields of cyclization
products under selenobromination conditions. The improved cyclization
procedure provides the shortest synthetic pathway to wide variety of 3-
bromobenzo[b]selenopenes, and for the first time selenobromination is
applicable for the preparation of selenophenothiophenes.

. Experimental evidence confirms stereospecific anti 1,2-addition in the
selenobromination step and subsequent intramolecular electrophilic
substitution on the aromatic ring as the main contributors in the
cyclization mechanism. Thereby, more polarized triple bond leads to
higher regioselectivity in the cyclization of diaryl(hetaryl)alkynes. As a
general rule, cyclization is favored on the side of the more electron-rich
aromatic ring.

. The main limitations of the cyclization of aryl(hetaryl)alkynes under
selenobromination conditions are substrates containing strong electron
donors in the aromatic ring. In the case of mefa-substituted derivatives
poor regioselectivity in SgAr step is obtained, but ortho- and para-
substituted substrates cause pronounced bromination of the triple bond
even in the presence of alkene additive.

. Reactions of 1-ethynylpyrrolidin-2-ones with selenium dibromide
provide novel synthetic pathway towards new type of zwitterionic
hypervalent 10-Se-3 systems. Additionally, structure of the hypervalent
products supports electrophilic attack of selenium center on the triple
bond as the first step in selenobromination of aryl(hetaryl)alkynes.

. Due to cost efficiency and simplicity of necessary manipulations,
selenobromination of 1,2-bis(4-methoxyphenyl)ethyne (2.6b) is the
most convenient key step for the synthesis of selenium analogue of
raloxifene to date.

. Substitution of sulfur by selenium in the core structure of raloxifene
leads to pronounced in vitro cytotoxicity on variety of cancer cells, in
the same time providing higher cancer/normal cell selectivity.

. Selenobromination of arylalkynes combined with acid induced 3,2-aryl
migration can be successfully applied for the synthesis of 2- and 3-aryl
polyhydroxy benzo[b]selenophenes employing the same starting
materials.
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8. Polyhydroxybenzo[b]selenophenes emerge as a new family of highly
potent antioxidants and antiproliferative agents. The positive effect of
introduction of additional electron donors in the proper positions holds
the future potential of developing even more active derivatives.

9. Strong correlation in the structure-activity relationships (SAR) was
found only in the case of peroxyl radical scavenging, and the obtained
activity data is in full agreement with the observations made in the NMR
study.

10. High stability, low toxicity, and the growing arsenal of available tools
for the structural diversification of benzo[b]selenophenes allows to
anticipate new drug candidates among this family in the near future.
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A novel approach for the cyclization of arylalkynes with
selenium(I'V) bromide prepared in situ has been elaborated.
The use of an alkene additive as a bromine scavenger pro-
vides a convenient synthetic pathway for the synthesis of a
wide variety of 3-bromobenzo[b]selenophenes. Reactions
can be performed open to air without the use of moisture-

sensitive reagents, anhydrous solvents, or an inert atmo-
sphere. Selenobromination of ethynylthiophenes has been
applied for the preparation of selenopheno(3,2-b]- and
selenophenol[2,3-b]thiophenes. The molecular structures of
Tepresentative derivatives have been confirmed by X-ray
crystallographic analysis.

Introduction

During the last decade benzo[b]selenophenes have at-
tracted increasing attention in both medicinal chemistry
and materials science. Although the benzo[b]selenophene
heterocyclic system has not been found in natural com-
pounds. it is considered to be a bioisoster of naphthalene,
benzofurane, benzothiophene, and indole!'l It has been
shown that benzo[b]selenophene analogues of milfasartan
and eprosartan (compounds used for treatment of hyperten-
sion) are excellent AT, receptor antagonists, and selenium
analogues exhibit higher activity than the corresponding
benzo[b]thiophene derivatives.2) Our own research work on
synthesis and antiproliferative activity studies of 2.3-disub-
stituted benzo[b]selenophene derivatives has shown that
these compounds exhibit medium or low acute cytotoxic
effect on normal cells without causing changes in cell mor-
phology.?*3" Furthermore, fused selenophene ring con-
taining systems have attracted much interest because of
their potential application as organic semiconductors in
various eptoelectronic devices ]

Although there are a number of more or less general
methods for the preparation of benzo[b]selenophenes,>1%
only two methods are applicable for the synthesis of 3-halo
derivatives, which are extremely useful for further modifica-
tions through different kinds of cross-coupling protocols. In
2006, Larock and co-workers published their studies on the
cyclization of 1-(l-alkynyl)-2-(methylseleno)arenes in the

[a] Department of Medicinal Chemistry, Latvian Institute of
Organic Synthesis,
Aizkraukles 21, Riga 1006, Latvia
E-mail: pavel.arsenyan@lycos.com
Www.osi.lv

= Supporting information for this article is available on the
‘WWW under http://dx.doi.org/10.1002/ejoc.201402095.
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presence of iodine and other electrophiles.®*] The most im-
portant advantages of this methodology are mild reaction
conditions, regioselectivity, and high product yields, and it
is the only general method available for the preparation of
3-iododerivatives. However, starting materials for this cycli-
zation are prepared by using a rather low yielding, three-
step procedure. Moreover, only a limited number of the re-
quired iodoanilines are commercially available, and the syn-
thesis of appropriately substituted substrates is quite com-
plex. Another option is the reaction of phenylacetylene de-
rivatives with selenium tetrahalogenides (SeCl and SeBr,)
generated in situ.’) This methodology has been known for
more than 30 years, but the scope of useful substrates re-
mains quite poor. Cyclizations have been achieved by using
phenyl- and naphthylpropiolic acids,®2¢9¢l phenylpropiolic
acid amidel® and sulfonamide.* phenylethynylphosphonic
acid.*l and phenylpropargylic amines!®® The cyclization
reaction is regarded as a two-step process (Scheme 1).1%¢
The first step involves anti addition of selenium tetrahalide
(SeCly or SeBry) to a triple bond, forming a selenohaloge-
nated intermediate, followed by intramolecular cyclization
through an SgAr mechanism, while one equivalent of
hydrogen halide and halogen molecule is expelled.

Based on the above idea and on our experience with thio-
phene and selenophene chemistry+-3dl in the present study
we focused on the construction of benzo[b]selenophene,
selenopheno[3,2-b]- and -[2,3-b]thiophene rings by treat-
ment of ethynylarenes with SeBry prepared in situ. Because
a range of phenylacetylene derivatives are either commer-
cially available oreasily prepared from the correspondingaryl-
halogenides and terminal alkynes. we were inspired to de-
velop this protocol. Considering that the corresponding
bromo derivatives are more useful for further modifications
through different types of transition-metal-catalyzed reac-
tions, we focused our attention on cyclization under seleno-
bromination conditions.

Wiley Online Library 3831
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Results and Discussion

As previouslyl®! mentioned, cyclization of phenylacetyl-
ene derivatives in the presence of water is higher yielding
and less time-consuming than the corresponding reactions
under anhydrous conditions.'"! The standard protocol in-
volves dropwise addition of arylalkyne solution in ethers
(diethyl ether or dioxane) to a freshly prepared aqueous
solution of selenium(IV) bromide, or vice versa. The aque-
ous solution of selenium(IV) bromide is simply prepared by
treatment of selenium dioxide with an appropriate amount
of concentrated hydrobromic acid.

Because phenylacetylene (1) is the simplest and most
readily available arylalkyne, and because no successful ex-
amples of its cyclization under the given conditions have
been shown so far, we selected this compound as our first
model (Scheme 2, Table 1). Brief examination of this reac-
tion under previously described conditions!®] led us to con-
clude that four main products were formed (Table 1, en-
try 1). Simultaneously with the expected cyclization product
2, both stereoisomers of dibromo derivative 2a and divinyl
selenide 2b were formed (approximate mass ratio 2:2:1).
Moreover, considerable amounts of minor unidentified side
products were detected, and all attempts to isolate pure 2
from such a complex mixture were unsuccessful. Although
alteration of the addition sequence did not affect eyclization
of phenylpropargylic amines,”® in this case it was impor-
tant that the solution of 1 in dioxane was added to aqueous
SeBry solution, because the reverse addition led to a more
complex mixture of products accompanied by more pro-
nounced formation of 2b. Because the structure of 2b corre-
sponds to addition of two phenylacetylene (1) units to one
selenium(IV) bromide molecule, more diluted conditions
were employed (Table 1, entries 2-4). In this way, the ap-
pearance of minor side products was completely prevented
and the formation of divinyl selenide 2b was suppressed to
a minimum (Table 2, entry 4). Further dilution did not con-
siderably reduce the formation of 2b further. Notably, use
of diethyl ether instead of dioxane drastically increased the
amount of 2a formed (Table 1, entry 5). Despite the fact
that the formation of 2a was suppressed by approximately
8% by performing the reaction in tetrahydrofuran (THF)
(Table 1, entry 6), cleaner reaction was achieved by using

Se0, Br
alkene additive
Ph—=
HBr/solvent Se
1 rt,24h 2
Scheme 2. Cyclization of 1.
3832 www.eurjoc.org ®20

logenation conditions.

dioxane as solvent (Table 1, entry 4). All attempts to sepa-
rate 2 from 2a were unsuccessful, so it was crucial to find a
methodology that would avoid formation of 2a.

Table 1. Optimization of reaction conditions for the cyclization of
1.l

14 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Entry SeO, Akene additive (equiv.) Product mass ratio [%J"
[equiv] 2a
1l 12 - 43 39 18
20 12 - 55 40 5
3@ 12 = 59 38 3
4 L2 = 60 38 2
5t 12 = 34 61 5
61 2 - 68 2 4
7l 12 cyclohexene (1.0) 0645 <1 3
8 12 cyclohexene (0.8) 90 4 6
9 12 cyclohexene (0.6) 82 10 8
10 12 cyclohexene (0.4) 75 21 4
11 12 allyl alcohol (1.0) 52 45 3
12 i) 3 4-dihydro-2H-pyran (1.0) 92 4 4
13 12 cyclohex-2-enone (1.0) 076 <1 2
14 15 cyclohex-2enone (1.2) 97 (51 <1 2
15 20 cyclohex-2-enone (1.0) 97(60) <1 2
16 12 isophorone (1.0) 70 26 4

[a] Reaction conditions (unless otherwise stated): phenylacetylene 1
(200 mg), dioxane (12 mL), 48% HBr (0.43 mL), selenium dioxide
(1.0 mmol). [b] Reaction performed in 3 mL dioxane. [c] Reaction
performed in 6 mL dioxane. [d] Reaction performed in 9 mL of di-
oxane. [e] Et;O was used as solvent. [f] THF was used as solvent.
[] For isolation of 2 the reaction was performed on a 5.0 g scale
of 1. [h] Determined by GC-MS. [i] Isolated yield shown in paren-
theses.

Table 2. Optimization of reaction conditions for cyclization of 3a.2l

Entry SeO, Cyclohexene Product mass ratio [%0]1®!
[equiv.]  [equiv] 4aldl 5

1 12 - 62 (42) 38 -

2 12 1.0 99 (62) 1 -

3 15 12 9976 <1 -

4 20 i 72 (48) 1 17

5 40 73 (46) 1 2%

[a] Reaction conditions (unless otherwise stated): 3a (300 mg), di-
oxane (6 mL), 48% HBr (0.43 mL), selenium dioxide (1.0 mmol).
[b] Determined by GC-MS. [c] Isolated yield is shown in paren-
theses.

Br Br_~ sEX Br
Ph’l\*‘ar * 1:\ /\r-g\
2a

2b

Eur. I Org Chem. 2014, 38313840

88



Selenobromination of Aryl(thienyljalkynes

Because the formation of 2a could be explained by reac-
tion of 1 with the bromine expelled during the cyclization
process (Scheme 1), we examined the use of a selective
bromine scavenger that, under the given reaction condi-
tions, would be inactive to SeBr,. We were pleased to find
that, in the presence of one equivalent of cyclohexene, for-
mation of 2a was almost completely prevented and, as a
result, a nearly 1:1 mixture of 2 and 1.2-dibromocyclo-
hexane was obtained (Table 1. entry 7). Although, separa-
tion of these compounds by chromatographic methods
turned out to be rather difficult, 2 was isolated in high pu-
rity by distillation under reduced pressure. We noticed that
the use of a decreased amount of cyclohexene led to the
formation of larger quantities of 2a (Table 1, entries 8-10).
On the other hand, when a larger amount of alkene additive
was employed, no 2a formed, however, the yield of 2 de-
creased. In the presence of 2.0 equiv. cyclohexene almost no
cyclization product was observed, and 1.2-dibromocyclo-
hexane was formed as a main preduct, which indicates that
under the given reaction conditions the alkene additive re-
acts with SeBr,. Because, in this case, no cyclization took
place, it was presumed that selenium(IV) bromide itself
could serve as a brominating agent. Such a hypothesis was
confirmed by performing the reaction in the absence of 1.
As a result, 1.2-dibromocyclohexane was obtained as al-
most sole product. To adapt the methodology for small-
scale synthesis, we looked for alternative bromine scaven-
gers that would form more polar adducts that would be
easier to separate from 2 (Table 1. entries 11-16). Allyl
alcohol turned out to be rather ineffective because a large
amount of 2a as well as other unidentified side products
were formed (Table 1, entry 11). 2,3-Dihydropyrane ap-
peared to be slightly less active than cyclohexene and. con-
sequently, only 4% 2b was formed (Table 1. entry 12). Fi-
nally, cyclohexenone showed excellent activity and selectiv-
ity, providing easy isolation of pure 2 in 46% yield (Table 1,
entry 13). Notably, the use of 1.5 equiv. SeO; and 1.2 equiv.
cyclohexenone did not dramatically alter the product yield
(Table 1, entry 14). However, when the amount of selenium
dioxide was increased to 2.0 equiv. and only 1.0 equiv. cy-
clohexenone was used. 2 was isolated in 60% yield (Table 1,
entry 15). With the aim of finding a less expensive alterna-
tive to cyclohexenone, we attempted to use isophorone but,
presumably for steric reasons, this turned out to be ineffec-
tive (Table 1, entry 16).

Thus, a potential precursor for the synthesis of more
complex benzo[b]selenophene derivatives can be obtained in
a single step directly from commercially available materials

Eur|OC

Eurapess el
of Organié Chemisry

without the use of anhydrous solvents or an inert atmo-
sphere. The last time the synthesis of 2 was reported
(1974) 1'% the approach employed selective debromination
of 2.3-dibromobenzo[b]selenophene.

Recently, two papers!'? have been published by Braver-
man and co-workers regarding reactions of propargyl
alcohols with selenium di- and tetrahalides under an-
hydrous conditions, but no successful results were obtained
for the preparative synthesis of benzo[b]selenophenes. Be-
cause highly versatile substrates could be obtained for fur-
ther modifications, we were encouraged to explore the cycli-
zation of these derivatives. Commercially available 3-phen-
ylpropargyl alcohol (3a) was chosen as a model compound
for optimization of the reaction conditions (Scheme 3,
Table 2). As expected, a large amount of the corresponding
dibromo derivative 5 was formed in the absence of alkene
additive (Table 2, entry 1). Although the separation of 4a
from 5 was rather complex, pure 4a was isolated in 42%
yield. Nevertheless, in the presence of one equivalent of
cyclohexene, the formation of 5 was nearly completely pre-
vented and product 4a was obtained (62%) (Table 2, en-
try 2). When 1.5 equiv. selenium(IV) oxide and 1.2 equiv.
cyclohexene were used, the yield of 4a increased to 76%
(Table 1, entry 3). We found that the formation of 5 could
be effectively prevented when a large excess of SeO, was
used (Table 2, entries 4 and 5). Such an approach is not
only economically disadvantageous, but also another side
product, 6, was formed as a result of oxidation of the
hydroxymethyl group of 4a. Aldehyde 6 was also obtained
by oxidation of 4a with manganese(IV) oxide (Scheme 3).

Optimized reaction conditions (Table 2, entry 3) were
applied to the cyclization of substituted phenylpropargyl
alcohols (Scheme 4). Arylalkynes 3b, 3¢, and 3e-i were suc-
cessfully obtained in a single step from the corresponding
aryl bromides and terminal alkynes by using Sonogashira
cross-coupling reactions (see the Supporting Information).
By cyclization of dimethyl-substituted 3b and cyclohexyl
derivative 3¢, the corresponding benzo[b]selenophenes 4b
and 4c were obtained in very good yields. Although the
formation of 4d was detected by GC-MS, all attempts to
isolate pure product were unsuccessful; failure in this case
can possibly be explained by steric hindrance imparted by
the phenyl groups. As previously reported,[”! the outcome
of the reaction depends strongly on the nature of the sub-
stituents in the aromatic ring. Even in the presence of an
alkene additive, cyclization of para-methoxy-substituted 3e
led to the formation of an inseparable mixture of 4e and
the corresponding dibromo derivative. In the case of orthe-

MnO; (4.0 equiv.)

| THF, rt, 24 h 1
53%
Se0;, Br Br id
— cyclohexene
Ph—=— =~ 3 + Ph/%"F\OH + E:[Sﬂ\
OH HBr/dioxane S OH Br Se 0O
- I, 24h e 5 &

Scheme 3. Cyclization of 3a and oxidation of 4a to 6.
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Scheme 4. Cyclization of phenylpropargyl alcohols 3bj. Reaction conditions (unless otherwise stated): 3b—j (300 mg), dioxane (6 mL),
48% HBr (0.43 mL), selenium dioxide (1.0 mmol). [a] Product was isolated with 10% premix of 7-methoxy isomer. [b] SeO, (2.0 equiv.)

and cyclohexene (1.0 equiv.) were used and reaction time was 72 h.

methoxy-substituted 3g, only a trace amount of the cycliza-
tion product 4g was detected (GC-MS), with the major
product being the corresponding dibromo derivative. No
bromination of the triple bond of the starting material was
observed in the cyclization of 3f but, unfortunately, the re-
action suffered from a lack of complete regioselectivity.
Compound 4f was formed as a major regioisomer (approxi-
mately 90 %), but we were not able to separate this from the
corresponding 7-methoxy derivative. The presence of the
other regioisomer could not be established by GC-MS
analysis because the mixture appears as a single signal, but
it could be readily recognized by 'H NMR spectroscopy. A
strongly electron-withdrawing group in the para-position of
3h favors the corresponding cyclization product, and 4h was
easily isolated in 88% yield. Similarly, para-fluoro derivative
3i underwent clean cyclization to give 4i in very good yield.
Interesting results were found in the cyclization of ortho-
fluoro-substituted 3j. Although seven days were required
for complete consumption of starting material, no forma-
tion of the corresponding dibromo derivative was observed.
Use of 2.0 equiv. SeO, and 1.0 equiv. cyclohexene reduced
the reaction time to 72 h, and 4j was isolated in 49% yield.
In the case of meta-fluoro-substituted 3k, the reaction pro-
ceeded with complete regioselectivity and the correspond-
ing cyclization product 4k was isolated in 83% yield.
From the results obtained for the cyclization of substi-
tuted phenylpropargyl alcohol derivatives 3a—k (Scheme 4),
it is quite clear that the failure of the cyclization of para-
and ortho-methoxy substituted compounds 3e and 3g is not
due to deactivation towards the intramolecular SgAr step
(Scheme 1), as reported!® for the cyclization of phenylpro-
piolic acid derivatives. More likely, the presence of an elec-
tron-donating group increases the electron density on the
C=C triple bond of the starting material, thus making it

3834 Www.eurjoc.org
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more attractive for attack by the bromine molecule. Particu-
larly, in the case of 3g, direct bromination of the triple bond
almost completely overcomes the selenobromination.

To broaden the substrate scope of the reaction further,
we attempted the cyclization of thienylpropargyl alcohols,
which could lead to formation of selenopheno[3.2-6]- and
selenopheno[2,3-b]thiophenes (Scheme 5). Although elec-
trophilic  cyclization of 3-alkynyl-2-organylselenothio-
phenes!'?! serves as a powerful tool for the preparation of
4-haloselenopheno[2.3-b]thiophenes, no convenient meth-
odologies are available for the synthesis of 6-haloseleno-
pheno[3.2-b]thiophenes.

Similarly to phenylpropargyl alcohols 3b, 3c, and 3e-j,
substrates 7a—h were prepared in one step from the corre-
sponding bromothiophenes and terminal alkynes under the
Sonogashira protocol (see the Supporting Information).
When previously optimized reaction conditions (Table 2,
entry 3) were applied to the cyclization of 7a, a complex
mixture of products was obtained. Along with cyclization
product 8a, not only was a large amount of the correspond-
ing dibromo derivative formed. but bromination at the a-
position of thiophene ring was also detected. No better re-
sults were obtained by increasing the amount of alkene ad-
ditive, however, a-bromination was almost completely pre-
vented when only 2.4 equiv. of hydrogen bromide was used
per 1.0 equiv. SeO,. In this case. formation of the corre-
sponding dibromo derivative was also considerably sup-
pressed. however, formation of SeBr, in situ is open to
question. The isolation of pure 8a was unsuccessful, but
treatment of 7b with selenium(IV) oxide (1.2 equiv.) and
cyclohexene (1.2 equiv.) led to the formation of seleno-
pheno[3.2-]thiophene derivative 8b in 34% yield. As ex-
pected, formation of the cyclization product 8¢ was not de-
tected, probably because of steric hindrance. When a-

Eur. J. Org. Chem. 2014, 3831-3840
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Se0; (1.2 equiv.)
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Scheme 5. Cyclization of thienylpropargyl alcohols 7a—h. Reaction conditions (unless otherwise stated): 7a—h (300 mg), dioxane (6.0 mL),

48% HBr (0.27mL),

selenium dioxide (1.0 mmol). [a] Reaction conditions were those used for the cyclization of phenyl-

propargyl alcohols 3a-i. [b] During addition of thienylethynyl alcohol 7f-g solution to SeBry the reaction mixture was cooled to 0 °C.

methyl-substituted 7d was submitted to the conditions used
for cyclization, only a trace amount of 8d was observed by
GC-MS, and the corresponding dibromo derivative was
formed as a major product. Because in this case no a-
bromination could take place, we tried to employ reaction
conditions analogous to the cyclization of phenylpropargyl
alcohol derivatives (Table 2, entry 3), but no better results
were achieved. In general, the reactivity of 2-alkynylthio-
phenes 7a—d was similar to methoxy-substituted 3e and 3g
(Scheme 4). On the other hand, the presence of a strongly
electron-withdrawing formyl group activates 7e towards
cyclization. As a result, under previously optimized condi-
tions (Table 2, entry 3) cyclization of 7e proceeded without
formation of the corresponding dibromo derivative and
product 8e was isolated in 66% yield. Completely different
reactivity was observed in the case of 3-alkynylthiophenes
7f and Tg. Although a-bromination in the thiophene ring
was not completely avoided, no formation of the corre-
sponding dibromo derivative was observed, and seleno-
pheno[2,3-b]thiophenes 8f and 8g were obtained in moder-
ate yields. As expected, diphenyl-substituted 7h did not
form any cyclization product.

For representative derivatives 4b, 8b, and 8g single-crys-
tal X-ray analysis data were obtained. Molecular structures
with thermal ellipsoids and atomic labels are shown in Fig-
ure 1. The crystal structures of 4b, 8b, and 8g are isomor-
phous and each asymmetric unit consists of two indepen-
dent molecules. These compounds form tetramers by means
of O-H-+O" and O’~H'--O intermolecular hydrogen bonds.
The lengths of these bonds in the structures of 4b, 8b, and
8g are 2.742(4)2.801(4) A, 2.740(7)/2.787(7) A, and
2.729(7). 2.803(8) A, respectively.

Other C(sp)-substituted arylalkynes were also subjected
to cyclization (Scheme 6). Very good yield was obtained by
selenobromination of hept-1-ynylbenzene (9a). Because of
the low polarity of 10a, cyclohex-2-enone was used as alk-
ene additive. Considerably slower reaction was observed in
the cyclization of ethyl phenylpropiolate (9b). By using
2.0 equiv. selenium dioxide and 1.2 equiv. cyclohexene the
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Figure 1. Molecular structures of 4b, 8b, and 8g.

reaction proceeded for 36 h and ester derivative 10b was
isolated in 71% yield.

The longer reaction time required for these reactions is
probably a result of the decrease in nucleophilicity of the
triple bond in the initial compounds. It should be noted
that previously reported!® cyclization of the corresponding
methyl ester provided the cyclization product in only 17%
yield. Although no bromination of the C=C triple bond of
3835
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Se0, (1.5 equiv.) Br

____ cyclohexene (1.2 equiv.) mR
o HBr/dioxane Se

9a: R = Pent®l rte2dh 10a: R = Pent (82%)
9b: R = CO.EtP! 10b: R = CO,Et (71%)
9¢:R = CHO 6:R = CHO (11%)
9d: R = TMsd 2:R=H (44%)

Scheme 6. Cyclization of C(sp)-substituted arylalkynes 10a—d. Re-
action conditions (unless otherwise stated): arylalkyne 10a—d
(200 mg), 48% HBr (0.43mL). SeO, (1.0 mmol). [a] Cyclohex-2-
enone was used as alkene additive. [b] SeO; (2.0 equiv.) and cyclo-
hexene (1.2 equiv.) were used and the reaction time was 36 h.
[c] SeO; (2.0 equiv.) and cyclohex-2-enone (2.0 equiv.) were used;
complete desilylation was achieved by the use of TBAF (0.5 equiv.).

the starting material was observed, cyclization of aldehyde
9¢ led to aldehyde derivative 6 in only 11% yield, which is
close to that previously reported.”*! Nevertheless, aldehyde
6 can be obtained in better yield by using a two-step pro-
cedure (Scheme 3). Finally, cyclization of phenylethynyltri-
methylsilane (9d) was attempted. however, as expected, the
TMS group was not sufficiently stable to survive under the
given reaction conditions, so partial desilylation occurred.
Complete desilylation was achieved by treatment of the re-
action mixture with 0.5equiv. tetrabutylammonium
fluoride (TBAF). As a result, 2-unsubstituted 3-bromo-
benzo[b]selenophene (2) was obtained in 44% yield. In this
case, it was essential to use equimolar amounts of SeO, and
alkene additive, because in the presence of a subequimolar
amount of alkene additive the TMS group was partially re-
placed by bromine, leading to a premix of the correspond-
ing 2.3-dibromo derivative.

Propan-2-ole derivatives 4b and 4h-k can serve as power-
ful precursors for 2-unsubstituted frameworks. For exam-
ple, by deacetonation!' of 4i, 3-bromo-6-fluorobenzo[b]-
selenophene (11) was obtained in good yield (Scheme 7).

transition metal catalyzed
cross couplings

Br
Me K3PO, (1.2 equiv.
O fotzan) Y
E Se OH DMSO,80°C,24h Se .

4 1 (71%)

Scheme 7. Deacetonation of 4i.

A wide range of modifications can be envisioned for 11,
because the C—Br bond is available for different kinds of
transition-metal-catalyzed processes, C-2 is active in electro-
philic aromatic substitution, and it is well-known that
fluorine is an excellent leaving group for nucleophilic aro-
matic substitution, which would allow insertion of electron-
donating groups (for example alkoxy) in positions that are
forbidden during cyclization process.
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Conclusions

A new approach for the cyclization of readily accessible
aryl(thienyl)alkynes under selenobromination conditions
has been elaborated. The method provides convenient syn-
thetic access to a wide variety of 3-bromobenzo[b]seleno-
phenes and, for the first time, selenobremination is appli-
cable for the preparation of selenophenothiophenes. By
cyclization of commercially available substrates, the 3-
bromobenzo[b]selenophene heterocyclic framework can be
obtained in one step without the use of anhydrous solvents
or an inert atmosphere. A significant limitation of the elab-
orated methodology is extensive bromination of the C=C
triple bond of the starting material, or lack of regioselectiv-
ity, when electron-donating groups bearing aryl(tienyl)alk-
ynes are subjected to cyclization. Nevertheless, unsubsti-
tuted and ethynyl arenes bearing an electron-withdrawing
group are highly favored and even meta-fluoro derivative 3k
was cyclized with complete regioselectivity in very good
yield. The presence of an electron-withdrawing group in the
a-position of the thiophene ring is essential for highly ef-
ficient preparation of 6-bromoselenopheno[3.2-b]thio-
phenes. So far, this is the only methodology available for
the preparation of this type of derivative.

Further work in this area will be directed towards to bis-
and tris-cyclizations, as well as to regioselective cyclization
of diaryl(hetaryl)alkynes.

Experimental Section

General Remarks: Unless otherwise stated, all reagents were pur-
chased from commercial suppliers and used without further purifi-
cation. Thin-layer chromatography (TLC) was performed using
MERCK Silica gel 60 F254 plates and visualized by UV (254 nm)
fluorescence. ZEOCHEM silica gel (ZEOprep 60/35-70 microns —
SI23501) was used for column chromatography. 'H, *C, '°F, and
7ISe NMR spectra were recorded with a Varian 400 Mercury spec-
trometer at 400.0, 100.58, 376.21, and 76.37 MHz, respectively, at
298 K in CDCl;. The 'H chemical shifts are given relative to resid-
ual CHCI; signal (6 = 7.26 ppm), '*C shifts are relative to CDCly
(6 =77.0 ppm), and "’Se relative to dimethyl selenide (3 = 0.0 ppm).
The melting points were determined with a “Digital melting point
analyser” (Fisher), and the results are given without correction.
Diffraction data were collected with a Nonius Kappa CCD dif-
fractometer using graphite monochromated Mo-K, radiation (1 =
0.71073 A). The crystal structures were solved by direct methods
and refined by full-matrix least-squares.

Large-Scale Procedure Using Cyclohexene as Alkene Additive:
Selenium dioxide (6.52 g, 58.8 mmol) was dissolved in 48% hydro-
gen bromide (25.3 mL) and stirred at room temp. for 15 min. A
solution of 1 (5.00g, 49.0mmol) and cyclohexene (4.03 g,
49.0 mmol) in dioxane (300 mL) was added dropwise, and the reac-
tion mixture was stirred at room temp. for 24 h. Then reaction was
quenched with ethyl acetate (500 mL) and water (200 mL). After
stirring for 15 min, the organic phase was separated and the aque-
ous phase was extracted with ethyl acetate (2 X 150 mL). The com-
bined organic phases were washed with brine (200 mL), dried with
anhydrous sedium sulfate, and concentrated under reduced pres-
sure. The residue was subjected to column chromatography on sil-
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Eur/]OC

ica gel (petroleum ether) to give a mixture of 2 and 1,2-dibromocy-
clohexane (approximately 1:1) as a colorless oil. Product 2 (5.73 g,
45%) was isolated by fractionated distillation.

3-Bromobenzo[b|selenophene (2):'*1 Colorless oil; b.p. 120°C
(10 Torr). '"H NMR (400 MHz, CDCL): ¢ = 7.97 (s, Vuse =
44.8 Hz. 1 H, 2-CH), 7.88-7.94 (m, 2 H, 4,7-CH), 7.46-7.52 (m, 1
H, 6-CH), 7.34-7.40 (m, 1 H, 5-CH) ppm. *C NMR (100.58 MHz,
CDCly): 6 = 1394, 139.2, 1257, 1254, 1253, 1252, 124.7,
109.4 ppm. 77Se NMR (76.37 MHz, CDCly): ¢ = 533.8 (s) ppm.
MS (EL 70eV): mlz (%) = 260 (100) [M]*. CsH<BrSe (259.99):
caled. C36.96, H 1.94; found C 36.54, H 1.79.

Small-Scale Procedure Using Cyclohex-2-enone as Alkene Additive:
Selenium dioxide (435 mg, 3.92 mmol) was dissolved in 48% hydro-
gen bromide (1.69 mL) and stirred at room temp. for 15 min. A
solution of 1 (200 mg, 1.96 mmol) and cyclohex-2-enone (188 mg,
1.96 mmol) in dioxane (12 mL) was added dropwise, and the reac-
tion mixture was stirred at room temp. for 24 h. The reaction was
quenched with ethyl acetate (50 mL) and water (20 mL). After stir-
ring for 15 min, the organic phase was separated and the aqueous
phase was extracted with ethyl acetate (2 < 30 mL). The combined
organic phases were washed with brine (40 mL), dried with an-
hydrous sodium sulfate, and concentrated under reduced pressure.
The crude product was purified by column chromatography on sil-
ica gel (petroleum ether) to give 2 (306 mg, 60%).

Cyclization of Phenylpropargylalcohol Derivatives 3a—c, 3f, 3h, 3i,
and 3k: Typical Procedure for 3a: Selenium dioxide (378 mg,
3.41 mmol) was dissolved in 48% hydrogen bromide (1.47 mL) and
stirred at room temp. for 15min. A solution of 3a (300 mg,
2.27mmol) and cyclohexene (223 mg. 2.72 mmol) in dioxane
(6.0 mL) was added dropwise, and the reaction mixture was stirred
at room temp. for 24 h. The reaction was quenched with ethyl acet-
ate (830 mL) and water (30 mL). After stirring for 15 min, the or-
ganic phase was separated and the aqueous phase was extracted
with ethyl acetate (2 %X 50 mL). The combined organic phases were
washed with brine (50 mL), dried with anhydrous sodium sulfate,
and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel (petroleum ether—
ethyl acetate, 40:1—3:1) to give 4a (501 mg, 76%).

(3-B b 2-yl)methanol (4a):'®] White solid;
m.p. 104-106 °C. 'H NMR (400 MHz, CDCl3): 6 = 7.81-7.87 (m,
2 H, 47-CH), 7.42-7.48 (m, | H, 6-CH), 7.29-7.35 (m, 1 H, 5-
CH). 499 (s, 2 H, CH,), 2.26 (br.s, 1 H, OH) ppm. 13C NMR
(100.58 MHz. CDCl3): 6 = 143.3, 140.1. 138.2, 125.6, 125.4, 1253,
1250, 1057, 62.2 ppm. MS (EL 70eV): miz (%) = 290 (64)
[M]*, 183 (100). CoH,;BrOSe (290.02): caled. C37.27. H2.43;
found C 37.20, H 2.46.

2-(3-Bromobenzolb]selenophen-2-yl)propan-2-ol (4b): Eluent: petro-
leum ether/ethyl acetate (40:1—35:1), yield 89%:; white solid: m.p.
119-121 °C (petroleum ether/ethyl acetate). 'H NMR (400 MHz,
CDCly): 6 = 7.86-7.80 (m, 2 H. 4,7-CH), 7.47-7.40 (m, 1 H, 6-
CH). 7.34-7.28 (m, 1 H, 5-CH), 2.63 (br. s, 1 H, OH), 1.82 (s, 6 H,
CHy) ppm. 3C NMR (100.58 MHz, CDCL): 6 = 153.5, 1419,
137.0, 125.1 (2 C), 125.0, 101.7, 74.3, 29.2ppm. 7Se NMR
(76.37 MHz, CDCl): 6 = 548.2 ppm (s) ppm. MS (EL 70 eV): miz
(%) = 318 (45) [M]". 303 (100) [M — CHa]*. C, H,,BrOSe (318.07):
caled. C41.54, H 3.49: found C41.49. H 3.51.

1-(3-B benzo|blselenophen-2.

Meyclot I (4c): Eluent: pe-
troleum ether/ethyl acetale (40: 1~>5 1), yield 83 %: white solid: m.p.
67-68 °C (petroleum ether). '"H NMR (400 MHz, CDCl): é =
7.89-7.81 (m, 2 H, 4',7'-CH), 7.48-7.41 (m, 1 H, 6'-CH), 7.34-7.27
(m, 1 H, 5'-CH), 2.62 (br. s, | H, OH), 2.59-2.44 (m, 2 H, 2,6-CH),
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1.87-1.96 (m, 2 H, 2,6-CH), 1.68-1.82 (m, 5 H, 34,5 CH), 1.30-
1.47 (m, 1 H, 4-CH) ppm. °C NMR (100.6 MHz, CDCly): 6 =
1540, 142.1, 137.1, 125.1, 125.0 2 C), 124.9, 101.4, 75.4, 35.6, 24.9,
21.7 ppm. MS (EL, 70eV): mlz (%) = 358 (57) [M]*, 236 (100).
Cy4H sBrOSe (358.14): caled. C46.95, H4.22; found C46.85,
H4.25.

2-(3-B thoxybenzo]h]sel 1

2-yl)propan-2-ol (4):
Eluent: petroleum ether/ethyl acetate (40 1~>5 1); isolated with pre-
mix of minor regioisomer (approximately 10%); Overall yield:
65%; colorless oil. 'H NMR (400 MHz, CDCl;): 5 = 7.68 [d. in
= 8.6Hz, | H, 7-CHI. 7.32 [d. *Juu = 2.5Hz, 1 H, 4-CH], 6.95
[dd, *Jyy 1 = 2.5, *Jy 1 = 8.6 Hz, 1 H, 6-CH], 3.90 (s, 3 H, OCH3),
264 (br.s, 1 H, OH), 1.83 (s, 6 H, CHs;)ppm. “C NMR
(100.58 MHz, CDCly): = 155.0, 143.0, 128.5, 125.9. 114.9. 107.9,
104.9, 101.3, 74.3, 55.6. 29.2 ppm. 7Se NMR (76.37 MHz, CDCls):
& = 537.8 ppm. MS (EL 70 eV): m/z (%) = 348 (11) [M]*, 330 (100)
[M — H,OJ*. C,HyBrO,Se (320.04): caled. C 37.53, H 2.83; found
C 3744 H2.94.

Methyl  3-Bromo-2-(2-hydroxypropan-2-yl)benzo|b|selenophene-6-
carboxylate  (4h):  Eluent: petroleum ether/ethyl —acetate
(20:1—10:3), yield 88%; white solid; m.p. 137-138 °C (petroleum
ether/ethyl acetate). '"H NMR (400 MHz, CDCly): & = 8.53 [dd,
STau = 0.6, “Jyu = 1.6 Hz, 1 H, 7-CH], 8.07 [dd. *Jyu = 1.6,
Jen = 8.4 Hz, 1 H, 5-CH), 7.85 [dd. *Jyy = 0.6, *Jy s = 8.4 Hz.
1 H, 4-CH], 3.96 (s, 3 H, OCH3), 2.77 (br. s, 1 H, OH), 1.84 (s, 6
H. CH;) ppm. '*C NMR (100.58 MHz, CDCly): 6 = 166.9, 158.6.
145.5,136.8. 127.0, 126.5, 126.0, 124.8, 101.6, 74.5, 52.3, 29.0 ppm.
MS (EL, 70eV): miz (%) = 376 (43) [M]J*, 361 (100) [M —

CH3]*. Cj3H3BrOsSe (376.11): caled. C41.52. H3.48; found
C41.58, H3.49.
2-(3-B: 6-fluor 2-yl)propan-2-ol (4i): Elu-

ent: petroleum ether/ethyl acetate (40:1—10:1); Yield: 85%; pale-
yellow oil. "H NMR (400 MHz, CDCls): 6 = 7.77 (dd, %3 = 5.0,
My = 8.9 Hz, 1 H, 4-CH), 7.53 (dd, %/ = 24, Yy = 8.1 Hz,
1 H, 7-CH), 7.16 (ddd, *Jy 11 = 2.4, *Jypa = 8.9, - = 8.9 Hz, |
H, 5-CH), 2.60 (br. s, 1 H, OH), 1.82 (s, 6 H, CH3) ppm. '*C NMR
(100.58 MHz, CDCly): 6 = 160.8 (d, 'Jop = 247.6 Hz), 153.0 (d,
4Jcr =3.5Hz). 138.4 (d, *Jey = 1.6 Hz), 137.8 (d, *Jer = 9.0 Hz),
1263 (m), 113.8 (m), 111.4 (m), 100.8 (d, “Jcr = 0.8 Hz), 74.3,
29.2 ppm. '°F NMR (376.21 MHz, CDCls): 6 = ~116.7 (m) ppm.
MS (EL 70eV): miz (%) = 336 (8) [M]*, 318 (66) [M — H,0]*,
159 (100). Cy HyoBrFOSe (336.06): caled. € 39.31. H 3.00; found
C39.18, H 3.05.

2-(3-B: 3-fluorob [b]selenophen-2-yl)propan-2-ol (4k): Elu-
ent: petroleum ether/ethyl acetate (40:1—10:1), yield 83%:; white
crystalline solid: m.p. 84-85°C (petroleum ether). 'H NMR
(400 MHz, CDCly): 6 = 7.74 (dd, *Jy ¢ = 5.0, ¥y = 8.7 Hz, 1 H,
7-CH), 7.53 (dd, *Jyy 54 = 2.5, ¥y = 100 Hz, 1 H, 4-CH), 7.06
(ddd, “fyy = 2.5, 3y = 8.7, 3y = 8.7Hz, 1 H, 6-CH), 2.57
(br.s, 1 H, OH), 1.83 (s, 6 H, CHs) ppm. '3C NMR (100.58 MHz,
CDCly): 6 = 161.6 (d, ey = 242.1 Hz), 156.6, 143.5 (d. 3Jcy =
9.0 Hz), 131.9 (d, *Jcr = 1.9 Hz), 1264 (d, YJer = 9.0 Hz), 113.7
(d, YJor = 24.5Hz), 111.1 (d, Yo = 24.1 Hz), 1009 (d, “Jor =
43Hz), 744, 29.1 ppm. '°F NMR (376.21 MHz, CDCL): § =
~1174 (m) ppm. MS (EI, 70 eV): mlz (%) = 336 (45) [M]*, 321
(100) [M — CH3]*. CH,(BrFOSe (336.06): calcd. C 39.31, H 3.00;
found C 39.22, H 3.04.

Cyclization of 3j: Methodology was analogous to cyclization of 3a
except SeO> (2.0 equiv.) and cyclohexene (1.0 equiv.) were used and
the reaction was run for 72 h.

2-(3-B 4-fl b hlsel,

Tuor 2-yl)propan-2-ol (4j): Elu-
ent: petroleum ether/ethyl ﬂcelare (40:1—10:1), yield 49%: white
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solid; m.p. 103-104 °C (petroleum ether). 'H NMR (400 MHz,
CDCly): 6 = 7.61 (dd, “Jyen = 0.9, ¥y = 7.9Hz 1 H, 7-CH),
7.22 (ddd, Yy g = 4.5, Vg = 19, Jyy = 79Hz, 1 H, 6-CH),
7.06 (ddd, 4y = 09, 3y = 79, 3y = 124 Hz, 1 H, 5-CH),
2.54 (br.s, 1 H, OH), 184 (s, 6 H, CH;ppm. ’C NMR
(100.58 MHz, CDCly): 6 = 158.5 (d, Jor = 256.5 Hz), 154.5 (d,
SJep=1.2Hz),139.7 d, e = 2.7 Hz), 130.0 (d, *Jep = 9.7 Hz),
1255 (d, YJep = 7.8 Hz), 121.1 (d, “Jer = 4.7 Hz), 1116 (d, 2 r
= 21.8 Hz), 959 (d. “Jor = 4.3 Hz), 74.7, 28.8 ppm. '°F NMR
(376.21 MHz, CDCls): 6 = —117.7 (m) ppm. MS (EL 70 eV): mlz
(%) = 336 (46) [M]", 321 (100) [M — CHas]". CyH,(BrFOSe
(336.06): caled. C 39.31, H 3.00; found C 39.25, H 3.04.

Cyclization of 2-Methyl-4-thiophen-2-ylbut-3-yn-2-ol (7b): Selenium
dioxide (240 mg, 2.16 mmol) was dissolved in 48 % hydrogen brom-
ide (0.60 mL) and stirred at room temp. for 15 min. A solution of
7b (300 mg, 1.80 mmol) and cyclohexene (177 mg, 2.16 mmol) in
dioxane (6.0 mL) was added dropwise to a cooled (10 °C) selution
of selenium(TV) bromide, and the reaction mixture was stirred at
room temp. for 24 h. The reaction was quenched with ethyl acetate
(80 mL) and water (30 mL). After stirring for 15 min, the organic
phase was separated and the aqueous phase was extracted with
ethyl acetate (2> 50 mL). The combined organic phases were
washed with brine (50 mL), dried with anhydrous sodium sulfate,
and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel (petroleum ether/
ethyl acetate, 50:3) and recrystallized (petroleum ether) to give 8b
(198 mg, 34%).

9 (6 Rs 1 |

|3.2-h|thiophen-5-yl)propan-2-ol (8b): Pale-
yellow crystallme solid; m.p. 111-112°C. '"H NMR (400 MHz,
CDCly): 6 = 7.33(d, *Jyp = 52 Hz, 1 H, 2-CH), 7.30 (d. *Jyy 5 =
5.2 Hz, 1 H, 3-CH). 2.49 (br.s, | H, OH), 1.80 (5, 6 H. CHz) ppm.
13C NMR (100.58 MHz, CDCly): J = 154.5, 144.2, 133.0, 1256,
1234, 959, 74.1, 29.4 ppm. MS (EL 70eV): miz (%) = 324 (39)
[M]*. 309 (100) [M — CHa]". CoHoBrOSSe (324.09): caled. C 33.35,
H 2.80; found C 33.28. H 2.84.

Cyclization of 5-(3-Hydroxy-3-methylbut-1-ynyl)thiophene-2-carbal-
dehyde (7e): Methodology was analogous to the cyclization of 3a.

6-Bromo-5-(2-hydroxypropan-2-yl |3,2-b]thioph 2-
carbaldehyde (8¢): Eluent: petroleum etherfethyl acetate
(40:1—4:1), yield 66%:; pale-yellow solid: m.p. 127-128 °C (petro-
leum ether/ethyl acetate). "H NMR (400 MHz, CDCl;): 6 = 9.93
(s, 1 H, cabonyl-CH), 7.97 (s, 1 H, 3-CH), 2.72 (br.s, 1 H, OH),
1.81 (s, 6 H, CH3) ppm. '*C NMR (100.58 MHz, CDCly): § =
1832, 162.6. 151.4, 1429, 132.7, 132.6. 96.6, 74.5, 29.0 ppm. MS
(EL, 70eV): miz (%) = 352 (38) [M]*. 337 (100) [M — CHj]".
CoHoBrO,SSe (352.10): caled. C34.11, H 2.58; found C 34.00,
H 2.60.

General Method for Cyclization of 8f and 8g: Methodology was
analogous to cyclization of 8b, except the reaction mixture was co-
oled to 0°C (ice bath) during addition of dioxane solution., then
slowly (within 2 h) allowed to reach room temp. and stirred for an
additional 24 h.

(4-Br lenoph |2,3-b]thien-5-y1 1 (8f): Eluent: petro-
leum ether/ethyl acetate (40:1—10:1); Yield: 56%; white crystalline
solid; m.p. 92-93 °C (petroleum ether/ethyl acetate). 'H NMR
(400 MHz, CDCly): § = 7.42 (d, *Jyy = 52 Hz, 1 H, 2-CH), 7.23
(d,*Jyn=52Hz 1 H,3-CH), 490 (d. *Jyn = 4.8 Hz, 2 H, CH,),
223 (t, *Jyu = 48 Hz, 1 H, OH) ppm. *C NMR (100.58 MHz,
CDCly): 6 = 147.5, 144.8, 132.6, 128.9, 121.6, 101.3, 61.8 ppm. MS
(EL 70 eV): mlz (%) = 296 (100) [M]*. C;HsBrOSSe (296.04): caled.
C 28.40, H 1.70; found C 28.40, H 1.78.
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2-(4-Br 1 h [2,3-B]thiopk yl)propan-2-ol (8¢g): Elu-
ent: petroleum elherfethyl acetate (40:1—10:1), yield 39%; white
crystalline solid; m.p. 103-104 °C (petroleum ether/ethyl acetate).
'H NMR (400 MHz, CDCLy): 6 = 7.39 (d, *Jyy 54 = 5.2Hz, 1 H, 2-
CH), 7.21 (d, 3/ = 52Hz, 1 H, 3-CH), 2.50 (br.s, 1 H, OH),
1.80 (s, 6 H, CHs) ppm. '*C NMR (100.58 MHz, CDCl3): § =
155.1, 149.5, 130.6, 128.2, 122.1, 74.3, 29.4 ppm. MS (EL 70 eV):
milz (%) = 324 (8) [M]", 306 (71) [M — H,O]", 147 (100).
CyHyBrOSSe (324.09): caled. C33.35, H2.80; found C 33.30,
H2.81.

Cyclization of Hept-1-yn-1-ylbenzene (9a): Method was analogous
to cyclization of 3a, except cyclohex-2-enone was used as alkene
additive,

3-Bromo-2-pentylbenzo[b|selenophene (10a): Eluent: petroleum
ether, yield 82%; colorless oil. 'H NMR (400 MHz, CDCly): 6 =
7.82-7.78 (m, 2 H, 4,7-CH), 7.45-7.40 (m, 1 H, 6-CH), 7.30-7.26
(m, 1 H, 5-CH), 3.03-2.96 (m, 2 H, 1"-CHp). 1.79-1.69 (m, 2 H,
2'-CHp), 1.48-133 (m, 4 H, 3'4'-CH), 0.950.89 (m, 3 H,
CH;) ppm. '*C NMR (100.58 MHz, CDCly): d = 144.3, 140.3,
125.3, 125.2, 125.0, 124.9, 107.4, 32.2, 31.3, 30.8, 22.4, 14.0 ppm.
MS (EL 70 eV): mfz (%) = 330 (39) [M]*, 273 (100) [M — C4Ho]".
Ci:HsBrSe (330.13): caled. C47.30. H4.58; found C47.38,
H 4.43.

Cyclization of Ethyl 3-Phenylpropiolate (9b): Method was analo-
gous to cyclization of 3a, except SeO; (2.0 equiv.) and cyclohexene
(1.2 equiv.) were used and the reaction was run for 36 h.

Ethyl 3-Bromobenzo|b]selenophene-2-carboxylate (10b): Eluent: pe-
troleum ether/ethyl acetate (1:0—40:1): Yield: 71%: white solid;
m.p. 177-178°C (petroleum ether/ethyl acetate). 'H NMR
(400 MHz, CDCl,): 6 = 8.10-8.06 (m, 1 H, 4-CH), 7.89-7.85 (m, |
H. 7-CH), 7.53-7.44 (m, 2 H, 5,6-CH), 442 (q, *Juy = 7.2Hz. 2
H. CH,).1.43 (. *Jyy = 7.2Hz, 3 H. CHy) ppm. '*C NMR
(100.58 MHz, CDCly): 6 = 162.5, 140.7, 140.4, 129.6, 128.1, 127.8,
125.8, 125.6, 116.3, 61.9, 14.3 ppm. MS (EL 70 eV): m/z (%) = 332
(81) [M]*. 287 (100) [M — OC;Hs]*. C; HoBrO,Se (332.05): caled.
C39.79, H2.73; found C39.71, H2.77.

Cyclization of 3-Phenylpropiolaldehyde (9¢): Method was analogous
to the cyclization of 3a.

3-Bromobenzo|b|selenophene-2-carbaldehyde (6):'7 Eluent: petro-
leum ether/ethyl acetate (1:0—40:1), yield 11%; pale-yellow solid;
m.p. 106-107°C (petroleum etherfethyl acetate). 'H NMR
(400 MHz, CDCl5): 6 = 10.20 (s, 1 H, carbonyl-CH), 8.13-8.08 (m,
1 H, 4-CH), 7.94-7.90 (m, 1 H, 7-CH), 7.46-7.55 ppm (m, 2 H,
5,6-CH) ppm. 13C NMR (100.58 MHz, CDCla): 6 = 186.1, 1412,
140.1, 139.5,129.1, 127.2, 126.3, 126.1, 120.3 ppm. MS (EI, 70 eV):
miz (%) = 288 (100) [M]*. CoHsBrOSe (288.00): caled. C 37.53,
H 1.75; found C 37.46, H 1.83.

Cyecli of Trimethyl(ph (9d): Selenium dioxide
(255 mg, 2.30 mmol) was dlsso]ved in 48% hydrogen bromide
(0.99 mL) and stirred at room temp. for 15 min. A solution of 9d
(200 mg, 1.15 mmol) and cyclohex-2-enone (221 mg, 2.30 mmol) in
dioxane (6.0 mL) was added dropwise, and the reaction mixture
was stirred at room temp. for 24 h. The reaction was quenched with
ethyl acetate (50 mL) and water (20 mL). After stirring for 15 min,
the organic phase was separated and the aqueous phase was ex-
tracted with ethyl acetate (2X 20 mL). The combined organic
phases were washed with brine (20 mL), dried with anhydrous so-
dium sulfate, and concentrated under reduced pressure. The residue
was dissolved in dioxane (5.0 mL), tetrabutylammonium fluoride
(150 mg, 0.575 mmol) was added and reaction mixture was stirred
at 110°C overnight. After complete desilylation (monitored by
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GC-MS), solvent was evaporated under reduced pressure and the
crude product was purified by column chromatography on silica
gel (petroleum ether) to give 2 (132 mg, 44%).

Oxidation of (3-B L [blselenophen-2-yl)methanol (4a): A
solution of 4a (200 mg. 0.690 mmol) in anhydrous THF (10 mL)
was added dropwise to a stirred suspension of manganese(IV) oxide
(240 mg, 2.76 mmol) and stirring was continued at room temp. for
24 h. Precipitates were removed by filtration and the filtrate was
concentrated under reduced pressure. The crude product was puri-
fied by column chromatography on silica gel (petroleum ether/ethyl
acetate, 1:0540:1) to give 6 (106 mg, 53%).

Ihlcel 1 I

Deacetonation of 2-(3-Bromo-6-fluorob | P yl)prop-
an-2-0l (4i): A mixture of 4i (0.760 g. 2.26 mmol) and anhydrous
potassium phosphate (0.575 g, 2.71 mmol) in anhydrous DMSO
(8.0 mL) was barbotated with argon and stirred at 80 °C for 24 h.
After usual workup, the crude product was purified by flash
chromatography on silica gel (petroleum ether) to give 11 (0.446 g,
71%).

3-Bi 6-f1 by [b]selenoph (11): White solid; m.p. 50—
51°C. '"H NMR (400 MHz. CDCL,): 6 = 7.89 (s. 2y 5, = 45.8 Hz,
1 H. 2-CH), 7.82 (dd. %y = 5.0, */yy 4 = 8.8 Hz 1 H. 4-CH),
7.61 (dd, “Jgggy = 2.4, Yy = 8.1 Hz, 1 H, 7-CH), 7.22 (ddd, “Jyy 1y
=24, Yyup = 88. Vur = 88Hz, 1 H, 5-CH) ppm. '*C NMR
(100.58 MHz, CDCls): 6 = 161.1 (e = 248.3 Hz), 140.2 (d, Yep
=93 Hz), 1358 (d, Jor = 1.6 Hz), 126.5 (d, Yo = 9.0 Ha). 124.2
(d, YJer = 3.5Hz), 114.1 (d, YJcp = 24.1 Hz), 1120 (d, Vcr =
24.9 Hz), 108.7 (d. ®Jg = 0.8 Hz) ppm. "°F NMR (376.21 MHz,
CDCLY: § = ~116.2 (m) ppm. MS (EI 70 eV): miz (%) = 278 (90)
[M]*, 199 (45) [M — Br]*, 107 (100). CsH,BrFSe (277.98): caled. C
34.57, H 1.45; found C 34.53, H 1.51.

Crystallographic Data: Diffraction data were collected at low tem-
perature with a Nonius Kappa CCD diffractometer using graphite
monochromated Mo-K,, radiation (4 = 0.71073 A). The crystal
structures of 4b, 8b and 8g were solved by direct methods!'®! and
refined by full-matrix least-squares.[' !¢l

CCDC-967670 (for 4b), -967165 (for 8b), and -967166 (for 8g) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.cede.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Methods for the preparation of ethynylarenes, copies of the
'H. 13C, '°F, "7Se NMR spectra, and crystallographic data for com-
pounds 4b, 8b, and 8g.
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Synthetic protocols for the preparation of selenium analogues of raloxifene were elaborated. General aim
of the current research is to improve the positive impact of selenium atom introduction in drug design.
Antiproliferative activity on CCL-8 (mouse sarcoma), MDA-MB-435s (human melanoma), MES-SA (hu-
man uterus sarcoma), MCF-7 (human breast adenocarcinoma), HT-1080 (human fibrosarcoma), MG-22A
(mouse hepatoma) tumor cell lines, and normal cell line NIH 3T3 (mouse fibroblasts) was studied. In-

fluence of aminoethoxy “tail” and benzoyl group position on SAR was discussed. Results of in vive studies
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on BALBfc female mice with 4T1 cell induced breast cancer model showed that selenium analogue of
raloxifene is able to suppress estrogen-depending tumor growth.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Estrogen-sensitive cancers are one of the most frequently
diagnosed diseases and a leading cause of cancer deaths [1]. The
significant difference in the effectiveness of the existing treatment
of cancer causes the necessity to discover new, more targeted
drugs. One of the best ways to deal with the creation of malignant
tumors is to support mechanisms of preventing their formation or
destruction in the early stages. It is known that estrogen can be
both a beneficial and a harmful molecule [2]. This compound
programs the breast and uterus for sexual reproduction, controls
cholesterol level in the coronary arteries, and preserves bone
strength by helping to maintain the proper balance between bone
build-up and breakdown [3]. Unluckily, estrogen can be also
harmful due to its ability to promote the proliferation of cells in
the breast and uterus increasing a chance for the development of
malignant cells. Cancer is caused by DNA damage in genes that
regulate cell growth and division. Since high level of estrogen in

* Corresponding author.
E-mail  addresses:
(P Arsenyan).

pavel arsenyan@lycos.com,  parsen04@gmail.com

http://dx.doi.org/10.1016[jejmech.2014.09.088
0223-5234/0 2014 Elsevier Masson SAS. Al rights reserved.

tissues can promote the formation of cancer in the breast and
uterus first steps to solve this problem were made by searching
drugs that block the action of estrogen. So-called antiestrogens
block estrogen receptors in this way preventing genes activation
responsible for specific growth-promoting proteins. In the further
research was found that antiestrogen drugs usually block the ac-
tion in certain tissues, but activate estrogen activity in others [4].
New generation of drugs was discovered and called as selective
estrogen receptor modulators (SERMs), due to they selectively
stimulate or inhibit the estrogen receptors in different tissues.
SERMs can be used to treat women both before and after meno-
pause. The most commonly used SERM drugs are tamoxifen, tor-
emifene, arzoxifene, and raloxifene [5]. These compounds block
the action of estrogen in breast tissue by binding to the estrogen
receptors and are used as medicines in postmenopausal osteopo-
rosis, treatment of breast cancer, and potentially in hormone
replacement therapy [6]. Unfortunately, SERMs simultaneously
may cause side effects, such as uterine cancer risk growth, hot
flashes, chest pain, vision changes, etc., in recent years various
modifications of these types of compounds have been intensively
developed [7].
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Furthermore, in the last decades selenium has attracted growing
interest as an essential element and certain diseases have been
eradicated by dietary supplementation of this element. Supple-
mental dietary selenium is associated with reduced incidence of
many cancers, including breast cancer [8a—i]. However, harmful
effect of selenium overdose on human health also should be
mentioned. The recommended dietary allowance of selenium for
adults is up to 55 pg per day. In extreme conditions humans could
survive by taking up to 400 ug per day, anything above that is
considered an overdose. It may cause bad breath, hair loss, fever, leg
cramps, and rush, nausea, liver, kidney and heart problems. At high
enough levels, selenium could cause death [8j—n]. In continuation
of our studies in the field of selenium containing compounds as
antitumor agents [9] the present research is connected with the
elaboration of synthetic protocols for the synthesis of selenium
analogues of raloxifene, antiproliferative activity studies on various
tumor cell lines depending by modifying of aminoethoxy “tail” and
position of benzoyl group, and in vivo studies on BALB/c female
mice with 4T1 cell induced breast cancer model. General purpose of
the current research is to improve the positive impact of selenium
atom introduction in drug design.

2. Results and discussion
2.1. Chemistry

During the last decade benzo|b]selenophenes have attracted
increasing attention in both medicinal chemistry and materials
science. From synthetic point of view chemistry of selenium usually
is quite complicated. Particularly preparation of 2-arylbenzo[b]
selenophenes requires multistep protocols, complex reaction con-
ditions, and use of toxic and hazardous chemicals [10].

On the other hand, recently we have elaborated a new approach
for cyclization of arylalkynes under selenobromination conditions
[11], which was used as a key tool for straightforward construction
of the 2-arylbenzo[b]selenophene’s molecular scaffold (Scheme 1).

= A
Moo—(  p—=—A jp—ome —
“ \_/ "

C j"\-at'
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Br
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The cyclization step (A) involves addition of in situ prepared sele-
nium(IV) bromide to a starting materials triple bond and subse-
quent intramolecular electrophilic substitution in the aromatic
ring. Due to extensive bromination of the triple bond reaction was
performed in the presence of an alkene additive as a bromine
scavenger. Furthermore, we have found that the use of triethyl-
amine in equimolar amount with selenium(IV) oxide completely
prevents precipitation of elemental selenium after quenching of the
reaction mixture. This way isolation of pure product 2 becomes
considerably more effortless. Treatment of 2 by zinc powder in 80%
acetic acid provided 3-unsubstituted precursor 3 in excellent yield
(Scheme 1, B). As benzo[ b]selenophene 3 is an analogue of benzo[b]
thiophene derivative which has been used for synthesis of raloxi-
fene, further steps are analogous to preparation of an original drug
[12]. Besides, corresponding yields are very similar to those ob-
tained in reactions of the sulphur analogue. Thus, Friedel—Crafts
benzoylation of 3 led to ketone 4 in a good yield (Scheme 1, C), and
subsequent nucleophilic substitution of fluorine atom provided
precursor 5a in 80% yield (Scheme 1, D). Finally, deprotection of
phenol moieties by BBrz was employed and, after treatment of the
corresponding free base form with HCI/Et;O the hydrochloride of
raloxifene’s selenium analogue 6a was obtained in 79% yield
(Scheme 1, E). The overall yield starting from diarylalkyne 1 in six
subsequent steps was 21%.

Following the same synthetic strategy other derivatives of
raloxifene’s selenium analogue 6a were obtained (Scheme 2). Pre-
cursors 5b—g were prepared from 4 in good yields by nucleophilic
aromatic substitution of fluorine atom (Scheme 2, A), and subse-
quent deprotection of Sc—g provided corresponding analogues
6c—g in moderate to good yields (Scheme 2, B). Unfortunately,
demethylation of 5b using BBr3 in DCM (dichloromethane) gave
complex mixture of products and we were not able to isolate pure
6b. Therefore, we slightly modified synthetic approach by simply
exchanging sequence of nucleophilic aromatic substitution and
deprotection steps. Demethylation of 4 led to hydroxy substituted
benzo[b]selenophene derivative 7 in moderate yield (Scheme 2, C).
Nucleophilic aromatic substitution of fluorine atom in the presence
of unprotected hydroxyl groups and subsequent treatment of cor-
responding free base form with HCl/Et,O gave 6b in relatively low
yield (Scheme 2, D). The free base form of 6¢ was further modified
by quaternization of nitrogen atom with methyl iodide. After iodide
anion exchange to chloride using anion-exchange resins choline
derivative 8 was obtained in good yield (Scheme 2, E).

Similar synthetic strategy was also applied for the preparation of
selenium analogues of raloxifene in which hydroxyl groups are
substituted by fluorine atoms (Scheme 3). Cyclization of diary-
lalkyne 9 under selenobromination conditions led to 3-

2

Scheme 1. A: Se0; (4.0 equiv), cyclohexene (3.0 equiv.), EtsN (4.0 equiv), HBr/dioxane, r.t, 24 h; B: Zn (5.0 equiv.), 80% ACOH, 105 °C, 24 h; C: 4-fluoroben zoyl chloride (2.0 equiv.),
AICl; (2.0 equiv), DCM, 0 °C — r.t, 2 h; D: 2-piperidin-1-ylethanol (2.0 equiv.), NaH (2.2 equiv.), DMF, Ar, r.t, 2 h; E: 1) BBrs (6.0 equiv.), DCM, 0 °C, Ar, 1 h, 2) HCI/Et,0.
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Scheme 2. A: corresponding 2-aminoethanol derivative (2.0 equiv.), NaH (2.2 equiv.), DMF, Ar, tt., 2 h; B: 1) BBry (6.0 equiv), DCM, 0°C, Ar, 1 h, 2) HCI/EGO; C: BBrs (6.0 equiv.),

DCM, 0 °C, Ar, 1 h; D: 1) 2-methylaminoethanol (4.0 equiv.), NaH (4.0 equiv.), DMF, Ar, r.

bromoderivative 10 in moderate yield (Scheme 3, A). Cyclization of
9 occurred much cleaner than analogous reaction of 1 (Scheme 1, A)
and as a result less excessive amount of selenium reagent and
alkene additive was required. On the other hand, larger excess of
zinc powder and slightly elevated temperature was necessary for
successive debromination of 10 (Scheme 3, B) than it was necessary
in the case of corresponding derivative 2 (Scheme 1, B). Neverthe-
less, 2-unsubstituted precursor 11 was obtained in very good yield.
Due to electron withdrawing effect of fluorine atoms also the
Friedel—Crafts benzoylation step was quite slow, however, desired
ketone 12 was obtained in 75% yield (Scheme 3, C). Finally, by
regioselective nucleophilic substitution of activated fluorine atom
of precursor 12 and subsequent treatment with HCI/Et;O corre-
sponding products 13a—c were prepared in good yields (Scheme 3,
D).
Synthesis of 2-benzoyl-3-arylderivatives 19a—c (reversed ana-
logues) was accomplished in five steps starting from previously
described  3-bromo-6-fluorobenzo[b]selenophene (14) [11a]
(Scheme 4). Suzuki—Miyaura cross-coupling of 14 with 4-
methoxyphenyl boronic acid gave 3-arylderivative 15 in excellent
yield (Scheme 4, A). Insertion of methoxy group in 16 was achieved
by nucleophilic aromatic substitution of fluorine atom of 15
(Scheme 4, B). Due to the absence of activating groups substitution
occurred effectively only in the presence of a large excess of
nucleophile at 140 °C. Friedel—Crafts benzoylation of 16 was
considerably slower and lower yielding than analogous reaction of

,-QT: )

) HCI/EE,0; E: 1) Mel (10 equiv.), dioxane, rt. 20 h, 2) ion exchange.

2-arylderivative 3 (Scheme 1, C), but nevertheless ketone 17 was
successfully obtained in moderate yield (Scheme 4, C). Fluorine
atom of 17 also is slightly less reactive than fluorine atom of 4
(Scheme 1, D). Slightly elevated reaction temperature was required
for insertion of ethanolamine “tail” in precursors 18a—c (Scheme 4,
D). Finally, demethylation of 18a—c and preparation of the corre-
sponding hydrochlorides provided 19a—c in moderate to good
yields (Scheme 4, E).

2.2. Cytotoxic activity

In vitro cytotoxicity caused by raloxifene and novel selenium
analogues was tested on monolayer tumor cell lines: CCL-8 (mouse
sarcoma), MDA-MB-435s (human melanoma), MES-SA (human
uterus sarcoma), MCF-7 (human breast adenocarcinoma, estrogen-
positive), HT-1080 (human connective tissue fibrosarcoma), and
MH-22A (mouse hepatoma). The borderline concentration, rele-
vant to the highest tolerated dose, was determined for each com-
pound using the NIH 3T3 (Mouse Swiss Albino embryo fibroblasts)
cell line. The basal cytotoxicity was used to predict starting doses
for in vivo acute oral LDsg values in rodent [13]. The results of these
experiments are summarized in Table 1. Sodium selenite (Na;SeO3)
and raloxifene were used as references. Despite the fact that ral-
oxifene is widely used drug for breast cancer prevention, in vitro
results showed more than a modest activity on studied tumor cell
lines (ICso = 6.8+50 pM) with simultaneously quite high toxic effect

Br
A B =)
O 3 OO
60% ,.-/©\s»\ . < N7
10 1

Scheme 3. A: Se0; (2.0 equiv.), cyclohexene (1.5 equiv.), HBrjdioxane, r.t, 72 h; B: Zn (10 equiv.), 80% ACOH, 110 °C, 24 h; C: 4-fluorobenzoy! chloride (2.0 equiv.), AlCl; (2.0 equiv.),
DCM, 0 °C — r.t,, 4 h; D: corresponding 2-aminoethanol derivative (2.0 equiv), NaH (2.0 equiv.), DMF, Ar, r.t., 2 h.
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Scheme 4. Synthesis of 3-aryl-2-carbonyl derivatives. Reaction conditions: A: 4-methoxyphenylboronic acid (2.0 equiv.), PA(OAC) (10 mol-%), (o-Tol)sP (30 mol-%), KPOs

(3.5 equiv.), xylene/iPrOH (2:1), 110 °C, Ar, 12 h; B: MeOH (6.0 eq

NaH (6.0 equiv.), NMP, 140 °C, Ar, 3 h; C: d-fluorobenzoy! chloride (2.0 equiv.), AlCl; (2.5 equiv.), DCM, 0 °C —

£t 72 h; D: corresponding 2-aminoethanol derivative (3.0 equiv), NaH (3.0 equiv.), DMF. Ar, 50 °C; 5 h; E: 1) BBrs (6.0 equiv.), DCM, 0 °C, Ar, 1 h, 2) HCIEt,0.

against normal cell line (NIH 3T3, IC5op = 7.8 pM). Also, sodium
selenite, a compound used as a source of selenium in various di-
etary supplements worldwide, exhibits a medium toxicity on NIH
3T3 cells (ICsp = 23 uM). Notably, raloxifene has a slight cytotoxic

Table 1

effect on estrogen-positive human breast adenocarcinoma MCF-7
(ICsy = 50 pM) and human uterus sarcoma MES-SA
(ICso = 37 uM). However, introduction of selenium into a mole-
cule of raloxifene showed extremely positive influence on

In Vitro cytotoxicity in monolayer tumor cell lines [CCL-8 (mouse sarcoma), MDA-MB-435s (human melanoma) MES-SA (human uterus sarcoma), MCF-7 (human breast
adenocarcinoma, estrogen-positive), HT-1080 (human fibrosarcoma), MG-22A (mouse hepatoma) and normal cell line NIH 3T3 (mouse fibroblasts) caused by selenium an-

alogues of raloxifene.

Nr. NR; ca-s MDA-MB-4355 MES-SA MCE-7 HT-1080 MG-22A 313
1C50° ICso® 1Cso* = ICso* 1Cso® ICs0° LDso,mg/kg
Na,Se0, 8 12 29 17 157 64 23 105
Raloxifene 27 26 37 50 34 68 78 255
6a O 54 36 56 35 12 54 2 446
6b MeHN 46 17 a2 12 6 6 32 452
6c Me;N 28 26 51 22 43 9 20 413
3 Me;N*© - - B : 131 124 452 1540
6d OctMeN a7 4 4 a7 47 32 8 308
6e 34 43 32 33 36 21 2 543
6f 36 14 39 10 27 52 14 400
6g % 98 32 61 38 46 80 36 553
-

13a MeN 38 35 38 67 438 38 1 313
13b +0) 36 36 45 116 45 45 9 280
13¢ o 25 168 53 121 27 2 363 1407
19a Me;N 38 338 58 173 58 39 31 674
19b +0 36 32 143 25 30 36 28 615
19¢ 34 155 69 31 36 52 16 465

* 1G5 — Concentration (uM) providing 50% cell killing effect [(CV + MTT)/2].
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antiproliferative activity. Selenium analogue of raloxifene 6a ex-
hibits impressive cytotoxicity against tumor cell lines in all con-
ducted in vitro experiments compared to raloxifene. Maximal
differences were found on mouse sarcoma CCL-8 (6a, ICs0 = 5.4 uM;
raloxifene, 1C5p = 27 pM) and human melanoma MDA-MB-435a
(6a, ICsp = 3.6 uM; raloxifene, ICsg = 26 pM). Selenium analogue
6a is more potent than raloxifene even on estrogen positive MCF-7
cell line (6a, ICsq = 35 uM). It should be noted that Se-raloxifene 6a
exhibits lower cytotoxicity on NIH 3T3, therefore lower acute
toxicity (6a, LDso = 446 mg/kg; raloxifene, LDsg = 255 mg/kg), than
the original drug. Next, we studied series of raloxifene's selenium
analogues 6b—6g and 8 with modified aminoethoxy “tails” by
purpose toinvestigate how this fragment can affect cytotoxic effect.
N-Methylaminoethoxy derivative 6b and N,N-dimethylamninoe-
thoxy analogue 6¢ (similar to tamoxifen and toremifene “tails”)
exhibited medium antiproliferative effect on all studied cell lines,
except HT-1080 and MG-22A cells. In the case of 6b ICsq value
increased up to 6.0 pM. Surprisingly, introduction of a choline
motive in molecule (8) led to complete loss of a cytotoxic effect, and
also Se-raloxifene 8 showed very low acute toxicity
(LDsp = 1540 mg/kg). Conversely, introduction of a long lipophilic
substituent led to increased antiproliferative effect on all tumor cell
lines. N-Methyl-N-octylaminomethylethoxy derivative 6d has an
1Cs in a range from 3.2 to 4.7 uM without expressed sensitivity to
any tumor. In general, both reduction and increase of the size of
piperidine ring in selenium analogue 6a by one methylene group
(pirrolidine derivative 6e and azepan analogue 6f) decreased the
activity against most of the tested cell lines (ICsp = 5.2+40.0 uM).
Likewise, morpholyl analogue 6g exhibited lower antiproliferative
effect simultaneously with lower acute toxicity (LDsp = 553 mg/kg)
compared to 6a.

Due to fluoro substituent sterically is similar to hydroxyl group,
but without the ability to form strong hydrogen bonds, next, we
investigated how this modification affects a target molecule's
antiproliferative activity against cancer cell lines. It was found that
selenium analogues with tamoxifen and raloxifene “tails” (13a —
N,N-dimethylamninoethoxy, 13b — piperidylethoxy) exhibited
even more pronounced cytotoxic effect on all cell lines than Se-
raloxifene 6a. Particularly should be mentioned very high effect
on human breast adenocarcinoma MCF-7 cell line
(ICsp = 6.7+11.6 pM). Furthermore, the LDsg values determined for
fluoro substituted derivatives are still higher than in the case of
raloxifene (13a, LDsp = 313 mg/kg; 13b, LDsy = 280 mg/kg).
Notably, morpholyl analogue 13¢ showed medium level of in vitro
antiproliferative activity.

With the aim to study the influence of spatial orientation of
hydroxyl and aminoethoxybenzoyl substituents of Se-raloxifenes
we switched positions of 4-hydroxyphenyl and benzoyl groups
attached to the benzo[b]selenophene core. N,N-Dimethylaminoe-
thoxy analogue 19a showed high potency to suppress cancer cells.
Especially good results (up to 1Cso = 3.8 pM) received on mouse
sarcoma CCL-8 and human melanoma MDA-MB-435s, however,
the value of ICsp on MCF-7 cell line was lower than for 6c.
Moreover, derivative 19a possesses considerably lower acute
toxicity (LDso = 674 mg/kg) compared with 6c. Reversed selenium
analogue of raloxifene 19b exhibits more extended activity against
sarcomas CCL-8 and MES-SA, besides, more melanoma MDA-MB-
435s cells were able to survive after a treatment with 19b than
6a. Also, acute toxicity for reversed Se-raloxifene 19b was lower
(LDso = 615 mg/kg). Unexpectedly, morpholyl derivative 19¢
showed very good antiproliferative activity compared not only
with other morpholyl substituted analogues 6g and 13c, but also
with a series of all studied Se-raloxifenes. The most impressive
results were found on CCL-8, MES-SA, and MG-22A cell lines (up
to 1Csp = 3.4 pM). Cytotoxicity against breast adenocarcinoma

MCF-7 was comparable with raloxifene's selenium analogue 6a
(ICsp = 31 uM).

2.3. Invivo antitumor activity

Results from the trial data on raloxifene’s influence on breast
cancer come almost exclusively from the Multiple Outcomes of
Raloxifene Evaluation (MORE) study, in which 7705 post-
menopausal women with osteoporosis were randomized to ralox-
ifene at 60 or 120 mg/day (5129 women) or placebo (2576 women)
for 4 years and monitored for breast cancer development from the
safety database. As a result significant breast cancer risk reduction
in postmenopausal women treated with raloxifene was approved
[14].

In continuation of our research we decided to compare the
ability of inhibition of breast cancer growth caused by raloxifene
and its selenium analogue 6a. Experiments were made on BALB/c
female mice group (5-7) animals with 4T1 tumors in 2 doses
(1.8 mg/kg and 15.0 mg/kg). Drug injection was started 24 h after
tumor transplantation on even days (9 times). Total time of
experiment was 18 days. The 4T1 cells grow as adherent epithelial
type in vitro, and are characterized as murine mammary carcinoma
cells (American Type Culture Collection (ATCC) catalogue no. CRL-
2539, 2004). When injected into BALB/c mice, 4T1 cells rapidly
multiply resulting in highly metastatic tumors. Because these tu-
mors closely imitate human breast cancer, the 4T1 cell line serves
as an animal model for stage IV breast cancer [15]. According to our
results (Fig. 1) after a course of injections of raloxifene in both doses
on day 18 the volume of a primary tumor was bigger, than in
control group: 70% in 1.8 mg/kg and 113% in 15 mg/kg doses. Other
researchers have observed similar effect on mice with 4T1 cell
induced breast cancer model also. It could be connected with the
effect of estrogen on tumor growth rate and expression of 4T1 tu-
mor estrogen receptor [ 16]. On the other hand, treatment of mice
with selenium analogue 6a in 1.8 mg/kg dose showed volume of
tumor variance comparable with a control (4% inhibition). More
interesting results received in 15.0 mg/kg dose. Average tumor
volume decreased by 30% after the treatment with 6a in 18 days.
Thus in comparison with raloxifene we had statistically significant
difference. Analysing the effect caused by raloxifene selenium
analogue 6a individually for each mouse in a group of 7 animals
with adose of 15.0 mg/kg (Fig. 2 ), we observed that in 3 animals the
tumor was not growing at all, animals were healthy and active,
weight loss wasn't visually detected. At the same time, the four
animals that developed tumors stayed at the control level. Defi-
nitely, discovered effect requires further in-depth study. Perhaps,
the large scatter in the obtained data could be explained by the fact
that the mice in group are at various stages of hormonal cycle.
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1.8 mg/kg 15.0 mg/kg 1.8 mgkg 15.0 mg/kg

Fig. 1. Tumor sizes of the groups after 18 days of treatment. A P < 0.5 vs. control
group. M P < 0.05 vs. raloxifene group.
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Fig. 2. 4T1 tumor growth inhibition caused by raloxifene and 6a (tumor volume
showed individually for each mouse).

Possible effects of the compounds depend on hormone levels or
affect hormone levels. So, it could be concluded that widely used
raloxifene could prevent the formation of breast cancer, but,
possibly, not that effective in treatment of already existing tumors,
however, its selenium analogue 6a is promising antiproliferative
agent in the treatment and/or prevention of breast cancer.

Additionally, antitumor activity of raloxifene and its selenium
analogue 6a against estrogen independent sarcoma S-180 was
determined for male ICR mice (six weeks old, 18—20 g). Results
showed no significant influence on tumor growth inhibition or
activation after 9 days of treatment by both raloxifene and its se-
lenium analogue 6a.

3. Conclusions

Convenient synthetic protocols for the preparation of various
selenium analogues of raloxifene were successfully elaborated.
Summarizing all the above-mentioned bioactivity data it can be
concluded that the pharmacophore of raloxifenes molecule is very
sensitive to any structural modifications. Introduction of selenium
atom into the molecule led to increased antiproliferative activity.
Moreover, acute toxicity decreased for all selenium-containing
compounds compared with raloxifene. Any modifications in ami-
noethoxy “tail’ in some cases led to tangible or even complete loss
of activity. Replacement of hydroxyl groups by fluoro substituents
in general increased cytotoxicity against tumor cell lines, especially
MCF-7. Antiproliferative activity data obtained for reversed ana-
logues of Se-raloxifene showed interesting direction for further
research. In vivo experiments showed the ability to inhibit 4T1
breast cancer growth in 15.0 mg/kg by 30%, besides, raloxifene was
ineffective in the same model. Finally, it can be concluded that
obtained data opens a way to further modifications in a series of
selenium analogues of raloxifene and other SERM drugs with the
purpose to find a leading compound with extended antitumor ac-
tivity in treatment of breast cancer.

4. Experimental section
4.1. Chemistry

Unless otherwise stated, all reagents were purchased from com-
mercial suppliers and used without further purification. Thin layer
chromatography (TLC) was performed using MERCK Silica gel 60
F254 plates and visualized by UV (254 nm) fluorescence. ZEOCHEM
silicagel (ZEOprep 60/35-70 microns — S123501) was used for column

chromatography. 'H, *C,°F, and ’Se NMR spectra were recorded on
a Varian 400 Mercury spectrometer at 400.0, 100.58, 37621, and
76.37 MHz, respectively, at 298 K in CDCls. The 'H chemical shifts are
given relative to residual CHCl3 signal (7.26 ppm), 3C — relative to
CDCl3 (77.0 ppm), and 7’Se — relative to dimethyl selenide (0.0 ppm).
The melting points were determined on a “Digital melting point
analyser” (Fisher), and the results are given without correction.

4.1.1. 3-Bromo-6-methoxy-2-(4-methoxyphenyl)benzo[b]
selenophene (2)

Selenium(IV) oxide (9.32 g, 84.0 mmol) was dissolved in 48%
hydrobromic acid (36.0 ml) and stirred at room temperature for
15 min. A solution of 1 (5.00 g, 21.0 mmol), cyclohexene (518 g,
63.0 mmol), and triethylamine (11.7 ml, 84.0 mmol) in dioxane
(100 ml) was added dropwise, and the reaction mixture was stirred
for 24 h. Then reaction mixture was quenched with EtOAc (ethyl
acetate) (400 ml) and brine (100 ml). After stirring for additional
15 min, organic phase was separated and aqueous phase was
extracted with EtOAc (2 x 200 ml). Combined organic phases were
washed with brine (100 ml), dried over anhydrous NaySO4, and
concentrated under reduced pressure. The crude product was pu-
rified by flash chromatography on silica gel using a mixture of pe-
troleum ether and EtOAc (40:1) as eluent. Note: not collectable solid
precipitates appear in first fractions. After evaporation of solvents,
pale yellow oil was obtained, which slowly crystallizes upon
standing at room temperature. After recrystallization from a
mixture of petroleum ether and EtOAc (5:1), compound 2 was ob-
tained in 50% yield (4.16 g) as a white crystalline solid; mp94—95°C;
THNMR (400 MHz, CDC13/TMS) 6 (ppm ): 3.87 (3H, s, 0CH3), 3.89 (3H,
s OCH3), 696-7.00 (2H, m, 3'5-CH), 7.07 (1H, dd, 5-CH,
Yoy = 2.3 Hz, Yy = 8.8 Hz), 735 (1H, d, 7-CH, Yuupy = 23 Hz),
7.59-7.64 (2H, m, 2',6'-CH), 7.79 (1H, d, 4-CH, 3jiu 1) = 8.8 Hz); 13C
NMR (100.6 MHz, CDCl3) 6 (ppm): 55.4 (OEH;) 55.7 (OCHs), 105.3,
108.4,114.0,114.5,126.5, 127.4, 131.0,134.9,137.4,139.7, 158.1,159.7;
77se NMR(76.37 MHz, CDCl3) & (ppm): 571.3; MS (EL, 70 €V): m/z (%):
396 (100) [M]"; elemental analysis calcd (%) for CigH13BrO2Se
[396.14]: C 48.51, H 3.31; found: C 48.42, H 3.51.

4.1.2. 6-Methoxy-2-(4-meth wyl)benzo[b]k (3)

To a suspension of 2 (105 mmol, 416 g) in 80% acetic acid
(40 ml) zinc powder (52.5 mmol, 3.43 g) was added in one portion
and resulting mixture was stirred at 105 °C for 24 h. After cooling to
room temperature, DCM (800 ml) and water (200 ml) were added
and resulting mixture was stirred for additional 30 min. Aqueous
phase was separated and organic phase was washed with water
(2 x 200 ml) and aqueous solution of saturated Na;CO3 (100 ml).
After drying over anhydrous NaxSOas, solvent was evaporated to
give crude 3 (3.10 g) as a white amorphous solid in 93% yield.
Without further purification it was used for preparation of 4. mp
97-98 °C (recrystallized from mixture of petroleum ether and
EtOAc (4:1)); "H NMR (400 MHz, CDCl3/TMS) 4 (ppm): 3.85 (3H, 5,
OCH3), 3.87 (3H, s, OCH3), 6.90—6.95 (2H, m, 3/;,5/;-CH), 6.95 (1H,
dd, 5-CH, J(HH} = 2.3Hz, ]{H.H) = 8.6 Hz), 736 (1H, d, 7-CH,
4](HH)_23 Hz), 749 (1H, s, 3-CH), 751-7.55 (2H, m, 2! CH),
7.62 (1H, d, 4-CH, *Juy = 8.6 Hz); 3C NMR (100.6 MHz, CDCl3)
6 (ppm): 55.4 (OCH3), 55.6 (OCH3), 108.7, 114.3, 121.2, 1255, 127.8,
129.1,133.9, 137.3, 1419, 1445, 157.1, 159.5; /Se NMR (76.37 MHz,
CDCls) 6 (ppm): 517.6; MS (EL 70 eV): m/z (%): 318 (100) [M]*;
elemental analysis caled (%) for CigH140,5e (317.24): C 60.58, H
4.45; found: C 60.52, H 4.61.

4.1.3. (4-Fluorophenyl) (6-methoxy-2-(4-methoxyphenyl)benzo[b]
selenophen-3-yl)methanone (4)

To at 0 °C cooled solution of 3 (3.00 g, 9.46 mmol) in dry DCM
(600 ml) aluminium(1Il) chloride (2.52 g, 18.9 mmol) was added in
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one portion and resulting mixture was stirred at 0 °C for 30 min
(the reaction mixture slowly changed colour from colourless to
deep violet). Then, solution of 4-fluorobenzoyl chloride (3.00 g,
18.9 mmol) in dry DCM (40 ml) was added dropwise and stirring
was continued at room temperature for 2 h. The reaction mixture
was poured on ice (approximately 300 g) and stirred till all ice was
molten. Organic phase was separated and aqueous phase was
extracted with DCM (2 x 100 ml). Combined organic phases were
washed with brine (200 ml), dried over anhydrous NazSO4, and
concentrated under reduced pressure. The crude product was pu-
rified by flash chromatography on silica gel using a mixture of
petroleum ether and EtOAc (40:1 — 10:1) as eluent to give 4
(3.03 g) in 73% yield as greenish yellow solid. mp 83-84 °C
(recrystallized from mixture of petroleum ether and EtOAc (5:1));
"H NMR (400 MHz, CDCl3/TMS) & (ppm): 3.73 (3H, s, OCHj3), 3.88
(3H, s, OCH3). 6.70—6.75 (2H, m, 3';,5';-CH), 6.90—6.96 (2H, m, 3.5-
CH), 6.96 (1H, dd, 5"-CH, Y1 = 2.3 Hz, T = 8.9 Hz), 7.25-7.29
(2H, m, 2';,6';-CH), 740 (1H, d, 7"-CH, *Jy1) = 2.3 Hz), 7.52 (1H, d,
4"-CH, *Jumy = 8.9 Hz), 7.78-7.83 (2H, m, 26-CH); *C NMR
(100.6 MHz, CDCl3) é (ppm): 55.2 (0CH3), 5.6 (0CH3), 108.3,114.0,
1143, 115.5 (d, 3,5-C, 2]([{) = 22.0Hz),125.7,127.7,130.3, 132.5 (d,
2,6-C, ¥Jc) = 9.3 Hz), 1333, 133.7 (d, 1-C, Ycp) = 2.7 Hz), 135.7,
142.0,146.6,157.7,159.8, 165.7 (d, 4-C, cr = 2555 Hz), 194.0 (C=
0); 7Se NMR (76.37 MHz, CDCl3) 6 (ppm): 546.4; MS (EI, 70 eV): m/
Z (%): 440 (78) [M]"; elemental analysis calcd (%) for C23H17FO3Se
(439.34): C 62.88, H 3.90; found: C 62.71, H 4.00.

4.14. General method for preparation of 5a—g

To a suspension of NaH (60% suspension in mineral oil, 60 mg,
1.50 mmol) in dry DMF (0.50 ml) under argon atmosphere solution
of the corresponding 2-aminoethanol (1.37 mmol) in DMF (1.0 ml)
was added dropwise and resulting mixture was stirred at room
temperature for 15 min. Then, solution of 4 (300 mg, 0.683 mmol)
in DMF (3.0 ml) was added and stirring was continued for 2 h. The
reaction mixture was quenched with EtOAc (400 ml) and brine
(80 ml) and resulting mixture was stirred for additional 30 min.
After separation of aqueous phase, organic phase was washed with
brine (4 x 80 ml), dried over anhydrous Na;SO4, and concentrated
under reduced pressure. The crude product was purified by flash
chromatography on silica gel using a mixture of DCM and EtOH as
eluent to give 5a—g in 65—91% yield as greenish yellow glass like
solids.

4.14.1. (6-Methoxy-2-(4-methoxyphenyl)benzo[b|selenophen-3-yl)
(4-(2-(piperidin-1-yl)ethoxy)phenyl)methanone (5a). 80% yield; 'H
NMR (400 MHz, CDCl3/TMS) 6 (ppm): 1.39-1.47 (2H, m, 4-CHa),
155-1.63 (4H, m, 3,5-CH3). 2.43-2.51 (4H, m, 2,6-CH>),2.73 (2H, t,
NCH2, 3](H,H) = 6.0 Hz), 3.74 (3H, s, OCH3), 3.86 (3H, s, OCHs), 4.08
(2H, t, OCH3, *Jyuu = 6.0 Hz), 6.71-6.79 (4H, m, 3,5,3",5"-CH), 6.92
(1H, dd, 5;-CH, *Jium) = 2.4 Hz, ¥ = 8.9 Hz), 728-7.34 (2H, m,
2,6-CH), 7.39 (1H, d, 7';:-CH, Yy = 2.4 Hz), 7.44 (1H, d, 4;-CH,
3](HYH) = 8.9 Hz), 7.75-7.80 (2H, m, 2",6"-CH); 3C NMR (100.6 MHz,
CDCl3) 6 (ppm): 24.1 (4-CHy), 25.8 (3,5-CHy), 55.0 (2.6-CHy), 55.2
(OCHs3), 55.6 (OCH3), 57.6 (NCH2), 66.2 (OCH>), 108.3, 114.0, 114.1,
114.2,125.7,127.9, 130.2 (2C), 132.3, 133.9, 136.1, 141.8, 144.9, 157.5,
159.6, 163.0, 194.4 (C=0); MS (EI, 70 eV): mjz (%): 550 (100)
[M+1]"; elemental analysis calcd (%) for C39H31NO4Se (548.53): C
65.69, H 5.70, N 2.55; found: C 65.52, H 5.89, N 2.51.

4.14.2. (6-Methoxy-2-(4-methoxyphenyl)benzofb]selenophen-3-yl)
(4-(2-(methylamino)-ethoxy)phenyl)methanone (5b). 66% yield; 'H
NMR (400 MHz, CDCl3/TMS) 6 (ppm): 2.49(3H, s, NCH3),2.98 (2H, t,
NCHa, ¥y = 5.1 Hz), 3.10 (1H, br s, NH), 3.72 (3H, s, OCH3), 3.86
(3H, s, OCHs). 4.07 (2H, t, OCHa, 3]"4 n)=5.1Hz), 6.70—6.79 (4H, m,
3,5,3,5"-CH), 6.91 (1H, dd, 5';-CH, Y1) = 2.3 Hz, ¥ = 8.8 Hz),

7.28-7.33(2H, m, 2,6-CH), 7.38 (1H, d, 7';-CH, 4](H,H) =23Hz), 743
(1H, d, 4;-CH, *Jup) = 8.8 Hz), 7.74-7.79 (2H, m, 2" §'-CH); 3C
NMR (100.6 MHz, CDCls) & (ppm): 35.8 (NCH3), 50.1 (NCH3), 55.2
(OCH3), 55.6 (OCH3), 66.6 (OCH3), 108.3, 114.0, 114.1, 114.2, 1257,
1279, 130.2, 1304, 132.3, 133.8, 136.0, 141.9, 144.9, 1576, 159.6,
162.8, 194.4 (C=0); MS (EL 70 eV): mz (%): 496 (100) [M+1]";
elemental analysis calcd (%) for CogHasNO4Se (494.44): C 63.16, H
5.10, N 2.83; found: C 62.95, H 5.24, N 2.74.

4.1.4.3. (4-(2-(Dimethylamino)ethoxy)phenyl) (6-methoxy-2-(4-
methoxyphenyl)benzo[bselenophen-3-yl)methanone (5¢). 91%
yield: 'H NMR (400 MHz, CDCl3/TMS) 6 (ppm): 231 (6H, s,
2 % NCH3), 2.70 (2H, t, NCHa, 3_I(va,. = 5.7Hz), 3.73 (3H, s, OCH3),
3.86 (3H, s, OCHs), 4.04 (2H, t, OCHa, *Juin) = 5.7 Hz), 6.70-6.80
(4H, m, 3,53;5-CH), 692 (1H, dd, 5'-CH, Yum = 2.3 Hz,
3 = 9.0 Hz), 7.28=733 (2H, m, 2';,6-CH), 7.39 (1H, d, 7"-CH,
un) = 2.3 Hz), 7.45 (1H, d, 4"-CH, ¥41) = 9.0 Hz), 7.75-7.80 (2H,
m, 2,6-CH): 1°C NMR (100.6 MHz, CDCl3) 6 (ppm): 45.8 (2 x NCH3),
55.2 (OCH3), 55.6 (OCH3), 58.0 (NCH2), 66.1 (OCH2), 108.3, 114.0,
114.1,144.2,125.7,127.9,130.2 (2C), 132.2, 133.9, 136.1, 141.8, 145.0,
157.5,159.6, 163.0, 194.4 (C=0); MS (EI, 70 eV): m/z (%): 510 (100)
[M+1]"; elemental analysis calcd (%) for Ca7Ha7NO4Se (508.47): C
63.78, H 5.35, N 2.75; found: C 63.64, H 5.49, N 2.73.

4.1.4.4. (6-Methoxy-2-(4-methoxyphenyl)benzo[b[selenophen-3-yl)
(4-(2-(methyl{octyl)amino)ethoxy)phenyl)methanone (5d). 65%
yield; 'H NMR (400 MHz, CDCl3/TMS) 6 (ppm): 0.87 (3H, t, 8-CHs,
3Jun) = 6.8 Hz), 120~1.34 (10H, m, 3-7-CHy), 1.41-1.50 (2H, m, 2-
CH,). 2.30 (3H, s, NCH3). 2.37-2.43 (2H, m, 1-CH,), 2.75 (2H, t,
NCHa, *un) = 5.9 Hz), 3.74 (3H, s, OCH3), 3.86 (3H, s, OCH3), 4.04
(2H, t, OCH,. 3](H H) = 5.9 Hz), 6.71-6.79 (4H, m, 3,5,3",5"-CH), 6.92
(1H, dd, 57;-CH, Y = 2.4 Hz, ) = 8.9 Hz), 729-7.34 (2H, m,
2,6-CH). 7.39 (1H, d, 7":-CH, ¥umy = 2.4 Hz), 7.45 (1H, d, 4;-CH,
3Jiup) = 8.9 Hz), 7.75-7.80 (2H, m, 2,6”-CH); '*C NMR (100.6 MHz,
CDClz) 6 (ppm): 14.1, 22,6, 272, 274, 29.2, 29.5, 318, 43.0, 55.2
(OCH3), 55.6 (OCHs), 55.9, 58.4, 66.4 (OCH2), 108.3, 114.0, 114.1,
114.2,125.7,127.9,130.2, 132.2 (2C), 133.9, 136.1, 141.8, 144.9, 157.6,
159.6, 163.1, 194.4 (C=0); MS (EI, 70 eV): mfz (%): 608 (100)
[M+1]"; elemental analysis caled (%) for C34H41NO4Se (606.65): C
67.31, H6.81, N 2.31; found: C 6715, H 6.94, N 2.25.

4.1.4.5. (6-Methoxy-2-(4-methoxyphenyl)benzo[b|selenophen-3-yl)
(4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)methanone (5e). 69% yield: 'H
NMR (400 MHz, CDCl3/TMS) 6 (ppm): 1.76—1.84 (4H, m, 3,4-CH>),
2.59-2.67 (4H, m, 2,5-CH,), 2.89 (2H, t, NCHy, EJ(H,H =5.8Hz),3.73
(3H, s, OCH3), 3.86 (3H, 5, OCH3), 4.10 (2H, t, OCHa, *Jisuny = 5.8 Hz),
6.71-680 (4H, m, 3,53"5"-CH), 6.92 (1H, dd, 5;-CH,
ery = 2.4 Hz, >y = 8.9 Hz), 729-7.33 (2H, m, 2,6-CH), 7.38 (1H,
d, 7;-CH, YJup) = 2.4 Hz), 7.44 (1H, d, 4:-CH, *jup) — 8.9 Hz),
7.75-7.79 (2H, m, 2”,6"-CH); *C NMR (100.6 MHz, CDCl3) 4 (ppm):
23.4(3,4-CHy), 54.7 (2,5-CHy, NCH3), 55.2 (OCH3), 55.6 (OCH3), 67.1
(OCH2), 108.3,114.0, 114.1,114.2, 125.7,127.9,130.2 (2C), 132.2,133.9,
1361, 1418, 144.9, 157.5, 159.6, 163.0, 194.4 (C—0); MS (EI, 70 €V):
mjz (%): 536 (100) [M+1]*; elemental analysis caled (%) for
Ca0Ha9NOSe (534.50): C 65.17, H 5.47, N 2.62; found: C 65.10, H
2.70,N 2.59.

4.1.4.6. (4-(2-(Azepan-1-yl)ethoxy)phenyl) (6-methoxy-2-(4-
methoxyphenyl)benzo[b]-selenophen-3-yl)methanone (5f). 65%
yield; 'H NMR (400 MHz, CDCl3/TMS) 6 (ppm): 1.55—1.69 (8H, m, 3-
6-CHp), 2.72-279 (4H, m, 27-CHy), 293 (2H, t, NCHp,
34 = 6.1 Hz), 3.74 (3H, 5, OCHs), 3.87 (3H, 5, OCHs), 4.05 (2H. t,
OCH3, 3Juy) = 6.1 Hz), 6.71-6.79 (4H, m, 3,5,3;,5",-CH), 6.92 (1H,
dd,5"-CH, Jum) = 2.4 Hz, Y = 8.9 Hz), 729-7.34 (2H, m, 21.6';-
CH), 7.39 (1H, d, 7"-CH, Yumy = 2.4 Hz), 744 (1H, d, 4'-CH,

105




478 P: Arsenyan et al. / European Journal of Medicinal Chemistry 87 (2014) 471-483

3ty = 8.9 Hz), 7.75-7.80 (2H, m, 2,6-CH); "C NMR (100.6 MHz,
CDCl3) 6 (ppm): 27.0 (4,5-CHy). 27.8 (3,6-CHy), 55.2 (OCH3), 55.6
(OCH3),55.8, 56.0,66.6 (OCH:), 108.3,114.0,114.1,114.2, 125.7,127.9,
130.1,130.2, 132.3, 133.9, 1361, 1418, 144.8, 157.5,159.6,163.1, 194.4
(C=0); MS (EI, 70 eV): m/z (%): 564 (100) [M+1]*; elemental
analysis calcd (%) for C3yHyaNO,Se (562.56): € 6619, H 5.91,N 2.49;
found: C 65.94, H 6.00, N 2.42,

4.14.7. (6-Methoxy-2-(4-methoxyphenyl)benzo[b]selenophen-3-yl)
(4-(2-mmpholinoethoxy)phenyl)methﬂnanc (5g). 88% yield; 'H
NMR (400 MHz, CDC];/TMS (ppm): 2.52-2.59 (4H, m, 2,6-CH3),
2.78 (2H, t, NCHy, *Jun) = 5.6 Hz), 3.69-3.73 (4H, m, 3,5-CH,), 3.73
(3H, 5,0CHs), 3.86 (3H, 5, 0CH3), 4.09 (2H, t, OC_g.BJHH) 5.6 Hz),
671—678(4H m, 3,5,3",5”"- CH) 692 (1H, dd, 5'-CH, ‘) = 2.4 Hz,
](HH) = 89 Hz), 7.29-7.33 (2H, m, 2,6-CH). 739 (1H, d, 7'-CH,
iy = 2.4 Hz), 7.44 (1H, d, 4'-CH, ¥y 1) = 8.9 Hz), 7.75-7.80 (2H,
m, 2”,6"-CH): BC NMR (100.6 MHz, CDCl3) 6 (ppm): 54.0, 55.2
(OCH3), 556 (OCH3), 57.3,65.9, 66.8 (OCH,), 108.3, 114.0, 114.2 (2C),
125.7, 127.9, 130.2, 130.3, 132.3, 133.8, 136.0, 1419, 1449, 1576,
1596, 162.8, 194.4 (C=0); MS (EI, 70 eV): mjz (¥): 552 (100)
[M+1]"; elemental analysis calcd (%) for Co2gHagNOsSe (550.50): C
6327, H 5.31, N 2.54; found: C 63.11, H 5.38, N 2.21.

4.15. General method for preparation of 6a,c—g

To a solution of corresponding precursor 5 (0.35 mmol) in dry
DCM (cooled in icefwater bath) was added 0.5 M solution of HCl
in dry Et20 till all the starting material was converted to the
corresponding hydrochloride (controlled by TLC). After removal
of solvents and excess of HCI, obtained salt was dried by adding
and evaporating dry toluene (3 = 10 ml). Then, to a homoge-
neous solution of prepared salt in DCM at 0 °C under argon at-
mosphere 1 M solution of BBrs in DCM (2.10 ml, 2.10 mmol) was
added dropwise. After stirring at 0 °C for 1 h reaction mixture
was poured in to a stirred mixture of EtOAc (200 ml), EtOH
(10 ml), and saturated aqueous solution of Na,CO3 (100 ml) and
stirring was continued for additional 30 min. Organic phase was
separated and aqueous phase was extracted with 5% EtOH solu-
tion in EtOAc (2 x 100 ml). Combined organic phases were
washed with brine (60 ml), dried over anhydrous NapSO4, and
concentrated under reduced pressure. Crude product was puri-
fied by flash chromatography on silica gel using a mixture of
dichloromethane and MeOH as eluent. EtOH was added to a
suspension of isolated product in DCM (50 ml) till homogeneous
solution was obtained. By cooling in ice/water bath 0.5 M solu-
tion of HCl in dry Et;0 was added dropwise till the entire free
base was converted in corresponding hydrochloride (controlled
by TLC). After evaporation of solvents and excess of HCI, products
6a,c—g were obtained in 29-86% yield as white to pale yellow
amorphous solids.

4.1.5.1. 1-(2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b]seleno-
phene-3-carbonyl)phenoxyJethyl)piperidin-1-ium  chloride  (6a).
mp 202—203 °C; 79% yield; "H NMR (400 MHz, DMSO-dg) & (ppm):
129-142 (1H, m, 4-CH), 162-181 (5H, m, 4-CH, 3,5-CHj),
2.89-3.01 (2H, m, NCH,), 3.40-3.49 (4H, m, 2,6-CH,), 4.39-4.45
(2H, m, OCH2), 6.64—6.70 (2H, m, 3,5-CH), 6.82 (1H, dd, 5'-CH,
gy = 2.3Hz, Jupy = 8.8 Hz), 6.95-701 (2H, m, 2",6"-CH),
7.11-7.15 (2H, m, 2,6-CH), 715 (1H, d, 4-CH, 3](Hu)788 Hz), 7.47
(1H, d, 7-CH, Yupy = 2.3 Hz), 7.68-772 (2H, m, 3",5"-CH), 9.80
(1H, br s, OH), 9.82 (1H, br s, OH), 10.33 (1H, br 5, NH); °C NMR
(100.6 MHz, DMSO-dg) & (ppm): 211 (4-CHz), 22.2 (35-CH,), 54.4
(2,6-CHp), 62.4 (NCHy), 66.3 (OCHy). 111.0, 114.6,114.7,115.6, 12458,
125.6,129.6,130.0, 131.6,132.7,134.2, 141.0, 143.0,155.4, 157.7,161.7,
193.9 (C=0): "’Se NMR (76.37 MHz, DMSO-dg) & (ppm): 530.9; MS
(EL 70 eV): mfz (%): 522 (100) [M+1]"; elemental analysis calcd (%)

for C2sH27NO4Se x 1.3 HCI (567.88): € 59.22, H 5.03, N 2.47; found:
C59.15,H5.11, N 2.41.

4.1.5.2. 2-(4-(6-Hydroxy-2-(4- hydmxyphenyl)benzn[b[selenuphene-
3-carbonyl, )-N,N-dimethylethy chioride  (6c).
mp 189190 °C; 29% yield; 'H NMR (400 MHz, DMSO-dg) 6 (ppm):
2.79(6H,s, 2 x NCH3), 3.47 (2H, t, NCH .3](HH)—49HZ) 4.39(2H,t,
OCHZ 3](HH),49H2) 6.66-6.71 (2H, m, 3,5-CH), 6.83 (1H, dd, 5'-
CH, Yumy = 2.3 Hz, Jum) — 8.7 Hz), 6.96-7.01 (2H. m, 2",6'-CH),
710717 (3H, m, 2,6-CH, 4-CH), 7.48 (1H, d, 7’-CH, 4fp11) = 2.3 Hz),
7.67-7.73 (2H, m, 37,57 CH), 9.85 (1H, br s, OH), 86(1H brs, OH),
10.66 (1H, br s, NH); '3 NMR (100.6 MHz, DMSO-dg) & (ppm): 42.6
(2 x NCH3), 54.9 (NCH2), 62.4 (OCH), 111.0, 114.7 (2C), 115.6, 124.8,
125.6,129.6,130.1,131.6,132.7,134.2, 141.0, 143.0,155.4,157.7, 161.7,
193.9 (C=0); MS (EI, 70 eV): m/z (%): 482 (100) [M+1 ]": elemental
analysis caled (%) for CysHasNO4Se x 12 HCI (524.16): C 57.28, H
4.66, N 2.67; found: C 57.10, H 4.71, N 2.65.

4.15.3. (2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b]selenophene-
3-carbonyl, Jethyl)methylocty i chioride  (6d).
mp 127128 °C; 76% yield; 'H NMR (400 MHz, DMSO-dg) & (ppm):
0.79-0.88 (3H, m, 8-CHs), 1.16—1.32 (10H, m, 3-7-CH,), 1.59-1.71
(2H, m, 2-CH,), 2.76 (3H, s, NCHs), 2.98—3.14 (2H, m, 1-CHy),
3.40-3.52 (2H, m, NCH>), 4.35—4.46 (2H, m, OCH,), 6.64—6.72 (2H,
m, 35-CH), 6.82 (1H, dd, 5'-CH, um) = 21 Hz, JJum) = 8.7 Hz),
6.93-7.01 (2H, m, 2”,6"-CH), 709-7.18 (3H, m, 2,6-CH, 4-CH), 7.48
(1H, d, 7'-CH, *Jun) = 2.1 Hz), 7.66-7.74 (2H, m, 3",5"-CH), 9.84
(1H, br s, OH), 9.85 (1H, br s, OH), 10.57 (1H, br s, NH); '*C NMR
(100.6 MHz, DMSO-dg) & (ppm): 13.9, 22.0,23.1, 25.9, 28.4 (2C), 311,
39.9, 53.3, 554, 62.5 (OCH»), 111.0, 114.6, 114.7, 115.6, 124.8, 125.6,
129.6,130.1,131.6,132.7,134.2, 141.0, 143.0, 155.4, 157.7, 161.7, 193.9
(C=0); MS (EL 70 eV): m/z (%): 580 (100) [M+1]"; elemental
analysis caled (%) for C3HyNOsSe x 1.8 HC (644.23): C 59.66, H
6.08, N 2.17; found: C 59.54, H 6.19, N 2.05.

4.1.5.4. 1-(2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b [seleno-
phene-3-carbonyl)phenoxy)-ethyl)pyrrolidin-1-ium chloride (6e).
mp 154—155 °C; 72% yield; "H NMR (400 MHz, DMSO-dg) & (ppm):
1.78-2.05 (4H, m, 34-CHy), 3.00~3.12 (2H, m, NCH,), 3.50-3.61
(4H, m, 2,5-CH>), 4.32—4.38 (2H, m, OC{) 6.64—6.69 (2H, m, 3,5-
CH). 6.81 (11—1 dd, 5'-CH, "j(HH),zz Hz, ) = 8.8 Hz), 6.97-7.02
(2H, m, 2",6"-CH), 7.12-7.16 (2H, m, 2,6-CH), 7.15 (1H, d, 4-CH,
3y = 8.8 Hz), 7.46 (1H, d, 7-CH, “Jun) = 2.3 Hz), 768-7.73 (2H,

m, 3",5"-CH), 9.75 (1H, br s, OH), 978(1H brs, OH), 10.25 (1H, brs,
Nﬂ) 13 NMR (100.6 MHz, DMSO-dg) & (ppm): 22.4 (34-CHy), 52.3
(2,5-CHz), 53.6 (NCH2), 63.4 (OCH>), 111.0, 114.6, 114.7, 115.6, 124.7,
125.6, 129.6, 130.0, 131.6, 132.6, 134.2, 140.9, 143.0, 155.3, 157.6,
161.7, 193.9 (C=0): MS (EL 70 eV): m/z (%): 508 (100) [M+ 1]
elemental analysis calcd (%) for Co7H25NO4Se x 1.3 HCI (553.85): C
58.55, H4.80, N 2.53: found: C 58.31, H 4.92, N 2.38.

4.15.5. 1-(2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b [seleno-
phene-3-carbonyl)phenoxy)-ethyl)azepan-1-ium  chloride  (6f).
mp 159160 °C; 86% yield; 'H NMR (400 MHz, DMSO-dg) & (ppm):
1.50—1.68 (4H, m, 4,5-CH,), 1.73—1.86 (4H, m, 3,6-CH,), 3.14—3.24
(2H, m, NCH>), 3.36— 344(2H m, 2,7-CH), 3.48—3.55 (2H, m, 2,7~
CH), 439 (2H, t, OCHy, ) = 5.0 Hz), 6.64—6.69 (2H, m, 3,5-
CH). 681 (1H, dd, 5-CH, ‘fum) = 23 Hz, Jum — 88 Hz).
6.96—7.01 (2H, m, 2" ,6”- CH) 7.12—7.15 (2H, m, 2,6-CH), 7.15 (1H, d,
4/-CH, }Joum) = 8.8 Hz), 746 (1H,d, 7-CH, 4](HH)723HZ) 7.69-7.73
(2H,m, 3",5"-CH),9.75 (1H, brs, OH), 9.78 (1H, br 5, OH), 10.06 ( 1H,
br s, NH); *C NMR (100.6 MHz, DMSO-dg) & (ppm): 22.6 (4,5-CHy),
25.9(3,6-CHy), 54.2, 54.6, 62.6 (OCH, ), 111.0, 114.7 (2C), 115.6, 124.8,
125.7,129.6, 130.1,131.7,132.7,134.3, 141.0, 143.0, 155.4, 157.7, 161.7,
193.9 (C=0); MS (EI, 70 eV): m/z (%): 536 (100) [M+1]"; elemental
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analysis caled (%) for CaoH3oCINO4Se (570.96): C 59.11, H 523, N
2.38; found: C 59.02, H 5.26, N 2.31.

4.15.6. 4-(2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b]seleno-
phene-3-carbonyl)phenoxy)-ethyl)morpholin-4-ium  chloride (6g).
mp 172173 °C; 64% yield; "H NMR (400 MHz, DMSO-dg) 6 (ppm):
3.08-3.23 (2H, m, NCHy), 3.39-3.58 (4H, m, 2,6-CH,), 3.73-3.97
(4H, m, 3,5-CH>), 440—4.48 (2H, m, OCH3), 6.64-6.70 (2H, m, 3,5-
CH), 681 (1H, dd, 5-CH, “Jun) = 2.3 Hz, Jiun) = 8.8 Hz), 6.95-7.01
(2H, m, 2,6"-CH), 7.10—7.17 (3H, m, 2,6-CH, 4'-CH), 747 (1H. d, 7"~
CH. “Jiumy = 2.3 Hz), 768-7.73 (2H, m, 3”,5"-CH), 9.80 (1H, br s,
OH), 9.82 (1H, br s, OH), 1119 (1H, br s, NH); *C NMR (100.6 MHz,
DMSO-ds) & (ppm): 51.6, 54.6, 62.4, 63.1, 111.0, 114.7 (2C), 115.6,
124.8,125.7,129.6,130.1, 131.6, 132.7,134.2,141.0, 142.9, 155 4, 157.6,
161.7, 193.9 (C=0): MS (EL 70 eV): mfz (%): 524 (100) [M+1 )
elemental analysis calcd (%) for C27Ha5NOsSe x 1.7 HCl (584.43): C
55.48, H4.61, N 2.40; found: C 5527, H 4.62, N 2.32.

4.1.6. (4-Fluorophenyl) (6-hydroxy-2-(4-hydroxyphenyl)benzo[b]
selenophen-3-yl)methanone (7)

demethylation of 4 is analogous to demethylation of 5a,c—g (see
preparation of 6a,c—g), except preparation of the corresponding
hydrochloride is not necessary. Mixture of DCM and EtOAc (5:1)
was used as eluent to isolate 7 in 47% yield. White solid; mp
195196 °C; 'H NMR (400 MHz, DMSO-dg) d (ppm): 6.61-6.66 (2H,
m, 3,5'-CH), 6.83 (1H, dd, 5"-CH, *Jyuny = 2.3 Hz, *Jup) = 8.7 Hz),
7.07-713 (2H, m, 2,6'-CH), 7.15-7.22 (2H, m, 3,5-CH), 7.27 (1H, d,
4"-CH, 3Jyn) = 8.7 Hz), 747 (1H, d, 7”-CH, Yun) = 2.3 Hz),
7.7177.77 (2H, m, 2,6-CH), 9.72 (1H, br s, OH), 9.77 (1H, br s, OH);
13C NMR (100.6 MHz, DMSO-ds) 6 (ppm): 111.0, 114.8, 115.5, 115.7
(d, 3,5-CH, Zficp) = 22.2 Hz), 125.0, 1255, 129.9, 132.1, 132.2 (d, 2,6~
CH, ¥cm = 9.7 H2), 1334 (d, 1-C, ey = 2.7 Hz), 134.0, 141.2,145.1,
155.4,157.7,165.0 (d, 4-CF, ]](C.F) =252.6 MHz),193.6 (C=0); MS (EI,
70eV): mz (%): 411 (100) [M—1]"; elemental analysis caled (%) for
Cy1Hy3FOsSe (411.28): € 6133, H 3.19; found: C 6112, H 3.31.

4.1.7. (2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b]selenophene-
3-carbonyl)phenoxy Jethyl)methylammonium chloride (6b)

Methodology is analogous to preparation of 5a—g, except 4.0
equivalents of 2-methylaminoethanol and 4.0 equivalents of NaH
were used. mp 212—213 °C; 25% yield: 'H NMR (400 MHz, DMSO-
de)é(ppm): 2.58 (3H, 5, NCH3), 3.25-3.31 (2H, m, NCH,), 4.24-4.29
(2H, m, OCHy), 6.64-6.70 (2H, m, 3,5-CH), 682 (1H, dd, 5'-CH,
Youm) = 22Hz, Yy = 87 Hz), 6.94-7.00 (2H, m, 2",6"-CH),
7.10-7.18 (3H, m, 2,6-CH, 4'-CH), 7.47 (1H, d, 7’-CH, 4]y 1) = 2.2 Hz),
7.67—773 (2H, m, 3",5"-CH), 8.95 (2H, br s, NH,), 9.82 (2H, br s,
OH); ™*C NMR (100.6 MHz, DMSO-ds) & (ppm): 32.7 (NCH3), 47.0
(NCH3). 63.6 (OCH2), 111.0, 114.6, 114.7, 115.6, 124.8, 125.7, 1296,
130.0, 1317, 132.7, 134.3, 141.0, 143.1, 155.4, 157.7, 161.9, 1939 (C=
0); MS (ElL, 70 eV): m/z (%): 468 (100) [M+1]"; elemental analysis
caled (%) for C24H21NO4Se < 1.4 HC (517.43): €55.71,H4.37, N 2.71;
found: C55.66, H 4.31, N 2.65.

4.1.8. (2-(4-(6-Hydroxy-2-(4-hydroxyphenyl)benzo[b]selenophene-
3-carbonyl)phenoxy Jethyl)trimethylammonium chloride (8)

To a solution of 6¢ (free base form) (100 mg, 0.208 mmol) in dry
dioxane (5.0 ml) iodomethane (295 mg, 2.08 mmol) was added and
reaction mixture was stirred for 20 h. After evaporation of solvent,
iodide anion was replaced by chloride using ion exchange resins
(IRA 400 CI" form) to give 8 in 85% yield. mp 235-236 °C: 'HNMR
(400 MHz, DMSO-dg) 6 (ppm): 3.16 (9H, s, 3 x NCHs), 3.75-3.81
(2H, m, NCH), 4.46—4.52 (2H, m, OCH,), 6.66—6.72 (2H, m, 3,5-CH),
6.82 (1H, dd, 5'-CH, Y1) = 2.3 Hz, Jumy = 8.8 Hz), 6.96-7.02 (2H,
m, 2”,6”-CH), 711-717 (3H, m, 2,6-CH, H), 7.48 (1H, d, 7'-CH,
4](H'H) = 2.3 Hz), 768-7.74 (2H, m, 3",5"-CH), 9.88 (2H, br s,

2 x OH): 13C NMR (100.6 MHz, DMSO-ds) 6 (ppm): 53.0(3 x NCH3),
61.8 (NCH3), 63.8 (OCHy), 111.1,114.7,115.6,124.7,125.6, 129.5,130.0,
1316, 132.7,134.2, 141.0, 142.7, 155.4, 157.7, 161.6, 194.0 (C=0); MS
(EL, 70 eV): mfz (%): 496 (100) [M]*; elemental analysis calcd (%) for
CasH26CINO,Se (530.90): C 58.82, H 4.94, N 2.64; found: € 58.71, H
4.97,N 2.58.

4.1.9. 3-Bromo-6-fluoro-2-(4-fluorophenyl)benzo[b]selenophene
(10)

Cyclization of 9 is analogous to cyclization of 1, except 2.0
equivalents of selenium dioxide and 1.5 equivalents of cyclohexene
were used without triethylamine additive. Reaction was completed
in 72 h and petroleum ether was used as eluent to give 10 in 60%
yield. White amorphous solid; mp 108—109 °C (recrystallized from
petroleum ether): 'H NMR (400 MHz, CDCls/TMS) 6 (ppm):
7.13-7.19 (2H, m, 2',6'-CH), 7.23 (1H, ddd, 5-CH, ‘) = 2.3 Hz,
3w = 8.8 Hz, ¥y = 8.8 Hz), 7.57 (1H, dd, 7-CH, Yy = 2.3 Hz,
3](Hﬂ = 8.0 Hz), 7.61-7.66 (2H, m, 3',5'-CH), 7.88 (1H, dd, 4-CH,
AJnp = 51 Hz, 3y = 8.8 Hz); °C NMR (100.6 MHz, CDCl3)
6 (ppm): 1116 (d, %Jic) = 25.3 Hz), 114.3 (d, ¥icp) = 23.7 Hz), 115.7
(d, Y(cp = 218 Hz), 1273 (d, YJcp = 90 Hz), 1307 (d,
UJcr) = 35 Hz), 1316 (d. >Jcp) = 82 Hz), 1373 (d. Ycr) = 1.9 Hz),
1389 (d, “Jicp) = 3.5 Hz), 1394 (d, ¥cp = 93 Hz), 1611 (d,
) = 2487 Hz), 162.2 (m), 162.9 (d, Jc) = 249.5 Hz); F NMR
(376.21 MHz, CDCl3) 6 (ppm): —115.4 (m, 6-CE), —112.1 (m, 4'-CE);
"Ise NMR (7637 MHz, CDCl3) é (ppm): 588.5 (dd, ] = 2.1 Hz,
J = 17.8 Hz); MS (EL 70 eV): mjz (%): 372 (100) [M]": elemental
analysis calcd (%) for C14HyBrF;Se (372.07): C45.19, H 1.90; found: C
45.01, H 1.98.

4.1.10. 6-Fluoro-2-(4-fluorophenyl)benzo[b]selenophene (11)

Methodology is analogous to preparation of 3, except 10
equivalents of zinc were used and reaction was completed in 48 h
mp 171172 °C; 87% yield; "H NMR (400 MHz, CDCl3/TMS) é (ppm):
7.07-7.14 (3H, m, 2',6/-CH, 3-CH), 7.53-7.59 (4H, m, 5,7-CH, 35"
CH), 769 (1H, dd, 4-CH, Jup = 52 Hz, Y = 8.7 Hz); 5C NMR
(100.6 MHz, CDCl3) 6 (ppm): 111.8 (d, jicr) = 245 Hz), 113.6 (d,
2y = 23.7 Hz), 116.0 (d, Jcp) = 222 Hz), 1222 (m), 1261 (d,
3icr) = 9.0 Hz), 128.4 (d, ¥cp = 8.2 Hz), 1322 (d, ¥cr) = 3.1 Hz),
139.6 (d, *Jicp = 19 Hz), 1417 (d, *jicp) = 9.3 Hz), 145.8 (d,
Yep = 39 Hz), 1603 (d. Yy = 2413 Hz). 1628 (d,
Jicr) = 243.3 Hz); °F NMR (376.21 MHz, CDCl3) 6 (ppm): —116.9
(m, 6-CE), —1133 (m, 4'-CF); MS (EI, 70 eV): m/z (%): 294 (100)
[M]*; elemental analysis calcd (%) for Cr4HsF2Se (293.17): C57.36, H
2.75; found: C 57.31, H 2.86.

4.1.11. (6-Fluoro-2-(4-flucrop
fluorophenyl) methanone (12)
Methodology is analogous to preparation of 4, except reaction
was proceeded for 4 h and mixture of petroleum ether and EtOAc
(1:0 — 20:1) was used as eluent to give 12 in 75% yield. Colourless
oil; H NMR (400 MHz, CDCl3/TMS) 6 (ppm): 6.88—6.99 (4H, m,
23,56-CH), 712 (1H, ddd, 5'-CH, Yup) = 2.4 Hz, Y, = 88 Hz,
3p) = 8.8 Hz), 730-7.36 (2H, m, 3",5”-CH), 758—7.63 (2H, m,
47'-CH), 7.75-7.80 (2H, m, 2",6”-CH}; *C NMR (100.6 MHz, CDCl3)
@ (pgn‘l): 1116 (d, 2]{C,F) = 249Hz),114.2 (d, 2](c,r) = 23.7 Hz), 115.7
(d, %fcp = 222 Hz), 1159 (d, e = 218 Hz), 1265 (d,
3Jicr) = 9.0 Hz), 130.9 (d, *icp = 8.6 Hz), 131.0 (d. *Jcr) = 3.5 Hz),
1325 (d, 3jcp) = 9.7 Hz), 133.4 (d, Yy = 2.7 Hz), 134.2 (m), 138.0
(d. %Jicr) = 19 Hz), 1417 (d. ¥ic ) = 9.0 Hz), 1475 (d, ¥Jcy = 3.5 Hz),
160.7 (d, ey = 248.7 Hz), 162.9 (d, ey = 250.7 Hz), 165.9 (d,
icr) = 2565 Hz), 1934 (C=0); "F NMR (37621 MHz, CDCl3)
4 (ppm): —115.3 (m, 6'-CF), —111.7 (m, 4-CF), —103.6 (m, 4"-CF); MS
(EL 70 eV): m/z (%): 416 (42) [M]*; elemental analysis calcd (%) for
CyH1F30Se (415.27): C 60.74, H 2.67; found: C 60.66, H 2.82.

yl)benzo[bjselenophen-3-yl) (4-
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4.1.12. General method for preparation of 13a—c

To a suspension of NaH (60% suspension in mineral oil, 39 mg,
0.964 mmol) in dry DMF (0.40 ml) under argon atmosphere solu-
tion of the corresponding 2-aminoethanol (0.964 mmol) in DMF
(0.50 ml) was added dropwise and resulting mixture was stirred at
room temperature for 15 min. Then, solution of 12 (200 mg,
0.482 mmol) in DMF (2.0 ml) was added and stirring was continued
for 2 h. The reaction mixture was quenched with EtOAc (400 ml)
and brine (80 ml) and resulting mixture was stirred for additional
30 min. After separation of aqueous phase, organic phase was
washed with brine (4 x 80 ml), dried over anhydrous NaySO4, and
concentrated under reduced pressure. The crude product was pu-
rified by flash chromatography on silica gel using a mixture of DCM
and EtOH as eluent to give a corresponding free base form of 13a—c.
Corresponding hydrochlorides were prepared by dropwise addition
of 0.5 M HCl solution in dry diethyl ether to a cooled (ice/water
bath) solution of free base form in DCM. After evaporation of sol-
vents and excess of HCl under reduced pressure, products 13a—c¢
were obtained in 63—77% yield as white amorphous powders.

4.112.1. 2-(4-(6-Fluoro-2-(4-fluorophenyl)benzo[b]selenophene-3-
carbonyl)phenoxy }-N,N-dimethylethylamonium  chloride  (13a).
mp 217-218 °C; 'H NMR (400 MHz, DMSO-dg) & (ppm): 2.80 (GH, s,
2 x NCHa), 3.45-3.50 (2H, m, NCHy), 4.35-4.40 (2H, m, OCH,),
6.97-7.02 (2H, m, 2",6"-CH), 7.15-7.22 (2H, m, 3,5-CH), 7.27 (1H,
ddd, 5-CH, g = 25Hz ) = 89 Hz, Jup — 89 Hz),
7.39-7.45 (3H, m, 2,6-CH, 4'-CH), 7.69-7.75 (2H, m, 3,5"-CH), 8.14
(1H, dd, 7'-CH, Yy = 2.5 Hz, iy = 89 Hz), 1030 (1H, brs, NH);
13C NMR (100.6 MHz, DMSO-dg) & (ppm): 425 (2 » NCHs3), 54.8
(NCHp), 625 (OCHp). 1124 (d. %cp) = 25.7Hz), 1140 (d,
“Jicr) = 23.7 Hz), 1148, 115.9 (d, ¥;cr) = 21.8 Hz), 125.9 (m), 129.7,
130.6 (d, ¥icp) = 8.6 Hz), 130.9 (d, “Jrc ) — 3.5 Hz), 131.8,134.1, 1379
(d.5Jcr) = 16 H2), 1414 (d, *}cp) = 9.7 Hz), 145.7 (d, Ycr) = 3.9 Hz),
159.7 (d, Yicr) = 230.1 Hz), 162.0, 162.1 (d, i) = 232.0 Hz), 193.0
(C=0); '°F NMR (37621 MHz, DMSO-de) 6 (ppm): —115.7 (m, 6'-
CF), —112.3 (m, 4-CF); MS (EI, 70 eV): m/z (%): 486 (100) [M+1]%;
elemental analysis caled (%) for CosHzi FaNOoSe x 1.1 HCl (524.51): C
57.24, H 426, N 2.67; found: C 57.21, H 4.29, N 2.60.

4.1.12.2. 1-(2-(4-(6-Fluoro-2-(4-fluorophenyl)benzofb|selenophene-
3-carbonyl)phenoxy)ethyl)piperidin-1-ium ~ chloride  (13b). mp
208—209 °C; 'H NMR (400 MHz, DMSO-dg) & (ppm ): 1.29—1.42 (1H,
m, 4-CH), 1.62—-1.82 (5H, m, 3,5-CH,, 4-CH), 2.89-3.01 (2H, m,
NCHp), 3.41-3.50 (4H, m, 2,6-CH,), 4.39-4.45 (2H, m, OCHy),
6.97-7.03 (2H, m, 2",6"-CH), 7.15-7.22 (2H, m, 3,5-CH), 7.27 (1H
ddd, 5'-CH, Yun) = 25Hz, *Jpp) = 9.0 Hz, *Jup = 9.0 Hz),
7.39-745 (3H, m, 2,6-CH, 4'-CH), 7.70-7.75 (2H, m, 3",5"-CH), 8.14
(1H, dd, 7'-CH, “Juy = 2.5 Hz, iy = 9.0 Hz), 1020 (1H, br's, NH);
13C NMR (100.6 MHz, DMSO-ds) & (ppm): 211 (4-CH), 22.2 (3.5
CHy), 524 (26-CHy), 54.3 (NCHp), 625 (OCH;), 1124 (d,
Zcry = 257Hz), 1140 (d. Ycry = 241 Hz), 1148, 1159 (d,
?Jicp) = 21.8 Hz), 1259 (m), 129.7, 130.6 (d, ¥icp) = 9.0 Hz), 130.9(d,
Yicry = 31 Hz), 1318, 134.1, 1379 (d, %cp) = 16 Hz), 1414 (d,
icr) = 9.7 Hz), 145.7 (d, Ycp) = 3.5 Hz), 159.7 (d, Yficp = 230.1 Hz),
1620, 1621 (d. 'jcp) = 2316 Hz), 1930 (C=0} 'F NMR
(376.21 MHz, DMSO-ds) 6 (ppm): —115.7 (m, 6'-CF), —112.3 (m, 4-
CF); MS (EL 70 eV): mjz (%): 526 (100) [M+1]"; elemental anal-
ysis caled (%) for CasHasF2NO2Se x 1.3 HCI(571.86): C 58.80, H 4.65,
N 2.45; found: C 58.92, H 4.65, N 2.39.

4.1.12.3. 4-(2-(4-(6-Fluoro-2-(4-fluorophenyl)benzo[b]selenophene-
3-carbonyl)phenoxy)ethyl)morpholin-4-ium ~ chloride  (13¢). mp
195-196 °C; 'H NMR (400 MHz, DMSO-d¢) é (ppm): 3.09—-3.22 (2H,
m, NCH>), 3.41-3.58 (4H, m, 2 x NCH>), 3.70-3.81 (2H, m, OCHz),
3.89-3.99 (2H, m, OCH,), 4.39—4.47 (2H, m, OCH,), 6.97-7.03 (2H,
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m, 2”,6'-CH), 715-7.22 (2H, m, 3,5-CH), 727 (1H, ddd, 5'-CH,
Yowwp) = 2.5 HZ, 2 = 9.0 Hz, JJgur) = 9.0 Hz), 7.38—7.45 (3H, m,
2,6-CH, 4-CH), 7.69~7.75 (2H, m, 3",5"-CH), 8.14 (1H, dd, 7'-CH,
Yum) = 2.5 Hz, Y = 9.0 Hz), 10.80 (1H, br s, NH); *C NMR
(100.6 MHz, DMSO-dg) & (ppm): 51.5 (2 x NCHy), 54.5 (NCH3), 62.4
(OCHz). 63.0 (2 x OCH,), 1124 (d, % = 253 Hz), 1140 (d,
2Jicp = 23.7 Hz), 114.8,116.0 (d, ¥y = 22.2 Hz), 125.9 (m), 129.7,
130.6 (d, *icp) = 8.6 Hz), 1309 (d, ¥cr) = 3.5 H2), 131.8,134.1,137.9
(d,%Jicr) = 1.9 Hz), 1415 (d, ¥ cp = 9.7 Hz),145.7 (d, *Jcpy = 3.5 Hz),
159.7 (d, Yicr) = 230.1 Hz), 161.9,162.1 (d, Ycp) = 232.4 Hz), 193.0
(C=0); 'F NMR (376.21 MHz, DMSO-dg) 4 (ppm): —115.7 (m, 6/~
CF), —112.3 (m, 4-CF); MS (EL 70 eV): mjz (%): 528 (100) [M+1]*;
elemental analysis calcd (%) for Cy7H23FaNO5Se x 1.1 HCI (566.54):
C 5724, H 430, N 2.47; found: C 57.09, H 4.31, N 2.36.

4.1.13. 6-Fuoro-3-(4-methoxyphenyl)benzo[bjselenophene (15)

A suspension of 3-bromo-6-fluorobenzo[bselenophene (2.00 g,
7.19 mmol), Pd(OAc)z (161 mg, 0.719 mmol), tri(o-tolyl)phosphine
(657 mg, 2.16 mmol), and K3P0O4 (5.35 g, 25.2 mmol) in dry xylene
(40 ml) was barbotated with argon and stirred at 40 °C for 15 min.
Then, a suspension of 4-methoxyphenyl boronic acid (2.19 g,
14.4 mmol) in isopropanol (20 ml) was added by syringe and re-
action mixture was stirred at 110 °C over night. After cooling to
room temperature, reaction mixture was quenched with EtOAc
(300 ml) and water (100 ml). Resulting mixture was stirred for
15 min and organic phase was separated. Aqueous phase was
extracted with EtOAc (2 x 100 ml) and combined organic phases
were washed with brine (100 ml), dried over anhydrous NaySO4,
and concentrated under reduced pressure. Crude product was pu-
rified by flash chromatography using mixture of petroleum ether/
EtOAC (100:1) as eluent to give 14 (2.05 g) in 94% yield as white
solid. mp 76—77 °C (recrystallized from mixture of petroleum
ether/EtOAC); "H NMR (400 MHz, CDCl3/TMS) 4 (ppm): 3.88 (3H, s,
OCH3), 699-704 (2H, m, 3',5-CH), 712 (1H, ddd, 5-CH,
“Jum) = 24Hz, *Jiupn) = 8.8 Hz, *Jup = 8.8 Hz), 7.41-7.46 (2H, m,
2 6/-CH), 7.64 (1H, dd, 7-CH, %) = 2.4 Hz, 3Jup) = 8.4 Hz), 771
(1H, dd, 4-CH, 41;% = 5.2 'Hz, 3 = 8.8 Hz), 775 (1H, s, 2-CH,
2Jiise) = 48 Fz); CNMR (100.6 MHz, CDCl3) 6 (ppm): 55.3 (OCH3),
112.2 (d, ZJ(C'F) = 24.5Hz), 1131 (d, ZJ(C,F) =23.4Hz),114.1,124.4 (d,
ek = 35 Hz), 1259 (d, Ycp = 9.0 Hz), 129.7, 1299, 137.2 (d,
%) = 19 Hz), 140.5 (m), 142.6 (d, ¥ic.r) = 9.0 Hz), 159.2, 160.5 (d,
6-CF, 'Jicp = 246.4 Hz); 'F NMR (376.21 MHz, CDCl3) 6 (ppm):
—117.9 (m); MS (EL, 70 eV): m/z (%): 306 (100) [M]"; elemental
analysis caled (%) for C;5H; FOSe (305.21): € 59.03, H 3.63; found: C
58.91, H 3.66.

4.1.14. 6-Methoxy-3-(4-methoxyphenyl)benzo[b[selenophene (16)
To a cooled (0 °C) suspension of NaH (60% suspension in mineral
oil, 676 mg, 16.9 mmol) in dry NMP (6.0 ml) under argon atmo-
sphere dry MeOH (0.98 ml, 16.9 mmol) was added dropwise.
Resulting white suspension was stirred at the same temperature for
additional 5 min and for 10 min at room temperature. Then a so-
lution of 15 (860 mg, 2.82 mmol) in dry NMP (4.0 ml) was added
and reaction mixture was stirred at 140 °C for 3 h. After cooling to
room temperature, reaction mixture was quenched with EtOAc
(500 ml) and water (100 ml). Resulting mixture was stirred for
30 min and aqueous phase was separated. Organic phase was
washed with water (4 x 100 ml) and brine (100 ml), dried over
anhydrous NaySO4 and concentrated under reduced pressure.
Crude product was purified by flash chromatography using mixture
of petroleum ether/EtOAc (1:0 — 40:1) as eluent to give 16
(729 mg) in 81% yield as pale yellow sticky liquid. 'H NMR
(400 MHz, CDCL3/TMS) 6 (ppm): 3.87 (3H, s, OCH3), 3.89 (3H, s,
OCH3), 6.98 (1H, dd, 5-CH, YJun) = 24Hz, Yun) = 88 Hz)
6.98—7.02 (2H, m, 3',5'-CH), 7.43—7.47 (2H, m, 2',6'-CH), 746 (1H, d,
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7-CH, Yun) = 2.4 Hz), 7.62 (1H, 5, 2-CH, *J(use) = 47 Hz), 7.67 (1H, d,
4-CH, *Jyuny = 8.8 Hz); >C NMR (100.6 MHz, CDCl3) 6 (ppm): 55.3
(OCH;), 55.6 (OCH;), 109.0, 113.8, 1140, 122.1, 125.5, 129.9, 13011,
1346, 1406, 1432, 1574, 159.1: 7’Se NMR (7637 MHz CDCls)
6 (ppm): 502.18; MS (EI, 70 eV): m/z (%): 318 (100) [M]"; elemental
analysis calcd (%) for CiHy40;5¢ (317.24): C 60.58, H 4.45; found: C
60.32, H4.54.

4.1.15. (4-Fluorophenyl) (6-methoxy-3-(4-methoxyphenyl)benzo[b]
selenophen-2-yl)methanone (17)

Methodology is analogous to preparation of 4 except 2.5 equiv.
of aluminium(IT) chloride were used and reaction was completed
in 72 h. 52% yield; greenish yellow glace like solid; 'H NMR
(400 MHz, CDCI3/TMS) 4 (ppm): 3.75 (3H, s, OCH3), 3.91 (3H, s,
OCHs), 6.70-6.74 (2H, m, 3,5'-CH), 6.75-6.82 (2H, m, 3,5-CH), 7.00
(1H, dd, 5"-CH, “Jiup) = 2.4 Hz, Fum = 88 Hz), 710715 (2H, m,
2/,6/-CH), 745 (1H, d, 7'-CH, 0y = 2.4 Hz), 750~7.56 (2H, m, 2,6-
CH), 7.59 (1H, d, 4"-CH, Jup) = 8.8 Hz); °C NMR (100.6 MHz,
CDCl3) ¢ (ppm): 55.3 (OCH3), 55.7 (OCH3), 108.2,113.7,114.7 (d, 3,5-
CH, Zj(gﬂ = 21.7Hz), 1151, 1281, 1283, 1315, 1319 (d, 2,6-CH,
Ficr = 94 Hz), 134.1 (d. 1-C. Ycp) = 3.0 Hz), 1361, 1388, 1443,
144.4, 159.4, 159.5, 164.6 (d, 4-C, II(C,F) = 253.5 Hz), 191.3 (C=0);
77Se NMR (76.37 MHz, CDCl3) & (ppm): 562.7; MS (EI, 70 €V): m/z
(%): 440 (100) [M]*; elemental analysis calcd (%) for C23H7FO3Se
(439.34): C 62.88, H 3.90; found: C 62.53, H 4.00.

4.1.16. General method for preparation of 18a—¢

To a suspension of NaH (60% suspension in mineral oil, 82 mg,
2.05 mmol) in dry DMF (2.0 ml) under argon atmosphere solution
of the corresponding 2-aminothenol derivative (2.05 mmol ) in DMF
(1.5 ml) was added dropwise and resulting mixture was stirred at
room temperature for 15 min. Then, solution of 17 (300 mg,
0.683 mmol) in DMF (3.0 ml) was added and stirring was continued
at 50 °C for 5 h. After cooling to room temperature, the reaction
mixture was quenched with EtOAc (400 ml) and brine (80 ml) and
resulting mixture was stirred for 30 min. After separation of
aqueous phase, organic phase was washed with brine (4 » 80 ml),
dried over anhydrous Na;SOy4, and concentrated under reduced
pressure. The crude product was purified by flash chromatography
on silica gel using a mixture of DCM and EtOH as eluent to give
18a—c in 48—68% yield as greenish yellow glass like solids.

4.1.16.1. (4-(2-(Dimethylamino)ethoxy)phenyl) (6-methoxy-3-(4-
methoxyphenyl)benzo[b]selenophen-2-yl)methanone ~ (18a). 48%
yield; 'H NMR (400 MHz, CDCl3/TMS) ¢ (ppm): 2.32 (6H, s,
2 x NCHs), 2.70 (2H, t, NCHy, >y = 5.6 Hz), 3.73 (3H, 5, OCHs),
3.89 (3H, s, OCHs), 401 (2H, t, OCHz, Jun) = 5.6 Hz), 6.62—6.67
(2H, m, 3',5'-CH), 6.71-6.76 (2H, m, 3,5-CH), 6.97 (1H, dd, 5"-CH,
Uup) = 2.4 HZ, Jup) = 8.8 Hz), 715-719 (2H, m, 2/,6'-CH), 7.43
(1H,d, 7"-CH, 4](H.H) =24 Hz),7.54-7.59 (2H, m, 2,6-CH), 7.58 (1H,
d, 4"-CH, *Jium) = 8.8 Hz); °C NMR (100.6 MHz, CDCl3) 4 (ppm):
458 (2 x NCH3), 552 (OCH3), 55.6 (OCH3), 58.0 (NCH;), 66.0
(OCH>).108.1,113.6 (2C), 114.8,127.9,128.3,130.4,131.4,131.8,135.9,
138.7, 1431, 143.8, 159.0, 159.2, 1619, 1914 (C=0); 77Se NMR
(76.37 MHz, CDCl3) 6 (ppm): 564.7; MS (El, 70 eV): m/z (%): 510
(100) [M+1]*; elemental analysis caled (%) for CazHa7NOasSe
(508.47): € 63.78, H 5.35, N 2.75; found: C 63.71, H 5.40, N 2.66.

4.1.16.2. (6-Methoxy-3-(4-methoxyphenyl)benzo[b]selenophen-2-yl)
(4-(2-(piperidin-1-yl)ethoxy )phenyl)methanone (18b). 66% yield; H
NMR (400 MHz, CDCl3/TMS) 6 (ppm}: 140149 (2H, m, 4-CHy),
1.57—1.64 (4H, m, 3,5-CH>), 2.45-2.53 (4H, m, 2,6-CH,), 2.73 (2H, t,
NCHa, *Jun) = 6.1 Hz), 3.75 (3H, s, OCH3), 3.91 (3H, s, OCHs), 4.05
(2H, t, OCHy, *Ju ) = 6.1 Hz), 6.61-6.67 (2H, m, 3,5-CH), 6.72—6.77
(2H, m, 3"5"-CH), 6.98 (1H, dd, 5-CH, 4](H,H> = 24 Hz,

j](um = 89 Hz), 716-7.21 (2H, m, 2,6-CH), 744 (1H, d, 7-CH,
Jinny = 2.4 Hz), 7.55-7.60 (2H, m, 2",6"-CH), 7.59 (1H, d, 4-CH,
*Jony = 8.9 Hz); *C NMR (100.6 MHz, CDCl3) 6 (ppm): 23.9 (4-CH2),
25.6 (3,5-CHa), 54.9 (2,6-CHy), 55.2 (OCH3), 55.6 (OCH3), 57.4
(NCH), 65.8 (OCH2), 108.1, 113.6, 113.7, 114.8, 127.9, 128.3, 1304,
1314, 1319, 136.0, 138.7, 143.1, 143.8, 159.0, 159.2, 1618, 1913 (C=
0); 77se NMR (76.37 MHz, CDCl3) 4(ppm): 564.5; MS (EI, 70 eV): m/
z (%): 550 (100) [M+1]"; elemental analysis caled (%) for
C30H3;NO4Se (548.53): C 65.69, H 5.70, N 2.55; found: C 65.42, H
5.84, N 2.42.

4.1.16.3. (6-Methoxy-3-(4-methoxyphenyl)benzo[b]selenophen-2-yl)
(4-(2-morpholinoethoxy)phenyl)methanone (18c). 68% vyield; 'H
NMR (400 MHz, CDCl3/TMS) 4 (ppm): 2.51-2.58 (4H, m, 2 x NCH>),
275 (2H, t, NCHy, *Jymy = 5.8 Hz), 3.69-3.75 (4H, m, 2 x OCHa).
3.74 (3H, s, OCHs;) 3.89 (3H, s, OCH3). 4.05 (2H, t, OCH,,
Ymn) = 5.8 Hz), 6.60-6.66 (2H, m, 3,5-CH), 6.71-6.76 (2H, m,
37,5'-CH), 6.98 (1H, dd, 5'-CH, ¥ = 2.4 Hz > = 89 Hz),
715-7.20 (2H, m, 2,6-CH), 743 (1H, d, 7'-CH, 4](HYH; = 2.4 Hz),
7.54-7.59 (2H, m, 2,6"-CH), 7.58 (1H, d, 4'-CH, *Jyy 1y = 8.9 Hz); *C
NMR (100.6 MHz, CDCl3) ¢ (ppm): 54.0 (2 x NCHa), 55.2 (OCHs),
55.6 (OCH3), 57.3 (NCH3), 65.8 (OCH3), 66.8 (2 x OCH-), 108.1,113.6
(20), 114.8,127.9,128.3,130.4, 1314, 131.8,135.9, 138.7,143.1, 143 .8,
159.0, 159.1, 161.7, 191.3 (C=0): 7'Se NMR (76.37 MHz, CDCl3)
6 (ppm): 564.2; MS (EI, 70 eV): mjz (%): 552 (100) [M+1]%;
elemental analysis calcd (%) for CogHa9NOsSe (550.50): C 63.27, H
5.31, N 2.54; found: C 63.01, H 5.42, N 218.

4.1.17. General method for preparation of 19a—c

Methodology is analogous to preparation of 6a,c—g. Derivatives
19a—c were obtained in 31-90% yield as white to pale yellow
amorphous solids.

4.1.17.1. 2-(4-(6-Hydroxy-3-(4-hydroxyphenyl)benzo[b]selenophene-
2-carbonyl)phenoxy)-N,N-dimethylethylamonium  chloride (19a).
mp > 230 °C: 78% yield; 'H NMR (400 MHz, DMSO-de) & (ppm):
2.82 (6H, s, 2 x NCH3), 3.44-3.50 (2H, m, NCH,), 4.29-4.36 (2H, m,
OCHy), 6.59-6.66 (2H, m, 3,5-CH), 6.77—6.84 (2H, m, 2",6"-CH),
6.93 (1H, dd, 5'-CH, *Ju ) = 2.4 Hz, *J ) = 8.8 Hz), 6.99-7.06 (2H,
m, 2,6-CH), 7.45 (1H, d, 4'-CH, *J — 8.8 Hz), 7.50 (1H, d, 7/-CH,
“Jam) = 24 Hz), 7.49-7.53 (2H, m, 3,5"-CH), 9.57 (1H, br s, OH),
10.09 (1H, br s, OH), 10.17 (1H, br s, Nﬂ);—BC NMR (100.6 MHz,
DMS0-dg) 6 (ppm): 42.8 (2 x NCHs), 552 (NCH,), 62.4 (OCHy),
111.2,114.0,115.0, 115.4,126.2,127.9,130.6, 131.3, 131.5, 134.3, 136.5,
143.0, 143.6, 157.0, 1572, 160.3, 190.8 (C=0); MS (EL 70 eV): m/z
(%): 482 (100) [M+1]"; elemental analysis caled (%) for
CosH23NO4Se x 1.2 HCl (524.16): C 57.28, H 4.66, N 2.67; found: C
57.15,H 4.54, N 2.57.

4.117.2. 1-(2-(4-(6-Hydroxy-3-(4-hydroxyphenyl)benzo[b Jseleno-
phene-2-carbonyl)phenoxy)ethyl)piperidin-1-ium  chioride (19b).
mp > 230 °C; 90% yield; 'H NMR (400 MHz, DMSO-dg) 6 (ppm):
1.30-145 (1H, m, 4-CH), 1.62-1.85 (5H, m, 4-CH, 3,5-CHa).
2.90-3.03 (2H, m, NCHy), 3.40-3.50 (4H, m, 2,6-CH,), 4.31-4.39
(2H, m, OCH), 6.59-6.65 (2H, m, 3,5-CH), 6.78—6.84 (2H, m, 2",6"-
CH), 6.93 (1H, dd, 5'-CH, *Jum) = 2.4 Hz, JJu) = 8.8 Hz), 7.01-7.06
(2H, m, 2,6-CH), 7.45 (1H, d, 4-CH, *Jun) = 8.8 Hz), 750 (1H,d, 7'~
CH, Yy = 24 Hz), 749-755 (2H, m, 3",5"-CH), 9.54 (1H, br s,
OH), 9.77 (1H, br s, NH), 10.06 (1H, br s, OH); 13C NMR (100.6 MHz,
DMSO-ds) 6 (ppm): 21.0 (4-CHa), 22.2 (3,5-CHy), 52.5 (2,6-CHa),
54.4(NCHy), 62.3 (OCHy), 111.1,113.8,114.9, 115.3,126.0, 127.7,130.5,
1312, 1314, 134.2, 136.4, 142.9, 143.5, 157.0, 157.2, 160.2, 190.6 (C=
0); MS (El, 70 eV): m/z (%): 522 (100) [M+1]*; elemental analysis
caled (%) for CagHasNO4Se x 1.2 HCl (564.23): C 59.53, H 5.04, N
2.48; found: C 59.46, H 5.10, N 2.39.
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4.1.17.3. 4-(2-(4-(6-Hydroxy-3-(4-hydroxyphenyl)benzo[b]seleno-
phene-2-carbonyl)phenoxy)ethyl)morpholin-4-ium chioride (19c).
mp 221-222 °C; 31% yield: 'H NMR (400 MHz, DMSO-ds) é (ppm):
3.09-3.24 (2H, m, NCH5), 3.41-3.60 (4H, m, 2,6-CH»), 3.68—4.01
(4H, m, 3,5-CHy), 4.32—4.42 (2H, m, OCH.), 6.59—-6.66 (2H, m, 3,5-
CH), 6.78-6.85 (2H, m, 2"6"-CH), 693 (1H, dd, 5-CH,
Y = 24Hz, Yun) = 8.8 Hz), 2.00-7.06 (2H, m, 2,6-CH), 7.45
(1H, d, 4-CH, ¥ = 8.8 Hz), 7.50 (1H, d, 7-CH, Y1) = 2.4 Hz),
7.49-7.54 (2H,m, 3" 5"-CH), 9.55 (1H, br s, 0H),10.06 (1H, brs, OH),
10.56 (1H, br s, NH); 3C NMR (100.6 MHz, DMSO-dg) & (ppm): 518,
549, 624, 63.2, 1111, 113.9, 115.0, 115.4, 126.1, 127.8, 130.5, 131.2,
131.4,134.2,136.4,142.9, 143 4, 157.0, 157.2, 160.3, 190.7 (C=0); MS
(EI 70 eV): m/z(%): 524 (100) [M+1]"; elemental analysis calcd (%)
for Ca7H25NOsSe x 1.5 HCI (577.14): C 56.19, H 4.64, N 2.43; found: C
56.12, H 4.66, N 2.32.

4.2. Biological evaluation

4.2.1. In vitro cytotoxicity assay

Monolayer tumor cell line: CCL-8 (mouse sarcoma ), MDA-MB-
435s (human melanoma) MES-SA (human uterus sarcoma), MCF-
7 (human breast adenocarcinoma, estrogen-positive), HT-1080
(human fibrosarcoma), MG-22A (mouse hepatoma) and normal cell
line NIH 3T3 (mouse fibroblasts) were cultured in standard me-
dium DMEM (Dulbecco's modified Eagle's medium) without an
indicator (“Sigma”). All cells obtained from the American Type
Culture Collection. After the ampoule was thawed the cells from 1
to 4 passages were used. About 2-1010% cells/mL (depending on
line nature) were placed in 96-well plates immediately after com-
pounds were added to the wells. The control cells without test
compounds were cultured on separate plate. The plates were
incubated for 72 h, 37 'C, 5% CO,. The number of surviving cells was
determined using tri(4-dimethylaminophenyl)methyl chloride
(Crystal Violet) or 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolinium bromide (MTT). MTT-test: after incubating
with preparations culture medium was removed and 200 pL fresh
medium with 10 mM HEPES was added in each well of the plate,
than 20 pL MTT (2 mg/mL in HBSS) was added. After incubation
(3 h,37°C 5% COy) the medium with MTT was removed and 200 puL
DMSO and 25 plL glycine buffer pH 10.5 were added at once to each
sample. The samples were tested at 540 nm on Anthos HT II
photometer. CV-test: after incubating with preparations cell culture
was removed and 100 ml 1% glutaraldehyde in HBSS was added to
each well. After incubation (15 min) the HBSS with glutaraldehyde
the samples washed off HO (1 time) and 0.05% crystal violet were
added. After incubation with dye (15 min) the samples washed off
H20 (3 times) and citrate buffers pH 4.2 and EtOH (1:1) was added.
The samples were tested at 540 nm.

4.2.2. Invivo assays

The compounds were tested in vivo against 4T1 mammary car-
cinoma cells obtained from the American Type Culture Collection.
The cells were grown in standard medium DMEM (Dulbecco's
modified Eagle's medium) (“Sigma™) supplemented with 10% fetal
bovine serum (Sigma). Six-to eight-week-old female BALB/c mice
(15—-25 g) were used. The mice were housed in a temperature-
controlled facility on a 12-h photoperiod. The mice were accli-
mated for 1 week before use and maintained throughout the study
in a controlled environment: 24 + 2 °C, 50 + 10% relative humidity,
and a 12-h light/dark cycle. The mice were given food and water ad
libitum. Litter used from the company “Basic Micro” (Holland) and
food supplied by the firm “Lactamin” (Sweden). In vivo experi-
mental protocol is accepted by the Food and Veterinary Service
(Republic of Latvia), and the Latvian Science Council's Ethics
Commission.

Measurement of tumour growth: in the prevention experiment,
female mice were randomized into four groups of 5—7 animals
each. Mice were subcutaneously inoculated with 5 x 10° 4T1 cells
in PBS harvested from culture by treatment with 0.25% trypsin in
the mid-back region. Drugs were administered i.p. Drug injection
was started 24 h after tumor transplantation on even days (9
times). The daily dose was 15 and 1.8 mgfkg. Total time of experi-
ment was 18 days.

The compounds were tested in vivo against sarcoma S-180 cells.
Sarcoma S-180 (5 x 10°) cells were inoculated s.c. into male ICR
mice (six weeks old, 18—20 g) on day 0. Drugs were administered
i.p.; the treatment was started 24 h after tumor transplantation.
The number of mice used in each group was between 6 and 10. The
daily dose was 15 mg/kg; duration of treatment was nine days.

The mice were monitored and weighed, and the sizes of the
tumors were recorded by measuring tumor diameters. Tumor size
was measured with callipers, and tumor volume was calculated by
the formula(V = 47rab2/3), where b is the smaller radius and a is the
larger radius.
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A route for the generation of hypervalent T-shaped 10-Se-3 systems is described involving an interaction
between in situ prepared selenium(ll) bromide and an aryl alkynyl amide derivative. The existence of
hypervalent selenium in both the solid and solution states has been supported by X-ray analysis and
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Selenium is able to form highly versatile organic and inorganic
hypervalent compounds due to its wide range of oxidative states
and its unoccupied valence d orbitals." Trivalent selenium com-
pounds bearing a formal positive charge on the selenium atom
have been extensively described,’ but much less is known about
the negatively charged T-shaped trivalent selenium groups. These
type of compounds, which feature a linear X-Se-X or X-Se-Y moi-
ety (X=Cl, Br, I; Y=CN), are frequently designated as a 10-Se-3
system, which means that 10 electrons are associated with the
central selenium atom but only six (3 pairs) are involved in bond-
ing.” The most widely used method for the formation of T-shaped
selenium moieties containing a C-Se bond involves an oxidative
addition of halogens (Cly,* Brp,**“* [,7*¢#%%) interhalogens (IBr),®
or pseudohalogens (ICN)” to the selenium atom of the correspond-
ing selone derivative. However, generation of such a system has
also been accomplished by the addition of selenium halides to an
N-heterocyclic carbene® or by reaction of diaryldiselenide deriva-
tives with an excessive amount of the corresponding dihalogen.®
Herein, we report an alternative method for the synthesis of a
new type of oxazolinium derived hypervalent T-shaped 10-Se-3
system utilizing the addition of selenium(II) bromide to the triple
bond of the corresponding N-aryl(hetaryl)alkynyl pyrrolidinone.

# Corresponding author. Tel.: +371 20849464; fax: +371 67550338.
E-mail address: pavelarsenyan@ycos.com (P. Arsenyan).

http://dx.doi.org/10.1016/j.tetlet.2015.06.026
0040-4039/© 2015 Elsevier Ltd. All rights reserved.

As the selenohalogenation of aryl(thienyl)alkynes'’ is one of the
most straightforward synthetic pathways for the preparation of
benzo[b]selenophenes and selenophenothiophenes, we were
inspired to further expand the existing protocol. Because almost
nothing was known about the selenohalogenation of aryl alkyne
derivatives bearing heteroatoms directly attached to the triple
bond, we decided to pursue this research direction. Aryl alkynyl
amides were found to be suitable substrates for this investigation
due to their stability and relatively simple preparation. The initial
alkynyl amides 3a-g were prepared by a two-step procedure
(Scheme 1). Benzaldehydes 1a-f and thiophene-2-carbaldehyde
(1g) were converted to the corresponding dibromovinylben-
zenes(thiophene) 2a-g by the Corey-Fuchs'' protocol.
Subsequent Cul/DMEDA (N.N-dimethylethylenediamine) cat-
alyzed coupling™ of 2a-g with pyrrolidin-2-one led to the desired
alkynyl amides 3a-g. Next, alkynyl amides 3a-g were treated with
in situ prepared selenium(ll) bromide™ in CHCls. Unexpectedly,
the reaction of phenylethynyl amide 3a with SeBr; failed to yield
the corresponding 3-bromobenzo|b]selenophene  derivative,
instead generating a new type of 10-Se-3 system 4a. Since selenire-
nium species have been widely'* postulated as the key intermedi-
ates in reactions of selenium electrophiles with C—C triple bonds,
we propose that the reaction begins with the coordination of SeBr,
to the triple bond of 3a, forming selenirenium type adduct A,
which induces an intramolecular nucleophilic attack of oxygen
onto the carbon of the triple bond to form a five-membered cycle.
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Scheme 1. Synthetic procedure for the preparation of hypervalent T-shaped
compounds 4a-g. Reagents and conditions: (a) Ta-g (1.0 equiv), CBra (1.5 equiv),
PPh3 (3.0 equiv), CHCly, 0 °C, 2 h; (b) 2a-g (1.0 equiv), pyrrolidin-2-one (1.0 equiv),
Cul (12 mol %), DMEDA (18 mol %), Cs,C03 (4.0 equiv), dioxane, 60 °C, 24 h; (c)3a-g
(1.0 equiv), SeBrx (1.0 equiv), CHCls, 0°C, 15 min. “To achieve complete precipita-
tion of the corresponding products 4a, b, e, and g the reaction mixture was stirred at
room temperature for an additional 24 h.

The intramolecular nucleophilic attack of the carbonyl oxygen
seems to be favored over the expected selenobromination.
Product 4a began to precipitate as a yellow amorphous solid dur-
ing the addition of alkynyl amide 3a to the selenium(1l) bromide
solution. Complete consumption of the starting material was
observed in 15 min (TLC), then the reaction was left to stir over-
night to achieve complete precipitation of the product, which
was isolated in 50% yield after filtration. In a similar manner, a ser-
ies of hypervalent selenium compounds 4b-g were prepared in
moderate to high yields. It was concluded that electron-rich sub-
strates were generally more suitable for these reactions, thus
enabling the desired products to be obtained in higher yields.
This was exemplified by the low yield obtained for o-fluorosubsti-
tuted 3f and quantitative yield using trimethoxy substituted 3d. A
modified isolation procedure was required to obtain 4c, d, and f as
these products did not precipitate directly from the reaction mix-
ture, even after stirring for 24 h. Thus, the reaction mixture was
evaporated under reduced pressure after stirring for 15min at
0°C, and the corresponding product was successfully precipitated
by stirring in a mixture of petroleum ether and CHCl;. The modified
procedure also worked well for the other products, but highly pure
compounds were more easily obtained by direct precipitation from
the reaction mixture. To the best of our knowledge, this is a new
route for preparation of zwitterionic T-shaped trivalent selenium
derivatives.

The chemical shift values in the 7’Se NMR spectra for known
analogous trivalent systems are found in the range of approxi-
mately 300 to 400ppm,’*“*< showing considerably higher
shielding than in the case of the corresponding divalent PhSeBr
system (888 ppm in dioxane). The 7’Se chemical shifts for the
new derivatives 4a-g ranged from 344 ppm for 4g to 374 ppm
for 4d. These results suggest the hypervalent state of selenium in
solution. Compounds 4a-g were relatively stable and could be
stored in a closed system at room temperature for several

months without any signs of decomposition, however, the slow
appearance of red selenium was observed in the presence of air.
These compounds are insoluble in nonpolar organic solvents but
slightly soluble in acetonitrile and acetone. In highly polar
solvents (DMSO, DMF, and water), these substances quickly
decompose which was accompanied by the precipitation of
amorphous selenium. Because of their thermal instability, no
melting points were obtained. In general, upon heating above
100 °C, compounds 4a-g decompose, as evidenced by a color
change.

The structures of 4a, b, e, and g were unambiguously confirmed
by X-ray analysis (Fig. 1). Monocrystals of 4a were obtained by
crystallization from an oversaturated solution in acetone, but in
the cases of 4b, e, and g, acetonitrile was used as a solvent. In
the crystal structures of 4a and 4g, strong intermolecular c-hole
interactions between the T-shaped selenium atom and the bro-
mine of another molecule were observed. By means of these inter-
actions, centrosymmetric molecular pseudodimers containing
square-planar coordinated selenium atoms were formed. The cor-
responding intermolecular Se...Br distances are equal to
3.4439(8) A and 3.3374(5) A for 4a and 4g, respectively. A perspec-
tive view of the molecular pseudodimer of the thiophene deriva-
tive 4g is illustrated in Figure 1A. Similar centrosymmetric
pseudodimers formed by Se---Br o-hole interactions have also
been observed in previously reported crystal structures;'® how-
ever, the same interactions were weaker, and their lengths fell in
the range of 3.491-3.610 A. Unlike the crystal structures of phenyl
derivative 4a and thienyl analogue 4g (Fig. 1A), the Se-- -Br c-hole
interactions in 4-fluorophenyl substituted 4e did not lead to the
formation of analogous centrosymmetric pseudodimers (Fig. 1B).
Because of the elevated electronegativity of C-5, strong intermolec-
ular CH- - -F type hydrogen bonds are present, leading to the forma-
tion of molecular chains along the screw axes 2; parallel to the
lattice parameter a (space group is Pbca). In this case, the distance
of the intermolecular Se.--Br interaction is 3.556(1)A, and the
length of the hydrogen bonds is 2.948(9) A. A similar type of pack-
ing for the 10-Se-3 system has been shown by Mugesh*® and co-
workers in the crystal structure of dibromo(1-methyl-3-
benzylimidazolium-2-yl)selenide. ~ This  compound  forms
molecular chains along the screw axes 2; parallel to the lattice
parameter b (space group Pbca) supported by the corresponding
Se---Br o-hole interactions with a distance equal to 3.507(1)A.

In contrast to the crystal structures of 4a, 4e, and 4g, no short-
ened intermolecular Se-- -Br contacts were found in the crystal
structure of 4b. Instead, the selenium atom formed a moderate
intermolecular Se-- -0 c-hole bond (3.232(5)A) with the oxygen
atom of the methoxy group, which leads to the continuation of
molecular chains along the crystallographic direction [101]
(Fig. 1C). As a result, similar to 4-fluorophenyl substituted 4e, no
centrosymmetric pseudodimers were observed in the crystal struc-
ture of 4-methoxyphenyl derivative 4b. Considering that the crys-
tal structure of 4bbelongs to space group P, non-centrosymmetric
physical properties described by third-rank tensors (piezoelectric-
ity, second harmonic generation, etc.) could be expressed. Due to
their symmetry, all components of the third-rank tensors for cen-
trosymmetric crystals are zero.'® The main geometric parameters
characterizing the square-planar coordination of selenium in com-
pounds 4a, 4e, and 4g are listed in Table 1. It should be noted that
the length of the Se. - -Br 5-hole interaction in thienyl derivative 4g
is the shortest among all known hypervalent T-shaped 10-Se-3 sys-
tems. However, it seems that the nature of the substituent has a
slight influence on the o-hole interaction length. This length is
most strongly affected by the crystal packing effect and tempera-
ture.'” The packing coefficients for 4a, 4b, 4e, and 4g were calcu-
lated based on Kitaigorodsky's'® approach (Table 1). A consistent
correlation between the packing coefficient and the length of the
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Figure 1. A: view of molecular pseudodimers formed by 4g, showing the atom-numbering scheme; B: projection of the crystal structure of 4e along crystallographic direction

[100], showing the screw axes of second order, unit cell outlines, &-hole, and hydrogen bonds;

* Partial crystal structure of 4b, showing the formation of a &-hole interaction

and unit cell outlines. Displacement ellipsoids are drawn at 50% probability level and H atoms are shown as small spheres of arbitrary radii.

Table 1
ical parameters of square-planar c selenium in 4a, 4b, 4e, and 4g
4a ab e ag
C3-Se1d, A 1.906(3) 1904(5) 1870(5)  1.894(3)
Sel4-Bris, A 26356(8)  2534(1)  2586(1)  26199(5)
Sel4-Bri6, A 25569(8)  2637(1)  2600(1)  25724(5)
Sel4- Br15, A 3.4439(8)  3232(5°  3556(1)  3.3374(5)
C3-Sel4-- Bri5#1,°  1735(1) 164.4(3)°  156.6(2)  168.5(1)
Br15-Sel14-Bri6,° 632(1) 85.1(2) 81.9(2) 65.6(1)
€6 deviation, A 0.152(5) 0244(6) 0070(5)  0256(4)
Packing coefficient 0713 0709 0677 0736

# Se14---017 o-hole bond length.
b (3-se14...017 angle.

Se.--Br G-hole interaction in 4a, 4b, and 4g was observed, meaning
that denser crystal structures yield weaker intermolecular interac-
tions. In the structures studied, the atomic lines Br15-Se14-Br16
have considerable angles with the oxazolinium plane. Overall,
the tricyclic systems in the molecular structures are nearly planar;
the carbon atom of C6 insignificantly deviates from the oxazolin-
ium planes. The dihedral angles between the aryl rings and the
oxazolinium planes are as follows: 1.6(4)° (4a). 14.4(5)° (4b),
25.1(5)° (4e), and 4.4(3)" (4f). It should be noted that the crystal
structure 4f features static disorder in the thienyl group.

An alternative method for the generation of zwitterionic hyper-
valent T-shaped 10-Se-3 systems via the treatment of N-
ethynylpyrrolidinones with SeBr, in moderate to high yields has
been described. The existence of hypervalent selenium in both
the solid state and solution has been unambiguously confirmed
by X-ray analysis and ”’Se NMR data. Future research dedicated
to studying the reactions of aryl alkynyl amides with other sele-
nium halides and the use of other aryl alkyny! derivatives contain-
ing heteroatoms directly attached to the triple bond is in progress.
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The cyclization of substituted diaryl(hetaryl)alkynes with in-
situ-prepared SeBr, has been achieved. The use of an alkene
additive as a bromine scavenger gives simple access to func-
tionalized benzo[b]selenophene and selenophenothiophene
derivatives from commercially available or easily accessible
starting materials. The reactions can be performed in air

without the use of moisture-sensitive reagents, dry solvents,
or an inert atmosphere. Mechanistic studies confirmed a re-
gioselective anti 1,2-addition in the selenobromination step,
and a subsequent electrophilic substitution in the aromatic
ring to complete the cyclization.

Introduction

In both medicinal chemistryl'l and materials science.l!
fused selenophene-ring-containing systems have been intri-
guing subjects of research. Although the heterocyclic
benzo[b]selenophene system has not been found in natural
compounds to date, it is regarded as a bioisostere of
naphthalene, benzofuran, benzothiophene, and indole.]
Recently.'?) it has been shown that the selenium analogue
of raloxifene, which is a selective estrogen-receptor modula-
tor (SERM) that is used for the prevention of osteoporosis
in postmenopausal women and to reduce the incidence of
breast cancer, shows a considerably higher cytotoxic activity
against various cancer cell lines, while also providing better
normal/malignant cell selectivity than the original drug.
Furthermore, the results of in vivo studies on BALB/c fe-
male mice with the 4T1 cell induced breast cancer model
showed that the selenium analogue of raloxifene is able to
suppress estrogen-dependent tumor growth. whereas no
such effect was observed for raloxifene itself. Additionally,
in materials science, the potential applicability of these

HBr/dioxane, rt. Epg

systems as organic semiconductors in various optoelec-
tronic devices has been an inspiration for numerous stud-
ies.?

Since the introduction of alkene additives as bromine
scavengers,[l the cyclization of aryl(thienyl)alkyne deriva-
tives in the presence of in-situ-prepared SeBry (SeO» + HBr)
has become one of the most straightforward methods for
the synthesis of a wide variety of benzo[b]selenophenes and
selenophenothiophenes. Nevertheless, no studies on the cy-
clization of symmetrically or unsymmetrically substituted
diaryl(hetaryl)alkynes (Scheme 1) have been reported to
date. Electrophilic selenium reagents, including selenium
halides, react with C=C triple bonds by 1,2-addition, but
the regio- and stereoselectivity strongly depends on the sub-
stitution patterns of the substrates and the reaction condi-
tions. In the case of PhSeCl(Br).”) anti 1.2-addition was ob-
served, and the corresponding halovinylselenylbenzenes
were usually formed with a substantial excess of one re-
gioisomer due to regioselectivity. Nevertheless, the addition
of PhSeCl to arylferrocenylethynes!® led to the formation
of two regioisomers in different ratios, and no regioselectiv-

Se0; Br
alkene additive

Iy e
Se

Scheme 1. Cyclization of diarylalkynes under selenobromination conditions (EWG = electron-withdrawing group: EDG = electron-

donating group).
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ity was observed in reactions of phenylselenylfluoridel®®!
with unsymmetrical alkynes. Additional contradictory re-
sults have been reported in the case of selenium halides.
Quite recently, Amosoval”l and coworkers showed that sel-
enium mono-, di-, and tetrahalides react with acetylene in
a stereoselective manner to give the corresponding anti ad-
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dition products. On the other hand, in Braverman’s®! stud-
ies, the addition of SeCl,, SeBr,, or SeCly to propargyl
alcohols involved syn stereochemistry and an anti-Markov-
nikov orientation. Furthermore, reactions of selenium hal-
ides with diethynylsilane and germane systems!® can lead
to sequential intermolecular anti and intramolecular syn
additions. Regarding the mechanism of the selenohalogena-
tion step, cationic selenirenium species have been wide-
Jyla-e6a101 postulated as a key intermediates, and their
existence has been proved by single-crystal X-ray diffraction
analysis.’? Additionally, it has been suggested that the for-
mation of the selenophene heterocyclic system by the cycli-
zation of aryl(hetaryl)alkyne derivatives under selenohalo-
genation conditions® '] involves the regioselective anti 1,2-
addition of the selenium halide to the C=C triple bond,
and subsequent intramolecular electrophilic substitution in
the aromatic ring. However, no mechanistic studies have
been performed to date to prove this claim.

Considering that the cyclization of commercially avail-
able or easily prepared diaryl(hetaryl)alkynes could provide
direct access to the corresponding 2-aryl(hetaryl)benzo[b]-
selenophenes, and that the cyclization of unsymmetric sub-
strates would provide useful information concerning the re-
gioselectivity of the selenobromination step. we were moti-
vated to further explore this topic.

Results and Discussion

To investigate the reactions of in-situ-prepared SeBry
(SeO» + HBr) with various substituted diaryl(hetaryl)alk-
ynes, compounds la-m and 3a-g were used as substrates
(Schemes 2 and 3). The required diaryl(hetaryl)alkynes (i.e.,
1b-1, 3a-g), and (cyclohex-1-en-1-ylethynyl)benzene (1m)
were easily prepared by Sonogashira-type coupling proto-
cols (for the procedure used to prepare the starting materi-
als, see the Supporting Information), and the results of the
cyclization reactions are summarized in Table 1. Analo-
gously to recently reported reactions of phenylpropargyl
alcohol derivatives™ selenobromination of commercially
available 1.2-diphenylethyne (1a) in the absence of a cyclo-
hexene additive as a bromine scavenger led to the formation
of a nearly inseparable mixture (approximately 9:1) of the
desired cyclization product [i.e., 3-bromo-2-phenylbenzo[b]-
selenophene (2a)] and a side-product originating from bro-

SeO; (1.5-4.0 equiv.) Br
X= V/® cyclohexene (1.2-3.0 equiv.)

mination of the triple bond of the starting material. None-
theless, using 1.5 equiv. of SeO, and 1.0 equiv. of cyclohex-
ene, and allowing the reaction to proceed for 24 h at room
temperature, 2a was formed exclusively. and was easily iso-
lated in 84% yield (Table 1, entry 1). As expected. the elec-
tronic nature of the substituents attached to the aromatic
rings strongly influenced the progress of the reaction. Thus,
upon cyclization of dimethoxy derivative 1b in the absence
of the alkene additive, an approximately 1:1 mixture of the
desired benzo[b]selenophene derivative (i.e., 2b) and the cor-
responding product of bromination of the triple bond was
obtained. and conditions analogous to the cyclization of 1a
did not sufficiently suppress the side reaction. It seems that
the presence of strongly electron-donating methoxy groups
and the resulting increase in electron density on the triple
bond drives the equilibrium towards bromination. The opti-
mal reaction conditions were achieved when 4.0 equiv. of
SeO, and 3.0 equiv. of cyclohexene were used, providing cy-
clization product 2b in 50% yield (Table 1, entry 2). In-
spired by the fact that the cyclization of phenylproparg-
ylamines''#] proceeds without bromination of the triple
bond in the starting material, even in the absence of an
alkene additive, we attempted the cyclization of 1b in the
presence of triethylamine as an external base. However, no
significant changes in the product yield or the ratio of sele-
nobromination to bromination were observed. However, be-
cause such an excessive amount of SeQ, was used for the
cyclization of 1b, a large amount of elemental selenium pre-
cipitated upon quenching of the reaction mixture. Never-
theless, in the presence of triethylamine (4.0 equiv.), no pre-
cipitation was observed, which facilitated the isolation of
product 2b. It should be mentioned that 2b has been used
elsewhere as a key precursor for the preparation of selenium
analogues of raloxifene.'®] A very distinctive reaction was
observed in the case of difluoro derivative le. Despite the
fact that the use of 2.0 equiv. of SeO, and 1.5 equiv. of cy-
clohexene resulted in the complete consumption of the
starting material (i.e., 1¢) after stirring at room temperature
for 3d. no bromination of the triple bond of the starting
material was observed, and product 2¢ was easily isolated
in 64 % yield (Table 1, entry 3). This observation can be ex-
plained by the decreased nucleophilicity of the triple bond
resulting from the inductive electron-withdrawing effect of
the fluorine atoms. This conclusion was further supported

HBr/dioxane, r.t.

®+: { x=v {8

% 7

2a-m

Scheme 2. Cyelization of diaryl(hetaryl)alkynes la-1 and (cyclohex-1-en-1-ylethynyl)benzene (1m).

Se0; (1.2-4.0 equiv.)

cyclohexene (1.0-3.0 equiv.)
A W mﬁ

o (1=

3a-g

HBr/dioxane, r.t.

Scheme 3. Cyclization of dihetarylalkynes 3a—g.
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Table 1. Cyclization of diaryl(hetaryljalkynes la-1 and 3a—g and (cyclohex-1-en-1-ylethynyl)benzene (1m).[!

Entry Starting material SeQ: Cyclohexene Reaction Product Isolated
fequiv] [equiv] timen] yield [%]
1 15 2 24 Br 84
O
Se
2a

b 4.0 30 24 Br 50
N
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F se
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Table 1. ( Continued)

Entry Starting material Se0; Cyclohexene Reaction Product Isolated
lequiv] [equiv] time [h] yield [%]
16 = 12 15 24 = 40
is =\ 7 se L[
3 N B
S’
ap BF
16" = s‘ 15 15 15 s Y 33
Es - \\J BY A
5
e B
17 MO 40 3.0 24 s TV 0 38
= Y
MeS gy 4 N
r
18" U 12 12 24 Br 39
s — N/ N=
N TN
3e |
% \ 7
4
19" = = 12 15 24 Br 32
— A/ =i
54 = Rigd AR s
5 Se
af
20 7 3.0 24 % 7 = 40
N, s S SN N\\ \Se 37 A
- 3g Y [ )
Br s Br
49

[a] Reactions were carried out on a scale of up to 1.12 mmol of la—

Im and 3a-3g: 0.43 mL of HBr (48%) was used per 1.0 mmol of

selenium dioxide. [b] EtsN (4.0 equiv.) additive was used. [c] An inseparable mixture of products was obtained. [d] A mixture of two
inseparable regioisomers was obtained. [e] Cyclohex-2-enone (1.5 equiv.) was used instead of cyclohexene. [f] 0.27 mL of HBr (48%) was
used per 1.0 mmol of selenium dioxide. [g] Cyclohex-2-enone (1.5 equiv.) was used instead of cyclohexene in the presence of Et;N

(1.0 equiv.) additive.

by the negligible reaction of diarylalkyne 1d in the presence
of an alkene additive. We have previously shown! that
SeBr, can react directly with an alkene additive by bromi-
nating the double bond. which may be the main reaction in
the case of the strongly deactivated 1d. Nevertheless, when
the reaction was conducted in the absence of cyclohexene,
no bromination of the triple bond of the starting material
was detected. and the corresponding cyclization product
(i.e., 2d) was isolated in very good yield (84%: Table 1, en-
try 4). Next, we examined the cyclization of unsymmetri-
cally substituted diarylalkynes, which can theoretically lead
to the formation of two regioisomers (Table 1. entries 5-13).
In the case of methoxy-substituted derivative le, a large
amount of the product of bromination of the triple bond
was observed, as well as poor regioselectivity. As a result,
a complex mixture of inseparable products was obtained
(Table 1. entry 5). Nevertheless, even the slightly electron-
accepting fluorine atom in 1f promoted complete regiose-
lectivity, and product 2f was obtained in 55% yield (Table 1,
entry 6). However, such polarized triple bonds also have a
quite pronounced affinity for the addition of bromine;
therefore, 3.0 equiv. of SeO, and 3.0 equiv. of cyclohexene
were used to achieve the optimal reaction conditions. Very
similar results were obtained in the case of diarylalkyne 1g,
which gave benzo[b]selenophene derivative 2g in a 58%
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yield (Table 1, entry 7). Next, we tried to achieve the cycli-
zation of substrates bearing two different electron-with-
drawing groups. As was expected in the case of the cycliza-
tion of 1h, no bromination of the triple bond of the starting
material was observed, but very poor regioselectivity led to
the formation of both possible regioisomers, which we were
not able to separate (Table 1, entry 8). Additionally, com-
plete regioselectivity of the cyclization was not achieved in
the presence of one strongly electron-withdrawing group
(Table 1, entries 9 and 10). Thus, the cyclizations of sub-
strates 1i and 1j led to the formation of 5:1 and 10:1 mix-
tures of regioisomers, respectively. However, the minor re-
gioisomers were easily separated by recrystallization, and
the corresponding cyclization products (i.e., 2i and 2j) were
obtained in moderate yields. The cyclization of phenyl-
ethynyl pyridines 1k and 11 proceeded with complete re-
gioselectivity, and the corresponding products (i.e., 2k and
2I) were isolated in 57 and 66% yields, respectively (Table 1,
entries 11 and 12). Finally, we attempted the cyclization of
Im, which contains an aromatic C(sp?) on one side of the
triple bond, and an aliphatic C(sp) on the other. An unex-
pected outcome was obtained in this case, as complete re-
gioselectivity was achieved, and the selenophene ring
formed towards the nonaromatic side of substrate Im. As a
result, the corresponding 3-bromo-2-phenyl-4.5.6,7-tetra-

Eur. J. Org. Chem. 2015, 4389-4399
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hydrobenzo[b]selenophene (2m) was obtained in 58% yield
(Table 1, entry 13).

The reactions of dihetarylalkynes 3a-3g were regio-
specific in all cases, and as a result, the corresponding sele-
nophenothiophene derivatives (i.e.. 4a—4g) were obtained in
moderate yields (Table 1. entries 14-20). For 3a and 3b, op-
timal reaction conditions were achieved when 1.2 equiv. of
SeO; and 1.5 equiv. of cyclohexene were used. Although no
bromination of the triple bond of the starting material was
detected, slight a-bromination of the thiophene ring was
observed. Nevertheless, the corresponding cyclization prod-
ucts (i.e., 4a and 4b) were isolated in 28 and 40% yields,
respectively (Table 1, entries 14 and 15). Even more pro-
nounced o-bromination occurred in the cyclization of 3¢,
but the reaction was somewhat cleaner in the presence of
1.0 equiv. of trimethylamine. As a result, selenophenothio-
phene derivative 4c was obtained in a 33% yield (Table I,
entry 16). To simplify the isolation of pure 4¢, cyclohex-2-
enone was used instead of cyclohexene as a bromine scaven-
ger. In the case of unsymmetrically substituted derivative
3d, the a-positions of the thiophene rings are blocked, pre-
venting the bromination of the thiophene rings. However,
similarly to what was observed for the cyclization of di-
arylalkynes 1f and 1g (Table 1, entries 6 and 7), quite pro-
nounced bromination of the triple bond of the starting ma-
terials occurred. Therefore, a greater excess of SeO,
(4.0 equiv.) and cyclohexene (3.0 equiv.) was necessary, and
the corresponding cyclization product (i.e., 4d) was isolated
in 38% yield (Table 1, entry 17). Although slight a-bromin-
ation of the thiophene ring also occurred during the cycliza-
tion of 3e and 3f, selenopheno[2,3-b]thiophene derivatives
de and 4f were obtained in moderate yields (39 and 32%,
respectively) (Table 1, entries 18 and 19). The cyclization of
2,5-bis(pyridin-3-ylethynyl)thiophene (3g) provided a suc-
cessful example of biscyclization. In the presence of
3.0 equiv. of SeO, and 2.4 equiv. of cyclohexene, the reac-
tion proceeded for 4d, and fused heterocyclic system 4g
was obtained in 40% yield (Table 1, entry 20). No chroma-
tographic methods were necessary for the purification of
the product, and the structure of 4g was unambiguously
confirmed by X-ray analysis. Figure 1 shows a projection of
two interacting molecules of 4g along the monoclinic axis.
In the crystal structure, the molecules lie in general posi-
tions, and the symmetrical parts of the molecules have dif-
ferent surroundings. For one of the pyridyl groups, all of
the intermolecular contacts correspond to sums of the van
der Waals radii, whereas the second pyridine ring partici-
pates in a strong o-hole N-1"--Br-1 bonding with a distance
of 3.034(3) A. There are also weak intermolecular o-hole
interactions between selenium (Se-7) and bromine (Br-2)
atoms, with a distance of 3.607(2) A. These interactions
lead to the formation of molecular chains along the [100]
crystallographic direction.

The exceptionally slow reaction of difluoro-substituted
derivative 1¢ provided an excellent opportunity to study the
stepwise mechanism of the cyclization process under condi-
tions identical to those described in Table 1. The presence
of fluorine atoms in the structures of starting material Ic,
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Molecular
pheno[3.2-b:2" 3'-d]thiophene-2.6-diyl)dipyridine (4g). Displace-
ment ellipsoids are drawn at the 50% probability level, and
hydrogen atoms are shown as small spheres of arbitrary radius.

Figure 1. structure  of 3,3'-(3,5-dibromediseleno-

intermediate 7, and product 2¢ allowed us to directly moni-
tor the progress of the reaction by '°F NMR spectroscopy
in dioxane using D,O as an internal standard (Figure 2,
Scheme 4). In the absence of an alkene additive, the reac-
tion of lc reached completion after 24 h, and a mixture of
cyclization product 2¢ and the corresponding triple bond
bromination adduct was obtained. Furthermore, we were
not able to detect any intermediates. However, when the
reaction was performed in the presence of 2.0equiv. of
Se0;, and 1.0 equiv. of cyclohexene, the cyclization process
was significantly slowed. The complete disappearance of
the resonance at 6 = ~111.31 ppm due to starting material
1c (Figure 2, A) was observed after 24 h. At this point, only
one major product was observed in the reaction mixture

@

J

®

.

e m e s e an m
Figure 2. Cyclization of le monitored by '°F NMR spectroscopy
in dioxane using DO as an internal standard. A) resonance signal
due to starting material 1c; B) '°F NMR spectrum of the reaction
mixture after 24 h, showing intermediate 7 as the major compo-
nent; C) F NMR spectrum of the reaction mixture after 48 h;
D) "F NMR spectrum of the reaction mixture after 72 h, showing
cyclization product 2¢ as the major component.
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Se0, + HBr

!

Br
B
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[SeBr) =

* O
A °© B
F Br s F F
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[SeBry] T’ [SeBry] ——= —_—
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Scheme 4. Proposed mechanism for the cyclization of Ic.

(Figure 2, B). This product showed two resonances at 0 =
—112.84 and —116.04 ppm in the "F NMR spectra (Fig-
ure 2, B). In addition, the 7’Se NMR spectrum of the reac-
tion mixture was recorded, and only one major resonance
at d = 916 ppm was observed. The similarity of the chemical
shift of this resonance to that of commercially available
PhSeBr (6 = 888 ppm in dioxane/D,0) led us to conclude
that after 24 h of stirring, vinylselenylbromide intermediate
7 had been formed almost exclusively. After 48 h of stirring,
the slow disappearance of intermediate 7 and the formation
of cyclization product 2c was observed (Figure 2. C). Fi-
nally, after 72 h, benzo[b]selenophene derivative 2¢ was the
major component of the reaction mixture (Figure 2, D).
Product 2c¢ also shows two distinct resonances in its '°F
NMR spectrum at § = —110.64 and —112.80 ppm.

The experimental data discussed above allowed us to
confirm certain aspects of the cyclization mechanism under
selenobromination conditions (Scheme 4). Considering the
study of Poleschner and Seppelt." there is good reason to
believe that the addition of SeBry to a triple bond of 1c
occurs through a cationic selenirenium type intermediate 5
(Scheme 4, A). As the presence of this type of intermediate
can only be detected by low-temperature techniques,®? it is
not surprising that intermediate 5 was not detected during
our room-temperature experiments. Unfortunately, due to
the relatively high melting point of dioxane, low-tempera-
ture studies are not feasible in this case. The selenobromina-
tion step (Scheme 4, A,B) is crucial for achieving a regiose-
lective synthesis in the case of unsymmetrical substrates. It
seems that the nucleophilic attack of the bromide anion oc-
curs at the carbon bearing the lowest electron density. A
more polarized triple bond leads to more pronounced re-
gioselectivity. The faster cyclization in the absence of an
alkene additive (Scheme 4, C) could be explained by the fact
that more electrophilic Se'V species 6 are involved in the
SpAr step compared to the corresponding Se!! intermediate
4394
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7. Nevertheless, the equivalent of molecular bromine ex-
pelled during the cyclization process poisons starting mate-
rial 1¢ by bromination of the triple bond. On the other
hand. in the presence of cyclohexene, the equivalent of bro-
mine formed from intermediate 6 is transferred to the scav-
enger, and 1,2-dibromocyclohexane is formed along with
the vinylselenylbromide intermediate 7 (Scheme 4, D). The
structure of intermediate 7 was confirmed by 'H, '*C, 'F,
and 77Se NMR spectroscopic data. The formation of 1,2-
dibromocyclohexane was observed by GC-MS analysis of
the reaction mixture, and it was also isolated in pure form.
By quenching the reaction mixture with brine and ethyl
acetate after 24 h of stirring, diselenide derivative 8 was iso-
lated in 42% yield. Apparently, an aqueous work-up led to
the disproportionation of intermediate 7. and subsequent
Se—Se bond formation. The fact that diselenide 8 was iso-
lated solely as an E.E stereoisomer (Figure 3) provides un-
ambiguous evidence of stereospecific anti 1,2-addition in
the selenobromination step (Scheme 4. A.B). As observed
by monitoring the cyclization of lc using '°F NMR spec-
troscopy (Figure 2, C.D), intermediate 7 is slowly converted
into the desired product (i.e. 2¢) through intramolecular
electrophilic substitution in the aromatic ring. More evi-
dence for the existence of intermediate 7 was provided by
the oxidative addition of Br, to diselenide 8 (Scheme 4. G).
‘When 1.0 equiv. of Br, was added to a dioxane solution of
diselenide 8, the diselenide was completely converted into
vinylselenylbromide 7 in less than I h, and the slow forma-
tion of the cyclization product 2¢ (Scheme 4H) was ob-
served again. Moreover, no side-products were formed dur-
ing this experiment. Finally, as mentioned previously, SeBry
can react directly with an alkene additive by bromination
of the double bond (Scheme 4I). Thus, the presence of
SeBr; species in the reaction mixture should not be categor-
ically denied. To confirm the formation of selenium(II)
bromide, the reaction was monitored directly in an NMR
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tube. After the reactants [in-situ-prepared selenium(IV)
bromide and cyclohexene] were mixed, a broad resonance
at 6 = 950 ppm in the 7’Se NMR spectra was observed. This
signal can probably be assigned to SeBr,. The selenium(IT)
bromide was unstable in aqueous dioxane, and dispropor-
tionated over the next 0.5 h. Then 77Se signals at = 728,
411, and 406 ppm were detected. and could be assigned to
selenium polybromides Se,Br,,.['2!3] Because an example of
3-bromo-2-phenylbenzo[b]selenophene synthesis in the re-
action of diphenylethyne with SeBr, has been demonstrated
previously,!'el  partial participation of this pathway
(Scheme 4, J.K) should be under consideration.

Figure 3. Molecular structure of 1,2-bis[(E)-2-bromo-1,2-bis(4-
fluorophenyl)vinyl] diselenide (8). Displacement ellipsoids are
drawn at the 50% probability level, and hydrogen atoms are shown
as small spheres of arbitrary radius.

Conclusions

The first examples of regioselective addition of in-situ-
prepared SeBr, to diaryl(hetaryl)alkynes are reported. This
approach represents the most straightforward access to 2-
aryl(hetaryl)-3-bromobenzo[b]selenophenes and selenophe-
nothiophenes. The regioselectivity is strongly affected by
the electronic nature of the aromatic rings. A more polar-
ized triple bond leads to higher regioselectivity, and as a
general rule, cyclization is favoured on the side of the more
electron-rich aromatic ring. The presence of electron-donat-
ing groups or a strongly polarized triple bond leads to an
increased tendency for bromination. but a greater excess of
SeBry can significantly suppress the poisoning of the start-
ing material. On the other hand. strongly electron-with-
drawing groups completely prevented the bromination of
the triple bond of the starting material, even in the absence
of an alkene additive. Experimental evidence confirmed
stereospecific anti 1.2-addition in the selenobromination
step and subsequent intramolecular electrophilic substitu-
tion on the aromatic ring to be the main contributors to
the cyclization mechanism.

Further work in this research field will be dedicated to
the application of the developed method to the construction
of more advanced selenophene-ring-containing molecular
scaffolds as core structures of potential nonlinear optical
materials.

Experimental Section

General Remarks: Unless otherwise stated, all reagents were pur-
chased from commercial suppliers and used without further purifi-
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cation. Thin-layer chromatography (TLC) was performed using
Merck Silica gel 60 F254 plates, which were visualized using UV
(254 nm) fluorescence. Zeochem silica gel (ZEOprep 60/35-70 mi-
crons —S123501) was used for column chromatography. 'H, *C, 9F,
and 7’Se NMR spectra were recorded with a Varian 400 Mercury
spectrometer at 400.0, 100.58, 376.21, and 76.37 MHz, respectively,
at 298 K in CDCls. The 'H chemical shifts were calibrated using
the residual CHCl; signal (6 = 7.26 ppm), '*C shifts were calibrated
using the CDCl; signal (9 = 77.0 ppm), and 7’Se shifts were cal-
ibrated using the dimethyl selenide signal (6 = 0.0 ppm). Melting
points were determined with a “digital melting-point analyser”
(Fisher).

3.Bi 2-phenylbenzo| blsel h
-phen)

pl (2a):["] Selenium dioxide
(186 mg. 1.68 mmol) was dissolved in hydrogen bromide (48%:
0.72 mL), and the mixture was stirred at room temperature for
15 min. A solution of diphenylethyne (1a; 200 mg, 1.12 mmol) and
cyclohexene (110 mg, 1.34 mmol) in dioxane (4.0 mL) was added
dropwise, and the reaction mixture was stirred at room temperature
for 24 h. The reaction mixture was then quenched with ethyl acetate
(50 mL) and water (20 mL). The mixture was stirred for 15 min at
room temperature, then the organic phase was separated, and the
aqueous phase was extracted with ethyl acetate (2 < 30 mL). The
combined organic extracts were dried with anhydrous sodium sulf-
ate, and concentrated under vacuum. The crude product was puri-
fied by flash chromatography on silica gel using petroleum ether as
eluent to give 2a (315 mg. 84%). 'H NMR (400 MHz, CDCl,): &
=7.97-7.93 (m. 1 H, 4-CH), 7.89-7.85 (m. |1 H, 7-CH). 7.72-7.67
(m, 2 H, 2’,6'-CH), 7.52-7.39 (m, 4 H, 6,3’ .4',5'-CH), 7.39-7.33
(m, 1 H, 5-CH) ppm.
3-Bromo-6-methoxy-2-(4-methoxyphenyl)benzo|bs|selenophene
(2b):'al Selenium dioxide (373 mg, 3.36 mmol) was dissolved in
hydrogen bromide (48 %: 1.44 mL). and the mixture was stirred at
room temperature for 15 min. A solution of bis(4-methoxyphenyl)-
ethyne (I1b; 200mg, 0.839 mmol), cyclohexene (207 mg,
2.52 mmol), and triethylamine (0.47 mL, 3.36 mmol) in dioxane
(4.0 mL) was added dropwise, and the reaction mixture was stirred
at room temperature for 24 h. The reaction mixture was then
quenched with ethyl acetate (50 mL) and water (20 mL). The mix-
ture was stirred for 15 min at room temperature, then the organic
phase was separated, and the aqueous phase was extracted with
ethyl acetate (2 X 30 mL). The combined organic phases were dried
with anhydrous sodium sulfate, and concentrated under vacuum.
The crude product was purified by flash chromatography on silica
gel using a mixture of petroleum ether and ethyl acetate (40:1) as
cluent. In the first fractions, a solid precipitate appeared, which
was not collected (almost exclusively contained the corresponding
dibromo derivative). After evaporation of the solvents, a pale yel-
low oil was obtained, which slowly crystallized upon standing at
room temperature. This material was recrystallized from a mixture
of petroleum ether and ethyl acetate to give 2b (166 mg, 50%). 'H
NMR (400 MHz, CDCly): 6 = 7.79 (d. 1 H. */y; iy = 8.8 Hz. 4-CH),
7.64-7.59 (m, 2 H. 2',6'-CH), 7.35 (d, 1 H, *Jyy ;s = 2.3 Hz, 7-CH),
7.07 (dd, 1 H, *Jyy = 2.3, Yy = 8.8 Hz, 5-CH), 7.00-6.96 (m, 2
H. 3'.5"-CH). 3.89 (s. 3 H, OCHy), 3.87 (s. 3 H. OCH3) ppm.

1B 6-11 pheny p (2c)dtal
Starting from bis(4-fluorophenyl)ethyne (lc), and following a
method analogous to that used for the cyclization of la, but using
2.0 equiv. of selenium dioxide and 1.5 equiv. of cyclohexene, and
running the reaction for 72 h gave 2¢ (222 mg, 64%). 'H NMR
(400 MHz, CDCly): 6 = 7.88 (dd, 1 H, */ur = 5.1, %y = 8.8 Hz,
4-CH), 7.66-7.61 (m, 2 H, 3',5'-CH), 7.57 (dd, | H, ¥y = 2.3,
3y p=8.0Hz, 7-CH), 7.23 (ddd. 1 H, *Jyy 3y = 2.3. 3/ = 8.8 Hz,
3y r = 8.8 Hz, 5-CH), 7.19-7.13 (m, 2 H, 2'.6'-CH) ppm.

3 (Afl CORBC [P Tcal, I
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Methyl 3-Bromo-2-[4-(methox ycarbonyl)phenyl|benzo| blseleno-
phene-6-carboxylate (2d): Selenium dioxide (57 mg, 0.510 mmol)
was dissolved in hydrogen bromide (48%; 0.22 mL), and the mix-
ture was stirred at room temperature for 15 min. A suspension of
dimethyl 4,4'-(ethyne-1.2-diyl)dibenzoate (1d: 100 mg, 0.340 mmol)
in dioxane (6.0 mL) was added, and the reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was
quenched with ethyl acetate (100 mL) and water (40 mL). The mix-
ture was stirred for 15 min at room temperature, then the organic
phase was separated, and the aqueous phase was extracted with
ethyl acetate (2 X 50 mL). The combined organic phases were dried
with anhydrous sodium sulfate, and concentrated under vacuum.

from a mixture of petroleum ether and ethyl acetate to give 2i
(201 mg, 57%), m.p. 122-123°C. '"H NMR (400 MHz, CDCly): &
=10.08 (s, 1 H, CHO), 8.00-7.95 (m, 3 H, 2,6-CH, 4'-CH), 791-
7.85 (m, 3 H, 3,5-CH, T'-CH). 7.55-7.49 (m, 1 H, 6'-CH), 7.43—
7.37 (m. 1 H, 5'-CH) ppm. 13C NMR (100.58 MHz, CDCLy): é =
191.6, 141.0, 140.8, 139.2, 138.8, 135.9, 130.5, 129.8, 126.4, 126.3,
125.8, 125.2, 108.1 ppm. MS (EL, 70eV): mlz (%) = 364 (100)
[M]*. C 5sHgBrOSe (364.10): calcd. C 49.48. H 2.49; found C 49.30,
H2.51

Methyl 4-(3-Bromol 2-yD)b (2): Starting
from 1| and following a malhod analogous to that used for the
yelization of 1a, except that the reaction was run for 30 h, and a

The crude product was purified by column ch phy on sil-
ica gel using mixture of petroleum ether, dichloromethane, and
ethyl acetate (13:7:1) as eluent to give 2d (130 mg. 84%) as a white
solid, m.p. 175-176 °C. '"H NMR (600 MHz. CDCl,): § = 8.59 (dd,
1H, SJyy = 0.6, 4y = 2.4 Hz, 7-CH), 8.15 (dd, 1 H, 4y =
24,3y = 12.6 Hz, 5'-CH), 8.16-8.12 (m. 2 H, 3,5-CH), 8.00 (dd,
1 H, SJyyy = 0.6, 3z = 12.6 Hz, 4'-CH), 7.80-7.75 (m, 2 H, 2,6-
CH), 398 (s, 3 H, OCH:), 3.96 (s, 3 H. OCHj3) ppm. '3C NMR
(100.58 MHz, CDCLy): 6 = 166.6, 166.5, 144.2, 143.5, 139.0, 138.7,
130.4,129.8 (2 C), 127.5, 127.0, 126.6, 126.1, 107.6, 52.4, 52.3 ppm.
MS (EL 70 eV): miz (%) = 452 (100) [M]*. CysH,3BrO,Se (452.16):
caled. C47.81, H 2.90; found C 47.60, H 2.95.

3-Bromo-2-(4-fluorophenyl)-6-methoxybenzo| blselenophene 20
Starting from 1-fluoro-4-[(4-methoxyphenyl)ethynylbenzene (1),
and following a method analogous to that used for the cyclization
of 1a, but using 3 equiv. of selenium dioxide and cyclohexene. A
mixture of ether and dichlorc i (0:1—-20:3) was
used as eluent. The preduct was then recrystallized from a mixture
of petroleum ether and ethyl acetate to remove traces of the corre-
sponding dibromo derivative, to give 2f (187 mg, 55%) as a white
solid, m.p. 114-115 °C. 'H NMR (400 MHz, CDCLy): é = 7.80 (d,
*Jyn = 8.8 Hz, 1 H), 7.67-7.60 (m, 2 H, 3".5'-CH), 7.36 (d, 1 H,
Iy = 2.3 Hz, 7-CH), 7.18-7.11 (m, 2 H, 2',6'-CH), 7.08 (dd, 1
H, *Jyy = 2.3Hz, Jyp = 8.8 Hz, 5-CH), 3.90 (5. 3 H. OCHx)
ppm. C NMR (100.58 MHz, CDClLy): J = 162.6 (d. 'Jor =
249.1 Hz), 1584, 139.9, 136.2, 134.6, 131.6 (d, *Jcr = 8.2 Hz).
131.1 (d, *Jor = 3.5Hz), 126.7, 115.6 (d, 2Jor = 21.8 Hz), 114.7,
108.4.106.3 (d, °Jc = 0.8 Hz), 55.7 ppm. "°F NMR (376.21 MHz,
—112.7 (tt, ¥ r = 5.5, ¥y r = 8.5 Hz) ppm. MS (EL

70 eV): miz (%) = 384 (100) [M]*. C,5H;gBrFOSe (384.11): caled.
€ 46.90, H 2.62; found C 46.82, H 2.69.
L B ety benblbselaspie iy berzalidhyds. ()

Starting from 4-[(4-methoxyphenyl)ethynyl]benzaldehyde (1g). and
following a method analogous to that used for the cyclization of 1b,
but without using the triethylamine additive, and using a mixture of
petroleum ether and dichloromethane (1:1) as eluent gave 2g
(194 mg, 58%) as a pale grey solid, m.p. 154-155°C. '"H NMR
(400 MHz, CDCls): 6 = 10.07 (s, 1 H. CHO), 7.97-7.92 (m, 2 H,
2,6-CH), 7.87-7.83 (m, 2 H, 3,5-CH), 7.84 (d, 1 H, ¥Jyy ;s = 8.8 Hz,
4'-CH), 7.37(d, 1 H, *Jyyy = 2.3 Hz, 7-CH), 7.10 (dd. 1 H, “Jy
=23, Yy = 8.8 Hz, 5-CH), 3.90 (s, 3 H, OCHx) ppm. *C NMR
(100.58 MHz, CDCly): 6 = 191.5, 158.7, 141.1, 140.3, 135.6, 135.5,
134.7, 130.3, 129.8, 127.1, 115.0, 108.3, 107.5, 55.7 ppm. MS (EI,
70 eV): mlz (%) = 394 (100) [M]*. Ci¢H,BrO,Se (394.13): caled.
C 48.76, H 2.81: found C 48.44, H3.01.

4-(3- 2 vde (2i): Starting from
1i, and following a method ana]ogous to that used for the cycliza-
tion of 1a, except that the reaction was run for 30 h, and a mixture
of petroleum ether and ethyl acetate (1:0—40:1) was used as eluent.
To remove the minor regioisomer, the product was recrystallized
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mixture of petroleum ether and ethyl acetate (1:0—-40:1) was used
as eluent. To remove the minor regioisomer, the product was recrys-
tallized from a mixture of petroleum ether and ethyl acetate to give
2j (214 mg, 64%), m.p. 125-126 °C. 'H NMR (400 MHz, CDCl):
0 =18.17-8.08 (m, 2 H, 2,6-CH), 7.99-7.93 (m, 1 H, 4'-CH), 7.90-
7.84 (m, 1 H, 7'-CH), 7.81-7.73 (m, 2 H, 3,5-CH), 7.54-7.47 (m, 1
H. 6'-CH). 7.41-7.34 (m. 1 H. 5'-CH). 3.96 (5. 3 H. OCHz) ppm.
*C NMR (100.58 MHz, CDCly): 6 = 166.6, 140.8, 139.5, 139.2,
139.1, 130.0, 1298, 129.7, 126.3, 126.1, 125.7, 1252, 107.7,
522ppm. MS (EI, 70eV): miz (%) = 394 (100) [M]".
CieH BrOsSe (394.13): caled. C48.76, H2.81; found C 48.67.
H3.15

General Method for the Cyclization of Phenylethynylpyridines 1k
and 1I: Selenium dioxide (497 mg, 4.48 mmol) was dissolved in
hydrogen bromide (48%:; 1.92 mL), and the mixture was stirred at
room temperature for 15min. A solution of 1k or 1l (200 mg,
1.12mmol) and cyclohexene (276 mg, 3.36 mmol) in dioxane
(4.0 mL) was added dropwise, and the reaction mixture was stirred
at room temperature for 24 h. The reaction mixture was quenched
with dichloromethane (100 mL) and saturated aqueous sodium
hydrogen carbonate solution (50 mL). The mixture was stirred for
30 min at room temperature, then the organic phase was separated.
and aqueous phase was extracted with dichloromethane (2%
50 mL). The combined organic phases were dried with anhydrous
sodium sulfate, and concentrated under vacuum. The crude prod-
uct was purified by flash chromatography on silica gel using mix-
ture of petroleum ether and ethyl acetate (20:1—5:1) as eluent to
give 2k or 2L

2-(3-Bromobenzo|b|selenophen-2-yl)pyridine  (2k): White solid
(214 mg, 57%). m.p. 134-135°C. '"H NMR (400 MHz, CDCl,): &
=8.65-8.62 (m. 1 H, 6-CH), 8.61-8.56 (m. 1 H, 3-CH), 7.99-7.94
(m, 1 H, 4'-CH). 7.90-7.86 (m. 1 H, 7'-CH), 7.80 (ddd, | H, “Jy
8, Jyu = 8.0Hz, *Jyy = 8.0 Hz, 4-CH), 7.49-7.44 (m, 1 H,
6'-CH), 7.39-7.34 (m, 1 H, 5'-CH), 7.27 (ddd. 1 H, ¥Jyy iy = 0.8,
Uuu = 50Hz, Jym = 8.0Hz 5-CH) ppm. *C NMR
(100.58 MHz, CDCly): 6 = 152.7, 149.6, 142.9, 142.1, 139.1, 136 4,
126.2, 125.3 (2 C), 123.1, 121.7, 106.1 ppm. MS (EL 70 eV): miz
(%) = 337 (100) [M]*. HRMS (ESI): caled. for C3HgBrNSe* [M
+ HJ]* 337.9078; found 337.9090. C,3;H3BrNSe (337.08): calcd.
C 46.32, H 2.39, N 4.16; found C 46.13, H 2.52, N 4.08.

3-(3-Bromobenzo|blselenophen-2-yl)pyridine  (21):  White solid
(248 mg, 66%), m.p. 75-76 °C. 'H NMR (400 MHz, CDCL): 6 =
892 (d, 1 H, 4y = 2.0 Hz, 2-CH), 8.65 (dd, 1 H, “Jyyy = 1.6,
*Juu = 4.9 Hz, 6-CH). 8.03-7.99 (m. 1 H, 4-CH), 7.97-7.94 (m, |
H. 4'-CH), 7.90-7.86 (m, 1 H, 7'-CH), 7.54-7.49 (m, | H, 6'-CH),
7.42-7.37 (m, 2 H, 5,5-CH) ppm. 3C NMR (100.58 MHz,
CDCls): 6 = 150.2, 149.4, 140.6, 139.1, 137.0, 136.3, 131.3, 126.3,
126.1. 125.8. 125.2, 123.2, 108.3 ppm. MS (EL 70eV): mlz (%) =
337 (100) [M]*. HRMS (ESI): caled. for C,3HoBrNSe* [M + HJ*
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337.9078; found 337.9080. C;3;HgBrNSe (337.08): caled. C 46.32,
H 2.39. N4.16: found C 46.20, H 2.45, N 4.02.

3-Bromo-2-phenyl-4.5.6.7-tetrahydrobenzo]b|selenophene (2m):
Starting from (cyclohex-1-en-1-ylethynyl)benzene (1m), and follow-
ing a method analogous to that used for the cyclization of 1a, but
3.0 equiv. of SeO, and 1.5 equiv. of cyclohex-2-enone were used.
and the reaction was run for 1 h. A mixture of petroleum ether and
dichloromethane (50:1) was used as eluent to give 2m (216 mg.
58%) as a pale grey amorphous solid, m.p. 36-58 °C. 'H NMR
(400 MHz, CDCly): = 7.62-7.55 (m, 2 H. 2'.6'-CH). 7.43-7.31
(m, 3 H, 3'.4",5"-CH), 2.90-2.82 (m. 2 H, 4-CH>), 2.60-2.53 (m, 2
H, 7-CH,), 191-182 (m, 4 H, 56-CH,) ppm. '*C NMR
(100.58 MHz, CDCl,): d = 141.3, 138.3, 137.0. 135.5, 129.3, 128.3,
127.8, 110.4, 28.2, 27.8, 23.7, 22.5 ppm. MS (EI, 70 eV): m/z (%) =
340 (100) [M]". Cy4H;3BrSe (340.12): caled. C 49.44, H 3.85; found
C49.55. H4.01.

General Method for the Cyclization of Thiophen-2-ylethynylpyrid-
ines 3a and 3b: Following a method analogous to that used for the
cyclization of 1k and 11, but using 1.2 equiv. of selenium dioxide
and 1.5 equiv. of cyclohexene.

2-(6-Br 1 l S-yl)pyridine (4a): Pale yel-
Jow solid (104 mg. 28%). m.p. 158 159 °C. 'H NMR (400 MHz,
CDCly): 6 = 8.58-8.54 (m, 1 H, 6-CH), 8.46-8.43 (m, 1 H, 3-CH),
7.75(ddd, 1 H, /= 1.8, Yy = 7.8 Hz, Yy = 7.8 Hz, 4
CH). 7.42 (d, 1 H, *Jyy31 = 5.3 Hz, 2'-CH). 7.39 (d, 1 H, *Jy =
5.3 Hz, 3'-CH), 7.22 (ddd, | H, s = 0.8, Wy = 4.9, Uy =
7.8 Hz, 5-CH) ppm. 3C NMR (100.58 MHz, CDCL): 6 = 152.6
149.6, 1449, 1442, 1364 (2 C), 1278, 123.8, 122.7, 119.6,
100.0 ppm. MS (EL 70eV): mlz (%) = 343 (100) [M]*. HRMS
(ESI): caled. for C, H,;BrNSSe* [M + H]* 343.8642; found
343.8639. Cj H¢BrNSSe (343.10): caled. C 38.51, H 1.76, N 4.08,
$9.35: found C 38.38, H 1.83, N 3.79, § 9.26.

3-(6-Br 3,2 i S-yDpyridine (4b): Pale grey
solid (148 mg, 40%), m.p. 85-86 °C. '"H NMR (400 MHz, CDCly):
d=2889(d, 1 H. %/Jyu = 2.2 Hz, 2-CH), 8.62 (dd. | H, “/yu =
1.6, 3y = 4.9 Hz, 6-CH), 8.01-7.97 (m, 1 H, 4-CH), 7.46 (d, |
H, 3Jyy = 5.2 Hz, 2'-CH), 7.40 (d. 1 H, ¥y = 5.2 Hz, 3'-CH),
7.40-7.36 (m, 1 H, 5-CH) ppm. *C NMR (100.58 MHz, CDCly):
8 = 149.7, 149.2, 143.6, 137.9, 136.3, 135.4, 131.3, 1274, 123.3,
101.8 ppm. MS (EL 70eV): miz (%) = 343 (100) [M]*. HRMS
(ESI): caled. for C,,H,BrNSSe* [M + HJ* 343.8642; found
343.8645. CjHgBrNSSe (343.10): caled. € 38.51, H 1.76, N 4.08,
$9.35; found C 38.33, H 1.81, N 3.92, S 9.16.

6-Bi phen-2-y 3,2 iop (4¢): Selen-
ium dioxide (175 mg, 1.58 mmol) was dissolved in hydrogen brom-
ide (48%: 0.43 mL), and the mixture was stirred at room tempera-
ture for 15 min, then the solution was cooled to 15 °C. A solution
of bis(thiophen-2-ylethyne (3¢ 200 mg, 1.05 mmol), cyclohex-2-
enone (152 mg, 1.58 mmol), and triethylamine (146 pL, 1.05 mmol)
in dioxane (4.0 mL) was added dropwiseto the cooled selenium tet-
rabromide solution, and the reaction mixture was stirred at room
temperature for 24 h. The reaction mixture was quenched with
ethyl acetate (50 mL) and water (20 mL). The mixture was stirred
for 15 min at room temperature, then the organic phase was sepa-
rated, and aqueous phase was extracted with ethyl acetate (2
30 mL). The combined organic phases were dried with anhydrous
sodium sulfate, and concentrated under vacuum. The crude prod-
uct was purified by flash chromatography on silica gel using petro-
leum ether as eluent. The resulting fractions were divided into three
parts. The first contained brominated products, but the last ones
were pure product. After evaporation of the solvent, 4¢ (121 mg,
33%) was obtained as a greenish yellow oil that slowly crystallized
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upon standing at room temperature to give a greenish yellow solid,
m.p. 56-57 °C. '"H NMR (400 MHz, CDCl): 6 = 7.41-7.38 (m, 3
H. 2,3'.5'-CH). 7.34 (d, 1 H, */yy s = 5.2 Hz, 3-CH), 7.10 (dd, 1 H.
yn = 38,3y n = 5.2 Hz, 4'-CH) ppm. *C NMR (100.58 MHz,
CDCly): 8 = 143.7, 136.7, 135.2, 133.7. 127.3, 127.2, 127.1, 126.7,
1232, 100.6 ppm. MS (EI, 70eV): m/z (%) = 348 (100) [M]".
CoHsBrS;Se (348.13): caled. C34.50, H 1.45, S18.42; found
C3431, H1.41, S 18.14,

5-(6-Bromo-2. hylsel heno|3,2-b|thiophen-3-yl)thioph 2-
carbaldehyde (4d): Startmg f[om 5-| [(S-me(hylthlophen-l-y])ethyn-
yl]thiophene-2-carbaldehyde (3d), and following a method analo-
gous to that used for the cyclization of 1b, but without the triethyl-
amine additive, and using a mixture of petroleum ether and ethyl
acetate (40:1—10:1) as eluent, gave 4d (129 mg, 38%) as a yellow
solid, m.p. 182-183 °C. '"H NMR (400 MHz, CDClL): 6 = 9.90 (s.
1 H, CHO), 7.70 (d, 1 H, ¥y = 40Hz, 3-CH), 742 (d, 1 H,
3un = 40Hz, 4-CH), 7.03 (q. 1 H, *Jyy = 1.2 Hz, 3'-CH), 2.61
d, 3 H, */yu = 1.2Hz, CHs) ppm. 'C NMR (100.58 MHz,
CDCly): 6 = 182.7, 146.6, 144.7, 142.6, 142.3, 136.1, 135.3, 131.7,
127.0. 121.4, 103 .4, 16.4 ppm. MS (EL 70 eV): m/z (%) = 390 (100)
[M]*. Ci2H7BrOS;Se (390.17): caled. C36.94, H 1.81, S16.44;
found C 36.80. H 1.85, S 16.21.

2-(4-B ! h [2.3-blthiophen-5-yl)pyridine (4e): Selenium
dioxide (144 mg, l .30 mmol) was dlssolved in hydrogen bromide
(48%: 0.36 mL), and the mixture was stirred at room temperature
for 15min. The resulting selenium tetrabromide solution was
cooled to 0°C, and a solution of 2-(thiophen-3-ylethynyl)pyridine
(3e: 200 mg, 1.08 mmol) and cyclohexene (108 mg. 1.30 mmol) in
dioxane (4.0 mL) was added dropwise. Then the reaction mixture
was slowly allowed to reach room temperature, and stirring was
continued at room temperature for 24 h. The reaction mixture was
quenched with dichloromethane (100 mL) and saturated aqueous
sodium hydrogen carbonate solution (50 mL). The mixture was
stirred for 30 min at room temperature, then the organic phase was
separated. and aqueous phase was extracted with dichloromethane
(2% 50 mL). The combined organic phases were dried with anhy-
drous sodium sulfate, and concentrated under vacuum. The crude
product was purified by flash chromatography on silica gel using a
mixture of petroleum ether and ethyl acetate (1:0—40:1) as eluent
to give de (mixed with a small amount of the a-brominated prod-
uct; 144 mg, 39%) as a pale yellow solid, m.p. 150-151°C. 'H
NMR (400 MHz, CDCly): 6 = 8.54 (ddd. 1 H, *Jy = 1.0, “/yu
= 1.8, ¥uu = 4.9 Hz, 6-CH), 8.51-8.47 (m, 1 H, 3-CH), 7.75 (ddd,
1TH, ¥y =18, 3yn =78, Jyu=78Hz 4-CH), 743 (d, 1 H,
3Mun =53Hz 2'-CH), 7.31 (d. 1 H. 3Jyn = 5.3 Hz, 3'-CH), 7.22
(ddd, 1 H. %/ iy = 1.2, 3y gy = 4.9 Hz, *Jyy iy = 7.8 Hz, 5-CH) ppm.
13C NMR (100.58 MHz, CDCly): 6 = 152.7, 150.1, 149.5, 1453,
136.5. 134.8, 128.7, 122.7 (2 C). 119.6, 101.0 ppm. MS (EL 70 eV):
mlz (%) = 343 (100) [M]*. HRMS (ESI): caled. for C;;H;BrNSSe*
[M + HJ" 343.8642: found 343.8646. C;HBrNSSe (343.10): caled.

C38.51, H1.76, N4.08, $9.35; found C38.13, H1.68, N3.78,
§$9.12.
3-(4-B ! h [2.3-blthiophen-5-yl)pyridine (4f): Starting

from 3-(thiophen-: 3 y]elhynyl)pyndme (3f), and following a method
analogous to that used for the cyclization of 3a and 3b, except that
upon addition of the dioxane solution to the solution of selenium
tetrabromide, the reaction mixture was cooled to 0°C, and then
slowly allowed to reach room temperature, gave 4f (118 mg, 32%)
as a pale yellow solid, m.p. 137-138°C. 'H NMR (400 MHz,
CDCLy): 6 = 8.89-8.85 (m, 1 H. 2-CH), 8.63 (dd, 1 H, *Jy 5y = 1.5,
Myn = 4.8 Hz, 6-CH), 7.96 (ddd, 1 H, *Jyy 5y = 2.0, ¥y s = 2.0 Hz,
yn = 8.0Hz, 4-CH), 7.49 (d, 1 H, *Jy = 5.2 Hz, 2'-CH), 7.38
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(dd, 1 H, My = 48, Yy = 8.0 Hz, 5-CH), 7.33 (d, 1 H, Yy
=52 Hz, 3'-CH) ppm. 13C NMR (100.58 MHz, CDCly): 6 = 149.9,
1493, 148.5, 138.5, 1365, 133.3, 1312, 1292, 123.3, 1224,
103.0ppm. MS (EL 70eV): miz (%) = 343 (100) [M]*.
C1 HgBrNSSe (343.10): caled. C38.51, H 1.76, N4.08, $9.35
found C 38.15, H 1.90, N 3.97, S 9.01.

3.3"-(3,5-Dibr diselenopheno|3,2-5:2",3'-d|thioph 2.6-diyl)-
dipyridine (4g): Selenium dioxide (234 mg, 2.10 mmol) was dis-
solved in hydrogen bromide (48%: 0.90 mL). and the mixture was
stirred at room temperature for 15 min. A solution of 3g (200 mg,
0.698 mmol) and cyclohexene (114 mg, 1.40 mmol) in dioxane
(12 mL) was then added dropwise, and the resulting mixture was
stirred at room temperature for 96 h. The reaction mixture was
quenched with dichloromethane (300 mL) and aqueous NaOH
solution (I M: 100 mL). The mixture was stirred at room tempera-
ture for 1 h, then the organic phase was separated. and the aqueous
phase was extracted with dichloromethane (100 mL). The com-
bined organic phases were dried with anhydrous Na,SO,, and con-
centrated under reduced pressure. The crude product was purified
by adding ethyl acetate (30 mL), and stirring at room temperature
for 30 min. After decantation of the solvent, this washing pro-
cedure was repeated twice. The resulting pure product was dried
under vacuum to give 4g (170 mg, 40%) as a yellow solid, m.p.
> 245°C. '"H NMR (400 MHz, CDCly): 6 = 893 (d, 1 H, *Jyy =
2.0 Hz, 2.2'-Py-CH), 8.66 (dd, 1 H, *Jy g = 1.6, *Jyp = 4.9 Hz),
8.05 (ddd. 1 H, ¥/yn = 2.0. *yyu = 2.0, i = 8.0;: 4 Hz, 4’-Py-
CH), 7.44 (dd. 1 H. 3y = 4.9, 3y 1 = 8.0; 5 Hz, 5'-Py-CH) ppm.
13C NMR (100.6 MHz, CDClL): 6 = 149.5, 149.4, 144.3, 138.0,
136.5, 131.6, 131.0, 123.5, 102.8 ppm. MS (EI, 70 eV): mlz (%) =
603 (100) [M + 1]*. HRMS (ESI): caled. for CgHgBr,N,SSes™ [M
+ HJ* 602.7178; found 602.7185. C,sHBr,N,SSe, (602.06): calcd.
C35.91, H1.34, N4.65, $5.33; found C35.87, H1.28, N4.63,
S5.17.

1,2-Bis|(E)-2-b 1.2-bis(d-fluorophenylvinyl| Diselenide (8): Fol-
lowing a method analogous to that used for the cyclization of Ic,
but running the reaction for 24 h, and using a mixture of petroleum
ether and dichloromethane (10:1) as eluent gave 8 (146 mg, 42%) as
a pale yellow crystalline solid, m.p. 196-197 °C (crystallized from
dichloromethane by slow evaporation at room temperature). 'H
NMR (400 MHz, CDCly): § = 7.25-7.19 (m, 4 H), 7.00-7.08 (m,
12 H) ppm. '*C NMR (100.58 MHz, CDCL): 6 = 162.9 (d. Jc
=250.5 Hz), 162.1 (d. 'Jc ¢ = 248.6 Hz). 136.3 (d, *Jcr = 3.6 Hz).
136.2 (d, *Jcr = 3.6 Hz), 131.4 (d, *Jcr = 8.4 Hz), 1312 (d. VJcr
=8.7Hz), 1312 (d, 3y = 0.6 Hz), 116.7 (m), 115.4 (d, 2p =
21.7 Hz), 115.0 (d, e = 21.7 Hz) ppm. 1°F NMR (376.21 MHz,
CDCL): & = —110.6 (it, Yy r = 5.5, ¥y = 8.5 Hz), —112.7 (i,
g = 6.1, 3y r = 8.2 Hz) ppm. 7’Se NMR (76.37 MHz. dioxane/
D,0): & = 575.7 ppm. CosH ¢BroFsSe; (746.15): caled. C45.07,
H 2.16: found C 44.78, H2.31.

Crystallographic Data: Diffraction data were collected at low tem-
perature with a Nonius KappaCCD diffractometer using graphite-
monochromated Mo-K, radiation (2 = 0.71073 A). The crystal
structures of 2b, 2f. 2k, 2. 4g. and 8 were solved by direct meth-
ods!'%l and refined by full-matrix least-squares.['%-15¢]

CCDC-1048489 (for 2b), 1048491 (for 2f). 1048490 (for 2Kk).
1048492 (for 21). 1048495 (for 4g). 048493 (for 8) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.cede.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): methods for the preparation of starting materials, copies of
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Natural-Antioxidant-Inspired Benzo[b]selenophenes: Synthesis,
Redox Properties, and Antiproliferative Activity

Edgars Paegle, llona Domracheva, Baiba Turovska, Marina Petrova, Iveta Kanepe-Lapsa,
Anita Gulbe, Edvards Liepinsh, and Pavel Arsenyan®®

Abstract: The cyclization of arylalkynes under selenobromi-
nation conditions, combined with an acid-induced 3,2-aryl
shift, was elaborated as a general synthetic pathway for the
preparation of polyhydroxy-2- and -3-arylbenzo[b]seleno-
phenes from the same starting materials. The redox proper-
ties, free-radical-scavenging ability, and cytotoxicity against

malignant cell lines (MCF-7, MDA-MB-231, HepG2, and 4T1)
of the synthesized compounds were explored, and the ob-
tained results were used to consider the structure-activity
relationships (SARs) in these compounds. Consequently, the
structural features that were responsible for the highly
potent peroxyl-radical-scavenging activity were established.

Introduction

Recent interest in polyphenols, such as flavonoids, gallic acid,
curcumin, and resveratrol, has stemmed from the fact that
they exhibit antioxidant and anticancer activities on various
types of cancers. Indeed, polyphenols are promising chemo-
preventive agents for cancer management, because they re-
store normal cell growth by modulating proliferation, apopto-
sis, angiogenesis, metastasis, and inflammation and by target-
ing several of the molecular and biochemical pathways that
have been implicated in tumor development!" On the other
hand, selenium-containing compounds exhibit significant abili-
ty to modulate the activity of various redox enzymes, including
the glutathione peroxidases family, glutathione reductase, and
thioredoxin, by the depletion and formation of cellular gluta-
thione, the modulation of nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH) levels, and the stimulation of
oxygen consumption. Owing to their interactions with gluta-
thione, these compounds hold great potential for application
in the therapy of oncological diseases.” Because polyhydroxy-
benzo[b]selenophenes contain both of the structural features
mentioned above, the development of procedures for their
synthesis and the evaluation of their activities is an intriguing
area of research.

From a synthetic point of view, the preparation of 2- and 3-
arylbenzo[blselenophenes that contain the desired hydroxy
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substitution pattern in both benzene rings is not a simple task.
One of the most-powerful tools for the synthesis of 2-arylben-
zo[blselenophenes is the electrophilic cyclization of 1-(1-alkyn-
yl)-2-(methylselenojarenes developed by Larock and co-work-
ers”) The advantages of this method are the use of mild reac-
tion conditions, high yields of the products, and controllable
regioselectivity. Disappointingly, however, the starting materials
are only afforded in quite low yields, following a multistep
preparation, whilst only a limited range of the necessary o-io-
doanilines are commercially available. Furthermore, the synthe-
sis of appropriately substituted iodoanilines can be extremely
laborious. Another efficient strategy involves the lithiation of 1-
bromo-2-(arylethynyllbenzene derivatives and subsequent
electrophilic trapping by selenium powder;’ however, again,
the required starting materials are expensive or difficult to syn-
thesize. Very recently, a two-step procedure that involved the
reaction of arylzinc reagents with alkynes to form o-iodoalke-
nylarenes and subsequent cyclization upon treatment with ele-
mental selenium in the presence of a catalytic amount of Cul
was published as an alternative route to the desired benzo[b]-
selenophenes.” Nevertheless, this strategy involved two steps
that demanded high regioselectivities for an expedient synthe-
sis. One example of 2-arylbenzo[blselenophene and some of
the corresponding sulfur analogues were obtained by using
this method, but all of the products were limited to a 3-alkyl
substitution pattern, which didn’t suit the requirements for our
investigation.

Recently, we reported a new approach for the selenobromi-
nation of aryl and heteroaryl alkynes,™ which, for many cases,
represents the most-straightforward synthetic pathway to 2-ar-
ylbenzo[bJselenophenes or their 3-bromo-2-unsubstituted de-
rivatives, which can be directly used in the high-yielding prep-
aration of the corresponding 3-aryl derivatives.” On the other
hand, rearrangement of 3-arylbenzolblthiophenes into their
corresponding 2-aryl derivatives by 3,2-arylgroup migration

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was used in the synthesis of the core structure of raloxifene”
By taking the advantages of both methods (Scheme 1), we
overcame the regioselectivity issues that faced the direct cycli-
zation of diarylalkynes,” thereby providing a general approach
for the synthesis of the desired functionalized 2- and 3-aryl-
benzo[b]selenophenes.

Results and Discussion
Synthesis of Polyhydroxybenzo[b]selenophenes

The preparation of hydroxy-substituted benzo[b]selenophenes
involved a six-step procedure to obtain the 3-aryl derivatives,
but an additional step was required for the preparation of the
2-aryl compounds (Scheme 2). We employed the cyclization of
the corresponding phenylpropargyl alcohol derivatives (4-6)
under selenobromination conditions as a key step in our con-
struction of the benzo[blselenophene heterocyclic system
(Scheme 2b).* Thus, the starting materials (4-6) were pre-
pared from fluoro-substituted bromobenzenes 1-3 in excellent
yields by employing standard Sonogashira coupling conditions
(Scheme 2a). The cyclization reactions proceeded very smooth-
ly, even on a multigram scale (up to 20g), and the desired
benzo[blselenophenes (7-9) were obtained in 83-95% yields.
The corresponding 2-unsubstituted derivatives (10-12) were
successfully obtained from a high-yielding deacetonation step
(Scheme 2c). We previously reported” that 3-bromo-6-fluoro-
benzo[blselenophene (10) is a versatile substrate for the prepa-
ration of more-complex target compounds, through the inser-
tion of alkoxy substituents at the 6-position by nucleophilic
substitution of the fluorine atom and arylation at the 3-posi-
tion through a Suzuki coupling reaction. Herein, we also ob-
tained the corresponding 5- and 4-fluoro derivatives (11 and
12, respectively).

Suzuki coupling of compound 10 with appropriate arylbor-
onic acids (Scheme2d) and subsequent methoxylation
through nucleophilic substitution of the fluorine atom in com-
pounds 13a-13 f afforded the corresponding 6-methoxy pre-
cursors (14a-14f) in good yields (Scheme 2e). Subsequent de-
protection furnished the corresponding 3-aryl compounds
(15a-15f; Scheme 2 f-h). Three different demethylation meth-
ods were employed because, in some cases, treatment with
BBr, in CH.,Cl, afforded undesired rearrangement products that
were extremely difficult to separate from the target products.
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However, this method worked quite well for substrates 14a
and 14c, thereby providing dihydroxy derivatives 15a and 15¢
in 89 and 91% yield, respectively (Scheme 2 f). Dimethyl-substi-
tuted compound 15¢ was also obtained by using thiolate de-
methylation (Scheme 2g), but in considerably lower yield
(58%) compared with the BBr, method (91 %). However, depro-
tection with dodecanethiolate allowed easier purification of
the desired products. Disappointingly, thiolate deprotection
was not effective for trimethoxy derivatives 14d and 14e or
tetramethoxy derivative 14 f, because complete demethylation
could not be achieved, even in a large excess of thiolate or at
elevated temperature. Thus, the reaction of trimethoxy-substi-
tuted compound 14 e with 6.0 equivalents of dodecanethiolate
led to the isolation of methoxy-substituted compound 15ea in
moderate yield (Scheme 2g). As a result, compounds 15d and
15e were obtained by deprotection with BBr; in quite low
yields (32 and 14%, respectively), owing to the tedious purifi-
cation process. Complete demethylation was achieved for tet-
ramethoxy-substituted compound 14 f by heating at 220°C in
pyridine hydrochloride and, as a result, tetrahydroxy-substitut-
ed compound 15 f was isolated in 68% yield (Scheme 2 h). Dis-
appointingly, this method was not suitable for the deprotec-
tion of other 3-aryl precursors (14a-14e), as partial rearrange-
ment into the corresponding 2-aryl derivatives was observed.

The standard conditions for the cyclization/rearrangement
sequence in the synthesis of the core structure of raloxifene™
involve heating the starting material in polyphosphoric acid.
However, we found the later modification of these condi-
tions,"” which utilizes a 04 m solution of methanesulfonic acid
in toluene, much more appealing than the original conditions
(Scheme 2i). Thus, on heating compound 14a at 90°C for 4 h,
we obtained the rearranged 6-methoxy-2-(4-methoxyphenyl)-
benzo[blselenophene (16a) in 86% yield. In an analogous
manner, 2-aryl derivatives 16b-16d were prepared in moder-
ate-to-good yields. Prolonged reaction times were typically un-
suitable, and we observed undesired transformations of the
starting materials or products, such as acid-induced polymeri-
zation of the starting materials. Pleasingly, considerably lower
solubilities of the rearranged products compared to the corre-
sponding 3-aryl starting materials allowed us to isolate com-
pounds 16 a-16d in excellent purity by simple recrystallization.
This method was unsuitable for trimethoxy-substituted com-
pound 14 e and tetramethoxy-substituted compound 14 f, and
prolonged reaction times and elevated temperatures did not
induce their rearrangement. We expected that two strongly
electron-donating substituents at the meta positions to the
bond between the aryl ring and the heterocyclic system of
benzo[blselenophene caused a significant decrease in the elec-
tron density on the C1 atom of the aryl ring, which could lead
to less-favored protonation at the 3-position of benzo[blsele-
nophene and lower nucleophilicity of the migrating aryl frag-
ment. To the best of our knowledge, the rearrangement of
compounds 14a-14d into compounds 16a-16d are the first
examples of such a transformation in benzo[blselenophene
chemistry. Finally, deprotection of compounds 16a-164, either
by using BBr, or pyridine hydrochloride, provided the target
products (17a-17d) in good yields.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

136



32F

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

0,00, o )| 14-91%
OMe B R
{7
@
FEY 1g:5F 91°92% L b
88 19 d-F Moo =3
1da-f
o 0840
i) |60-26%
OMe
R
J— leO Se
Mol T Y 20 50 8673% Ach o e -
e 21:4-Me0 Sieiko
25: 4-MeO
o | 37-77% V)m'h)l?lsu%
) 151—31%

OH
=~
Hoggz- 5-0H
e 23:4-0H
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ditions: a) 2-methylb 2

Reagents and I (1.5 equiv), PACI,

(5.0 mol%), PPh, (10 mol %), Cul (10 mol %, Pr,NH (4.0 equiv), DMF, 60°C, Ar, 24 h; b) SeC; (1.5-2.0 equiv), cyclohexene (1.0-1.2 equiv), HBr (48%, 0.43 mL per
1.0 mmol arylalkyne), 1,4-dioxane, RT, 24-72 h; o) KsPO, (1.2 equiv), DMSO, 80°C, Ar, 24 h; d) comesponding aryiboronic acid (2.0 equiv), PA(OA); (10 mol%),
(0-Tol)P (30 mol%), K;PO, (3.5 equiv, xylene/iPrOH (2:1, v/v), 110°C, Ar, 1h; &) MeOH (6.0 equiv), NaH (6.0 equiv), NMP, 140°C, Ar, 1 h; f) BBr, (6.0 equiv),
CH,Cl, 0°C-RT, Ar, 12 h; g) n-dodecanethiol (6.0 equiv), NaH (6.0 equivi, NMP, 100°C, Ar, 24 h; h) Py- HCl, 220°C, 6 h; ) MeSO,0H (0.4 M), toluene, 90°C, 4 h.
DMF = di ide, NMP =N Py~ pyridine.

In a similar manner, we obtained the corresponding 5-hy-
droxy and 4-hydroxy isosteres (22, 23, 26, and 27; Scheme 2).
The rearrangement of 4-methoxy-substituted compound 21
was the only substrate for which complete consumption of the
starting material was observed. In this case, steric interactions
between the aryl group and the methoxy substituent at the 4-
position of compound 21 could be an additional driving force
for the 3,2-shift of the aryl group.

Because 3-aryl derivatives 14e and 14 f did not undergo the
rearrangement step (Scheme 2i), we developed an alternative
synthetic pathway to obtain the corresponding 2-aryl isosteres
(17 e and 17 f; Scheme 3). This strategy was based on the syn-
thesis of 2-bromo derivative 30, which could be directly arylat-
ed to afford the necessary 2-arylbenzo[blselenophene molecu-
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lar scaffold. Thus, reductive debromination of compound 10,
followed by methoxylation of compound 28 and regioselective
bromination of compound 29, fumished the desired 2-bromo
derivative (30; Scheme 3a-c). Subsequent Suzuki coupling of
compound 30 and the deprotection of precursors 16e and
16 f in the final step afforded the desired trihydroxy- and tetra-
hydroxy-substituted 2-aryl derivatives (17e and 17f, respec-
tively; Scheme 3d,e).

Finally, we attempted the synthesis of resveratrol analogue
38 and its isomeric 3-aryl derivative (36; Scheme 4), by em-
ploying a very similar synthetic strategy to the conditions de-
scribed above. As we reported previously,™ an electron-donat-
ing substituent at the meta position relative to the triple bond
did not promote regiospecific cyclization, but an electron-do-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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K:PO, (3.5 equiv), xylene/iPrOH (2:1, v/v), 110°C, Ar, 1 h; &) Py-HCI, 220°C, 6 h. NBS = N-bromosuccinimide.

Scheme 4. Preparation of resveratrol analogues 36 and 38. Reagents and conditions: a) 2-methylbut-3-yn-2-0l (1.5 equiv), PACl, (5.0 mol %), PPh, (10 mol %),
Cul (10 mol %), iPr:NH (4.0 equiv), DMF, 60°C, Ar, 24 h; b) Se0; (1.2 equiv, cyclohexene (1.2 equiv), 48% HBr (0.43 mL per 1.0 mmol arylalkyne), 1,4-dioxane,
RT, 24 h; O K,PO, (2.4 equiv), DMSO, 90°C, Ar, 24 h; d) 4-methoxyphenylboronic acid (2.0 equiv), PA(OA), (10 mol%), (o-Tol),P (30 mol%), K,PO, (3.5 equiv),
xylene/iPrOH (2:1, w/v), 110°C, Ar, 1 h; €) BBr; (20 equiv), CH,Cly, 0°C-RT, Ar, 12 h; f) MeSO,0H (0.4 m), toluene, 90°C, 8 h; g) Py-HCI, 220°C, 6h. DMSO=di-

methyl sulfoxide.

nating substituent at the ortho- or para positions led to over-
bromination of the triple bond. As such, the direct application
of the methoxy-substituted substrates used in our previous
strategy (Scheme 2) was not possible. In this case, symmetrical
arrangement of the methoxy groups in compound 32 eliminat-
ed the regiospecificity issues and decreased the electron densi-
ty on the triple bond, which prevented its bromination under
the cyclization conditions. Notably, compound 38 was synthe-
sized by the direct cyclization of resveratrol on treatment with
selenium(ll) chloride."” However, this was not a general ap-
proach, because, in this case, the substrate underwent regiose-
lective electrophilic substitution on the aromatic ring, presum-
ably as the first step of the cyclization process. Furthermore,
the product was obtained as a mixture with the chlorinated
adduct.

Structure Elucidation by Using NMR Spectroscopy

77Se NMR chemical shifts are highly sensitive towards small
changes in the electronic structure around the selenium atom.
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Thus, the 7Se NMR resonance signal of benzo[blselenophene
(0=526 ppm) was upfield shifted by approximately Ad=
80 ppm, compared to the selenophene itself (6 =605 ppm).
The introduction of a phenyl group at the 2- or 3-positions of
the benzo[blselenophene heterocyclic system resulted in up-
field shifts of the selenium signal to =515 and 505 ppm, re-
spectively, whilst the 77Se NMR shifts for the 2-arylbenzo[b]sele-
nophenes were typically shifted downfield by approximately
Ad =10 ppm compared to their 3-phenyl analogues."™

The same trend was observed for 2-aryl derivatives 17 a-17 f
and 27, and their corresponding 3-aryl isomers 15a-15f and
23, respectively. Although only electron-donating substituents
were present in the synthesized molecules, the 7’Se NMR
chemical shifts fell within a range of about 55 ppm, which sug-
gested that systematic analysis of the relationship between the
substituent (at a defined position) and the selenium atom
could provide highly valuable information about the positions
that provide the most-efficient electron donation to the seleni-
um atom.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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More importantly, because selenium itself is an electron
donor, the reverse effect (electron donation towards the hy-
droxy groups) should also be investigated, which would be
almost impossible to evaluate from the *C NMR signals of the
corresponding C—OH moieties, owing to the lower sensitivity
of "*C versus "Se NMR spectroscopy. This information is crucial
in the context of radical-scavenging activity, as correlation be-
tween these data would allow us to specify the mechanisms
involved in the exhibited activity. A full discussion on the NMR
study, as well as other topics, is presented in the Supporting
Information; herein, we will only emphasize the most-impor-
tant aspects of this investigation.

Thus, in the individual series of 2-aryl derivatives (17a-17f)
and their 3-aryl isomers (15a-15f), the range of ”Se NMR
shifts was very small (<5 ppm). In fact, the typical range was
even narrower than this, because the derivative without a 4'-
hydroxy group (17 and 15e, respectively) acted as an outlier
in each series. The downfield shift of approximately Ad=
10 ppm on going from 3-phenyl- to 2-phenyl-substituted ben-
zo[blselenophenes was attributed to more-effective transfer of
the n-electron density from the phenyl substituent at the 3-po-
sition compared to that at the 2-position, as illustrated by their
corresponding resonance structures (Scheme 5a, b).

A Influsncs of the 2-aryl moiaty on the shielding of selonium
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In contrast to the insignificant influence of the substitution
pattern of the aryl moiety, a more-pronounced influence of the
substitution position of the hydroxy group in the benzo[b]sele-
nophene benzene ring was observed. Thus, the 778e NMR shift
of 5-hydroxy derivative 26 (=490.5 ppm) was downfield shift-
ed by Ad=12.5 ppm compared to parent compound 17 a (6 =
503 ppm). The para interaction between the 5-hydroxy and se-
lenium groups through the benzene ring (Scheme 5d) was so
efficient that its influence on the ”Se NMR shift became con-
siderably less significant (Ad =4.5 ppm) on switching from the
2-aryl isomer (26) to the 3-aryl isomer (22) than for the 6-hy-
droxy analogues (Ad = 10 ppm). More-pronounced shielding of
the selenium atom was observed on the introduction of an ad-
ditional hydroxy group at the 7-position. The Se NMR shift of
compound 38 (5 =462.8 ppm) was downfield shifted by an ad-
ditional Ad=27.7 ppm compared to that of compound 26;
likewise, in the case of compound 26, the difference between
the 77Se NMR shifts of the corresponding 2-aryl and 3-aryl iso-
mers (38 and 36; 0=458ppm) was approximately halved
(Ad =4.8 ppm). In this case, the outstanding shielding was at-
tributed not only to the highly efficient ortho interaction be-
tween the 7-hydroxy and selenium groups (Scheme 5e), but
the upfield 7Se NMR shifts of compounds 38 and 36 could
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Scheme 5. Electronic effects in the 2- and 3-arylbenzofblselenophenes.
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also be owing to the steric effects of the 7-hydroxy group,
which is typical of the influence of closely positioned substitu-
ents on the chemical shifts of heavy atoms.

Comparison of 6-hydroxy derivatives 15a and 17a with 4-
hydroxy derivatives 23 and 27 revealed that the hydroxy
group at the 6-position led to slightly better shielding of the
selenium atom than substitution at the 4-position. In both in-
stances, the Se NMR shifts were downfield shifted compared
to the 5- and 7-hydroxy analogues because the hydroxy group
was meta-substituted relative to the selenium atom, as illus-
trated in Scheme 5 with the 6-hydroxy derivative.

In addition to information concerning the electron density
on the selenium center that was obtained from analysis of the
’Se NMR data, “C NMR analysis revealed significant differences
between the relative distributions of electron density through-
out the selenophene ring (Schemes). In 2-aryl derivatives
17 a-17f, both carbon atoms adjacent to the selenium center
were relatively deshielded (0,~146.1 ppm and dg,
~143.8 ppm), but, in the case of the 3-aryl analogues, the C2
atom was shielded (8,~21227 ppm) and the C7a atom was
deshielded (0, ~ 1454 ppm). Considering the resonance con-
tributors for the 3-aryl derivatives (Scheme 5b), the interac-
tions between the 3-aryl moiety and the selenium atom were
expected to mostly occur through the shielded C2 atom
(Scheme 5¢). On the contrary, for 2-aryl derivatives 17a-17f,
the same interactions should preferentially take place through
the deshielded C7a atom (Scheme 5a,c). The relative distribu-
tion of electron density in the selenophene ring of 4-hydroxy
derivatives 23 and 27 was analogous to that in 6-hydroxy ben-
zo[blselenophenes 17a-17 f and 15a-15f (Scheme 5¢). How-
ever, in compounds 22, 26, 36, and 38, opposite shielding of
the C3a and C7a atoms was observed, which led to higher
electron density on the C7a atom and a deshielded C3a atom.
As expected, the presence of the 7-hydroxy group strongly in-
creased the shielding of the C7a atom.

Electrochemical Studies

The protective action of phenolic compounds as antioxidants
has been proposed to occur through two general mecha-
nisms:"¥ The first mechanism involves the abstraction of a hy-
drogen atom by a free radical from the antioxidant (ArOH),
which itself becomes a radical (ArQ). In this regard, the O—H
bond-dissociation energy (BDE) is highly informative, as the
weaker the O—H bond, the more effective the inactivation of
the free radical becomes. In the second mechanism, inactiva-
tion of the free radical takes place by single-electron transfer
(SET) from the antioxidant to the free radical. In this regard,
a particularly important parameter is the ionization potential
(IP) of the antioxidant. Because a lower IP value means stron-
ger electron-donating ability, molecules that possess the
lowest IPs should be the most-potent antioxidants through the
SET mechanism. Therefore, we turned our attention to the
redox properties of our synthesized polyhydroxybenzo[blsele-
nophenes. Electrochemical redox reactions of these com-
pounds were studied by using cyclic voltammetry (CV) in
MeCN.
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Because one of the most-widely studied phenolic antioxi-
dants is a naturally occurring stilbene, resveratrol, we used this
compound as a reference molecule for estimating the oxida-
tion potentials of our synthesized benzo[b]selenophenes. Thus,
resveratrol itself underwent irreversible electrochemical oxida-
tion at 1.10 V. The main factor in facilitating the removal of the
first electron was likely the relative stability of the generated
cation radical (ArOH'™). Because inductive and/or mesomeric
effects of the substituents are responsible for stabilizing the
cation radicals, the abstraction of an electron from the para-hy-
droxyphenyl moiety should be less energy consuming than
the resorcinol-type moiety."? This assumption was supported
by the fact that the obtained value was within the characteris-
tic potential range for para-substituted phenols." In the cydlic
voltammogram of resveratrol, the first oxidation peak was fol-
lowed by a second peak that was rather poorly defined and
significantly less intense than the first peak. We also encoun-
tered reproducibility issues with the second peak, even when
using freshly polished electrode. Furthermore, the potential
difference between these two steps was too small to attribute
the second peak to oxidation of the resorcinol moiety. As nu-
merous possible transformations can be proposed for the gen-
erated cation radical (e.g. further oxidation, dimerization, and
polymerization) and no preparative oxidation experiments
were performed to establish the actual structures of the oxida-
tion products, the discussion below is solely based on the first
oxidation peak (oxidation potential, OP) in the corresponding
cyclic voltammograms, which could be regarded as being
dosely related to the IP of the given compound.

The OP values of the synthesized benzo[b]selenophenes
were within the range 0.85-1.34 V. As expected, for the 64-hy-
droxy-containing compounds (15a-15d, 15f and 17a-17d,
17 f), in all cases, switching from the 2-aryl derivatives to the
corresponding 3-aryl derivatives caused the OP to increase by
approximately 100 mV, with the most-pronounced increase for
compounds 17c and 15¢ (230 mV). This change could be ex-
plained by extended delocalization of the electron-deficient
site between the aryl moiety and the heterocyclic system of
the benzo[b]selenophene in the 2-aryl derivatives (17a-17d
and 17 f), which was significantly disrupted in the correspond-
ing 3-aryl isomers (15a-15d and 15 f).

Another unifying feature of the 2-aryl derivatives that con-
tained 6,4"-hydroxy groups (17a-17d, 17 f, and 39) was a re-
versible/quasi-reversible first oxidation step if the potential
scan was reversed immediately after the first peak in the corre-
sponding CV. This observation showed that, at least for this
family of compounds, the removal of the first electron led to
the formation of a sufficiently stable cation radical, whilst the
second (irreversible) oxidation peak in the corresponding CV
could be attributed to the removal of another electron from
the already generated cation radical, thereby leading to the
formation of a two-electron-oxidation product. On the contra-
1y, all of the other derivatives underwent irreversible oxidation,
thus indicating high reactivity of the generated cation radical,
which might lead to the previously mentioned side reactions.
Consequently, these compounds provided similar CVs to re-
sveratrol itself.
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For the selenium analogues of resveratrol (17e and 38), in
both cases, abstraction of the first electron took place slightly
more anodically (1.18 V) than for resveratrol itself. The differ-
ence between the OPs of compound 17 e and resveratrol was
too small to ascribe it to the removal of an electron from the
resorcinol-type moiety. Thus, the formation of a more-stabi-
lized cation radical could be envisaged by the removal of an
electron from the heterocyclic system of benzo[b]selenophene.
On the contrary, the ionization of compound 38 was much less
predictable, because the 4-hydroxyphenyl moiety was still
present and an ortho/para-substitution pattern of the 5,6-hy-
droxyl groups relative to the electron-donating selenium atom
could provide substantial stabilization of cation radicals that
were generated by the removal of an electron from the ben-
zene ring of the benzolblselenophene moiety. Interestingly, by
switching to the corresponding 3-aryl derivatives (15e and 36),
the OP changed in the opposite direction. For compound 36,
the lower OP (1.08 V) could be owing to stronger interactions
between the 3-(4-hydroxyphenyl) moiety and the selenium
atom, thereby providing extra stabilization of the generated
cation radical. However, it might also suggest that the removal
of the first electron in both compounds 36 and 38 took place
on the para-substituted phenol moiety and that the difference
between the observed OPs was predominantly governed by
the stabilizing effect of the selenium atom.

Finally, no significant change in the OP was determined
upon substituting the selenium atom of compound 17a
(1.04 V) with a sulfur atom in compound 39 (1.02 V), thus sug-
gesting that neither selenium nor sulfur was directly involved
in the oxidation process.

Radical-Scavenging Activity and In Vitro Cytotoxicity

One of our main research interests is the discovery of promis-
ing selenium-containing antiproliferative agents.”'” In  this
context, especially impressive results were obtained by synthe-
sizing the selenium analogue of raloxifene (a well-known selec-
tive estrogen-receptor modulator)”’ Thus, the replacement of
the sulfur atom by a selenium atom led to a highly pro-
nounced antiproliferative effect against malignant cell lines
and considerably lower basal toxicity. In contrast to the original
drug, the selenium analogue inhibited the growth of breast
cancer cells (mammary carcinoma 4T1) by 30% in vivo. On the
other hand, there is increased interest in antioxidants, in partic-
ular in “nature-mimicking” polyphenol derivatives, and resvera-
trol is probably the most-widely studied representative of this
family""" Consequently, as a continuation of our research in
this area, we attempted to merge the cancer-preventive abili-
ties of polyphenols™ and selenium"® with their oxidative-
stress-modulating activity during carcinogenesis. Because the
core structure of selenium raloxifene contained both ingredi-
ents, we were encouraged to study how the number and sub-
stitution pattern of hydroxy groups affected the cytotoxicity
and radical-scavenging activity of the synthesized polyhydroxy-
benzo[b]selenophenes. Screening results of radical-scavenging
activity on free radicals, superoxide, and peroxyl radicals and
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an evaluation of the malignant-cell-proliferation suppression
are listed in Table 1.

By comparison of the peroxyl-radical-scavenging activity of
the synthesized benzo[b]selenophenes, the structural features
that provided the highest activities were established. We
found that, in all cases, the 3-aryl derivatives were more active
than the corresponding 2-aryl isomers. The only exceptions
were the compounds that contained 5-hydroxy and 5,7-dihy-
droxy groups (22 and 26, and 36 and 38). In particular, in-
creased activity was observed in the presence of 5-hydroxy-
and 7-hydroxy-substituents, with resveratrol analogue 38
(IC5,=0.02 um) the most-active compound of the examined
derivatives. Furthermore, the introduction of an additional hy-
droxy group at the ortho position relative to the 4-hydroxy
group provided an opportunity to significantly increase the
scavenging capacity. Thus, the presence of a 3-hydroxy group
in compound 15d (IC;,;=0.04 pm) led to a 20-fold increase in
activity of compound 15a (IC5=0.8 pm). In the case of the
corresponding 2-aryl isomers (17a and 17d), the effect was
similar, but considerably less pronounced.

On the contrary, in all cases, compounds that contained an
additional electron donor at the 5-position (compounds 15¢c,
15, 17¢, and 17 f) were less activating than their 5-unsubsti-
tuted isosteres (15b, 15d, 17b, and 17d) and, in some cases,
even strongly deactivating (15¢ and 17 f). Following careful
analysis of the 7’Se NMR data (see the Supporting Information),
we found that meta-substituted electron-donating (hydroxy)
groups in the aryl moiety, with implied mesomeric effects,
acted in a distinctive manner, depending on whether the
phenyl group was attached to the C2 or C3 atom of the sele-
nophene ring. These observations correlated remarkably well
with the scavenging activity of the comesponding derivatives
towards peroxyl radicals. Because electron-donating substitu-
ents at the ortho and para positions relative to the phenolic
hydroxy group decreased the O—H bond dissociation enthalpy
(BDE), thereby providing faster transfer of the hydrogen atom
to the peroxyl radical,"™ slightly higher scavenging activity of
selenium-containing compound 17a (IC;,=2.2 um) towards
peroxyl radicals compared to the corresponding sulfur ana-
logue (39; 1C5,=35 um) was observed, which indicated that
selenium was a better electron donator than sulfur.

Disappointingly, no reasonable correlation between the
structural elements of the synthesized molecules and their abil-
ity to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals
and superoxide was observed. However, of the studied com-
pounds, the most-potent scavengers for DPPH radicals were
compounds 15a-15¢, 15f, 17e, 17f, 23, and 27 (IC,=8-
15 um), whereas the most-potent scavengers for superoxide
radicals were compounds 15ea, 15f, 17e, 36, and 38 (IC,=
7-25 pm).

As mentioned above, despite the fact that only electron-do-
nating substituents were present in the synthesized benzo[b]-
selenophenes, a wide range of chemical shifts was observed in
the ”Se NMR spectra, thus indicating that appropriately posi-
tioned electron-donating groups could significantly increase
the vulnerability of selenium towards oxidation. We hypothe-
sized that the derivatives that contained the most-shielded se-
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Table 1. Radical-scavenging activity and in vitro cytotoxicity on monolayer tumor cell lines MCF-7 (human breast adenocarcinoma, estrogen-positive),
MDA-MB-231 (human breast adenocarcinoma, estrogen-negative), HepG2 (human liver hepatocellular carcinoma), and 4T1 (mammary carcinoma; ICsy), and
basal toxicity (LDsq) of the et N and ¢ 139,
‘Compound 1Cog [um] LD,
[mgkg™]
DPPH radical Superoxide radical Peroxyl radical MCF-7 MDA-MB-231 HepG2 4T1
resveratrol 12 17 1 ng 105 105 17.5 57
15a 15 >1000 08 86 100 21 69 364
17a 41 >1000 22 27 17 2 35 188
15b n n/a 02 131 94 125 25 382
17b 45 n/a 0.63 28 59 19 18 324
15¢ 8 n/a 21 66 89 89 89 374
17¢ 334 324 175 51 21 63 8.9 178
15d 76 n/a 0.04 72 85 78 9.8 m
17d 104 > 1000 0.44 92 16 72 39 nz
15e 61 314 017 127 248 LAt 98 427
15ea 92 10 0.63 93 93 93 125 n
17e 5 9 am 75 98 68 2 214
15f 8 25 on 227 143 168 28 707
17f 10 851 96 104 121 2 62 m
22 244 1ns 24 134 9% 96 103 243
26 50 804 0.15 1o 141 45 6.9 335
23 9 78 0.75 100 93 107 48 405
27 10 27 15 96 65 41 69 252
36 54 18 055 131 238 98 a1 m”m
38 43 7 0.02 163 49 29 39 305
39 28 10 35 37 25 20 33 70

lenium atoms could potentially be susceptible towards oxida-
tion by hydroperoxides, which could lead to glutathione per-
oxidase (GPx)-like activity in the presence of thiols*” However,
upon stirring compound 38 in the presence of 10 equivalents
of hydrogen peroxide or tert-butyl peroxide in MeOH at 40 °C
for 20 h, no reaction took place. In fact, somehow, the oppo-
site effect was observed, as the oxidation of thiols by hydro-
gen peroxide into their corresponding disulfides partially oc-
curred, even without a catalyst, owing to a radical-induced
process that was caused by the partial decomposition of hy-
drogen peroxide; however, in the presence of a catalytic
amount of compound 38, the formation of the coresponding
disulfide was partially prevented, thus indicating antioxidative
behavior, owing to its radical scavenging ability.

Finally, all of the products were subjected to cytotoxicity
assays versus four different cancer cell lines, and their basal
toxicities were also determined (Table 1). The core structure of
raloxifene 39 and its selenium analogue (17 a) exhibited similar
behavior towards verified cancer cells, with the highest cyto-
toxicity versus the 4T1 (mammary carcinoma) cell line (IC;,=
35 and 33 um, respectively). Nevertheless, the basal toxicity of
compound 17a (LD, =188 mgkg™") was considerably lower
than that of sulfur analogue 39 (LD, =70 mgkg ™).

A notable decrease in cytotoxicity against cancer cells was
observed for the corresponding 3-aryl derivative (15a), with
a simultaneous increase in LDy, value (364 mgkg™). A similar
correlation was observed between methylated derivatives 17b
and 17 c and their corresponding 3-aryl analogues (15b and
15c). Notably, the LDy, value of compound 17b (324 mg kg"]
was approximately double that of compound 17a
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(188 mgkg ™), whilst the activi of compounds 15b and 15¢
(IC=9.4 and 89 um, respectively) were 10-times higher
versus the estrogen-negative human breast adenocarcinoma
MDA-MB-231 cell line than compound 15a. The introduction
of another hydroxy group adjacent to the 4-OH moiety (17 d)
did not lead to significant changes in the antiproliferative ac-
tivity, except for lower activity against carcinoma 4T1 cells
(39 um) than compound 17 a (3.5 um). The opposite effect was
observed for the corresponding 3-aryl derivative (15d), which
exhibited seven-times-higher activity against 4T1 cells than
compound 15 a. Compounds 17 d and 15d exhibited increased
basal toxicity (LD, =117 and 171 mgkg™', respectively) com-
pared to parent compounds 17a and 15a (LD5=188 and
364 mgkg~', respectively). The cytotoxic effects of 3',5-dihy-
droxyphenylderivatives 17e and 15e on all studied cancer cell
lines were diminished, although monomethylated 15 ea exhib-
ited higher cytotoxicity towards all cancer cell lines and elevat-
ed basal toxicity compared with compound 15e.

Despite the fact that, in general, tetrahydroxy-substituted
compounds 17 f and 15 f were less cytotoxic than compounds
17a and 15a, their LD, values were significantly higher. A
very similar trend was observed for 5,4~ and 4,4-dihydroxy de-
rivatives 22, 23, 26, and 27, but the quite high cytotoxic effect
towards 4T1 cells (6.9 um) exhibited by compound 26 was pre-
served. Furthermore, in the case of 54'-dihydroxy derivatives
26 and 22, switching from the 2-aryl isomer to the 3-aryl one
resulted in a considerable increase in basal toxicity (LDso=335
and 243 mgkg~', respectively). Finally, the cytotoxicity data for
the selenium analogue of resveratrol (38) revealed that, in gen-
eral, it was a less-potent antiproliferative pharmacophore than
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4'6-dihydroxy derivative 17a; however, moderate cytotoxicity
of compound 38 towards the MCF-7 cell line (16.3 pm) was ob-
served. The cytotoxicity exhibited by 3-aryl isomer 36 was
even less promising than 2-aryl derivative 38. Moreover, the
basal toxicity of compound 36 was much higher than that of
compound 38. Upon comparison of resveratrol with its seleni-
um analogue (38), we concluded that the introduction of sele-
nium notably increased the antiproliferative activity of the
compound, but simultaneously increased its basal toxicity. The
remarkable activity of resveratrol on mammary carcinoma 4T1
cells (IC5,=17.5 um) should be mentioned; in this case, the in-
troduction of selenium decreased the activity of the com-
pound.

Conclusion

The cydization of arylalkynes under selenobromination condi-
tions, combined with an acid-induced 3,2-aryl shift, was elabo-
rated as a general synthetic pathway for the preparation of
functionalized 2- and 3-arylbenzo[blselenophenes from the
same starting materials. This approach overcame the regiose-
lectivity issues that limited the scope of the direct cyclization
of asymmetrical diarylalkynes. The limitations of the rearrange-
ment step were resolved by preparing 2-bromo-6-methoxy-
benzo[blselenophene (30), which was arylated in high yields,
thereby furnishing the otherwise-inaccessible 2-aryl derivatives.
Nevertheless, the clear advantage of the 1,2-aryl shift in the re-
arrangement step allowed the quite “silly” debromination/bro-
mination steps to be eliminated.

NMR analysis revealed highly valuable information about the
interactions between different structural motifs in the synthe-
sized molecules. Hydroxy groups at the 5-and 7-positions pro-
vided the strongest electron donation to the selenium atom,
and an analogously substituted aryl moiety at the 3-position
led to more-efficient shielding of the selenium center than the
2-substituted structure. A similar effect was expected for the
selenium atom as an electron donor, but in the opposite direc-
tion, as supported by recently published results" on O—H BDE
calculations for Se—resveratrol 38. Because the electron-donat-
ing effect of the selenium atom facilitated homolytic cleavage
of the O—H bonds, the 5,7-hydroxy-substituted derivatives and
their corresponding 3-aryl isomers exhibited the best peroxyl-
radical-scavenging activity.

The 6,4-hydroxy-substituted 2-aryl isomers had the lowest
OPs among the studied compounds, owing to more-efficient
stabilization of the generated cation radicals. Because we
could not find any correlation between the OP and the radical-
scavenging activity, we concluded that a SET mechanism was
either not predominant or did not participate at all in this pro-
cess.

In general, we only observed strong correlations in the struc-
ture-activity relationships (SARs) for the peroxyl-radical scav-
enging, and the obtained activity data were in full agreement
with the observations made from the NMR study. Disappoint-
ingly, the mechanisms of free-radical and superoxide scaveng-
ing were less clear, owing to the lower activity of the studied
compounds.
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We observed no direct correlation between the radical-scav-
enging activities of the compounds and their cytotoxic activi-
ties on cancer cell lines, which indicated that the highly cyto-
toxic effects on tumor cells were not necessarily caused by the
antioxidant properties of the particular compounds. Further-
more, a direct role of the selenium atom in the increased anti-
proliferative activity was also questionable. We found that, de-
spite the high electron density on the selenium atom, the syn-
thesized compounds did not possess any hydroperoxide-scav-
enging (GPx-mimicking) ability, as was recently suggested by
Panzella, Capperuci, and co-workers." In addition, the sulfur-
containing core structure of raloxifene (39) was even more cy-
totoxic on the evaluated cancer cell lines than its selenium an-
alogue (17 a). However, the positive influence of replacing the
sulfur atom with a selenium atom on the basal toxicity should
not be discounted.

To conclude, polyhydroxybenzo[blselenophenes  have
emerged as a new family of highly potent antioxidants and an-
tiproliferative agents. The positive effect of introducing addi-
tional electron donors at judicious positions on the scaffold
holds great potential for developing even-more-active deriva-
tives. Moreover, we anticipate that the high stability, low toxici-
ty, and growing collection of available tools for the structural
diversification of benzo[b]selenophenes will lead to the devel-
opment of new candidate drug molecules from this family of
compounds in the near future.
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