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DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Isie peptidi ir unikala savienojumu klase ar daudzsolo$am ipasibam zalvielu atklasana.! Ka
daudzu fiziologisko procesu endogénas signalmolekulas peptidi paver iesp&jas terapijam, kas
lidzinas dabiskajiem metabolisma procesiem.? Peptidu ka terapeitisko lidzeklu izmanto$ana ir
ieverojami attistfjusies laika gaita, turklat ievérojams daudzums zalvielu ir peptidu saturosi
lidzekli.! Tomér biitisks ierobezojums peptidu izmantosana ir to zema perorala biopieejamiba
un membranu caurlaidiba. Lai uzlabotu peptidu biopieejamibu, tiek veidoti peptidu un mazu
molekulu konjugati. Konjugacija ir populars mehanisms, ka uzlabot peptidu ipasibas. Apméram
treSdala no peptidiem, kas ieklauti kliniskajos pétijumos pedejo 10 gadu laika, ir konjugati,
tade] jaunu peptidu saturosu zalvielu mekl&jumi turpinas.

Cisteina (Cys), seléncisteina (Sec), ka arT $o aminoskabju oksidéto formu ieklausana
peptidu vai proteinu molekulds paver iespgju tos selektivi modificét. Sos peptidus var
modificét, genergjot halkogenilelektrofilu, nukleofilu vai radikali.

Lai gan sérs un seléns abi ir VI A grupas elementi, to kimiskajam un fizikalajam ipasibam
ir ievérojamas atSkiribas. Selenoliem ir zemakas pKa vértibas neka tioliem, pieméram,
seléncisteina pKa ir 5,2, savukart cisteina pKa — 8,3, kas nozimég, ka fiziologiskajos apstaklos
(pH = 7,4) seléncisteins ir deprotonéts. Seléns ir vairak polarizéts, un tas atspogulojas augstaka
reagétspéja.

Protams, literatiira ir labi zinamas metodes sulfenil- un selenilelektrofilu iegtiSanai, tomér
§is metodes ir lietojamas tikai vienkarSiem ariltioliem vai diarildisulfidiem/diselenidiem.
Tipiski pieméri sulfenilelektrofiliem ir arilsulfenilhalidi, ko ieglist no ariltioliem vai
diarildisufidiem reakcija ar halogéniem,®** SOCI,,> SO,Cl,,® Kkatalitisku vai ekvimolaru
daudzumu Luisa skabes (pieméram, dzelzs(111) sali,® "8 CuBr,®). Lidziga veida, izmantojot
haloge‘:nus,4 KI/m-CPBA,° oksidgjosos agentus (persulfatus,! Oksonulz), Luisa skabes (Cul,13
FeCls®) un hipervalentus joda savienojumus,** iespgjams iegiit selenilelektrofilu.

Peptidu modificésana ir ievérojami sarezgitaka sensitivu funkcionalo grupu del. Turklat
literatiira zinamas metodes halkogenilpeptidu modificéSanai parasti pamatojas uz tiola vai
selenola nukleofilitati, tacu So savienojumu elektrofilas ipasibas ir loti maz pétitas. Pret&ji
cisteTnam, seléncistinu saturoSie peptidi daudz retak tiek lietoti kimiskaja sinteze.

Peptidu funkcionalizé$ana tiek veikta, lai uzlabotu So savienojumu biopieejamibu,
membranu caurlaidibu un stabilitati. Piem&ram, peptidu cikliz€Sana uzlabo selektivitati,
metabolisko stabilitati un saisti§anas afinitati.’® Vairakas zinamas antibiotikas (vankomicins,
daptomicins, valinomicins, gramicidins S), imtinsupresanti (ciklosporins), hormonu reguléta;ji
(somatostatins), pretvéza preparati (aplidins, daktinomicins) ir peptidu makrocikli.!® 1" Laika
posma no 2015. lidz 2019. gadam FDA (Food and drug administration) apstiprinaja
208 zalvielas, no kuram 15 saturgja peptidus.'® Sie medikamenti tiek lietoti diabéta (Tresiba,
Lixisenatide), osteoporozes (Tymlos), pazeminata asinsspiediena (Giapreze), neiroendokrino
audz&ju (Lutathera) u.c. saslimSanu arstéSanai. Savukart 2021. gada FDA apstipringja



15 peptidu zalvielas (Voxzogo, Korsuva, Besremi, Skytrofa, Nexviazyme, Jemperli, Evkeeza,
Saphnelo, Rylaze, Aduhelm, Rybrevant, Empaveli, Zynlonta, Zegalogue, Lupkynis).

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir jaunu, efektivu metozu izstrade cistetnu un seléncistinu saturo$o
peptidu modificéSanai, balstoties uz sulfenil- vai selenilelektrofila generéSanu, pievérSot
uzmanibu augstam iznakumam, atomekonomiskam un videi draudzigam procesam.

Darba mérka sasniegSanai definéti $adi uzdevumi:

1) izstradat értu protokolu sulfenilelektrofila generéSanai in Situ no cisteinu saturo$iem

peptidiem;

2) izstradat jaunas metodes selenilelektrofila generés$anai, kas bitu piemérotas seléncistinu

saturoSiem peptidiem;

3) izstradat metodes sulfenil- un selenilelektrofilu izmanto$anai 5- un 6-endo-dig

ciklizacijas reakcijas;

4) izstradat metodes seléncistinu saturoSu peptidu modificéSanai redzamas gaismas

iniciétas reakcijas.

Zinatniska novitate un galvenie rezultati

Veikto pétijumu rezultatad ir izstradatas vienkarSas un efektivas metodes cisteinu un
seléncistinu saturo$u peptidu funkcionalizéSanai. Cisteina elektrofils — cisteinilhlorids — tika in
situ iegiits, izmantojot N-hlorsukcinimidu, savukart seléna elektrofila iegiiSanai tika izmantota
Luisa skabe (CuBr2) vai neorganisks oksidgjosais agents (K2S20g). Elektrofilas dalinas sekojosi
tika izmantotas 5- un 6-endo-dig ciklizacijas reakcijas ar piemé&rotiem triskarso saiti saturoSiem
substratiem, iegiistot cisteinu un seléncisteinu saturoSus indolizinija salus, indolus,
benz[b]furanus, indén[1,2-clhroménus, poliaromatiskus  ogliidenrazus,  kumarinus,
izokumarinus, hinolin-2-onus un izohinolin-2-onus. Lietotas metodes selenilelektrofila
generé$anai uzradija augstu toleranci aminoskabém ar “sensitivam” grupam (pieméram, Tyr,
Glu, Lys). Izstradata jauna, atomekonomiska metode aizsargatu un neaizsargatu seléncistinu
saturoSo peptidu modific€Sanai, izmantojot redzamas gaismas inici€tu reakciju. Ar So metodi
veikta seléncisteinu saturoSu N-heterociklu sintéze ar augstiem iznakumiem. Turklat,
izmantojot iekSmolekularu indolu seleniléSanu, ieghti seléncisteinu saturosi makrocikli.
Izmantojot redzamas gaismas inici€tu reakciju, iegiiti arT Se—S saiti saturo$i peptidi. Metode
balstas uz glutationa S-radikala generéSanu organiskas krasvielas klatieng.

Darba struktiira un apjoms

Promocijas darbs ir tematiski vienota zinatnisko publikaciju kopa, kas veltita jaunu metozu
izstradei cistetnu un seléncistinu saturoSu peptidu modificéSanai elektrofilas ciklizacijas un
redzamas gaismas iniciétas reakcijas. Promocijas darbs ietver sesas originalpublikacijas, kas
indeksétas Scopus un Web of Science datubazges.



Darba aprobacija un publikacijas

Promocijas darba rezultati publicéti seSos zinatniskajos originalrakstos, pétijuma rezultati
prezent€ti sesas zinatniskajas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Sulfenilelektrofila iegiiSana un izmantosana 5- un 6-endo-dig
ciklizacijas reakcijas

Cisteins (Cys) ir saméra reti sastopams proteinos (1-2 %), tapéc tas ir populars mérkis
proteinu regioselektivai modificéSanai. Iesp&jams, vissvarigakais Cys saturoSais peptids ar
mazu molekularo masu, kas sastopams cilvéku organisma, ir glutations (GSH). GSH ir svariga
nozime daudzos Sitina notiekoSos procesos, taja skaita Sunu diferenciacija, proliferacija un
apoptozeé. GSH pasarga §tnas no bojajumiem, ko izraisa lipidu peroksidi, reaktivas skabekla un
slapekla dalinas un ksenobiotiki. Samazinata GSH un GSH/glutationa disulfida (GSSG)
attieciba izraisa palielinatu uznémibu pret oksidativo stresu, kas saistits ar véza attistibu, tacu
paaugstinats GSH daudzums izraisa rezistenci pret oksidativo stresu. Turklat pedgjo gadu laika
tiolu saturosi peptidi ir izmantoti lipofilo zalvielu piegades sistémas.

Zinamas metodes konjugatu sintézei parasti balstas uz Cys nukleofilitati. Plasi lietotas
metodes cisteina funkcionalizéSanai ir alkiléSana ar alkilhalogenidiem, ariléSana un Maikla
pievienoSanas reakcija. Veértiga metode ir cisteina sas$tSana (Stapling) ar dazadiem
arillinkeriem. Cisteinu var viegli oksidét par ta diméru — cistinu. S-S saites izveide proteinos ir
atkariga no cisteinu novietojuma, un tas ievietoSana proteinos atbild par to stabilitati un
izkartojumu.

S—H saites homolitiskas dissociacijas energija ir neliela (86 kcal/mol), kas lauj viegli generét
attiecigo cisteTna radikali.’® P&dgjo gadu laika izstradatas metodes cisteina konjugacijai
fotokatalizatoru klatieng, izmantojot redzamo vai UV gaismu.?’ Iesp&jams, ka plasak lietotas
radikalu reakcijas cisteina modificéSanai ir tiola-€na/ina reakcijas. Savukart Cys
desulfenilésanas rezultata veidojas Dha atvasinajumi. Parasti reakciju veic fosfinu klatieng.

Elektrofilais centrs uz séra atoma atrodas savienojumos ar S-O, S-N vai S-CI saiti.
Sulfenskabes ir nestabilas, tacu sulfénamidi parasti tiek sintez&ti no sulfenilhalogenidiem, tapéc
sulfenilhalogenidi tiek plasak lietoti ka sulfenilelektrofili. Sos elektrofilus var iegit no tioliem
vai disulfidiem, izmantojot halogénus, SOCI;, SO>Cl> vai N-halosukcinimidus. Cisteinu
iesp&jams modificét, lietojot ta sp&ju saistities ar Luisa skabém. Tadas Luisa skabes ka FeCls,
CuBr2 un AICIz izmanto, lai generétu elektrofilu no tioliem vai disulfidiem. Elektrofilu var
ieght, izmantojot (diacetoksijod)benzolu KI klatieng. lepriekS pagatavoti N-tioalkil- vai
arilftalim1di un N-tiosukcinimidi ar1 sp€j kalpot ka efektivi elektrofili.

Promocijas darba pamata esosajos pétijumos tika izlemts generét sulfenilelektrofilu ar N-
halosukcinimidu palidzibu. N-Cbz-Cys-OEt (1) un 4-fenil-2-(piridin-2-il)but-3-in-2-o0ls (2a)
tika izmantoti par modelvielam optimalo reakcijas apstaklu mekl€jumos. Analiz€jot reakcijas
maisijumus, noskaidrots, ka N-bromsukcinimida (NBS) un N-jodsukcinimida (NIS) gadijuma
ar augstiem iznakumiem 1sa reakcijas laika (1 h) veidojas attiecigi halo-indolizinija sali 3a un
3b. Savukart N-hlorsukcinimids (NCS) izradijas piemérots, lai iegtitu Cys saturo$o indolizinija
sali 4a, kas tika izoléts ka diastereomé&ru maisijums (1 : 1) ar 65 % iznakumu (1. shéma). NCS
nesp&ja veicinat 5-endo-dig ciklizéSanu ar 2a, bet reakcija ar NBS un NIS tris dienu laika
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neselektivi veidojas 3a un 3b. Tas apstiprinaja hipot€zi par attiecigo cisteinilhalogenidu izveidi
cisteina reakcija ar N-halosukcinimidiem. legiitie rezultati liecina par to, ka elektrofilais centrs
cisteinilhlorida ir séra atoms, savukart cisteinilbromida un cisteiniljodida gadijuma elektrofilais
centrs ir halog€na atoms, jo Sajos gadijumos ir mazaka relativas elektronegativitates (REN)
atSkiriba starp konkrétajiem atomiem (REN S = 2,58, Cl = 3,16, Br = 2,96, | = 2,66).

Substratu klasta parbaude paradija, ka ne tikai propargilpiridini 2a-c, bet arT propargiltiazols
2d un propargil-N-metilimidazols 2e ir piem&roti substrati ciklizacijas reakcijai un veido
indolizinija tipa sisteémas 4d,e ar labiem iznakumiem (69-73 %).

o
NHCb A
EtO z o) N (o)
+ )
X

HS
1(1 ekv.) (1.2 ekv.)
DCM [Q R HaG on
— 0°C OH S A\ OH B T N
- CH X
X =Br, | _ oy I N
o ‘ ‘ vai ‘ ‘ N ®®
2a-c 2d-e K' ® c~ Ph
Eo NHCbz R2 (0.5ekv.) R2 X 3a X = Br, 88%
Ly 3b X =1,90%
s 2a R'=CHj3, R?=Ph 4
X 2b R'=R?=Ph 8N R . R om
2cR'=CHy, R2=CgHyy  (X=CL & A T oH — ]

. ! S NHCb
2d Q=8, R'=CH,, R?=Ph VT g Oy SN NHCbz
2e Q=NMe, R'=R?=Ph K’\ S ©  R? OEt

J NHCbz cl
L o2 Z] 4 o}
oM NHCbz oH  NHCbz OH  NHCbz ph_ OH  NHCbz
R s Ao ¢ s_~_ogt € S _~_OEt HyC SWOH
3V
ST T Y e, o
N e — CsH1q & Ph \@ Ph
© cl
e 0,
c®  4aR=CH, 65%  CI 4c 30% c 4d, 69% 4, 73%

4b R=Ph, 54%
1. shema. Cys saturosu indolizinija tipa salu sintéze.
Visi produkti tika attirti ar apgrieztas fazes hromatografijas palidzibu
(MeCN/Hz0, pH = 4, salsskabe).

Izstradatie reakcijas apstakli nebija pieméroti savienojuma 9a iegiiSanai (2. shéma). Lai gan
produkta veidoSanas tika novérota, veidojas ar1 dazadi piemaisijumi. Reakciju veicot
acetonitrila, izdevas izolét 9a ar 14 % iznakumu. Tacu izradijas, ka ir iesp&jams izmantot S-S
saiti saturoSus substratus, lai generétu sulfenilelektrofilu un izmantotu to 5-endo-dig ciklizacija.
Sekojosi (Boc-Cys-Gly-OBn)2 5 un (Boc-Glu(OtBu)-Cys-Gly-OBn)2 6a izmantosana lava iegiit
attiecigos indolizinija salus 9a-c ar vidgjiem lidz labiem iznakumiem. Peptidi, kas saturgja
aminoskabes ar “jutigam” funkcionalajam grupam (His, Trp, Arg), nebija pieméroti reakcijas
apstakliem.
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1. NCS (1.2 ekv.),

o) o DCM, 0 °C OH
BnO NHR BnO NHR  2a,b (1 ekv.) =
N N
o . o (2. TFA, DCM) ® \_}

C]
1 of Ph P NH O
7.8 5,6a,6b 9 OBn
O o
5,7 R=Boc 6a,8 R= MCOZtBu 6b R= MNHCbZ
NHBoc NHBoc
o 7 N\ 7 N\ 7 N\ 7 N\
OAc @N= o AN= ON= ON=
OH OH OH OH
PN Non e ey CH N Nen PhN"on
s 3 s 3 F3;CCOO s s 3
H (0] .\ H O (@] H (@] H (0]
§ OWE: y g
BocHN \)kosn N \)kOBn ® N \)kosn \H \)kosn
o] o] HaN o] o]
9a, 78% 9b, AA: Boc-Glu(OtBu), 52% CO,H  9d,75% 9e-g, 0% AA: Boc-His
14% (no 7) 9¢, AA: Boc-Lys(Cbz), 67% Boc-Trp
Boc-Arg

2. shema. Cys peptidus saturoSu indolizinija salu sintgze.
Produkti tika attiriti ar apgrieztas fazes hromatografijas palidzibu
(9a-c: MeCN/H:0, pH = 4, etikskabe; 9d: MeCN/H20, pH = 4, trifluoretikskabe).

Daudzas dabasvielas, ka ari ievérojams skaits zalvielu, satur indola un benz[b]furana
motivus.?t 22 Turklat $os heterociklus uzskata par “priviligétam struktiiram”.?® Tapéc tika
izlemts lietot izstradatos reakcijas apstaklus citai 5-endo-dig ciklizacijai, kas rezultata lautu
iegtt indolus un benz[b]furanus.

Reakcija starp 1 un 2-(feniletinil)anilinu NCS klatiené veidojas 3-Cys-indoli 11a-d ar
augstiem iznakumiem (3. shéma). Tacu ne dimetilamino-, ne dibenzilamino-, ka ari neaizsargati
(feniletinil)anilini nebija piem&roti substrati ciklizacijas reakcijai.
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o R%HN, 2
///4 1 REHN,
B R _ B R .,
s ﬂR1
®S.)_Ph S
_ R R=Ph // %Ph
N . X N
) . N
©\/ < cl H o Ph
X

1.1, 7 vai 8 (1 ekv.) X-H cl HCl X
NCS (1.2 ekv.), DCM - - - 4
F‘{ (1.2 ekv.) ot oot CO,Et 11 CO,Et
! Z Z| i, :
10 (1ekv) (2 TFADCM) —CO4Et S s 'NHCbz
10a R=Ph, XR'=NHTs I ] S Bu
10b R=Ph, XR'=NHBoc R = Bu %?; Bu },\ /
10¢ R=Ph, XR'=NHNs === . & By — -
10d R=Bu, XR'=NHNs gl \H '_ )
10e R=Ph, XR'=NH(2-NO,-Ns) NHR' NH.R Y, 12aR' = Ns, 44%
10f R=Ph, XR'=NH(2-NO,-Ns) L 4 - 4 R 12b R’ = 2-NO2-Ns, 42%

10g R=Ph, XR'=NMe,
10g R=Ph, XR'=NBn,

10h R=Ph, XR'=NHBn ? Os_OH 0+_OtBu
10i R=Ph, XR'=NH, EtO,C._,NHCbz BnOTK\N NHBoc
10j R=Ph, XR'= OH H o NH o NHBoc
10k R=Ph, XR'= OMe s © s 5o H 2 H

n

X Ph X —Ph T(\H)ﬁ’

e} 0
X X S TFA

]
X Ph X—Ph

11a X = NTs, 85% i X =NTs, 53% X o)

11b X = NBoc 68% 11j X =NNs, 27%

11c X = NNs, 7% 11k X = NBoc, 25%

11d X = N(2-NO2-Ns), 80% 111 X =0, 66% (no 10k) 11m X = NTs, 60% 110, 33% (no 10k)

11e X = NMe, 0% 1n X = NNs, 20%

11f X = NBn, 0%

11g X = NH, 0%

11h X = 0, 54% (no 10j)
80% (no 10k)

3. shéma. Cys peptidu saturosu indolu un benz[b]furanu sintéze.

Lidziga veida tika iegits 3-Cys-benz[b]furans 11h. Svarigi, ka reakcijas iznakumu izdevas
ievérojami uzlabot, 2-(feniletinil)fenola 10j vieta izmantojot 2-(feniletinil)anizolu 10k. Peptidu
Boc-Cys-Gly-OBn (7) un Boc-Glu(OtBu)-Cys-Gly-OBn (8) lictoSana lava izol&t attiecigos
indolus un benz[b]furanus, tomér reakcijas iznakumi bija dazadi (20-66 %). S-S saiti saturosie
peptidi nebija pieméroti savienojumu 11 sintézei. Japiemin, ka, izmantojot 2-heksinilanilinus,
reakcija veidojas tikai triskar$as saites pievieno$anas produkti 12a-b, iesp&jams, tadel, ka
izveidojas arilgrupas stabilizéts vinilkatjons, kas novérsa 5-endo-dig ciklizaciju.

Talak tika nolemts izpétit iesp&ju generét sulfenilelektrofilu, lai izmantotu to 6-endo-dig
ciklizacija ar 2-(feniletinil)biarilsisttmu saturoSiem savienojumiem. Policikliski aromatiskie
ogludenrazi ir lietderigi savienojumi, kas tiek izmantoti ne tikai ka izejvielas organiskaja
sintezge, bet art ka fluorescenti markieri.

Reakcija starp (Boc-Cys-Gly-OBn) (5) un alkinu 13a NCS klatieng lava iegiit 6-endo-dig
ciklizacijas produktu 14a ar 72 % iznakumu (4. sh&ma). Triskar$a saite koordingjas ar
elektrofilo s€ra aromu, veidojot tiirénija ciklu, kam uzbriikk tuvakais aromatiskais gredzens,
veidojot 6 loceklu ciklu. Péc deprotongsanas ar hlorida anjonu veidojas galaprodukts. Ta viegli
tika konstru€tas benz[C]fenantréna, benz[g]kriz€na un benz[pqr]picéna sist€émas. Lai ari
izejvielu konversija bija augsta, produktu iznakumi ir atkarigi no izdaliSanas un attiriSanas
procesiem.
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RHN.. Sy OBn RHN,,, OBn
W /ﬁ( Bnow(\u)ﬁ,NHR

Ph 1.5 vai6a (1 ekv.) ®S‘\ Ph 0 s
Z NCS (2.2 ekv.), Ph
g O‘ ~
"o
@ (2 TFA, DCM) HCl @

13 (1 ekv) 14
0 o NH,
BnO NH BnO NHBoc BnO NMOH
0 TFA 0 0 0
s s
X CO e
14a, 72% O 14b, 91% 14¢, 65%
o} NHBoc NH; 2y NH,
BnO N " __OH
BnO OtBu BnO M
% M T
o J H 0 0 0
S s

CO i CO }
O 14d, 81% O 14e, 40%

4. shema. Cys peptidu saturoSu poliaromatisku oglidenrazu sintéze.

14f, 35%

Novertétas ari iesp&jas NCS metodi lietot glutationu saturoS$u izokumarinu 17a un 17b
sintézei. Izokumarinu motivs bieZi sastopams biologiski aktivu dabasvielu struktiras.?* Siem
savienojumiem ir zinama antimikrobiala, pretsénisu, citotoksiska un pretickaisumu aktivitate.
Ceréetos produktus izdevas izolét ar viduv§jiem iznakumiem, izmantojot S—H saiti saturoSos
peptidus 7 un 8 (5. shéma).

o)
RHN,, OBn
“ N RHN,, OBn o

Ph BnO NHR
F 1.7 vai8 ® S‘\ Ph S
NCS DCM ) PP
—_— T
CO,Me 2. TFA DCM (o] MeCl
©)

S}
16 9\(\ cl

17a R=H, 53%
17b, R= 40%

A)K/\rcoztsu

5. shéma. Cys peptidu saturos$u izokumarinu sintéze.

Veiksmigi izdevas veikt citu 6-endo-dig ciklizaciju ar arilpropiolamidu 20, iegiistot 1-metil-
3-sulfanilhinolin-2-onu 21 (6. shéma). Zinams, ka hinolin-2-oni ietilpst dazadu zalvielu sastava,

taja skaita plasi lietotu antibiotiku sastava (ciprofloksacins, levofloksacins).?
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o NH,
O:g O:g BnO H X
N CO,H
T(‘)(\H)K[ 1 )
Ph Ph ) C% o o s TFA
1.8,NCS Y ®H Ph_\_0O
H DCM LS NH NE NH
M @4 - . o — - X
XS0 2.TFA, X~ 0o X~ o
DCM
18 X=0 ‘- INHBoc 1 INHBoc 19 X=0, 0%

20 X=NCH, tBuO,C BuO,C 21 X=NCHjs, 44%

6. shema. Cys peptidu saturosa hinolin-2-ona sintéze.

Originalpublikacija par Saja apak$nodala aprakstitajiem pétjjumiem — promocijas darba 3.
pielikuma.

2. Selenilelektrofila generésana un izmantosana 5- un 6-endo-dig
ciklizacijas reakcijas

Pretgji tioliem, selenoli viegli oksid€jas gaisa, tapéc standartapstaklos tie pastav ka
diselenidi. Selenoli ir nukleofilaki par tioliem, un tos parasti ieglst in situ reducgjoso agentu
klatiené (pieméram, NaBH4). Diselenidi ir loti svarigi daudzpusigi savienojumi, un tos var
izmantot ne tikai ka seléna nukleofila avotu, bet arT lai generétu selenilelektrofilu vai radikali.
Tipiski selenilelektrofili ir selenilhalogenidi RSeX (X=Br, Cl, I), ko viegli iespgjams iegiit,
apstradajot diselenidus ar halogéniem vai SO2Clo. Nesen literatira tika aprakstita
fenilselenilfluorida in situ iegii$ana, izmantojot Selectfluor.?® Japiebilst, ka fenilselenilhlorids
un fenilselenilbromids ir komerciali pieejami.

Protams, ka halogenida nukleofilitate spgj izraisit nevélamas blakus reakcijas, tade] dazkart
prieksroka jadod sintézes protokoliem, kuros netiek izmantots halogenids. Selenilhalogenidi
reagé ar dazadiem sudraba saliem, apmainas reakcija veidojot seleniltriflatu, tozilatu, acetatu,
heksafluorfosfatu. No iepriek$ mingtajiem savienojumiem visplasak lietotais ir seleniltriflats.

Alternativa metode selenilelektrofila generéSanai ir diselenidu oksidéSana. Piemé&ram,
persulfatu salu klatieng var iegiit selenilsulfatu.?’ P&dgjos paris gados oksons tiek lietots
selenilelektrofila generéSanai un sekojosai reakcijai ar triskar$o saiti saturoSiem substratiem,
ciklizacijas reakcija ieglstot selenilétus heterociklus (indolus, pirazolus). Difenildiselenida
reakcija ar oksonu veidojas fenilseleninskabe un fenilselenilsulfats.?® Selenilelektrofila
iegiSanai lietoti arT citi reagenti: hipervalenti joda savienojumi, m-CPBA, Ce(NH4)2(NO3)s,
KNOs, DDQ. Difenildiselenids reagé ar 1,4-dicianonaftalinu péc SET mehanisma, veidojot
seléna elektrofilu. Turklat selenilelektrofilu var generét diselenida reakcija ar Luisa skabém,
pieméram, biezi tiek lietoti dzelzs(l11), vara(l) un vara(ll) sali.

Selenolu un diselenidu oksidéSana iesp€jams iegit Se—O saiti saturoSus savienojumus:
selenénskabi (RSeOH), seleninskabi (RSeO2H) vai selenoskabi (RSeOzH). Selenénskabes ir
loti reag@tsp€jigi savienojumi, tikai arilselenénskabes ir detektétas. Turklat selenénskabe ar
stériski apjomigam arilgrupam ir izoléta un raksturota. Seleninskabes un selenoskabes ir
stabilakas, un tas var izmantot dazadu organisko savienojumu oksidésanai. Seleninskabes var
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izmantot Se-S saiti saturo$u savienojumu sintézei,? turklat fenilseleninskabe® ir izmantota
indolu un anilinu selenilésanai.

Literattira ir aprakstitas tikai dazas metodes seléncistinu saturo$o peptidu modific€sanai. Ir
zinama metode Sec peptidu konjug€Sanai ar mazam molekulam, kas balstas uz (5-
nitropiridiniltio)-Sec peptidu elektrofilo raksturu.®® Sie substrati reagé ari ar nukleofilam
arilborskabém, veidojot ariletus Sec peptidus.®? Plasak lietotas metodes seléncistinu saturogo
peptidu modificgsanai balstas uz deselenilésanu, veidojot alanina peptidus reducgjoso agentu®?
klatien@ vai oksidgjosa agenta ierosinatu®* dehidroalanina izveidi.

Lai atrastu piemérotu substratu selenilelektrofila generéSanai, tika pétita reakcija starp
Ph,Se> (22a), 2a un dazadam Luisa skabém (FeCls, FeBrz, FeBrs, CoClz, NiClz, CuClz, CuBry,
Cu(OAC)2, RuCls, In(OTf)3, Bi(OTf)s).

Vara(Il) bromids uzradija vislabakos rezultatus (1. tabula). Turklat visi parbauditie
skidinataji lava iegiit produktu 23a ar pienemamu iznakumu, savukart produkta veidoSanas ar
izcilu iznakumu norit€¢ja DCM, MeCN un EtOH. Maksimala iznakuma nodrosinasanai bija
jaizmanto ekvimolars CuBr, daudzums. Reakciju veicot bez difenildiselenida, galvenais
produkts bija 2-bromindolizinija bromids. Metodi vargja lietot ari telenilelektrofila generéSanai,
tacu ne sulfenilelektrofila generéSanai — reakcija veidojas tikai 2-bromindolizinija bromids.

Lai noskaidrotu reakcijas mehanismu, tika uznemts ekvimolara daudzuma CuBrz un PhzSe;
maisijuma '’ Se KMR spektrs (1. A att.). Ph,Se,-CuBr, maisijuma spektra tika novérots viens
plats signals pie 450 ppm, kas ir lidzigs Ph,Se, signalam (462 ppm). Tas liecina par
Ph2Se,-CuBr» izveidi, turklat Se—Br un Se—Cu saites saturosie starpprodukti netika detektéti.
So apgalvojumu apstiprina ari fakts, ka Se—Cu saiti saturo$a savienojuma (Cu(SePh),-2-
fenantrolins) kimiska nobide KMR spektra ir 274 ppm; savukart PhSeBr signals atrodas pie
867 ppm. Protams, teorétiski seléna spektra vajadzétu paradities diviem signaliem, tacu
starpprodukta dinamiskas dabas dél Sie signali ir saplidusi, turklat signals ir plats vara
paramagnétisko 1pasibu del.

Balstoties uz eksperimentalajiem datiem, ir piedavats iesp&amais reakcijas mehanisms.
Vispirms veidojas Ph,Se;-CuBr2 pievienosanas produkts I. Tad | genere seléna elektrofilu, kas
koordingjas ar substrata 2a triskarso saiti, veidojot selénirénija katjonu 1. Slapekla nedalitais
elektronu paris uzbriik divkarSajai saitei, veidojot 5 loceklu ciklu ar pozitivi ladeto slapekla
atomu. Reakcijas blakusprodukts PhSeCuBr sadalas, veidojot Ph2Sez un CuBr.

CuBr veido$anas tika pieradita eksperimenta ar bicinhoninskabi (BCA), kas selektivi veido
helatu ar Cu(I) joniem, veidojot violeti krasotu kompleksu 111 (absorbcijas maksimums pie
562 nm). Tika veikti absorbcijas mérijumi (1. B att.) tris paraugiem: reakcijas maisijumam ar
BCA, Cul un BCA, CuBr2 un BCA. Absorbcijas vértiba reakcijas maisijumam ar BCA un Cul
ar BCA bija lidzigas vértibas (absorbcija attiecigi 1,1503 pie 560 nm un 1,4749 pie 560 nm).
Tadgjadi tika apstiprinata nepiecieSamiba izmantot ekvimolaru daudzumu CuBr; — tas tiek
izlietots, veidojot CuBr, kas nespg€j iniciét seléna elektrofila veidoSanos. Tas tika arT apstiprinats
testa reakcija, CuBr2 vieta izmantojot CuBr vai Cul.
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1. tabula

Reakcijas apstaklu optimizésana savienojumu 23a un 23b ieglisanai

/N —  » 23a
2a GON=
Ph,Q, Tsr; Ph—X on Br@ 2a KV \j®ePh
QPh
23 >< h
”””””””””””””””””””””””””” vy CuBrp [PhSe-CuBr] NaO,C
7 N\ 7 N\ (\%‘- Phsé-slePh
@N= ®@N= J— - BCA
P Yy o PNy oH = X ‘\-\‘\“ B 1 M NaOH
SePh TePh T k,f/ CuBry PhySe; MeCN
23a 23b e
Nrp. k. 22 Skidinatajs ggfggjg‘rjﬁtf;ba Laiks,h  Iznakums, %
1. Ph.Se)  DCM 2:2:1 4 -l
2. Ph,Se,’!  DCM 2:2:1 4 Ll
3. Ph2Se; DCM 2:2:1 4 86
4. Ph2Se; DCM 2:05:1 4 47
5. Ph2Se; DCM 12:12:1 4 94
6. Ph2Se; DCM 06:12:1 4 62
7. Ph,Se; DMSO 12:12:1 24 70(]
8. Ph,Se; EtOAC 12:12:1 24 62L¢]
9. Ph.Se; MeCN 12:12:1 0,5 90
10. Ph.Se; EtOH 12:12:1 12 96
11. - DCM 0:2:1 72 g6l
12. Ph,Se; MeCN 12:12:1 1 32 + 58lfl
13. Ph.S; DCM 12:12:1 24 78l
14. Ph.S; MeCN 12:12:1 24 g7l
15. Ph,Te; DCM 12:12:1 0,25 94
16. Ph,Te; MeCN 12:12:1 4 76

[a] MXn — FeClz; [b] MXn — FeBrs; [c] produktu maisTjums; [d] veidojas 2-bromindolizinija
bromids; [e] nepilna izejvielu konversija; [f] vispirms pie 2a pievieno CuBr2 un péc 20 min
pievieno PhySe,. Veidojas 2-bromindolizinija bromids (32 %) un 23a (58 %).
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1. att. A: Ph,Sez-CuBr2 un PhySe; 7’Se KMR spektri. B: UV absorbcijas spektri: A: Cul + BCA;
B: reakcijas maistjums + BCA; C: CuBr2 + BCA.

Noskaidrots ka ari Boc-aizsargats seléncistins 24a ir savietojams ar reakcijas apstakliem.
Reakcija starp (Boc-Sec)2 un 2a,b,d vara(ll) bromida klatieng veidojas atbilstosie indolizinija
25a,b un pirolotiazolija 25c¢ sali ar labiem iznakumiem ka diastereoméru maisijumi, kas tika
sadaliti ar AESH palidzibu (7. shéma). Turklat iegits (1R,S)-25b kristals ka cviterjona sals,
apstiprinot ta struktiru. Reakcija ari lietoti dazadi seléncistinu saturo§i peptidi un izoléti

indolizinija sali 25d-h ar augstiem iznakumiem.

0 MN%/ wOH
H HO R N
H)K[N CuBr,, DCM o Se R
Se% (2. TFA, DCM) N%“ @@
H o

24
25
7\ 7\ s
_ _ P ®N=
®N\ OH ON= 54 - )\ OH
)OLG " )OL PPN e i SRS o Pn
o — Ve = A
S = A Q Se
F,€~ D0 e F,c” 0 Se R b Fac)ko
OH B OH
BocHN BocHN OH :( BocHN
(0] O wta/ - (6]
25a, 68% 25b, 72% i 25c¢, 48%
7 N\ 7 N\ / ®\ 7 N\
AN= €] @Ni @ N= GAN=
o|—| Br OH Br OH OH
Br e) N
)k Ph on
Ph
o}
NH
BnO)K/ “’NHBoc \)kOBn BocHN \)L Jk'd ‘
BocHN
25d, 85% 25e, 88% 25f R=Ph, 98% 25h, 81%
OtBu 259 R=Me, 98% HO

7. shéma. SEC-lndOthnlja salu sintéze. 24a (Boc-Sec).; 24b (Boc-Sec-Gly-OBn)z2; 24c¢ (Boc-
Glu(OtBu)-Sec-Gly-OBn)z; 24d (Boc-Sec-Gly-Phe-NH>)2; 24e (Boc-Tyr-Sec-Gly-Phe-NH>)..
Produkti tika attiriti ar apgrieztas fazes hromatografijas palidzibu
(25a-c: MeCN/H20, pH = 4, trifluoretikskabe).
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Cita veiksmiga 5-endo-dig ciklizacija tika veikta, izmantojot Ph2Sez un
2-(feniletinil)anizolu (10k). Ieprieks izstradatie reakcijas apstakli bija pieméroti Sai ciklizacijai,
taCu, lai sasniegtu pilnu izvejvielu konversiju 16 h laika, bija japaaugstina temperatiira (40 °C).
3-Selenilbenz[b]furans 26a tika iegits ar 83 % iznakumu, un ta struktiira tika viennozimigi
apstiprinata ar retgenstruktiiras analizes datiem (8. shéma). Lidziga veida tika izoléti 3-
halkogenilbenz[b]furani 26b and 26c. Turklat reakcijas iznakumi bija lidzigi vai augstaki neka
literatiira aprakstitajai FeCls inicigtajai 2-feniletinilanizola ciklizacijai (26b 64 %, 26¢ 36 %).°

R2Qa
(1 ekv.)
©\/ CuB %Ph wph
oM - 0® MeBr

(1.2 ekv.)

10k (1.2ekv) DCM, 40 °C Me=3 0
SePh SeBn TePh
H—ph = [0 o %Ph @[\&Ph
0 e B o o
26a, 83% E SO 26b, 60% 26¢, 50%

8. shéma. 3-halkogenilbenz[b]furanu veidosanas.

Attiecigi, izmantojot peptidus 24b,c un anizolu CuBr; klatiengé veidojas Sec saturoSie
benz[b]furani 27a un 27d (9. shéma). Japiebilst, ka dzelzs(III) hlorids nebija sp&jigs inicict
produktu 27 veidosanos. Lidziga veida tos paSus savienojumus varja iegit no 2-
(feniletinil)fenola (10j). Tomér CuBr; iniciéta selenilelektrofila generé$ana nebija piemérota,
lai veiktu 2-alkil-3-selenilbenz[b]furanu sintézi. Reakcija veidojas vairaku produktu maisijums,
iesp&jams, ka veidojas arilgrupas stabilizéts vinilkatjons, kas novérs 5-endo-dig ciklizaciju.
Tapéc bija jaatrod cita metode, lai iegiitu selenilelektrofilu un veiktu ciklizacijas reakciju.

Piemérotu reagentu izdevas atrast, parbaudot dazadus oksid&joSos agentus. Zinams, ka
reakcija starp diselenidiem un persulfatu saliem veidojas selenilsulfats, kas ir stiprs elektrofils.
Lai gan reakcija starp 24b un 101 K»2S20s (5 ekv.) klatieng bija 1éna (pilniga izejvielu konversija
tika sasniegta 3 dienu laika), svarigi, ka reakcija bija selektiva un benz[b]furans veidojas ar
augstu iznakumu. Citi parbauditie oksidg€josie agenti bija mazak efektivi (amonija persulfats,
kalija jodats) vai arT notika neselektiva reakcija (oksons, meta-hlorperoksibenzoskabe, natrija
perjodats, c€rija amonija nitrats, (diacetoksijod)benzols), jo atra oksidéSana izraisija
deselenilésanas reakcijas.

Savienojuma 27c iznakumu vargja uzlabot, lietojot 2-(heks-1-in-1-il)anizolu (10m).
Japiebilst, ka K2S20g iniciéta selenilelektrofila generéSana un sekojosa ciklizésana lava iegiit
ar1 27a ar augstaku iznakumu neka CuBr; gadijuma.

Reakcija starp (Boc-Sec)2 un 10k gan CuBr2, gan K2S20s (5 equiv.) klatieng veidojas tikai
zimes no ceréta benz[b]furana. Tacu, palielinot K2S20g daudzumu Iidz 50 ekv., izdevas panakt
pilnigu izejvielu konversiju 16 h laika un izolét savienojumu 27f ar augstu iznakumu. Nemot
veéra to, ka K2S>0g $kidiba acetonitrila ir arkartigi zema, faktiskais oksidgjosa agenta daudzums
reakcijas maistjuma ir zems. Tadgjadi ir pilnigi pienemami izmantot lielaku daudzumu K2S;0s,
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jo tas neboja izejvielas, péc reakcijas beigam to var vienkarsi nofiltrét, un jauzsver, ka tas ir I&ts,
neorganisks reagents.

Diemzel neviena no iepriek§ minetajam metodém nebija pieme&rota sulfenilelektrofila
generéSanai no 8 un sekojosai ciklizésanai, veidojot glutationu saturos$u benz[b]furanu.

o}
CuBr. R"
gu 5 R NH-R
4, RSe-SeR R . s
e
Se,Ph SeR }
10j-m N-R
RoSe,  — . N _pn - 3
24a-c b vaic O seR o +Q|\i ’3 o
— / e
S Me 2_Meso4 27
i SO,
10j R'=Ph, R=H 10l R'=Bu, R=H
10k R'=Ph, R=Me 10m R'=Bu, R=Me
0o o] o NHBoc o]
BnO NHBoc  BnO. NH, BnO N ~_OtBu NHBoc
N N N M HO
Y Ty IS SRR
Se Se ° Se Se

X—R X—Ph R X —R
(0] o (0] (0]
)

27a R=Ph, 62%? (no 10k)  27c 68%? (no 10j 27d R=Ph, 98%? (no 10k) 27f R=Ph, 90%° (no 10k)
95%b (no 10k) 91%32 (no 10j) 27g R=Bu, 50%° (no 10|)
85%" (no 10j) 27e R=Bu, 98%" (no 10m)

27b R=Bu, 95%” (no 10m) 80%" (no 101)

87%P® (no 101)
9. shéma. 3-selenilbenz[b]furanu sintéze. Reakcijas apstakli: a) 1. CuBr2 (1,5 ekv.), DCM,
40 °C; (2. TFA, DCM); b) K2S20s (5 ekv.), MeCN, it; ¢) K2S20g (50 ekv.), MeCN, it.

Analoga veida CuBr; inicicta selenilelektrofila generéSana un sekojosa 5-endo-dig
ciklizacija tika lietota 2-aril-3-selenilindolu sintézei, savukart K»2S;Og iniciéta selenilelektrofila
generéSana bija piemé&rota 2-alkil-3-selenilindolu, ka ari Boc-Sec saturo$u indolu sintézei
(10. shéma). Substratu klasta parbaude paradija, ka Ts, Ns un Boc aizsarggrupas ir tolerantas
pret reakcijas apstakliem, savukart 2,4-dinitrofenilsulfonil, N,N-dimetil-, N,N-dibenzil, N-
benzil-2-(feniletinil)anilini, ka arT neaizsargati 2-(feniletinil)anilini nav pieméroti substrati.
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1= o/ b 2_ o/ a P isTi ab P R2= i T a,b
28b R'=Bu, 75% 28f R?=H, 62% 28g, vielu maisijums 28e, vielu maisjums?® NO,  28i R“=Bn, vielu maisTjums
O H NHBoc (@] H NH, (@] H NHBoc [e)
BnO N ~_OtBu BnO N ~_OH BnO N ~_OtBu NHBoc
N N N HO
D I O e (I O S O I G e y
o} o o le] o} 0 o] o} o)
Se Se *TFA Se Sé
R XN,—Ph X—Ph R!
NTs NNs NH NR2
28j R'=Ph, 90%2 281, 89%° 28m, 75%% 28n R'=Ph, R2=Ts, kvant.®
28k R'=Bu, 98%" 280 R'=Ph, R2=Ns, kvant.®

28p R'=Bu, R%=Ns, kvant.®
10. sheéma. 3-selenilindolu sintéze. Reakcijas apstakli: a) 1. CuBr2 (1,5 ekv.), DCM, 40 °C;
(2. TFA, DCM); b) K2S20s (5 ekv.), MeCN, it; ¢) K2S20s (50 ekv.), MeCN, it.

Svarigi, ka CuBr: iniciétu selenilelektrofila generéSanu var lietot arT neaizsargatiem
peptidiem. Sis fakts ir nozimigs un ievérojami atvieglo sarezgitaku peptidu lietosanu. Reakcija
noritgja viegli, jo protonétas aminogrupas nesp€j veidot kompleksu ar CuBr2. Visi parbauditie
seléncistinu saturoSie peptidi uzradija izcilu reagétsp&ju, un produkti veidojas ar augstiem
iznakumiem (11. shéma).

o] 1 N
R H R‘N N‘R2
N “R2 10a vai 10k H
H CuBr, (2.5 ekv.) Se
( Se o X, —Ph
2 DCM/MeOH, 40 °C
neaizsargati peptidi X X=0,NTs
HoN
BnO.__0O BnO.__0O OH
" f o n f 0 o NH o o
NH N N . NH
. 0 .
Se HCI Se Se -HCI Ph © Se 2HCI
X Ph X, Ph X Ph X —Ph
X X (o] o]
29a X=0, 89% 29¢ X=0, 85% 29e, kvant. 29f, 46%

29b X=NTs, 74% 29d X=NTs, kvant.
11. shéma. Benz[b]furanu un indolu sintéze, izmantojot neaizsargatus peptidus.
Produkti tika attiriti ar apgrieztas fazes hromatografijas palidzibu
(MeCN/H20, pH = 4, salsskabe).
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Nakamais izaicinajums bija noskaidrot, vai ir iesp&jams generét seléna elektrofilu un
izmantot to kaskades tipa reakcija. Tika nolemts izmantot anizolu saturosu arilditnu 30, kas
veiksmigas reakcijas gadijuma (sekojoSa 5- un 6-endo-dig ciklizacija) veidotu inden[1,2-
c]hroménu. Hromeéna cikls sastopams biologiski aktivos dabas produktos, turklat savienojumi,
kas satur inden[1,2-clhroména fragmentu, ir uzradijusi augstu potencialu lietojumam krasvielu
fotoelektriskajas Stnas. Turklat §ada tipa savienojumu sint€zei ir zinamas tikai dazas metodes.
Zinams, ka iesp&jams izmantot TfOH inici€tu kaskades reakciju, lai no anizola 30 iegiitu 6-
fenilindan[1,2-c]Jhromenu,® vai ari ciklizé$anu iesp&jams veikt halogénu klatieng, iegiistot
halogéna atomu saturo$us 6-fenilindén[1,2-c]hroménus.*

Vispirms tika parbaudits Ph,Se; ar 30 CuBr; klatieng, tacu tika novérota tikai 11-brom-6-
fenilindén[1,2-clhroména veidosanas. Cerétais produkts netika iegiits ar, izmantojot K»>S,Os.
Savukart K>S20g bija sp&jigs iniciét selenilelektrofila veidoSanos no Bn2Se, un seléncistinu
saturo§iem peptidiem, kas talak reaggja ar elektroniem bagatako triskarSo saiti, veidojot
selénirénija jonu l. Sekojoss otras triskarsas saites uzbrukums selénirénija katjonam veidoja
indéna ciklu (starpprodukts 11). Metoksigrupas uzbrukums karbkatjonam veidoja ciklizéSanas
starpproduktu 111, kas péc demetilésanas veidoja 11-(benzilselenil)-6-fenilinden[1,2-
clhroménu 3la (12. shéma). Savienojuma 31la struktiira tika viennozimigi apstiprinata ar
rentgenstruktiiras analizes datiem. Lidziga veida tika iegiiti Sec-peptidu saturoSie 6-
fenilindén[ 1,2-C]hroméni, produktu iznakumi gan bija tikai viduvéji sarezgitas produktu
attiriSanas del.

o
f S Ph BnO NHBoc BnO NHBOCCXBU
= g n
% [ Y e Jj' ™Y
" \ y; 'O Se
5 =00 LN O )@
‘\n/‘ - o o O O
\J:\. 31a,51% 31b, 45% 31c, 36%

12. shéma. Piedavatais kaskades 5-endo-dig/6-endo-dig ciklizacijas mehanisms.

Talak tika nolemts parbaudit, vai iesp&jams lietot CuBr. vai K>S;Os metodi
selenilelektrofila generésanai un sekojosai 6-endo-dig ciklizacijai. Vispirms nolemts sada veida
ieglt kumarinus. Izradijas, ka reakcija starp (Boc-Sec). un fenil-3-fenilpropiolatu K>S>Og lauj
ieglt atbilstoSo Boc-Sec saturo$0o kumarinu 32a (13. shéma). Substratu klasta parbaude lava
secinat, ka EDG aromatiska gredzena 3. vai 3. un 5. pozicija veicinaja ciklizaciju, savukart
EAG ievadiSana aromatiskaja gredzena samazinaja substrata reag€tsp&ju. Aizsargats
selénglutations ar1 bija piemeérots substrats ciklizacijas reakcijai, tacu diemzel neizdevas izolet
selénglutationu saturo$o 7-aminokumarinu ta nestabilitates dél. Tados pasos apstaklos ar labiem
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iznakumiem bija iesp&jams ieglt analogos slapekli
33a-c.

R
24a,c Al H
Il (1 ekv) T hes & TNHR? @1 N
R — R~©\ — R
xNg  K;S:0g xXg X

(50 ekv.),
18 vai 20 MeCN
(1.2 ekv.)
18a X=0, R'=Ph
18b X=0, R'=Ph, 3,5-dimetil- 0} (0] NHBoc

18¢c X=0, R'=Ph, 3-(dimetilamino)- NHBoc BnO H :
18d X=0, R'=CHj O)K[ . N WCOgtBu
(o}

18e X=0, R'=Ph, 4-(sec-butil)-
18f X=0,
18g X=0, R'=Ph, 2-CHO-
20a X=NMe, R'=Ph

20b X=NMe, R'=CHj3

Svarigi, ka citu 6-endo-dig ciklizaciju, kas lava iegit Sec saturo$us izokumarinus un
izohinolin-2-onus (14. shéma), vargja viegli veikt, izmantojot gan K>S20g, gan CuBr> inicictu
selenilelektrofila generéSanu. Abos gadijumos produkti veidojas ar izciliem iznakumiem,
vieniga atSkiriba bija reakcijas laiks — CuBr2 klatien€ pilniga izejvielu konversija tika sasniegta

R'=Ph, 4-CHO- Se

o]
R
32a X=0, R'=R?=H, R'=Ph, 45% 0, R=H, R'=Ph, 44% _ o
R o T 3 e o A s 3 R e
- 1= 2_ — =H, R'=CHjz maisijums =4- - s
32c X—O, R —I\:Meg, R —"'L R—Ph, 58% 33b X= NMe, R:H, R':Ph, 50% 32i R= 4-CHO, 0%
33a X=NMe, R'=R“=H, R =CH3Y 65% 33c X=NMe, R=H, R'=CH3, kvant. 32j R=2-CHO, 0%

13. shéma. 3-Sec-kumarinu un hinolin-2-onu sintéze.

2 h, K2S20g klatieng — 24 h.

rQ , 0 7 0
NHR 2 2
NHR
= R RJK[ R1JKENHR
pZ 24a-c
7 (1 ekv.) @Seﬂ R' Se Se
XR ) R' R'
a) CuBr, (2.5 ekv.), DCM = > ~
0 vai é‘R X
16 (1.5 ekv. b) K»S,04 (50 ekv.), MeCN
(1.5 ekv.) 29208 e} C Bre O
16a, R'=Ph, XR = OMe 34 X=0
16b, R'=Ph, XR = NH, 35 X=NH
16¢, R'=Bu, XR = OMe
0o o} o NHBoc
NHBoc BnO NHBoc BnO N ~
e *[ 1SRG i
Se Se
Ph Ph
X X
o} o}
34a X=0, 88%°, 95%" 34b R'= Ph kvant.2P 34d X=0, kvant.2, 97%"
35a X=NH, 80%?2, 87%" 34c R'=Bu, 89%2, 94%" 35b X=NH, 72%?2, 84%"

14. shéma. 4-Sec-izokumarinu un izohinolin-2-onu sintéze.
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Pirmais solis gan izokumarinu izveidei, gan kumarinu izveidei ir selenilelektrofila
generésana, kas pec tam reagg ar triskarSo saiti, veidojot selénirénija jonu. Pret&ji kumarina
cikla izveidei, kas balstas uz elektrofilo aromatisko aizvieto$anos, izokumarina cikls veidojas
nukleofila heteroatoma uzbrukuma selénirénija jonam rezultata, tapec $1 reakcija notiek daudz
vieglak.

Originalpublikacijas par Saja apakSnodala aprakstitajiem p&tijumiem — promocijas darba 1.,
2. Un 6. pielikuma.

3. Redzamas gaismas iniciéta seléncistinu saturoso peptidu
funkcionalizésana: indolu seleniléSana un makrociklizéSana

Fotokatalizétas reakcijas ir &rta pieeja sarezgitu savienojumu sintézei maigos apstaklos. Sis
reakciju tips tiek uzskatits par videi draudzigu, efektivu un selektivu, turklat reakcijas var veikt
ar1 biosavietojamos apstaklos. Parasti reakcijas efektivai norisei nepiecieSams fotokatalizators.
Popularakie homogénu katalizatoru pieméri ir parejas metalu kompleksi un organiskas
krasvielas. Protams, ka parejas metalu (Ru, Ir) kompleksi ir dargi un tos nevar uzskatit par videi
draudzigu izvéli. Tapéc pievilciga alternativa ir organiskas krasvielas. Iesp&jams izmantot ar1
heterogénus katalizatorus (neorganiskus pusvaditajus (metalu oksidus vai sulfidus), grafita tipa
oglekla nitridu polim&rus, fotoaktivus MOFus). Heterogéns katalizators sniedz iesp&ju
katalizatora atkartotai izmantoSanai un atvieglo produkta attiriSanu.

Ka popularakas organisko krasvielu klases jamin akridini un akridinija sali, fluoresceins un
ta atvasinajumi, benzofenoni, pirilija sali, rodamini un fentiazini. Bengalijas roza (RB) ir
fluoresceina struktiiranalogs, un tas ir zinams ka efektivs fotokatalizators ar plasu lietojumu.®’

Absorbgjot gaismu, RB tiek aktivéts un nonak ierosinata singleta stavokli (RB*) (t¥2 = 108
lidz 107° s). Ierosinatais singleta stavoklis var atgriezties pamata stavokli vai ari tas var
parvérsties par ilgak dzivojoo tripleta ierosinato stavokli (t2 = 107 s) caur starpsistému
skersosanu (intersystem crossing).%® Visbiezak reakcijas ar RB notiek péc viena elektrona
parneses (SET) mehanisma, bet iesp&jams ari energijas parneses (EnT) mehanisms, it seviski
singleta skabekla veido$anas procesa. Saja gadijuma veidojas ierosinatais RB*, kas parnes
energiju uz substratu, veidojot reagétspgjigu vielu.3"°

lerosinatais RB* var biit gan oksidetajs, gan reducetdjs. Reduc€josas dz€Sanas cikla
organiska viela tiek oksidéta. Saja gadfjuma RB* parvérias par RB* péc SET mehanisma,
vienlaikus notiek substrata parveide par radikala katjonu. Tad, oksidgjot RB*™ ar skabekli,
veidojas pamata stavokla RB. Lidzigi oksidgjoSas dzeSanas cikla substrats tiek reducets,
savukart katalizators oksidgjas.>®

Lai gan ir veikti petijumi par vienkarSu diarildiselenidu izmantoSanu redzamas gaismas
inicigtas reakcijas,*® *! to pasu nevar apgalvot par Se-Se saiti saturodiem peptidiem. Zinams,
ka, apstarojot seléncistinu saturo$us peptidus ar UV gaismu, iespéjams iegiit selénlantioninus,*?
savukart diselenidu metatézi starp vienkarSiem diorganildiselenidiem®® vai Se-Se saiti
saturosiem peptidiem* var veikt, izmantojot redzamo gaismu.
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Tika nolemts sakt ar reakciju starp (Boc-Sec-Gly-OBn)2 24b un 1H-indolu (36a), apstarojot
Skidumu ar zilo LED gaismu (maks. 460 nm, kosi zila, x = 0,1440, y = 0,0395, > 50 000 Ix)
(15. shéma). Lai atrastu piemé&rotako fotokatalizatoru, reakcija tika veikta acetonitrila,
izmantojot 0,5 ekv. 24b, 1 ekv. 36a, 2 mol% parejas metalu kompleksu vai 5 mol% organisko
krasvielu. Parsteidzosi, bet tikai divi no parbauditajiem fotokatalizatoriem bija sp&jigi
nodrosinat selektivu 3-selenilindola 37a sintézi: Bengalijas roza (RB) un ta analogs eritrozins B.
RB bija nedaudz efektivaks, tade] tas izmantots turpmakajiem pé&tijumiem. Citi parbauditie
fotokatalizatori (5-TAMRA, nikela tetrafenilporfirins, 4-CzIPN, krezolsarkanais, hlorfenola
sarkanais, bromkrezolzalais, metiloranzs, Kongo sarkanais, tieSais sarkanais 81, tieSais
dzeltenais 27, metilénzilais, baziskais fuksins, indigokarmins, alcianzilais, 2,4,6-trifenilpirilija
tetrafluorborats, 9-mezitil-10-metilakridinija tetrafluorborats, akridins un N-metilakridinija
jodids) bija ievérojami mazak efektivi vai ari ierosindja neselektivu reakciju. Acetonitrils
izradijas piemé&rotakais §kidinatajs, jo citos parbauditajos protonos $kidinatajos (MeOH, EtOH,
EtOH/H20 un iPrOH) notika neselektiva reakcija savienojuma 24b atras oksidéSanas un
deselenilésanas del. Kontroles reakcijas bez RB, dienasgaisma vai tumsa neveidojas 37a,
tadgjadi apstiprinot, ka reakcijas norisei ir nepiecieSsams gan RB, gan LED4eo. Reakciju veicot
degazetos apstaklos, izejvielas konversija bija ievérojami zemaka. Produkta veidoSanas netika
novérota, reakciju veicot 4-amino-TEMPO klatieng, kas liecingja par radikalu mehanismu.
Secinajam, ka optimalie reakcijas apstakli 3-Sec-indolu sintézei ir 5 mol% RB, MeCN, zila
LED gaisma, 90 min. Jauzsver, ka $1 ir atomekonomiska metode, jo tiek izmantotas abas
diselenida dalas.

Substratu klasta parbaude atklaja, ka EDG indola C5 pozicija uzlabo reakcijas iznakumu,
halogéna atomi ipasi neietekméja reakciju, savukart EAG samazinaja indola reagétsp&ju. EDG
C2 pozicija samazinaja produkta iznakumu, savukart elektroniem nabadzigi indoli (EAG N1
vai C2 pozicijas) bija pilnigi reagétnespgjigi. Svarigi, ka reakcija ar 5-hidroksiindolu noritgja
veiksmigi, savukart 5-aminoindols nebija reagétspéjigs, tacu terc-butil-(1H-indol-5-
il)karbamata 2l izmanto$ana lava sintez&t vélamo produktu 3o0. Turklat arT (Boc-Sec). bija
piemérots substrats indolu seleniléSanai, tadgjadi tika iegtti produkti 37p-t, kas ir vertigi
starpprodukti sarezgitaku vielu sintézei.

Svarigi, ka neaizsargati seléncistinu saturosie peptidi uzradija augstu toleranci reakcijas
apstaklos, kas, protams, ievérojami paplasina metodes lietojumu. Pat sarezgitaki seléncistinu
saturoSie peptidi ar “sensitivam” aminoskabém (Lys, Arg, His, Tyr) veidoja attiecigos Sec-
indolus ar labiem iznakumiem. Vienigais izn€émums bija Trp saturoSais peptids — Saja gadijuma
notika neselektiva reakcija, visticamak, tapéc, ka Trp spgj veidot radikali redzamas gaismas
ietekme.
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15. shéma. Sec-indolu sintéze.
38a-i: produktu iegiisanai izmantoti neaizsargati peptidi TFA sals forma.

Lai paplasinatu substratu klastu, tika iegti ari Boc-Sec-azaindoli 40 (16. shéma). Tacu tika
atklats, ka tikai protonéti azaindoli spgj reagét ar (Boc-Sec)., turklat izejvielas 24a dalgjas
sadaliSanas del reakcijas iznakumi bija tikai viduvéji. Produktu 40a un 40e struktiras tika
apstiprinatas ar rentgenstaru spektroskopijas analizes datiem.
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16. shéma. Boc-Sec-azaindolu sintéze.

Tika nolemts izmantot izstradato protokolu, lai parbauditu iespgjas veikt iekSmolekularu
indolu seleniléSanu (A stratégija). Sada veida veiksmigas reakcijas rezultata veidotos Sec
saturo$i indola makrocikli. Turklat izstradatas ari alternativas pieejas makrociklu sintézei:
redzamas gaismas inici€ta indola (kas jau satur aminoskabi vai 1su peptidu C4 vai C5 pozicijas)
selenilésana un sekojosa iek§molekulara amida saites izveide (B stratégija); redzamas gaismas
inici€ta reakcija starp (Boc-Sec), un aizsargatu 5-hidroksi- vai 5-aminoindolu, sekojos$a reakcija
ar nelielu peptidu, aizsarggrupu noskelSana un iekSmolekulara amida saites izveide
(C strategija).

Redzamas gaismas inici€ta reakcija izradijjas piemé&rota iekSmolekularai indolu
selenil&$anai, ka rezultata makrocikli 44a-h tika izoléti ar labiem iznakumiem (17. shéma). Lai
gan reakcija norit€ja lénak neka starpmolekulara seleniléSana, svarigi, ka ta bija selektiva.
Turklat makrociklu 44a un 44f struktiiras tika viennozimigi apstiprinatas ar rentgenstruktiiras
analizes datiem. Tika izdalits ari neaizsargats makrociklu 44i. Produkts tika iegits
makrociklizacijas reakcija, izmantojot Fmoc aizsargatu substratu un péc tam noskelot
aizsarggrupu. Alternativa metode savienojuma 44i sintézei ir vispirms noskelt Fmoc
aizsarggrupu un péc tam veikt ciklizéSanas reakciju, tacu $aja gadijuma reakcijas iznakums bija
zemaks.

Diemzgl tika secinats, ka A stratégija nav piemérota, lai ciklizeétu indolus, kas peptidu satur
CS pozicija, iesp&jams, konformacijas ierobeZzojumu dél, tadel nolemts lietot citu pieeju So
savienojumu sintézei.
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17. shéma. Makrociklu sintéze: A stratégija.
*Fmoc noskelsana, ciklizéSana, **cikliz€Sana, Fmoc noskelSana.

B strat€gija balstijas uz redzamas gaismas inici€tu indolu 41 selenilésanu, kas jau saturgja
aminoskabi vai 1su peptidu C4 vai C5 pozicija. Sekojosa iekSmolekulara amida saites izveide
lava iegiit makrociklus (18. shéma).

Redzamas gaismas iniciéta reakcija lava iegtit Boc-Sec saturoSus indolus 45 ar viduvgjiem
lidz labiem iznakumiem. IekSmolekularai amida saites izveidei tika izmantota EDC/HOBt
metode. Rezultata makrocikls 46a tika izoléts, izmantojot 4-aizvietotu indolu 45a ka izejvielu.
Izdevas izolét ar reakcijas minoro produktu — bis-makrociklizésanas produktu 47a. Savukart
indolu 45c un 45d, kas saturgja aizvietotaju C5 pozicija, izmantoSana rezultéjas ar bis-
makrociklizé$anas produktu 47b un 47c izoléSanu.
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18. shema. Makrociklu sintéze: B stratégija.

C stratégija balstijas uz produktu 37s un 37t izmantosanu, kas tika iegiiti redzamas gaismas
iniciéta reakcija, selenilgjot aizsargatus 5-hidroksi- un 5-aminoindolus (19. shéma). Nakama
stadija bija starpmolekulara amida saites izveidei, tad p&c aizsarggrupu noskelSanas tika veikta
iekSmolekulara amida saites izveide. Bis-makrocikla 49 sintéze nenoritgja selektivi, savukart
makrocikli 50a and 50b tika izol&ti ar labiem iznakumiem, izmantojot savienojumus 48b un
48c.
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19. shéma. Makrociklu sintéze: C stratégija.

Nakamais uzdevums bija izpetit redzamas gaismas inici€tu indolu seleniléSanas
mehanismu. Pirmkart, tika noverots, ka, apstarojot skidumu, kas satur 24b un RB, veidojas
nestabila seleninskabe 51 un Boc-Dha-Gly-OBn 53 (20. shéma). Savienojuma 51 izoléSana
nebija iesp&jama, tadu tas tika detektsts ar SH-MS, AIMS ([M + Na] = 471,0633) un "’Se KMR
spektroskopiju (RSeO.H 1217,5 ppm) (2. A att.). Reakcijas maistjums KMR stobrina péc 24 h
uzradija, ka savienojums 51 ir sadalijies, veidojot citu vielu — selénpaskabi (H2SeOs 52) (1302,7
ppm).

Kontroles testi apstiprindja, ka Gidens un skabeklis $kidinataja ir nepiecieSami reakcijas
norisei. Produkts 53 netika iegiits, reakciju veicot TEMPO klatieng, kas apstiprinaja, ka reakcija
notiek péc radikalu mehanisma.

Redzamas gaismas ietekmé RB klatieng skabeklis veido superoksida anjonradikali (O*),
savukart RB*™ atgriezas pamata stavokli (20. shéma). Reakcija starp O un iideni veidojas
hidroperoksiradikali, kas veido tidenraZa peroksidu. Udenraza peroksids reagé ar 24b, notiek
oksidésanas reakcija un sekojosa deseleniléSana, veidojot dubultsaiti saturoSo savienojumu.

Savienojumiem 24b, 36a, RB, etileozinam, eritrozinam B, FIrPic, Ru(bpy)sCl2-6H20 un 4-
CzIPN tika uznemti UV spektri sausa acetonitrila Skiduma (2. B un 2. C att.). Fotokimiska
reakcija starp 36a un diselenidu 24b ir neefektiva bez katalizatora, jo indola absorbija ir 200 nm
lidz 305 nm, savukart 24b piemit absorbcija 1idz 430 nm, tacu ar zemu intensitati. Svarigi, ka
absorbijas plecs pie 275-430 nm savienojuma 24b UV spektra ir raksturigs Se—Se saitei, kas
atvieglo seléna radikala izveidi fotokatalizatora klatien&.
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Fotoluminescences dzgSanas eksperimenti RB, Ru(bpy)sCl2-6H20 un FlrPic tika veikti,
izmantojot 24b vai 36a degazeta acetonitrila. Dz&Sanas atruma konstante RB eksperimenta ar
24b bija 10,42 x 1072 I/mol (2. D att.). Savukart 36a nedzé$ RB fluorescenci ievérojama
daudzuma.

EPR eksperimenti apstiprindja radikalu veidosanos RB skiduma, apstarojot to ar LEDaeo
gaismu. Turklat diselenida 24b klatiene samazinaja RB* signala intensitati, laujot apstiprinat
dinamiska lidzsvara izveidi LEDa4eo apstaklos: RB* + 24b <> (RB + 24b*).

Tadgjadi, balstoties uz iegiitajiem rezultatiem, secinats, ka, ierosinot RB veidojas diselenida
katjonradikalis 24b*, kas reagé ar indolu 36a, veidojot starpproduktu | un seléna radikali I1.
Radikalis Il var dimerizéties par diselenidu 24b, savukart starpprodukts I péc deprotonéSanas
izveido produktu 37a (20. shéma).
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20. sheéma. Piedavatais mehanisms redzamas gaismas iniciétai indolu seleniléSanai.

Originalpublikacija par $aja apak$nodala aprakstitajiem pé&tijumiem — promocijas darba 4.
pielikuma.
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2. att. (A) ""Se KMR spektri 24b sadalisanas produktiem p&c 1 h ilgas apstaro$anas un péc 24 h
uzglabasanas KMR stobrina; (B) 24b, 36a un fotokatalizatoru UV spektri; (C) pietuvinats UV
spektru 250-500 nm regions; (D) RB fotoluminescences dzéSana ar 24b un 36a; (E)
Ru(bpy)sCl2-6H20 fotoluminescences dz&sana ar 24b un 36a; (F) FIrPic fotoluminescences
dzeésana ar 24b un 36a; (G) EPR spektri: RB un RB + 24b ar un bez LEDa4eo apstarosanas.
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4. Redzamas gaismas iniciéta Se—S saiti saturoSu peptidu sintéze

Se-S saite ir sastopama tioredoksina reduktazes aktivaja centra, kas ir viena no
svarigakajam antioksidantu sistémas sastavdalam cilvéka $iinas.*>“ Se-S saiti satuross
starpprodukts veidojas glutationa peroksidazes katalitiskaja cikla — selénenzims, kas ir atbildigs
par H20; un citu peroksidu reducésanu ar glutationu.*” Mazas molekularas masas savienojumi

ar Se—S saiti ir izmantoti ka fluorescenti markieri reaggtspéjigu séra dalinu detektgsanai*® 4° un

ar1 ka priekszales proteina tirozina fosfatazes inhib&sanai.>

Savienojumi, kas satur Se-S saiti, tiek uzskatiti par nestabiliem, tapéc to sintéze ir
sarezgita.>! Teordtiski ir iesp&jama apmainas reakcija starp diselenidu un tiolu, tomé@r ta nav
efektiva, jo selenolata blakusprodukts ir stipraks nukleofils neka tiols.>> Tomér piemérotos
apstaklos reakciju ir iesp&jams veikt.%! Difenildiselenids reagé ar AgSCF3, veidojot attiecigo
Se-S saiti saturo$o produktu, jo selenolata blakusprodukts ir stabilizéts ar sudraba jonu.*
Parasti Se-S saites izveidei izmanto reakciju starp tiolu un elektrofiliem seléna
savienojumiem — selenilhalogenidiem®*®® vai organilseleninskabem.*®?° Tagu ari fenilselenols
var reaggt ar aril- vai alkiltioliem tBuOK klatieng, savukart fenilselenola reakcija ar elektrofilo
N-fenil-trifluorometansulféenamidu notiek skaba vide.®® Dazadi oglhidratu-selenilsulfida
atvasinajumi tika ieglti reakcija starp diorganildiselenidiem un glutationu fosfata
buferskiduma. ST metode tika lietota ari proteina (subtilizins) modificésanai.>” Svarigi, ka
apmainas reakcijai starp diarildisulfidu un dialkildiselenidu ir izmantota UV gaisma. Turklat
attiecigas publikacijas autori apgalvoja, ka Se—S saites izveide notiek UV gaisma, bet pie
garakiem vilniem (>410 nm, redzama gaisma) notiek apgriezeniska reakcija.>®

Promocijas darba ietvaros tika izstradata jauna metode Se-S saiti saturo$u peptidu sintézei,
izmantojot redzamas gaismas inici€tu reakciju. Optimalie reakcijas apstakli tika atrasti, petot
reakciju starp dipeptida diméru (Boc-Sec-Gly-OBn). 24b un glutationu (GSH) (54) MeCN/H.0
maisijuma, apstarojot to ar LED4go gaismu. Ari $aja gadijuma Bengalijas roza (RB) izradijas
vispiemé&rotakais katalizators savienojuma 55a sintézei (21. shéma). Neviens no citiem
parbauditajiem katalizatoriem (FIrPic, Ru(bpy)sCl2, 4-CzIPN, 9-mezitil-10-metilakridinija
tetrafluorborats, etileozins, fluoresceins, 5-TAMRA) neuzradija augstaku selektivitati un sp&ju
nodros§inat pilnu izejvielu konversiju 1 h laika. Novérots, ka notiek ari konkurgjosa reakcija —
GSH oksidésanas, veidojot GS-SG, tade] So substratu nepiecieSams nemt parakuma — 10 ekv.
Tacu, nemot véra to, ka rakcija tiek izmantotas abas diselenida dalas, GSH attieciba pret vienu
selénu ir 5 : 1. Kontroltesti pieradija, ka reakcijas norisei ir nepiecieSami gan LEDas0, gan RB.
Radikalu kéraja TEMPO klatiene nenoveérsa produkta 55a veidoSanos, jo, Visticamak, ka
radikala reakcija ar TEMPO ir daudz lénaka neka glutationa (GS’) radikala generé$ana un
sekojosa Se-S saites izveides reakcija vai glutationa dimerizéSanas reakcija.
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21. shéma. Se-S saiti saturoso peptidu sintéze.
55b-e: produktu iegisanai izmantoti neaizsargati peptidi TFA sals forma.

Svarigi, ka substratu klasta parbaude uzradija, ka dazadi seléncistina un seléncistamina
peptidi ar “sensitivam” aminoskabém (Arg, Glu, Lys, His, Tyr) uzradija lielisku toleranci un
veidoja gaiditos Se—S saiti saturoSos produktus. Lai gan ir zinams, ka Trp ir loti jutigs pret
oksidésanos ar radikaliem un singleta skabekli, tomer izdevas izolét ar1 Trp saturoSo produktu
55¢, tacu iznakums bija zemaks blakusproduktu veidoSanas dél. Savukart Met saturosa peptida
gadTjuma tika izoléts Met sulfoksidu saturosais produkts 55f.

Sterna—Volmera eksperiments uzradija, ka RB fluorescences dz&$anas atrums ar GSH ir
ieverojami augstaks (8,8 x 10° I/mol) neka ar 24b (0,12 x 10~ I/mol). Tapéc var uzskatit, ka
S-centréts radikalis atri izveidojas redzamas gaismas ietekmgé fotokatalizatora klatieng. Tad GS’
radikalis reagg ar diselenidu, veidojot Se—S saiti saturoSo peptidu 553, vai arf tas veido oksidétu
glutationu (GS-SG) (22. shéma).
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22. shema. Piedavatais mehanisms Se—S saiti saturoso peptidu sintézei.
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Tika nolemts izpétit Se—S saiti saturosa peptida 55a stabilitati dazados apstaklos: apstarojot
to ar LEDa4eo, oksidétaju un reducétaju klatiené (23. shéma). [1gakas apstarosanas (LED4eo > 3 h)
rezultata RB klatiene MeCN/H>O maisijuma veidojas attieciga seleninskabe 51 un Boc-Dha-
Gly-OBn 53, jo, visticamak, notika savienojuma 55a reakcija ar H20O., kas veidojas reakcijas
apstaklos. Oksidgjot 55a ar H>O ar tBuOOH, veidojas attieciga seleninskabe 51, kas tika
detektdta ar AIMS ([M + Na] = 471,0633) un ""Se KMR spektroskopiju (5 1219,8 ppm).
Turklat neliels selenoskabes 51’ signals (5 1050,8 ppm) arT tika detektdts '’Se KMR spektra
(3. att.).

Reducgjot 55a ar 3 ekv. 14-ditiotreitola (DTT) vai tris(2-karboksietil)fosfina
hidrogénhloridu (TCEP), veidojas 24b un GSH 1sa reakcijas laika (30 min). Turklat, palielinot
TCEP daudzumu (10 ekv.), tika novérots, ka notiek deselenilésanas un veidojas Boc-Ala-Gly-
OBn 57 un TCEP=Se ([M-H] = 328,9704) (23. shéma). Reduc&sanas reakcijas starpprodukts —
selenols 56 — tika detektgts ar SH-MS ([M + Na] = 439,03) un 7’Se KMR spektroskopiju (5 —

72,5 ppm). Deselenilésanas mehanisms ir literatiira zinams.*
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23. shéma. 55a stabilitate reducétaju un oksidétaju klatiene.

24b (RSe-SeR)
A 310.9

55a (RSe-SG)

B 372.6
56 (RSeH)
c -72.5
51 51’
D (RSeO,H)  (RSeO;H)
1219.8 1050.8

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 O  -100 -200
ppm

3. att. "’Se KMR spektri: 24b (A), 55a (B), 56 (C), 51 (D).
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Lai novertétu alkilselenilsulfida izmantoSanu ka viegli noskelamu linkeri fluorescenta
markiera pievienoSanai pie tiola grupu saturosa peptida, tika sintez&ts diselenids 59 no
7-hidroksi-2-0kso-2H-hromén-3-karbonskabes 58 (24. shéma). Redzamas gaismas iniciéta
reakcija starp GSH un diselenidu 59 veidojas Se-S saiti saturo$ais produkts 60 ar 37 %
iznakumu.

Talak tika parbaudita savienojuma 60 stabilitate. H202 klatieng notika atra oksidéSanas un
veidojas attieciga seleninskabe 61a. NaClO klatiené veidojas hloréta seleninskabe 61b ([M-
H] =377,9290). DTT (10 ekv.) izmantoSanas rezultata tika iegtts diselenids 59. Nesen
literattira tika aprakstits, ka reducgjosos apstaklos (TCEP/DDT) ciklisks selenilsulfids spontani
eliming etilselenilgrupu, veidojot etilénu, turklat 1 reakcija notika loti I1&ni (sesas dienas).*
Lidziga parvértiba netika novérota savienojuma 60 gadijuma — reakcija ar TCEP (10 ekv.)
veidojas etilamids 62 jau 30 min laika.

GSH
' 0}

o] RB, LEDyg0, H
DMSO, H,O /\/Se /\/Se
S » F12 X X
XN . N SG tCEP N
H -~ HO O (6] HO O O
HO 0 o DTT, PBS 80, 37 PBS
0, (]
59, 61% H,0, vai NaClO
(Sec),, NMM, PBS

EDC, HOB, DMF

(@]
er* At veus
H
HO o” "0

61a, R=H 62
61b, R=CI

24. shéma. Savienojuma 60 sintéze un stabilitate.

Papildus tika noteikta savienojuma 60 stabilitate fosfata buferskiduma (PBS) pie dazadam
pH vértibam, atklajot, ka savienojumam ir stabils pH robezas 3,0-8,0 vismaz 24 h. Tika ieguti
absorbcijas un emisijas spektri savienojumu 59, 60 un 61a PBS skidumiem (pH =7,4, ¢ =10
uM), ka ar tika noteikti o vielu fotoluminescences kvantu iznakumi (PLQY) (4. att.). Se-S
saturos$a savienojuma PLQY ir ieve€rojami augstaks (@ = 29,5 %) neka attiecigajam diselenidam
59 (®=1,6%). TaCu visaugstakais kvantu iznakums tika noverots seleninskabes 6la
(® =52,4 %) gadijuma.
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4. att. Savienojumu 59, 60, 61a emisijas spektri (ierosinot pie 350 nm (PBS, pH = 7,4)).

Originalpublikacija par $aja apak$nodala aprakstitajiem pé&tijumiem — promocijas darba 5.
pielikuma.
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SECINAJUMI

Cisteinu saturoSus peptidus var funkcionalizét maigos apstaklos, izmantojot N-
hlorsukcinimidu in situ cisteinilhlorida iegtisanai.

CuBr» ir piemérota Luisa skabe halkogenilelektrofila generé$anai no diaril/dibenzil
dihalkogenidiem, ka arT no aizsargatiem un neaizsargatiem seléncistinu saturoSiem
peptidiem.

K2S20g ir piemérots reagents selenilelektrofila generéSanai no (Boc-Sec)> un
seléncistinu saturoSiem peptidiem.

Sulfenil- un selenilelektrofilus var izmantot 5- un 6-endo-dig ciklizacijas reakcijas ar
piem@rotiem triskarSo saiti saturoSiem savienojumiem, veidojot cistetnu un
seléncisteinu  saturoSas (hetero)cikliskas sistémas (indolizinija salus, indolus,
benz[b]furanus, kumarinus, izokumarinus, hinolin-2-onus, izohinolin-2-onus,
poliaromatiskus ogltdenrazus, indén[1,2-Clhrom&nus).

Bengalijas roza ir efektivs fotokatalizators selenilelektrofila generé$anai no
aizsargatiem un neaizsargatiem seléncistinu saturoSiem peptidiem. legttais elektrofils
reagé ar elektroniem bagatiem N-heterocikliem. Izstradata atomekonomiska metode
uzradija izcilu toleranci arT neaizsargatiem seléncistinu saturoSiem peptidiem ar
“sensitivam” aminoskabém (Lys, Arg, His, Glu, Tyr). Reakcijas apstaklos iesp&ams
veikt arT iekSmolekularu indolu seleniléSanu, ieglstot seléncisteinu saturoSus
makrociklus.

Bengalijas roza ir piemérots fotokatalizators Se—S saiti saturoSu peptidu sintezei.

38



1)

(2)
3)
(4)
()

(6)

(7)
(8)

©)
(10)
(11)

(12)

(13)
(14)

(15)
(16)
(17)

(18)
(19)

(20)
(21)
(22)

(23)
(24)
(25)
(26)

(27)
(28)

LITERATURAS SARAKSTS

Valeur, E.; Guéret, S. M.; Adihou, H.; Gopalakrishnan, R.; Lemurell, M.; Waldmann,
H.; Grossmann, T. N.; Plowright, A. T. Angew. Chem. Int. Ed. 2017, 56, 10294.

Lau, J. L.; Dunn, M. K. Bioorganic Med. Chem. 2018, 26, 2700.

Rentier, C.; Fukumoto, K.; Taguchi, A.; Hayashi, Y. J. Pept. Sci. 2017, 23, 496.

Xu, M.; Zhang, X. H.; Zhong, P. M. Tetrahedron Lett. 2011, 52, 6800.

Wismach, C.; Jones, P. G.; Du Mont, W. W.; Mugesh, G.; Papke, U.; Linden, H. B.;
Arca, M.; Lippolis, V. Eur. J. Inorg. Chem. 2014, 8, 1399.

Gay, R. M.; Manarin, F.; Schneider, C. C.; Barancelli, D. A.; Costa, M. D.; Zeni, G. F J.
Org. Chem. 2010, 75, 5701.

Fang, X. L.; Tang, R. Y.; Zhang, X. G.; Li, J. H. Synthesis 2011, 7, 1099.

Du, H. A;; Tang, R. Y.; Deng, C. L.; Liu, Y.; Li, J. H.; Zhang, X. G. Adv. Synth. Catal.
2011, 353, 2739.

Ni, Y.; Zuo, H.; Li, Y.; Wu, Y.; Zhong, F. Org. Lett. 2018, 20, 4350.

Li, H.; Wang, X.; Yan, J. Appl. Organomet. Chem. 2017, 31, 1.

Prasad, C. D.; Kumar, S.; Sattar, M.; Adhikary, A.; Kumar, S. Org. Biomol. Chem. 2013,
11, 8036.

Goulart, H. A.; Neto, J. S. S.; Barcellos, A. M.; Barcellos, T.; Silva, M. S.; Alves, D.;
Jacob, R. G.; Lenardao, E. J.; Perin, G. Adv. Synth. Catal. 2019, 361, 3403.

Li, Z.; Hong, L.; Liu, R.; Shen, J.; Zhou, X. Tetrahedron Lett. 2011, 52, 1343.

Song, Z.; Ding, C.; Wang, S.; Dai, Q.; Sheng, Y.; Zheng, Z.; Liang, G. Chem. Commun.
2020, 56, 1847.

Vinogradov, A. A.; Yin, Y.; Suga, H. J. Am. Chem. Soc. 2019, 141, 4167.

Yu, X.; Sun, D. Molecules 2013, 18, 6230.

Marti-Centelles, V.; Pandey, M. D.; Burguete, M. I.; Luis, S. V. Chem. Rev. 2015, 115,
8736.

De la Torre, B. G.; Albericio, F. Molecules 2020, 25, 2019.

McLean, J. T.; Benny, A.; Nolan, M. D.; Swinand, G.; Scanlan, E. M. Chem. Soc. Rev.
2021, 50, 10857.

Bottecchia, C.; Noél, T. Chem. A Eur. J. 2019, 25, 26.

Khanam, H.; Shamsuzzaman. Eur. J. Med. Chem. 2015, 97, 483.

Kaushik, N. K.; Kaushik, N.; Attri, P.; Kumar, N.; Kim, C. H.; Verma, A. K.; Choi, E.
H. Molecules 2013, 18, 6620.

Welsch, M. E.; Snyder, S. A.; Stockwell, B. R. Curr. Opin. Chem. Biol. 2010, 14, 347.
Saikia, P.; Gogoi, S. Adv. Synth. Catal. 2018, 360, 2063.

Pranger, A. D.; van der Werf, T. S.; Kosterink, J. G. W.; Alffenaar, J. W. C. Drugs 2019,
79, 161.

Diem Ferreira Xavier, M. C.; Andia Sandagorda, E. M.; Santos Neto, J. S.; Schumacher,
R. F.; Silva, M. S. RSC Adv. 2020, 10, 13975.

Tiecco, M.; Testaferri, L.; Tingoli, M.; Bartoli, D. J. Org. Chem. 1990, 55, 4523.

Perin, G.; Nobre, P. C.; Mailahn, D. H.; Silva, M. S.; Barcellos, T.; Jacob, R. G,

39



(29)
(30)

(31)

(32)
(33)
(34)
(35)

(36)
(37)

(38)
(39)
(40)
(41)

(42)
(43)
(44)
(45)

(46)
(47)
(48)
(49)
(50)

(51)
(52)
(53)
(54)
(55)

(56)

Lenarddo, E. J.; Santi, C.; Roehrs, J. A. Synthesis 2019, 51, 2293.

Abdo, M.; Knapp, S. J. Org. Chem. 2012, 77, 3433.

Abenante, L.; Padilha, N. B.; Anghinoni, J. M.; Penteado, F.; Rosati, O.; Santi, C.; Silva,
M. S.; Lenardio, E. J. Org. Biomol. Chem. 2020, 18, 5210.

Cohen, D. T.; Zhang, C.; Fadzen, C. M.; Mijalis, A. J.; Hie, L.; Johnson, K. D.; Shriver,
Z.; Plante, O.; Miller, S. J.; Buchwald, S. L.; Pentelute, B. L. A. Nat. Chem. 2019, 11,
78.

Cohen, D. T.; Zhang, C.; Pentelute, B. L.; Buchwald, S. L. J. Am. Chem. Soc. 2015, 137,
9784.

Dery, S.; Reddy, P. S.; Dery, L.; Mousa, R.; Dardashti, R. N.; Metanis, N. Chem. Sci.
2015, 6, 6207.

Whedon, S. D.; Markandeya, N.; Rana, A. S.J. B.; Senger, N. A.; Weller, C. E.; Turecek,
F.; Strieter, E. R.; Chatterjee, C. J. Am. Chem. Soc. 2016, 138 , 13774.

Jiang, H.; Ferrara, G.; Zhang, X.; Oniwa, K.; Islam, A.; Han, L.; Sun, Y. J.; Bao, M,;
Asao, N.; Yamamoto, Y.; Jin, T. T. Chem. A Eur. J. 2014, 21, 4065.

Chen, C. C.; Wu, M. Y.; Chen, H. Y.; Wu, M. J. J. Org. Chem. 2017, 82, 6071.
Srivastava, A.; Singh, P. K.; Ali, A.; Singh, P. P.; Srivastava, V. RSC Adv. 2020, 10,
39495,

Jereb, M.; Dolenc, D. RSC Adv. 2015, 5, 58292.

Sharma, S.; Sharma, A. Org. Biomol. Chem. 2019, 17, 4384.

Rathore, V.; Kumar, S. Green Chem. 2019, 21, 2670.

Chen, J.; Chen, R.; Mei, L.; Yan, S.; Wu, Y.; Li, Q.; Yuan, B. Asian J. Org. Chem. 2020,
9, 181.

Waliczek, M.; Pehlivan, O.; Stefanowicz, P. A. New J. Chem. 2020, 44, 11433.

Ji, S.; Cao, W.; Yu, Y.; Xu, H. Angew. Chem. Int. Ed. 2014, 53, 6781.

Waliczek, M.; Pehlivan, O.; Stefanowicz, P. ChemistryOpen 2019, 8, 1199.

Holmgren, A.; Johansson, C.; Berndt, C.; Lonn, M. E.; Hudemann, C.; Lillig, C. H.
Biochem. Soc. Trans. 2005, 33, 1375.

Canal-Martin, A.; Pérez-Fernandez, R. Nat. Commun. 2021, 12, 1.

Metanis, N.; Beld, J.; Hilvert, D. The Chemistry of Selenocysteine; 2011.

Suarez, S. I.; Ambrose, R.; Kalk, M. A.; Lukesh, J. C. Chem. A Eur. J. 2019, 25, 15736.
Wang, Y.; Yang, C. T.; Xu, S.; Chen, W.; Xian, M. Org. Lett. 2019, 21, 7573.

Tjin, C. C.; Otley, K. D.; Baguley, T. D.; Kurup, P.; Xu, J.; Nairn, A. C.; Lombroso, P.
J.; Ellman, J. A. ACS Cent. Sci. 2017, 3, 1322.

Hamsath, A.; Xian, M. Antioxid. Redox Signal. 2020, 33, 1143.

Hondal, R. J.; Marino, S. M.; Gladyshev, V. N. Antioxid. Redox Signal. 2013, 18, 1675.
Saravanan, P.; Anbarasan, P. Chem. Commun. 2019, 55, 4639.

Hamsath, A.; Wang, Y.; Yang, C. T.; Xu, S.; Cafiedo, D.; Chen, W.; Xian, M. Org. Lett.
2019, 21, 5685.

Gamblin, D. P.; Garnier, P.; Van Kasteren, S.; Oldham, N. J.; Fairbanks, A. J.; Davis, B.
G. Angew. Chem. Int. Ed. 2004, 43, 828.

Abdo, M.; Sun, Z.; Knapp, S. Molecules 2013, 18, 1963.

40



(57) Boutureira, O.; Bernardes, G. J. L.; Fernandez-Gonzalez, M.; Anthony, D. C.; Davis, B.
G. Angew. Chem. Int. Ed. 2012, 51, 1432.

(58) Fan, F.;Ji, S.; Sun, C,; Liu, C.; Yu, Y.; Fu, Y.; Xu, H. Angew. Chem. Int. Ed. 2018, 57,
16426.

(59) Diemer, V.; Ollivier, N.; Leclercq, B.; Drobecq, H.; Vicogne, J.; Agouridas, V.; Melnyk,
0. Nat. Commun. 2020, 11, 1.

41



PATEICIBAS

Vislielaka pateiciba manam darba vaditajam Dr. chem. Pavelam Arsenjanam par vértigajam
diskusijam, ieteikumiem un atbalstu promocijas darba tapsana. Liels paldies par sniegtajam
zinasanam un prasmém!

Paldies kolegim Pavelam Dimitrijevam par savienojumu fotofizikalajiem pétijumiem,
noderigajiem padomiem un ieguldijumu kopigo publikaciju tapsana. Atsevisku paldies velos
izteikt Dr. phys. Sergejam Belakovam par savienojumu rentgenstruktiiras analizu veikSanu,
Dr. chem. Larisai Baumanei par EPR spektru uznemsanu un Kasparam Leduskrastam par
fotofizikalajiem pétijjumiem!

Liels paldies manam viram Linardam Lapc¢inskim par nenovért€jamo atbalstu un
sniegtajiem padomiem, ka arT par ieguldijumu kopigaja publikacija.

Paldies Latvijas Organiskas sint€zes institiitam par finansialo atbalstu promocijas darba
tap$ana (studentu iek$gjie granti: 1G-2018-06, 1G-2020-07, 1G-2021-01)!

Sindija Lapc¢inska

42



DOCTORAL THESIS PROPOSED TO RIGA TECHNICAL
UNIVERSITY FOR THE PROMOTION TO THE SCIENTIFIC
DEGREE OF DOCTOR OF SCIENCE

To be granted the scientific degree of Doctor of Science (Ph. D.), the present Doctoral
Thesis has been submitted for the defence at the open meeting of RTU Promotion Council on
February 17, 2022 at 14:00 at the Faculty of Materials Science and Applied Chemistry of Riga
Technical University, 3 Paula VValdena Street, Room 272.

OFFICIAL REVIEWERS

Professor Dr. chem. Maris Turks
Riga Technical University

Professor Dr. chem. Aigars Jirgensons
Latvian Institute of Organic Synthesis, Latvia

Professor Dr. chem. Edgars Siina
University of Latvia, Latvia

DECLARATION OF ACADEMIC INTEGRITY

| hereby declare that the Doctoral Thesis submitted for the review to Riga Technical
University for the promotion to the scientific degree of Doctor of Science (Ph. D.) is my own.
I confirm that this Doctoral Thesis had not been submitted to any other university for the
promotion to a scientific degree.

Sindija Lap€inska ..............coooo (signature)
Date: ...........ooo

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications complemented by summaries in both Latvian and English. The Doctoral Thesis
includes six scientific publications. The scientific publications have been written in English,
with the total volume of 820 pages, including supplementary data.

43



CONTENTS

ABBREVIATIONS ...ttt e e e e e et e e e baeeeneeeaneaeas 45
GENERAL OVERVIEW OF THE THESIS ... 46
L0 [V ]od o] o USROS 46
AIMS AN ODJECTIVES. ...ttt bbb 47
Scientific novelty and main reSUIES............ccoiiiiiiiiie e, 47
Structure and volumMe Of the THESIS ........oiiiiiiie s 48
Publications and approbation of the TheSIS.........c.cceiiiiriiii e 48
MAIN RESULTS OF THE THESIS ... s 50
1. Sulfenyl electrophile generation and subsequent use in 5- and 6-endo-dig cyclization
=T T3 0] ST 50
2. Selenyl electrophile generation and subsequent use in 5- and 6-endo-dig cyclization
=T T 10§ USSR 55
3. Visible light-mediated functionalization of selenocystine-containing peptides:
selenylation of indoles and MacroCyCHZAtION..........c.cceieiiiiiiiieeee e, 65
4. Visible light-mediated synthesis of Se—S bond-containing peptides.............c.ccocvvvvenennen. 74
CONCLUSIONS ...t ettt bbbt ab ettt nn e ene s 79
REFERENGCES . ... ..ottt e e e e st e e e ae e e e nne e e e ae e e anneeeanneas 80
ACKNOWLEDGEMENT ..ottt e et e e e e e s e e e s e e anaeeanaaean 83

44



Arg
Boc

Bn
t-Bu
Chz
m-CPBA
Cys
DCM
DDQ
Dha
EDC-HCI
Gly
GSH
His
HOBt
HPLC
HRMS
LC-MS
LED
Lys
NBS
NCS
NIS
NMM
NMR
Ns
PAHs
PBS
PLQY, ®
RB
REN

rt

Sec
Trp

Ts

Tyr
uv

ABBREVIATIONS

arginine

tert-butoxycarbonyl-

benzyl-

tert-butyl-

benzyloxycarbonyl-
meta-chloroperoxybenzoic acid

cysteine

dichloromethane
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
dehydroalanine
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
glycine

glutahione

histidine

1-hydroxybenzotriazole

high performance liquid chromatography
high resolution mass spectrometry

liquid chromatography-mass spectrometry
light-emitting diodes

lysine

N-bromosuccinimide
N-chlorosuccinimide

N-iodosuccinimide

N-methylmorpholine

nuclear magnetic resonance

nosyl

polyaromatic hydrocarbons
phosphate-buffered saline
photoluminescence quantum yield

Rose Bengal

relative electronegativity

room temperature

selenocysteine

tryptophan

tosyl

tyrosine

ultraviolet

45



GENERAL OVERVIEW OF THE THESIS

Introduction

Short peptides are a unique class of molecules that have promising properties for drug
discovery.! As intrinsic signaling molecules for many physiological functions, peptides present
an opportunity for therapeutic intervention that closely mimics natural pathways.? The use of
peptides as therapeutics has evolved over time, consequently, a significant number of marketed
drugs already are peptide-based compounds.! With purpose to overcome some issues associated
with peptides, e.g. oral bioavailability and membrane permeability, peptide and small molecule
conjugates have been designed. Conjugation is an attractive mechanism for enhancing the
properties of peptides. Notably, 30 % of peptides that have entered clinical development in the
last decade are conjugates, and the search for novel peptide-based pharmaceuticals continues.

The introduction of cysteine (Cys), selenocysteine (Sec) or the oxidized forms of these
amino acids into peptide or protein provides a handle for selective modification. Peptides with
cysteine or selenocysteine residues can be modified through the generation of chalcogenyl
electrophile, nucleophile or radical.

Although sulfur and selenium are close analogues, significant differences in chemical and
physical properties exist. Selenols have lower pKa values than thiols, for example, pKa of
selenocysteine is 5.2 while pKa of cysteine is 8.3, meaning that under physiological conditions
(pH = 7.4) selenocysteine is deprotonated. Selenium is more polarizable that results in higher
reactivity.

In general, methods for generation of sulfenyl and selenyl electrophiles exist, however,
these protocols are usually limited with simple aryl thiols or diaryl disulfides/diselenides.
Typical examples of sulfenyl electrophiles are aryl sulfenyl halides prepared from aryl thiols or
diaryl disulfides using halogens,®* SOCI,,> SO.Cl.,? catalytic or equimolar amount of Lewis
acids (e.g. iron(ll) salts,®”® CuBr,®). Similarly, selenyl electrophile can be generated using
halogens,* KI/m-CPBA,* oxidants (persulfates,** oxone'?), metal salts (Cul,** FeCls®) and
hypervalent iodine compounds®®,

The modification of peptides obviously is more complicated due to the presence of
‘sensitive’ functional groups. Notably, the known methods usually rely on the high
nucleophilicity of the thiol/selenol group while only few methods exist for generation of
cysteine/selenocysteine electrophiles. Contrary to cysteine, selenocystine-containing peptides
are rarely used for chemical synthesis.

Peptide functionalization is performed with the purpose to improve the bioavailability, cell
permeability and stability. It is known that cyclization of peptides can improve their selectivity,
metabolic stability and binding affinity.’®> Some of the most widely used antibiotics
(vancomycin, daptomycin, valinomycin, gramicidin S), immunosuppressants (cyclosporine),
anti-cancer drugs (aplidine, dactinomycin) are macrocyclic peptides.'®!” From 2015 to 2019,
FDA (Food and Drug Administration) approved 208 drugs, and 15 of them were peptide-based
compounds that were used for treating diabetes (Tresiba, Lixisenatide), osteoporosis (Tymlos),
hypotension (Giapreze), neuroendocrine tumors (Lutathera) and other diseases.*® Additionally,
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in 2021, FDA approved 15 peptide-based drugs (Voxzogo, Korsuva, Besremi, Skytrofa,
Nexviazyme, Jemperli, Evkeeza, Saphnelo, Rylaze, Aduhelm, Rybrevant, Empaveli, Zynlonta,
Zegalogue, Lupkynis).

Aims and objectives

The main goal of the Thesis is the development of new effective synthetic approaches for
modification of cysteine and selenocystine-containing peptides through the generation of
sulfenyl or selenyl electrophile, focusing on high vyield, atom-economic and sustainable
processes.

The following tasks were set:

1) to develop convenient protocols for the in situ generation of sulfenyl electrophile from

cysteine containing peptides;

2) to establish novel methods for selenyl electrophile generation suitable for selenocystine-

containing peptides;

3) to elaborate methods for utilization of sulfenyl and selenyl electrophiles in 5- and 6-

endo-dig cyclization reactions;

4) to develop methods for modification of selenocystine-containing peptides by visible

light induced reactions.

Scientific novelty and main results

As the result of the Thesis, simple and efficient methods for functionalization of cysteine
and selenocystine-containing peptides were established. The electrophilic cysteinyl species —
cysteinyl chloride — was in situ obtained employing N-chlorosuccinimide, while Lewis acid or
oxidant induced selenyl electrophile generation was employed for the selenocystine-containing
peptides. The electrophilic species were subsequently trapped with triple bond-containing
substrates followed by 5- and 6-endo-dig cyclization reactions yielding indolizinium salts,
indoles, benzo[b]furans, indeno[1,2-clchromenes, polyaromatic hydrocarbons, isocoumarins,
coumarins, isoquinolin-2-ones and quinolin-2-ones attached to cysteine or selenocysteine
peptides. Methods employed for selenyl electrophile generation showed high tolerance for
amino acids with sensitive groups (e.g. Tyr, Glu, Lys). A novel atom-economic method was
established for modification of selenocystine-containing peptides under visible light irradiation.
This method enabled the synthesis of selenocysteine-containing N-heterocycles in high yields.
Furthermore, intramolecular selenylation was performed resulting in preparation of
selenocysteine-containing macrocycles. Additionally, visible light-initiated reaction was
developed for synthesis of Se-S bond-containing peptides, and it was based on the generation
of thiyl radical of glutathione in the presence of organic dye.
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Structure and volume of the Thesis

The Thesis is a collection of thematically related scientific publications devoted to the
development of new methods for modification of cysteine and selenocystine-containing
peptides by electrophilic cylization and visible light-initiated reactions. The Thesis compiles
results from 6 original scientific papers indexed in Scopus and Web of Science.

Publications and approbation of the Thesis

The results of the Thesis have been published in 6 scientific papers. Additionally, the results
have also been disseminated in 6 scientific conferences.

Scientific publications
1. Arsenyan, P.; Lapcinska, S.; Ivanova, A.; Vasiljeva, J. Peptide functionalization through
the generation of selenocysteine electrophile. Eur. J. Org. Chem. 2019, 4951-4961.
[Lapcinska, S.; Ivanova, A.; Vasiljeva, J., Arsenyan, P. Synthesis of selenocysteine-
based peptides. Synfacts 2019, 15(10), 1206.]
2. Lapcinska, S.; Arsenyan, P. Selenocystine peptides performance in 5-endo-
dig reactions. Eur. J. Org. Chem. 2020, 784—795.
Lapcinska, S.; Arsenyan, P. Site-selective modification of selenocystine peptides.
Synfacts 2020, 16(05), 0606.]
3. Lapcinska, S.; Arsenyan, P. Straightforward functionalization of sulfur-containing
peptides via 5- and 6-endo-dig cyclization reactions. Synthesis 2021, 53, 1805—-1820.
4. Lapcinska, S.; Dimitrijevs, P.; Lapcinskis, L.; Arsenyan, P. Visible light-mediated

functionalization of selenocystine-containing peptides. Adv. Synth. Cat. 2021, 363,
3318-3328.
5. Lapcinska, S.; Dimitrijevs, P.; Arsenyan, P. Visible light-mediated synthesis of Se-S
bond- containing peptides. Adv. Synth. Cat. 2021, 363, 3968-3972.
Lapcinska, S.; Dimitrijevs, P.; Arsenyan, P. Visible light-mediated selenium—sulfur
bond formation to afford selenium—sulfur bond-containing peptides. Synfacts 2021,
17(11), 1289.]
6. Lapcinska, S.; Arsenyan, P. Selenocysteinyl electrophiles efficiently promote the
formation of coumarin and quinolinone cores by 6-endo-dig cyclization. New. J. Chem.
2021, 45, 16625-16634.

Scientific conferences

1. S. Lapcinska. Cysteinyl- and selenocysteinyl indoles and benzo[b]furanes. University
of Latvia 77th International Scientific Conference, Organic Chemistry section,
February 18, 2019, Riga (Latvia).

2. Peptide functionalization through the generation of selenocysteine electrophile.
A. Ivanova, S. Lapcinska, P. Arsenyan. 14" International Conference on the Chemistry
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MAIN RESULTS OF THE THESIS

1. Sulfenyl electrophile generation and subsequent use in 5- and 6-
endo-dig cyclization reactions

Cysteine (Cys) is a very popular target for regioselective modification of proteins due to its
low natural abundance (1-2 % in proteins). Probably, the most important Cys containing
intracellular low-molecular weight peptide present in mammalians is glutathione (GSH). GSH
plays a critical role in many processes in the cells, including differentiation, proliferation and
apoptosis. GSH protects the cells from damage caused by lipid peroxides, reactive oxygen and
nitrogen species, and xenobiotics. Diminished levels of GSH and the GSH/glutathione disulfide
(GSSG) ratio leads to an increased susceptibility to oxidative stress implicated in the
progression of cancer, while elevated GSH levels leads to the resistance to oxidative stress.
Notably, in the last few years thiol-containing peptides have been utilized in drug delivery of
lipophilic drugs.

The current bioconjugation methods usually rely on the high nucleophilicity of Cys. Widely
employed reactions of cysteine are: alkylation with haloalkyl reagents, arylation, and Michael
addition reaction. A valuable modification of cysteine is stapling with different aryl linkers.
Additionally, cysteine can be easily oxidized to its dimer — cystine. The disulfide bond in
proteins is a prevalent approach for stabilization and protein folding. Obviously, the S-S bond
formation in proteins depends on appropriate position of Cys residues.

The homolytic bond dissociation energy of the S—H bond in cysteine is low (86 kcal/mol),
therefore the corresponding cysteinyl radical can be easily generated.'® During the last few
years, methods for cysteine conjugation under irradiation conditions have been developed using
photocatalysts.?’ Probably, the most well-known radical-mediated reaction of Cys is the thiol-
ene/yne reaction.

Another method for modification of cysteine is based on the formation of Dha peptide via
desulfurization. Typically, the reaction is performed in the presence of phosphines.

Electrophilic center is located on the sulfur atom in compounds containing S—O, S—N or S—
Cl bonds. Sulfenic acids are unstable but sulfenamides are usually synthesized from sulfenyl
halides, thus the most common sulfenyl electrophiles are sulfenyl halides. These electrophilic
species can be prepared from thiols or disulfides using halogens, SOCI;, SO.Cl, or N-
halosuccinimides. The ability of Cys to bind with Lewis acids can result in efficient
modifications. For example, Lewis acids such as FeCls, CuBr, and AIClz have been used to
induce electrophile formation from thiols or disulfides. Furthermore, phenyl iododiacetate
induces the formation of electrophilic sulfur species in the presence of KI. Notably, pre-made
N-thioalkyl or aryl phthalimides or N-thiosuccinimides can serve as efficient electrophiles as
well.

The current use of reaction of Cys-derivatives and N-halosuccinimides is limited to the
preparation of disulfides. Nevertheless, we envisioned to prepare the electrophilic sulfenyl
species in situ using N-halosuccinimides. The optimal reaction conditions were found
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investigating reaction of N-Chz-Cys-OEt (1) and 4-phenyl-2-(pyridin-2-yl)but-3-yn-2-ol (2a).
The examination of the reaction mixtures revelead that the employment of N-bromosuccinimide
(NBS) and N-iodosuccinimide (NIS) led to the formation of the corresponding halo-
indolizinium salts 3a and 3b in high yields (88 and 90 %, respectively) in short reaction time
(1 h). However, N-chlorosuccinimide (NCS) proved to be the reagent of choice — utilization of
NCS resulted in the synthesis of the desired Cys-containing indolizinium salt 4a (65 % yield)
as a mixture of diastereomers (1:1) (Scheme 1). NCS was not able to induce 5-endo-dig
cyclization of 2a, while the reactions with NBS and NIS led to unselective formation of 3a and
3b in 3 days. The results suggested that the electrophilic centre in cysteinyl chloride is the sulfur
atom, whereas the electrophilic centres in cysteinyl bromide and iodide are halogen atoms due
to smaller difference in relative electronegativity (REN S =2.58, Cl=23.16, Br=2.96,
| = 2.66).

The substrate scope showed that not only propargyl pyridines 2a-c were suitable substrates
for the cyclization reaction, but also propargyl thiazole 2d and N-methylimidazole 2e
effectively trapped the in situ prepared cysteinyl chloride and provided indolizinium type
systems 4d, e in even better yields (6973 %).

o
NHCbz A
EtO
L 07O
X

HS

1 (1 equiv.) (1.2 equiv.)
DCM, HC o,
— 0°C - |
X
o - - &, o Ph
EtO NHCbz R?(0.5 equiv.) R? ) 3a X = Br, 88%
Ph 3b X =1,90%
s 2a R'=CHj3, R?=Ph }
X 20 R'=R=ph 7N R on
2cR'=CHy, R?%=CgHyy  [X=Cl | {2\ | OH —
! S NHCbz
2d Q=8, R'=CHj, R?=Ph N o O OF SN R
2e Q=NMe, R'=R?=Ph | o R2 OFt
@ NHCbz cl
- R 4 o)
NHCbz OH NHCbz OH NHCbz ph. OH NHCbz
R OHS HaC s ort € s OEt H,C S A\ -OFt
OEt KRN
~NT Y ST XY N@\N/Vﬁg
o}
ON ONT ey ENTNpy, AN
© cl
c  4aR=CHj, 65% o 4c,30% cl 4d, 69% 4e, 73%

4b R=Ph, 54%
Scheme 1. Synthesis of indolizinium type salts.
All products were purified by reverse phase chromatography
(MeCN/H20, pH = 4, hydrochloric acid).

Previously used conditions were not appropriate for the synthesis of 9a (Scheme 2).
Although the product was detected, various impurities were formed as well. Solvent change to
acetonitrile yielded the desired product in 14 % yield. Nevertheless, we found out that S-S bond
containing substrated can also be used for the generation of sulfenyl electrophile and subsequent
5-endo-dig cyclization. Employment of (Boc-Cys-Gly-OBn). (5) and (Boc-Glu(OtBu)-Cys-
Gly-OBn): (6a) provided the corresponding indolizinium salts 9a-c in moderate to good yields.
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The substrate scope showed that peptides with ‘sensitive’ amino acids (His, Trp, Arg) were not
suitable for the reaction.

1. NCS (1.2 equiv.), R

o] o DCM, 0 °C OH
BnO NHR BnO NHR  2a,b (1 equiv.) =
N TN = NS NHR
8 5 N :
Hs or s (2. TFA, DCM) ® ¥>ﬁ
2

©
cl Ph s NH O
7.8 5,6a,6b 9 OBn
o (]
5,7 R=Boc 6a,8 R= McoztBU 6b R= MNHC!}Z
NHBoc NHBoc

o I\ 7\
OAc @N= e ®N= @
OH OH
Ph—Xy OAC PN o Ph
CHs CHs, F4CCOO

7\
=
«_\OH
Ph
BocHN N\)konan N N\)kosn N N\)kosn Y N\)koan
H NS H H
3

(@) (@) (o] (]
9a, 78% 9b, AA: Boc-Glu(OtBu), 52% CO,H  9d,75% 9e-g, 0% AA: Boc-His
14% (from 7) 9c, AA: Boc-Lys(Cbz), 67% Boc-Trp
Boc-Arg

Scheme 2. Synthesis of Cys-peptide containing indolizinium salts.
All products were purified by reverse phase chromatography
(9a-c: MeCN/H:0, pH = 4, acetic acid; 9d: MeCN/H-0, pH = 4, trifluoroacetic acid).

Many natural products and a significant number of marketed drugs contain indole and
benzo[b]furan moieties.?*??> Furthermore, both of these heterocycles are considered as
‘privileged structures’.?® Thus, we decided to apply the same reaction conditions for 5-endo-dig
cyclization that would result in the formation of indole and benzo[b]furan rings.

Reaction of 1 with 2-(phenylethynyl)anilines in the presence of NCS provided 3-Cys-
indoles 11a-d in high yields (Scheme 3). Neither dimethyl and dibenzylamino, nor unprotected
(phenylethynyl)aniline were found as suitable substrates. Similarly, 3-Cys benzo[b]furan 11h
was easily prepared using 2-(phenylethynyl)phenol 10j. Notably, reaction yield was
significantly improved employing 2-(phenylethynyl)anisole 10k. The use of peptides Boc-Cys-
Gly-OBn (7) and Boc-Glu(OtBu)-Cys-Gly-OBn (8) vyielded the desired indoles as well;
however, the reaction yield was inconsequent (20-66 %). S-S bond containing peptides were
not suitable for the preparation of 11. Unfortunately, 2-hexynylanilines under the same reaction
conditions provided only triple bond addition products 12a-b due to formation of aryl group
stabilized vinyl cation that prevents 5-endo-dig cyclization.

52



R ®S.)_Ph N\ S
= R=Ph = @—Ph
/ © 0 v N—ph
) o Cl H C] HCI
1,7 or 8 (1 equiv.) X-H Cl X

)‘( NCS (1.2 equiv.) CO,Et 1 COLEt
R’ CbzHN, CbzHNi.
10 (1 equiv.) DCM (”0025‘ s NHCbz
10a R=Ph, XR'=NHTs I ] S Bu
10b R=Ph, XR'=NHBoc - 5., -Bu /
R =Bu

10c R=Ph, XR'=NHNs B — & Bté9 - )
10d R=Bu, XR'=NHNs LN NH - .
10e R=Ph, XR'=NH(2-NO,-Ns) NH-R' NH-R' / 12aR'=Ns, 44%
10f R=Ph, XR'=NH(2-NO,-Ns) L 4 - - R 12b R' = 2-NO2-Ns, 42%
10g R=Ph, XR'=NMe,
10g R=Ph, XR'=NBn, 777777777
10h R=Ph, XR'=NHBn O+_OH O OtBu
10i R=Ph, XR'=NH, Et0O2C. _,NHCbz BnOT(\N NHBoc
10j R=Ph, XR'= OH \E H o NH o NHEB
10k R=Ph, XR'= OMe s © 2 oc

s H H
BnO N BnO N
e e S SR S B e
X X S “TFA $
X Ph X—Ph
11a X = NTs, 85% i X =NTs, 53% X o
11b X = NBoc 68% 11j X =NNs, 27%

11c X =NNs, 77% 11k X = NBoc, 25%
11d X = N(2-NO2-Ns), 80% 111 X =0, 66% (from 10k) 1q4m X = NTs, 60% 110, 33% (from 10k)
11e X = NMe, 0% 11n X = NNs, 20%

11f X =NBn, 0%

11g X = NH, 0%

11h X = O, 54% (from 10j)
80% (from 10k)

Scheme 3. Synthesis of Cys-indoles and benzo[b]furans.

Next, we checked the possibility to generate sulfenyl electrophile and perform 6-endo-dig
cyclization with 2-(phenylethynyl)biaryls. Polycyclic aromatic hydrocarbons (PAHSs) are
perspective compounds employed not only as starting materials in organic synthesis but also as
fluorescent markers in bioimaging.

The reaction between 5 and alkyne 13a in the presence of NCS provided 6-endo-dig
cyclization product 14a in 72 % yield (Scheme 4). We preferred to use the S-S (not S—-H) bond
containing substrate due to improved yields and diminished formation of side products. Triple
bond coordinates with electrophilic sulfur atom forming thiirenium cycle, which is attacked by
the closest aromatic ring producing 6-member cycle. Aromaticity is restored after deprotonation
with chloride anion, providing the final product. Furthermore, benzo[c]phenantrene,
benzo[g]chrysene and benzo[pqgr]picene systems were easily constructed applying our
methodology. The isolated yields were variable due to difficulties in purification process.
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Scheme 4. Synthesis of Cys-peptide containing PAHS.

Next, evaluation of the use of NCS method was applied for synthesis of isocoumarins with
glutathione moiety. Isocoumarin scaffold is present in many biologically active natural
products.?* Notably, compounds containing isocoumarin moiety exhibit antimicrobial,
antifungal, cytotoxic, anti-inflammatory activities. The products were obtained in moderate
yields employing peptides 7 and 8 (Scheme 5), whereas peptides with S-S bond (5 and 6) were
not able to provide the products.

o

RHN, OBn
“ N OBn o
& ~ v

& 1.70r8 @sﬂ Ph )K[
NCS DCM >
CO,Me 2. TFA DCM 0 M;eCI
16 © P
o

17a R=H, 53%
17b,R= O 40%

MCOZtBu
NH,
Scheme 5. Synthesis of Cys containing isocoumarins.
Then we moved on to another 6-endo-dig cyclization with the aim to prepare coumarins and

quinolinones. Unfortunately, attempts to prepare coumarins failed. However, the reaction of
glutathione 8 with NCS and aryl propiolamide 20 resulted in preparation of 1-methyl-3-
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sulfenylquinolinone 21 (Scheme 6). Noteworthy, quinolinones are the core structure of many
drugs, including some of the most widely used antibiotics (ciprofloxacin, levofloxacin).?

OBn OBn o) NH,
O:g O:g Bno N N ? COH
TN
Ph Ph ﬁgzo C|®; oh ﬁgzo S TRA
1.8,NCS ~ d Ph 0
Il DCM - NH & S NH ~
o, o - |~ 5
2. TFA,
x"So &1 xSo xSo :%

18 X=0 -NHBoc - INHBoc 19 X=0, 0%
20 X=NCH, tBuO,C tBUO,C 21 X=NCHjs, 44%

Scheme 6. Synthesis of Cys containing quinolinone.

The article about the studies described in this chapter can be found in Appendix 111 of the Thesis.

2. Selenyl electrophile generation and subsequent use in 5- and 6-
endo-dig cyclization reactions

Contrary to thiols, the selenols are more prone to oxidation by air, thus they usually exist as
diselenides under ambient conditions. The selenols are even more nucleophilic than thiols and
can be prepared in situ by reducing agents (for example, NaBH4). The diselenides are very
important versatile compounds and can be used not only as a source of selenium nucleophile,
but selenyl electrophile and radical species as well. Typical selenyl electrophiles are selenyl
halides RSeX (X = Br, ClI, 1) that can be easily obtained by the reaction of diselenides with
halogens or SO.Cl,. Recently, the in situ preparation of phenylselenyl fluoride was reported
using Selectfluor.?® Furthermore, phenylselenyl chloride and phenylselenyl bromide are
commercially available.

Obviously, the nucleophilicity of the halide can lead to undesired side reactions, thus
synthetic protocols employing halide-free selenyl electrophiles are preferred. Selenyl halides
react with various silver salts providing selenyl triflate, tosylate, acetate, hexafluorophosphate
via exhange reaction. From the above-mentioned substrates, the selenyl triflate is the most
commonly employed.

Alternatively, the selenyl electrophile can be obtained by the oxidation of the diselenide. For
example, persulfate salts are known to induce the formation of strongly electrophilic selenyl
sulfate.?” In the last few years oxone has been frequently used for generation of selenyl
electrophile, which further is trapped by triple bond-containing substrates, and the resulting
cyclization yields selenylated heterocycles (indoles, pyrazoles). The reaction of oxone with
diphenyl diselenide provides a mixture of phenyl selenenic acid and phenyl selenyl sulfate.?
Other reagents, e.g. hypervalent iodine compounds, m-CPBA, Ce(NHa)2(NOz)s, KNO3, DDQ),
are known to produce selenyl electrophile as well. Furthermore, the reaction of diphenyl
diselenide with 1,4-dicyanonaphthalene leads to the formation of electrophilic species through
single electron transfer mechanism. Additionally, the formation of selenyl electrophile can be
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induced by reaction of diselenide with Lewis acids, for example, iron(l1l), copper(l) and
copper(11) salts have been frequently employed.

The oxidation of selenols or diselenides can also lead to formation of Se—O bond-containing
intermediates: selenenic acid (RSeOH), seleninic acid (RSeO2H) or selenonic acid (RSeOzH).
Selenenic acids are very reactive intermediates, only aryl selenenic acids have been detected.
Notably, selenenic acid with bulky aryl groups have been isolated and characterized. Seleninic
and selenonic acids are more stable and are useful for oxidation of organic compounds.
Seleninic acids have been used for preparation of Se-S bond-containing compounds,?
benzeneseleninic acid® has been used for selenylation of indoles and anilines.

Only few methods exist for modification of selenocystine-containing peptides in the
literature. An efficient method has been reported for conjugation of Sec-peptides and small
molecules based on the electrophilic character of (5-nitropyridylthio)-Sec peptides.3! These
substrates were also shown to react with nucleophilic aryl boronic acids providing arylated Sec
peptides.3? Other more common modifications of selenocystine-containing peptides with loss
of selenium have also been demonstrated: deselenylation to alanine peptides by reducing
agents*® or oxidant-induced® formation of dehydroalanine derivatives.

In order to find a suitable promoter for selenyl electrophile generation, the reaction between
Ph2Se, (21) and 2a was examined in the presence of several Lewis acids (FeCls, FeBr», FeBrs,
CoCly, NiClz, CuCl,, CuBr2, Cu(OAC)2, RuCls, In(OTf)s, Bi(OTf)s) (Scheme 6).

Copper(11) bromide showed the best results (Table 1, entries 1-3). Importantly, all tested
solvents provided acceptable yield, but DCM, MeCN and EtOH enabled excellent yield (Table
1, entries 5, 7-10). Significantly, an equimolar amount of CuBr, was required for maximizing
the yield of the reaction. The reaction performed in an absence of diphenyl diselenide, yielded
2-bromoindolizinium bromide (Table 1, entry 11). The method was also suitable for tellanyl
electrophile generation (Table 1, entries 15-16) but not for sulfenyl electrophile generation due
to relatively low copper-philicity of sulfur; the main product of the reaction was 2-
bromoindolizinium bromide (Table 1, entries 13-14).

To understand the product of interaction between CuBr, and Ph2Se2, 7"Se NMR spectra of
a mixture of an equimolar amount of Ph,Se; and CuBr, was acquired and compared to a
spectrum of PhSe,. Overlay of these spectra is shown in Fig. 1A. A single signal at 450 ppm
was observed in the PhySez-CuBr2 spectrum, meaning that the reaction was complete and the
chemical shift was similar to that of PhoSe, (462 ppm). Thus, we concluded that neither Se—Br,
nor Se—Cu species were formed but the reaction of Ph,Se; with CuBr, produces coordinated
adduct. This statement is also based on the fact that Se—-Cu bond-containing compound
Cu(SePh)2-2-Phenanthroline has upfield-shifted signal (274 ppm); while PhSeBr signal is
strongly downfield (867 ppm). Theoretically two signals in selenium spectra should be seen,
however, due to dynamic nature of the intermediate, these signals were merged, and the signal
is broad due to paramagnetic properties of copper.
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Table 1
Optimization of reaction conditions for the preparation of 23a and 23b

&8 — > 23a
2a ®N=
PhzQz TBrZ> Ph N o 2a K, \E%Ph
203Ph >< "o,
””””””””””””””””””””””””””” .y CuBrp [PhSe-CuBr] NaO,C O
7 N\ 7 N\ *i\}*_ PhSé-SePh \ N
ON=( oy ONH o = ﬂ\\\;\,{y ! o AL < >cU
PR\ Ph—X { 0.1 M NaOH 7 N2
Seph Loon ‘fk;'/_ CuBr, Ph,Se, MeCN 0, |
23a 23b Ty " O
Stoichiometry, . )
Entry 22 Solvent 22 - CuBr, : 2a Time, h Yield, %
1 Ph,Se,@  DCM 2:2:1 4 Ll
2 Ph,Se,’!  DCM 2:2:1 4 -l
3 Ph,Se> DCM 2:2:1 4 86
4 Ph2Se; DCM 2:05:1 4 47
5 PhaSe> DCM 12:12:1 4 94
6 PhaSe> DCM 06:1.2:1 4 62
7 PhaSe> DMSO 12:1.2:1 24 70 [€]
8 PhySe; EtOAC 12:1.2:1 24 62le]
9 PhaSe> MeCN 12:1.2:1 0.5 90
10 Ph.Se; EtOH 12:1.2:1 12 96
11 - DCM 0:2:1 72 8ol
12 Ph.Se; MeCN 12:1.2:1 1 32+58 11
13 Ph2S; DCM 12:12:1 24 78l
14 Ph2S; MeCN 12:12:1 24 g7l
15 PhoTe; DCM 12:12:1 0.25 94
16 PhoTe; MeCN 12:1.2:1 4 76

[a] MX, — FeCls; [b] MX, — FeBrs; [c] Mixture of products; [d] 2-bromoindolizinium bromide was
formed; [e] Reaction was not completed; [f] CuBr; was added to 2a first, and after 20 min Ph,Se; was
added. The formation of 2-bromoindolizinium bromide (32 %) and 23a (58 %) was observed.

Based on the experimental results above, a plausible reaction mechanism is proposed.
Firstly, the reaction of diphenyl diselenide with copper(ll) bromide leads to the formation of
coordinated PhSe>-CuBrz adduct 1. Then, adduct | generates selenium electrophile which
coordinates to the triple bond of substrate 2a forming selenirenium cation 1. Then, nitrogen's
lone pair attacks the double bond, forming the five-membered cycle with positively charged
nitrogen. As a co-product of this reaction PhSeCuBr intermediate that decomposes regenerating
diphenyl diselenide and producing copper(l) bromide.
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The formation of CuBr in the reaction mixture was confirmed in the experiment with
bicinchoninic acid (BCA), which chelates with Cu(l) ion but not with Cu(ll) ion, giving deep
purple-colored complex 111 (absorbance maximum at 562 nm). The absorbance measurements
(Fig. 1 B) of three samples were taken: the reaction mixture plus BCA, Cul plus BCA, and
CuBr, plus BCA. The absorption values for the reaction mixture plus BCA and Cul plus BCA
were similar (absorption 1.1503 at 560 nm and 1.4749 at 560 nm, respectively) due to formation
of complex I11. Therefore, the use of equimolar amount of CuBr is justified — it is consumed
and forms copper(l) bromide that cannot induce the formation of selenyl electrophile. The last
statement was also confirmed by the control tests using CuBr or Cul instead of CuBr».

1.4749 A

1.1503 B

®

Br.. Br 14
Cu

_SePh 1.2

—-462.5

PhSe-SePh

-450.5

PhSe

UV absorbance

440 480 520 560 600 640 680 720 760
wavelength, nm

Fig. 1. A — overlay of ""Se NMR spectra of Ph,Se,-CuBr, and Ph.Sez. B — UV absorbance
spectrum: A — Cul + BCA,; B — the reaction mixture + BCA; C — CuBr2 + BCA.

Next, we tested whether Boc-protected selenocystine 24a is compatible with the developed
conditions. The reaction between Boc-Sec and 2a, b, d in the presence of copper(Il) bromide
provided corresponding indolizinium 25a, b and pyrrolothiazolium 25c¢ salts in good yields as
a mixture of diastereomers that were separated by HPLC (Scheme 7). We obtained single
crystals of (1R,S)-25b as zwitterionic salt, unambiguously confirming the structure. Next, we
extended 5-endo-dig reaction to selenocystine-containing peptides. Gratifyingly, all tested
selenocystine-containing peptides readily reacted with 2b in the presence of copper(I1) bromide
forming indolizinium salts 25d-h in high yields.

58



= 2N

1 \(1/ ‘:‘T — Fh ¢ )
N~ = =,
o N/% ®N on
H HO R N
@ Hk[ CuBr,, DCM &
( Se% (2. TFA, DCM) H
2 N N
H o
25

)k Se )k S = "¢e® \ VR . Se
FsC™ O FsC~ O e . ﬁ L\ }F‘{ @ FC” 7O
OH OH = ey OH
BocHN BocHN L”l sazz o 3\/\.{” BocHN
(0] le} . 5 e o (6]
25a,* 68% 25b,* 72% ' 25¢,* 48%
7 N\ 7 N\ 7 ® N\ 7 N\
@ N= @ @N= @ N= AN=
Br © OH O OH
PhX PhX )k@ PR\
Se Ph
O (0]
)k/ \)'L \)L NH; H3N,, H\)k NH,
BnO “’NHBoc OBn BocHN ' H H
BocHN (6] O
25d, 85% 25e, 88% 25f R=Ph, 98% 25h, 81%
otBu 259 R=Me, 98%  Ho

Scheme 7. Synthesis of Sec-indolizinium salts.
24a (Boc-Sec)z; 24b (Boc-Sec-Gly-OBn)»; 24c (Boc-Glu(OtBu)-Sec-Gly-OBn).; 24d (Boc-
Sec-Gly-Phe-NHy>)2; 24e (Boc-Tyr-Sec-Gly-Phe-NH>).. All products were purified by reverse
phase chromatography (25a—c MeCN/H-0, pH = 4, trifluoroacetic acid).

Another successful 5-endo-dig cyclization was performed utilizing PhySe, and 2-
(phenylethynyl)anisole (10k). The elaborated reaction conditions were suitable for this
cyclization reaction, except elevated temperature (40 °C) was required for full consumption of
starting materials in 16 h. Thus the 3-selanylbenzo[b]furan 26a was obtained in 83 % yield and
the structure was unambiguously confirmed by X-ray analysis (Scheme 8). Analogously, 3-
chalcogenyl benzo[b]furans 26b and 26¢ were synthesized with similar or better yield than
described in literature by FeCls promoted cyclization of 2-phenylethynyl anisole (26b 64 %,
26¢ 36 %).°

R

R2Q; ®Q3_Ph QR QR
(1 equiv.) Z
=i [ bl o
ubra 0o MeBr (0]
(1.2 equiv.) OMe M
10k (1.2 equiv.) DCM 40 °C e}re 26
SePh SeBn TePh
H—Ph = H—Ph H—Ph
(0] (0] (0]
26a, 83% 26b, 60% 26¢, 50%

Scheme 8. 3-Selanyl and 3-tellanyl benzo[b]furans formation.
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The reaction between peptides 24b, ¢ and anisole in the presence of CuBrz resulted in
preparation of Sec-containing benzo[b]furans 27a and 27d (Scheme 9). Notably, another Lewis
base — FeCls — failed to initiate the formation of products 27. Similarly, 2-
(phenylethynyl)phenol (10j) provided the same products. Unfortunately, CuBrz-induced
selenyl electrophile generation was not suitable for preparation of 2-alkyl-3-
selanylbenzo[b]furans. A complex mixture was formed utilizing 10l probably due to the
formation of aryl group stabilized vinyl cation that prevents 5-endo-dig cyclization.
Accordingly, a different method was required for selenyl electrophile generation and
subsequent 5-endo-dig cyclization.

A suitable promoter was found among oxidants. The formation of strongly electrophilic
organoselenyl sulfate is known as a resulting interaction between diselenides and persulfates.
Although the reaction between 24b and 10l in the presence of 5 equiv. of K2S>0g was slow (3
days were required for full conversion of the starting materials), more importantly, it was
selective and provided the desired benzo[b]furan in high yield. Other tested oxidants were less
efficient (ammonium persulfate, potassium iodate) or provided unselective reaction (oxone,
meta-chloroperoxybenzoic  acid, sodium periodate, cerium ammonium nitrate,
(diacetoxyiodo)benzene) due to fast oxidation and deselenylation.

Notably, the yield of 27c was improved employing 2-(hex-1-yn-1-yl)anisole (10m). It
should be noted that K»S>Os-induced selenium electrophile generation and subsequent
cyclization provided 27a in high yield as well. Furthermore, the yield was higher than in the
case of CuBr,-promoted cyclization.

The reaction between (Boc-Sec). and 10k in the presence of CuBr2 or K2S20s (5 equiv.)
provided only traces of the respective benzo[b]furan. However, utilization of 50 equiv. of
K2S20g resulted in high yielding preparation of 27f in 16 h without damaging starting materials.
Due to the low solubility of K2S20s in acetonitrile, only a small amount of oxidant is actually
present in the reaction mixture. Therefore, it is completely acceptable to utilize a considerable
excess of this cheap inorganic reagent.

Analogously, CuBr2-induced selenyl electrophile generation and following 5-endo-dig
cyclization was applied for the synthesis of 2-aryl-3-selanylindoles, while K>S,Og-promoted
selenyl electrophile generation was employed for synthesis of 2-alkyl-3-selanylindoles as well
as for the preparation of Boc-Sec-indoles (Scheme 10). Substrate scope showed that Ts, Ns and
Boc protecting groups were well tolerated, but 2,4-dinitrobenzenesulfonyl protection, N,N-
dimethyl-, N,N-dibenzyl, N-benzyl- 2-(phenylethynyl)anilines and unprotected 2-
(phenylethynyl)aniline were not suitable substrates.
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Unfortunately, both above-mentioned methods failed to promote the generation of sulfenyl
electrophile from 8 with consequent formation of glutathione containing benzo[b]furans and
indoles.

Significantly, CuBrz-induced Sec electrophile generation was applicable to unprotected
peptides as well, employing tosyl-aniline 10a and anisole 10k as the traps for the electrophile.
This finding greatly improves the application scope for the method and allows the use of more
sophisticated peptides. The reaction proceeded smoothly due to inability of protonated amino
groups to form a complex with CuBr.. Notably, the tested selenocystine-containing peptides
showed excellent reactivity and the products were prepared with excellent yields (Scheme 11).

10a or 10k Se

CuBr, (2.5 equiv.) Ny—Ph
DCM/MeOH, 40 °C X  X=0,NTs
H,N
BnO.__O BnO._O » OH
2 N NH,
s HC s © sé HCI Ph ° g MC
X —Ph X —Ph Xy—Ph Xy—Ph
X X (e} o
29a X=0, 89% 29c¢ X=0, 85% 29e, quant. 29f, 46%

29b X=NTs, 74% 29d X=NTs, quant.
Scheme 11. Preparation of benzo[b]furans and indoles employing unprotected peptides.
Products were purified by reverse phase chromatography
(MeCN/H20, pH=4, hydrochloric acid).

The next challenge was to determine whether selenyl electrophile can be employed in the
cascade reaction. We decided to use anisole-containing aryldiyne 30 that would provide
indeno[1,2-c]chromene skeleton as a consequence of successful and sequential 5- and 6-endo-
dig cyclization reactions. Chromene moiety is often found in biologically active natural
products, furthermore, compounds containing indeno[1,2-c]Jchromene core show high potential
for use in dye-sensitized photovoltaic cells. Notably, only few methods exist for the
construction of indeno[1,2-c]chromene moiety. Previously, TFOH mediated cascade reaction of
anisole 30 has been performed for the synthesis of 6-phenylindeno[1,2-c]chromene,®® while
halogen-mediated cascade reaction has been reported by Chen et al. for the synthesis of
halogenated 6-phenylindeno[1,2-c]Jchromenes.®

Initially, we tested the reaction of PhoSe, with 30 in the presence of CuBr2. However, only
11-bromo-6-phenylindeno[1,2-c]Jchromene was detected in the reaction mixture. Potassium
persulfate induced electrophile generation did not lead to the desired product as well.

Next, we decided to test BnoSe,. While the use of CuBr2 resulted in formation of 11-bromo-
6-phenylindeno[1,2-c]chromene, K.S>0g was capable to generate selenyl electrophile from
BnaSe; that further was trapped with the more electron rich triple bond forming selenirenium
cation I. Next, the attack of the other triple bond to the selenirenium cation resulted in the
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closure of indene cycle (intermediate 11). Following attack from the methoxy group to the
carbocation provided cyclization intermediate 111 that after demethylation gave the product 11-
(benzylselanyl)-6-phenylindeno[1,2-cJchromene 31a (Scheme 12). The structure of 31a was
unambiguously confirmed by X-ray analysis. Then, 6-phenylindeno[1,2-c]chromenes attached
to Sec-peptides were also prepared, unfortunately, the yields were only moderate due to
complicated purification process.

(0] NHBoc

S g Ph BnO NHBoc  BnO OtBu
I% r Y T Jj' ™Y
S4E - G
X5 =) Sy Yoo
e T 0 O
‘_:—Q\‘ ,
oS- 31a,51% Q 31b, 45% O 31c, 36%

Scheme 12. Plausible mechanism for cascade 5-endo/6-endo-dig cyclization.

Next, we moved on to see whether we can apply CuBr, or K>S>0g method for selenyl
electrophile generation and subsequent 6-endo-dig cyclization. Reaction between (Boc-Sec).
and phenyl 3-phenylpropiolate in the presence of K:S;Os provided respective Boc-Sec-
containing coumarin 32a (Scheme 13). The examination of substrate scope revealed that the
presence of EDG in the 3" or 3" and 5" positions of aryl ring promoted the reaction, whereas
introduction of EWG diminished the reactivity. Protected selenoglutathione was also a suitable
substrate for cyclization reaction. However, we were not able to isolate the selenoglutathione-
containing 7-aminocoumarin due to instability of the product.

Under the same conditions the analogous nitrogen heterocycles — quinolin-2-ones 33a-c
were prepared in good yields.
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Scheme 13. Synthesis of 3-Sec-coumarins and quinolin-2-ones.

Notably, another 6-endo-dig cyclization that provided Sec-containing isocoumarins and
isoquinolin-2-ones (Scheme 14) was easily performed utilizing either K2S,0g or CuBrz-induced
selenyl electrophile generation. The product formation occured in excellent yields under both
conditions, although it should be pointed out that the reaction time for full conversion of starting
materials was 2 h for CuBrz-induced selenyl electrophile generation and 24 h for K2S>0s.

The first step for isocoumarin and coumarin formation is the generation of selenyl
electrophile, which is then trapped by the triple bond providing selenirenium ion. Unlike the
coumarin ring formation that relies on electrophilic aromatic substitution, the isocoumarin ring
is closed by the attack of the nucleophilic heteroatom to the selenirenium atom. Therefore, the
reaction occurs more easily.
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R R k( RAK[ R! NHR
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Z .
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XR - > . R |,
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° $,05 (50 & c R ©r
1 X iv) b)K 50 equiv.), MeCN
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Scheme 14. Synthesis of 4-Sec-isocoumarins and isoquinolin-2-ones.
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The articles about the studies described in this chapter can be found in Appendices I, 11, VI of
the Thesis.

3. Visible light-mediated functionalization of selenocystine-containing
peptides: selenylation of indoles and macrocyclization

Photocatalyzed reactions are a convenient way for synthesis of complex structures under
mild conditions. This reaction type is considered as sustainable, ensuring efficient and selective
synthesis that can be perfomed under biocompatible conditions as well. Usually the presence
of photosensitizers is required for efficient transformation. Typical examples of homogenous
catalysts are transition metal complexes and organic dyes. The use of transition metal (Ru, Ir)
complexes is expensive, and they are not considered as an environmentally-friendly option. On
the contrary, the use of organic dyes is an attractive alternative. Obviously, heterogenous
catalysts can also be employed (inorganic semiconductors (metal oxides or sulfides), graphitic
carbon nitride polymers, photoactive MOFs). A heterogenous catalyst offers the possibility to
use the catalyst repeatedly and facilitates the purification of products.

Some of the most popular clases of organic dyes are: acridines and acridinium salts,
fluorescein and its derivatives, benzophenones, pyrylium salts, rhodamines, and phenothiazines.
Rose Bengal is a structural analogue of fluorescein, and it has emerged as an efficient
photocatalyst with a wide application.®’

Upon absorption of light, RB is activated to its excited singlet state (RB*) with t? ranging
from 107 to 10°° s. The singlet excited state can return to ground state or it is converted to a
longer lived triplet excited state (2 = 1073 s) via intersystem crossing.*® Mostly reactions with
RB proceed through single electron transfer (SET), but it can also work through energy transfer
(EnT) pathway, particularly as a singlet oxygen sensitizer. In this process, excited state RB* is
formed and then RB* transfers its energy to the substrate to generate a reactive substrate.®”=°

Excited RB* can work as an oxidant or as a reductant. In the reductive quenching cycle, the
organic reactant gets oxidised. For example, in reductive activation the excited state of RB* is
converted to RB+ radical anion via (SET), with the simultaneous conversion of a susbtrate to
the radical cation intermediate. Then oxidation of RB*~ by oxygen leads to the formation of the
ground state RB. Similarly, in the oxidative quenching cycle, the organic reactant initially gets
reduced with the oxidation of the photoexcited species.®

Although the use of simple diaryl diselenides in the visible light-mediated reacions has been
investigated,*®#! the same cannot be said abot Se-Se bond-containing peptides. Notably,
selenocystine-containing peptides can be converted to selenolanthionines by UV irradiation,*?
while diselenide metathesis between simple diorganyl diselenides*® or Se—Se bond-containing
peptides* has been established under visible light irradiation.

Therefore, we set a goal to investigate the possibilites to functionalize selenocystine-
containing peptides under visible light irradiation. We decided to examine the reaction between
(Boc-Sec-Gly-OBn), 24b and 1H-indole (36a) under blue LED light (max 460 nm, bright blue,
x =0.1440, y = 0.0395, >50 000 Ix) conditions (Scheme 15). The preliminary screening of
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photocatalysts (transition metal complexes, organic dyes >25) was performed in acetonitrile
using 0.5 equiv. 24b, 1 equiv. 36a, 2 mol% transition metal catalyst or 5 mol% organic dye.
Surprisingly, only two photocatalysts were able to ensure selective synthesis of the desired 3-
selanylindole 37a: Rose Bengal (RB) and its analogue erythrosin B. RB was slightly more
efficient, thus it was the catalyst of choice for further studies. Other tested photocatalysts (5-
carboxytetramethylrhodamine (5-TAMRA), nickel tetraphenyl porphyrin, 4-CzIPN, cresol red,
chlorophenol red, bromocresol green, methyl orange, congo red, direct red 81, direct yellow 27,
methylene blue, basic fuchsine, indigo carmine, alcian blue, 2,4,6-triphenylpyrylium
tetrafluoroborate,  9-mesityl-10-methylacridinium tetrafluoroborate, acridine and N-
methylacridinium iodide) were either significantly less efficient or provided unselective
reaction. Acetonitrile appeared to be the most suitable solvent because other tested greener
protic solvents such as MeOH, EtOH, EtOH/H0, and iPrOH resulted in a nonselective reaction
due to the fast oxidation and deselenylation of 24b. Control reactions performed without RB,
in the daylight or dark did not provide the formation of 37a, therefore confirming the need of
both — RB and LEDsso. The reaction performed under Ar atmosphere resulted in lower
conversion of the starting materials. The reaction performed in the presence of 4-amino-
TEMPO did not yield 37a as well, suggesting the radical mechanism. We concluded that the
optimal conditions for the synthesis of 3-Sec-indoles are 5 mol% RB, MeCN and blue LED
light for 90 min. Notably, both diselenide parts are utilized in the reaction, thus an atom
economic method is demonstrated.

The examination of substrate scope revealed that the presence of an EDG at the C5 position
of indole improved the reaction yield; halogen atoms did not significantly affect the process,
but the presence of an EWG diminished the reactivity and provided only trace amounts of the
products. An EDG at the C2 position provided the product in lower yield, but electron-deficient
indoles (EWG at the N1 or C2 position) were completely unreactive. Importantly, a hydroxy
group at the C5 position of indole was also tolerated under the reaction conditions, whereas the
reaction with 5-aminoindole failed. However, the use of tert-butyl (1H-indol-5-yl)carbamate
361 resulted in the formation of desired product 370 in high yield. Furthermore, not only
protected selenocystine-containing peptides, but also (Boc-Sec). was a suitable substrate for
selanylation of indoles leading to formation of useful building blocks 37p-t.

Importantly, unprotected selenocystine-containing peptides were also well tolerated under
the reaction conditions facilitating the developed protocol. Even more sophisticated
selenocystine-containing peptides with ‘sensitive’ amino acid residues (Lys, Arg, His, Tyr)
provided the expected Sec-indoles in good yields. The only exception was the Trp-containing
peptide — nonselective reaction occurred, most likely due to ability of Trp to form radical under
irradiation conditions.
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Scheme 15. Sec-indole formation: scope and limitation studies.
38a-I: the products were obtained employing unprotected peptides as TFA salts.

Additionally, Boc-Sec-azaindoles were prepared employing visible light-initiated reaction
(Scheme 16). However, we found out that only protonated azaindoles were able to react with
(Boc-Sec).. The yields were moderate due to partial degradation of (Boc-Sec).. Notably, the
structures of products 40d and 40e were confirmed by X-ray analysis.
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Scheme 16. Synthesis of Boc-Sec-azaindoles.

Next, we decided to establish whether the intramolecular indole selenylation (Approach A)
can be performed under the same conditions. A successful reaction would afford Sec-containing
indole-embedded macrocycles. Additionally, we envisioned alternative approaches towards
synthesis of macrocycles: selenylation of an indole attached to a peptide and subsequent
intramolecular amide bond formation (Approach B); and a visible light-initiated reaction
between Boc-Sec and protected 5-hydroxy- or aminoindole, then coupling reaction with a small
peptide, deprotection and intramolecular amide bond formation (Approach C).

Gratifyingly, visible light-mediated intramolecular selanylation proceeded smoothly
providing macrocycles 44a-h in good yields (Scheme 17). Although the reaction was slower
than the intermolecular reaction, it was selective. Furthermore, the structures of macrocycles
44a and 44f were unambiguously confirmed by X-ray analysis. We also succeeded in isolation
of unprotected macrocycle 44i. The product was obtained by visible light-mediated
macrocylization of Fmoc protected substrate and subsequent deprotection. Alternatively, 44i
was prepared by utilizing deprotected 42g in the macrocyclization reaction. However, the yield
was lower utilizing unprotected substrate.

Unfortunately, we concluded that Approach A is not suitable for macrocycle formation
starting from indoles with peptides attached to its C5 position, probably due to conformational
restrictions. Therefore, we proposed alternative approaches for synthesis of these compounds.
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Scheme 17. Synthesis of macrocycles: Approach A.
*Fmoc cleavage, cyclization, **cyclization, Fmoc cleavage.

Approach B relied on visible light-mediated selenylation of indoles 41 that contained the
amino acid or short peptide at the C4 or C5 position of the indole ring and subsequent
intramolecular peptide bond formation reaction (Scheme 18).

Visible light-mediated reaction yielded Boc-Sec-indoles 45 in moderate to good yields.
Then EDC/HOBLt coupling was performed for intramolecular amide bond formation. As a result,
macrocycle 46a was isolated utilizing 4-substituted indole as the starting material. Notably, we
also isolated the bis-macrocyclization product 47a as the minor product. Surprisingly, indoles
45c¢,d with substituent at the C5 position provided only bis-macrocyclization products 47b,c.
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Scheme 18. Synthesis of macrocycles: Approach B.

The third approach (Approach C) required the utilization of products 37s and 37t that were
obtained by visible light-mediated selenylation of protected 5-hydroxy- and 5-aminoindoles
(Scheme 19). The next step was intermolecular amide bond formation reaction, then after
deprotection, an intramolecular amide bond formation reaction was performed. The formation
of bis-macrocycle 49 was not selective, while stable macrocycles 50a and 50b were isolated.
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Scheme 19. Synthesis of macrocycles: Approach C.

The next task was to explore the mechanism of visible light-mediated selanylation. First,
we discovered that irradiation of the solution of 24b and RB affords unstable seleninic acid 51
and Boc-Dha-Gly-OBn 53 (Scheme 20). We were not able to isolate 51 but it was detected by
LC-MS, HRMS ([M+Na] = 471.0633) and '’Se NMR spectroscopy (RSeO.H 1217.5 ppm)
(Fig. 2 A). Storage of the reaction mixture in an NMR tube for 24 h led to the disappearance of
the signal in the 7’Se NMR spectra attributed to 51, however, a new signal was formed —
seleninic acid (H2SeO3 52) (1302.7 ppm).

The control tests proved that the presence of water and oxygen in the solvent is necessary
for the reaction to occur. The reaction performed in the presence of TEMPO did not lead to the
formation of 53, thus confirming radical pathway.

Under irradiation conditions, oxygen is converted to superoxide radical anion (O*"), while
RB-"returns to the ground state. Reaction between O-"and water generates hydroperoxyl radical
that produces hydrogen peroxide, which is trapped by 24b, resulting in oxidation and
deselenylation with the formation of a double bond.

UV spectra were recorded for 24b, 36a, RB, ethyl eosin, erythrosin B, FIrPic,
Ru(bpy)sCl2-6H20, and 4-CzIPN in dry acetonitrile solutions (Fig. 2B and 2 C). The
photochemical reaction between 36a and diselenide 24b was not effective in the absence of a
catalyst under LEDa4eo light because indole has an absorption band from 200 to 305 nm and 24b
exhibits absorption until 430 nm, albeit with low intensity.
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Notably, the absorption shoulder at 275-430 nm in the 24b UV spectrum is characteristic
of Se-Se bond, which facilitates the formation of selenyl radicals in the presence of a
photocatalyst.

The photoluminescence quenching of RB, Ru(bpy)sCl2-:6H20 and FIrPic was performed
using 24b or 36a in degassed acetonitrile. The quenching rate constant of RB in the experiment
with 24b was determined to be 10.42 x 1073 I/mol (Fig. 2D). In contrast, 36a does not quench
the fluorescence of RB to any significant extent.

EPR studies confirmed radical formation of RB in solution under irradiation conditions.
Furthermore, the presence of diselenide 24b during irradiation, reduced the intensity of RB*
signal twice, allowing to confirm the establishment of dynamic equilibrium under LED4eo light:
RB* + 24b <> (RB + 24b¥*).

Thus, based on the obtained results, it can be concluded that upon excitation of RB, radical
cation 24b* is produced, which reacts with indole 36a, forming intermediate | and selenyl
radical 11. The radical Il can provide diselenide 24b via dimerization while intermediate |
delivers the product 37a after deprotonation (Scheme 20).
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Scheme 20. Proposed mechanism of visible light mediated reaction.

The article about the studies described in this chapter can be found in Appendix IV of the
Thesis.
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Fig 2. A — ""Se NMR spectrum of 24b degradation products after 1 h of irradiation and after
storage of the reaction mixture in NMR tube for 24 h; B — UV spectra of 24b, 36a and
photocatalysts; C — magnified UV spectra of 250-500 nm region; D — photoluminescence
guenching of RB with 24b and 36a; E — photoluminescence quenching of Ru(bpy)sCl2-6H.0
with 24b and 36a; F — photoluminescence quenching of FIrPic with 24b and 36a; G — EPR
spectra of RB and RB + 24b with and without LEDaeo irradiation.
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4. Visible light-mediated synthesis of Se—S bond-containing peptides

Se-S bond is found in the active center of thioredoxin reductase — one of the major
components of the antioxidant system in mammalian cells.**#® Se-S bond-containing
intermediate is formed in the catalytic cycle of the glutathione peroxidase — selenoenzyme that
is responsible for reduction of H2O. and other peroxides by glutathione.*’ Low-molecular
weight compounds with Se-S bond have been used as fluorescent probes for detection of
reactive sulfur species®®*° and as prodrugs for inhibition of protein tyrosine phosphatases.*

Compounds with Se-S bond are considered unstable, thus the synthesis can be
challenging.®® The exchange reaction between diselenide and thiol, although theoretically
possible, is unfavorable because the selenolate byproduct is a stronger nucleophile than thiol.>?
However, the reaction can be performed under suitable conditions.>* Diphenyl diselenide reacts
with AgSCFs providing respective Se—S bond-containing substrate while the selenolate by-
product is stabilized with the silver ion.>® Typically, Se—S bond is prepared by reaction between
thiol and electrophilic selenyl species — selenyl halides®® or organyl seleninic acids.>®?°
Nevertheless, benzeneselenol can also react with aryl or alkyl thiols in the presence of a
catalytic amount of tBuOK, while the reaction of benzeneselenol with electrophilic N-phenyl-
trifluoromethanesulfenamide occurs in acidic conditions.*® Notably, various sugar-selenyl
sulfides have been synthesized directly from sugar diselenides and glutathione in a phosphate
buffer. Moreover, this efficient method has been extended from using glutathione as a thiol
group containing substrate to a protein — a single-cysteine mutant of subtilisin.>” Significantly,
UV light has been employed for the exchange reaction between diaryl disulfide and dialkyl
diselenide. The authors have also stated that Se—S bond is formed under UV light, while longer
wavelength (>410 nm, visible light) reverses the reaction.®

We developed a novel method for the synthesis of Se-S bond-containing peptides via
visible light-initiated reaction. The optimal reaction conditions were found examining the
reaction of dipeptide dimer (Boc-Sec-Gly-OBn)2 24b and glutathione (GSH) (54) in the mixture
of MeCN/H20 under visible light irradiation. Rose Bengal (RB) again turned out to be the best
photocatalyst for the reaction. None of the other tested catalysts (FIrPic, Ru(bpy)sCly, 4-CzIPN,
9-mesityl-10-methylacridinium tetrafluoroborate, ethyl eosin, fluorescein, 5-TAMRA) showed
superior selectivity and ability to ensure higher conversion of the starting materials in 1 h. Due
to the competing reaction, homocoupling of GSH forming GS-SG, this substrate should be
employed in an excess — 10 equiv. However, both parts of the diselenide are consumed,
therefore, the ratio of GSH versus one selenium is 5:1. Control tests proved that both LED4eo
and RB are required for the reaction. Surprisingly, the presence of radical scavenger (TEMPO)
did not prevent the formation of 55a. Most likely, radical quenching with TEMPO is slower
than the generation of glutathionyl (GS°) radical under visible light irradiation, followed by the
formation of Se—S bond or homocoupling reaction.

Importantly, the substrate scope evaluation showed that various selenocystine and
selenocystamine peptides with sensitive amino acids (Arg, Glu, Lys, His, Tyr) showed excellent
tolerance and provided the desired Se—S bond-containing products (Scheme 21). Although Trp
is known to be prone to oxidation by radicals and singlet oxygen, the Trp-containing product
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55c¢ was also isolated; however, the yield was lower due to formation of side products. Met-
containing peptide yielded the Met sulfoxide-containing product 55f.
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Scheme 21. Scope and limitation studies for the preparation of Se—S bond containing
compounds. 55b—e: the products were obtained employing unprotected peptides as TFA salts.

The Stern-Volmer analysis disclosed that the quenching rate constant of RB with GSH was
significantly higher (8.8 x 10 I/mol) than with 24b (0.12 x 10" I/mol). Therefore, it can be
inferred that S-centered radical is rapidly formed under LEDaeo irradiation. Next, the GS radical
reacts with the diselenide forming the desired Se—S bond-containing peptide 55a or it undergoes
the homocoupling reaction forming oxidized glutahione (GS-SG), thus an excess of 54 is
required for full consumption of 24b (Scheme 22).
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\RB*) 0] H NH, 24b
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Scheme 22. Proposed mechanism for the formation of Se—S bond-containing substrates.
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Next, we examined the stability of Se—S bond-containing peptide 55a under visible light
irradiation, as well as in the presence of oxidants and reducing agents (Scheme 23). Prolonged
irradiation (>3 h) of 55a and RB in MeCN/water with LEDa4eo provided alkyl seleninic acid 6
and Boc-Dha-Gly-OBn 53 due to the reaction with H2O» that is formed under irradiation
conditions. The oxidation of 55a with H20. or tBuOOH afforded alkyl seleninic acid.
Intermediate 51 was detected by HRMS ([M+Na] = 471.0633) and ’Se NMR (5 1219.8 ppm)
spectroscopy. Besides, a small signal of selenonic acid 51’ (8 1050.8 ppm) was also detected in
the ’Se NMR spectra (Fig. 3).

The reduction of 55a with 3 equiv. 14-dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) delivered diselenide 24b and GSH in a short
reaction time (30 min). Furthermore, the use of increased amount of TCEP (10 equiv.) led to
deselenylation reaction yielding Boc-Ala-Gly-OBn 57 and TCEP=Se ([M-H] = 328.9704)
(Scheme 23). The selenol 56 was detected by LC-MS ([M+Na] = 439.03) and "’Se NMR
spectroscopy (6 —72.5 ppm) as an intermediate of the reduction. The mechanism of
deselenylation is known in the literature
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Scheme 23. Stability of 55a in the presence of reducing agents and oxidants.
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Fig. 3. ""Se NMR spectra of 24b (A), 55a (B), 56 (C), 51 (D)
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Next, aiming to evaluate the possibility to utilize alkylselenylsulfide moiety as a cleavable
linker for the introduction of fluorescent probe to thiol group-containing peptide, diselenide 59
was prepared starting with 7-hydroxy-2-oxo-2H-chromene-3-carboxylic acid 58 (Scheme 24).
The visible light-initiated reaction between GSH and diselenide 59 provided the desired Se-S
bond-containing product 60 in 37 % yield.

Next, the stability of 60 was established. A quick oxidation and formation of the respective
seleninic acid 61a was observed in the presence of H>O>. Another oxidant — NaClO provided
the respective chlorinated seleninic acid 61b ([M-H] = 377.9290). The use of DTT (10 equiv.)
led to formation of diselenide 59. Recently, it was demonstrated that a cyclic selenosulfide
subjected to reductive conditions (TCEP or DDT) spontaneously eliminates selenoethyl moiety
releasing ethylene molecule, besides, all reactions were very slow (up to 6 days).>® We did not
observe such transformation in the case of 60 — interaction with TCEP (10 equiv.) was very
efficient providing ethyl amide 62 in 30 min.
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o) RB, LEDyg0. 0 . o) -
DMSO, H,0 e o
x NS 2 MHN SG r1cep M”N
H - HO O (6] HO (o) (o)
HO O (e} DTT. PBS PBS
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(Sec), NMM, H,0, vai NaCIO
EDC, HOBt, DMF PBS
(o]
/\/Se\ A~
N N u
HO O 6]
61a, R=H 62
61b, R=Cl

Scheme 24. Synthesis and stability of 60.

Additionally, the stability of 60 in phosphate-buffered saline (PBS) was established under
various pH revealing that the compound is stable in pH range 3.0-8.0 for 24h. Absorption and
emission spectra were collected for the solutions of 59, 60 and 6la in PBS (pH =7.4,
¢ =10 uM), as well as the photoluminescence quantum yield (PLQY) of the studied compounds
were determined (Fig. 4). The PLQY of the Se—S bond-containing substrate is considerably
higher (® =29.5 %) than the PLQY of diselenide 59 (® =1.6 %). However, the highest
emission quantum yield was observed for the seleninic acid 61a (® = 52.4 %).
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Fig. 4. Emission spectra of 59, 60, 61a upon excitation at 350 nm (PBS, pH = 7.4).

The article about the studies described in this chapter can be found in Appendix V of the Thesis.
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CONCLUSIONS

Peptides with cysteine residue can be functionalized under mild conditions through the in
situ preparation of cysteinyl chloride using N-chlorosuccinimide.

CuBr2 is an efficient promoter for chalkogenyl electrophile generation from diaryl/dibenzyl
dichalcogenides, protected and unprotected selenocystine-containing peptides.

K2S20g is an efficient promoter for generation of selenyl electrophile from (Boc-Sec). and
protected selenocystine-containing peptides.

The sulfenyl and selenyl electrophiles can be trapped by suitable triple bond-containing
substrates and sequential 5- or 6-endo-dig cyclization reactions provides (hetero)cyclic
systems attached to cysteine or selenocysteine (indolizinium salts, indoles, benzo[b]furans,
coumarins,  isocoumarins,  quinolin-2-ones,  isoquinolin-2-ones,  polyaromatic
hydrocarbons, indeno[1,2-cJchromenes).

Rose Bengal is an efficient photocatalyst for selenyl electrophile generation from protected
and unprotected selenocystine-containing peptides. The electrophile can be trapped by
electron-rich N-heterocycles. The elaborated atom-economic protocol shows excellent
tolerance for selenocystine-containing peptides with ‘sensitive’ amino acids (Lys, Arg, His,
Glu, Tyr). Visible light-mediated intramolecular indole selenylation can be performed
under the same conditions affording Sec-macrocycles.

Rose Bengal is a suitable photocatalyst to induce formation of Se-S bond-containing
peptides.
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