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LIETOTIE SAISINAJUMI

Amax — absorbcijas joslas maksimuma vilna garums (nm)

d — Kimiska nobide (ppm)

€ —molaras absorbcijas koeficients

BLA — saisu garumu maina (bond length alternation)

CM — katoda materials (cathode material)

CT — ladina parnese

CV — cikliska voltampérmetrija

DBU - 1,8-diazabiciklo[5.4.0Jundec-7-ens

DCM - dihlormetans

DFT — blivuma funkcionala teorija (density functional theory)
DMF — N, N-dimetilformamids

DMSO - dimetilsulfoksids

Et — etil-

FTIR — infrasarkana Furjé spektroskopija

h — stunda

H-saite — idenraza saite

HOMO - augstaka aiznemta molekulara orbitale

i. t. — istabas temperatiira

KMR - kodolu magnétiska rezonanse

LUMO - zemaka neaiznemta molekulara orbitale

Me — metil-

MT KMR — mainigas temperatiiras kodolu magn&tiska rezonanse
PCM — polariz&jama kontinuuma modelis (polarizable continuum model)
Ph — fenil-

ppm — miljonas dalas (parts per million)

PVDF - polivinilidénfluorids

RSA — rentgenstruktiiranalize

SEM - skengjosa elektronu mikroskopija

TFA — trifluoretikskabe

UV-Vis — ultravioletas un redzamas gaismas (spektroskopija)



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Hinoni parstav konjugétu ciklisku diketonu klasi, kas sastopama dazadas dabas vielas.
Sie savienojumi ir plasi zinami, pateicoties to biologiskajai aktivitatei un fotofizikalajam
Tpasibam, ka ari citotoksisko un citoprotektivo efektu dél.! Redoksipasibas nosaka hinona
atvasinajumu bitisko nozimi biologiskajos procesos (pieméram, §iinu elposana’ un
fotosintéze®). Hinona strukturalie motivi ir atrodami dazadas medicina lietotas vielas,
pieméram, koenzima Q10,* menadiona,® K vitamina® un doksorubicina.’

Taja pasa laika hinona atvasinajumi tiek pétiti lietojumam energijas uzglabasanas un
energijas ievaksanas sistémas.® Organiskie redoksaktivie savienojumi tiek pétiti, pieaugoso
prasibu péc energijas uzkraSanas iericém’ dgl, TpaSu uzmanibu veltot hinonu
atvasinajumiem.!®!! Hinonu atvasinajumi pétiti ka aktivas vielas organisko elektrodu
materialiem uzladgjamajas baterijas,'> ka divu elektronu anoliti vai katoliti fidens!® un
netidens'® redokspliismas (redox flow) baterijas, ka elektronu parneses mediatori (mediators)

415 vai redoksmediatori litija séra baterijas,'® ka materials

elektrokimiskai CO> uztversanai'”- '8

metalu katalizétas reakcijas
vai elektrokimiskas fidens sadali$anas tehnologijas. '

Viens no perspektivakajiem pétniecibas virzieniem ir saistits ar p&tjjumiem par hinonu
izmantoSanu elektrodu materialos.” Tomér pirms organisko elektrodu materialu
izmantoSanas uzladgjamas baterijas joprojam ir jauzlabo elektroktmiska efektivitate, ka arT
jasamazina elektroda materiala $kidiba elektrolitos un tilpuma izmainas (volume change),
jo tam seko ladinietilpibas (charge capacity) zudumi.*! Formali hinonu atvasindjumus var
iedalit divas grupas — lielmolekularie un mazmolekularie atvasinajumi. Lielmolekularo
savienojumu (hinonu poliméri vai pie polim&riem saistiti hinoni) gadijuma samazinas
Skidiba elektrolita, tatu no ekonomiska viedokla janem v&ra ari substratu un reagentu
izmaksas lielmolekuldro atvasinajumu sintezei.? Turpretim mazmolekularu hinonu
materialu prieksrociba ir zemakas izmaksas un vienkarsas sint€zes procediiras (1. att.).

Kontroleta elektrokimiska veiktsp&ja un $kidiba ir izSkiroSie faktori, lai iegtitu stabilus
organisko elektrodu materialus uz mazmolekularo hinonu bazes. Tadas ipasibas ka skidiba,
kimiska vai termiska stabilitate ir atkarigas no hinona kimiskas struktiiras, mijiedarbibas ar
saistvielam un iespgjamas izomerizacijas. Turklat salidzino$i vajas nekovalentas
starpmolekularas mijiedarbibas (Tidenraza saites (H-saites), n-m mijiedarbibas, van der Valsa
speki, elektrostatiskie Kulona speki) batiski ietekm& morfologiju, dazadas fizikali kimiskas
1pasibas (kusSanas/virSanas temperatiira, blivums, $kidiba), jonu difuziju, ladinu transportu
un organisko materialu elektrokimiskas Tpasibas.”* Neapsaubami, vienlaikus var pastavét
dazadas mijiedarbibas, kas veicina passakartotas struktiiras (self-assembled structure).®*
Turklat supramolekularo sakartojumu (supramolecular assembly) un kristalizaciju var
kontrolét, kombingjot dazadas starpmolekularas mijiedarbibas (pieméram, H-saites kopa ar
n-m un/vai dipolaram mijiedarbibam), ta¢u §ada kontrole joprojam nav izstradata.?’
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1. att. Mazmolekularo hinona atvasinajumu pieméri,?> > kas pétiti potencialai
izmantoSanai energijas uzkrasana, pieméram: (A) kandidati Li" jonu baterijam;
(B) kandidati Zn*" jonu baterijam; (C) kandidati izmanto$anai redokspliismas (redox flow)
baterijas.

Tadgjadi sakaribas starp hinona atvasindjumu struktiru un TipaSibam, ka arl
elektrokimisko 1paSibu izpéte var noteikt savienojumu izmantoSanas iesp&jas un
ierobezojumus. Pieeja jaunu organisko materialu izstradei, ieklaujot vajas iekSmolekularas
un/vai starpmolekularas mijiedarbibas, kas var mainit materiala arhitektiiru, palidzes uzlabot
hinonu funkcionaliz&tu materialu efektivitati molekulara liment.

Hinona atvasinajumu elektrokimiskas un fizikali kimiskas ipaSibas var uzlabot,

1

modificgjot mazas hinona molekulas ar funkcionalam grupam?! vai kondensgjot>":*? ar

heterocikliem. Imidazo[1,2-a]piridins ir izplatits slapekli saturo$s heterocikls, kas tiek
izmantots ~ farmakologijas  p&tfjumos,®® ka arl  pétits  materidlzinatng.}* %
Imidazo[1,2-a]piridina atvasinajumi var veidot speécigu iekSmolekularu H-saiti starp
protondonoru aizvietotaju un heterocikla slapekli, kas veicina ierosinata stavokla
iekSmolekularo protona parneses (excited-state intramolecular proton transfer, ESIPT)
izraisttu luminiscenci.®*7 Turklat imidazo[1,2-a]piridina atvasindjumu passakartoto
fragmentu morfologiju (morphologies of self-assembled motifs) var ietekmét, ja
imidazo[ 1,2-a]piridina sistéma tick modificéta ar dazadam funkcionalajaim grupam.?*

Ka promocijas darba pamatstruktira tika izv€lets 6,7-dihlorpirido[1,2-a]benzimidazol-
8,9-dions (2. att.), kas satur divu struktirelementu kombinaciju — o-hinona un
imidazo[1,2-a]piridina fragmentus. To var iegit vienas stadijas sint€z€ no komerciali
pieejamiem tetrahlor-1,4-benzohinona un 2-aminopiridina.3® No literatiiras ir zinams,*® ka
6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dionu, ta atvasinajumus un analogus var viegli
modifict, selektivi aizvietojot hlora atomu pie C(6) ar nukleofiliem, radot monoaizvietotu
produktu. Tadgjadi pirido[1,2-a]benzimidazol-8,9-diona atvasinajumi varétu sniegt iesp&ju
izpétit aizvietotaju ietekmi uz kop€jo heterocikliska hinona fragmenta struktiiru un to
fizikalajam un redoksipasibam.



Redoksipasibas
Potencials H-saites akceptors

{ Potencials H-saites akceptors ]

2. att. 6,7-Dihlorpirido[1,2-a]benzimidazol-8,9-diona struktiira (1a).

Promocijas darbs iedalits divas dalas. Pirmaja dala ir apkopoti dati, kas iegiiti,
modificgjot izveletos heterocikliskos o-hinonus ar C-nukleofiliem, ka arT ieguto
atvasinajumu struktiiras p&tijumi un redoksipasibas skiduma. Promocijas darba otraja dala
aprakstiti 6,7-dihlorpirido[ 1,2-a]benzimidazol-8,9-diona modifikacijas rezultati, izmantojot
N-nukleofilus, un iegiito hinona atvasinajumu struktiiras analize (tautomeras formas),
iekSmolekularo un starpmolekularo H-sai$u un citu vaju nekovalentu mijiedarbibu analize.
Elektrodu materiali tika pagatavoti no heterocikliska o-hinona un ta p-hinonimina
atvasinajuma, un to redoksipasibas tika analizétas. Sie strukturalie pétijumi tika veikti, lai
atrastu potencialas struktliru-ipasibu sakaribas, kas saista mazmolekularo heterociklisko
hinonu strukttiru, iek§molekularas un starpmolekularas mijiedarbibas un fizikalas ipasibas,
nodrosinot datu kopumu turpmakajam materialu izveides strat€égijam.

Pétijuma mérkis un uzdevumi

Promocijas darba meérkis ir 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona, ta
atvasinajumu un analogu modifikacija, ka arT ieglito atvasinajumu strukturalie p&tijumi un
struktiiru-Tpasibu sakaribu izpéte.

Darba mérka sasniegSanai definéti vairaki uzdevumi.

1. Modificét 6,7-dihlorpirido[1,2-a]Jbenzimidazol-8,9-dionu, ta atvasinajumus un

analogus reakcijas ar C- un N-nukleofiliem.

2. Izmantojot rentgenstrukturanalizes (RSA) datus, noskaidrot hinona atvasinajumu
molekularo struktiiru un noteikt vajas nekovalentas mijiedarbibas cieta stavokli.

3. Salidzinat atvasinajumu molekularo strukttiru cieta stavokli un skiduma, izmantojot
RSA, UV-Vis spektroskopijas un KMR spektroskopijas metodes kopa ar kvantu
Kkimiskajiem aprékiniem.

4. Izpetit izveleto 6,7-dihlorpirido[1,2-a]benzimidazola-8,9-diona  atvasinajumu
redokstpasibas.

Zinatniska novitate un galvenie rezultati

Promocijas darba gaita tika iegiiti 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona
atvasinagjumi nukleofilas aizvietoSanas reakcijas ar C- un N-nukleofiliem, ievadot
aizvietotaju pie C(6). Reakcija ar steriski apjomigiem C-nukleofiliem veidojas stabili



heterocikliskie o-hinona atvasinajumi. Gadijuma, ja tika izmantoti steriski mazaki
C-nukleofili, izveidota produkta strukttiru var aprakstit pec “saistito polimetinu” principa.
Izmantojot aroilhidrazidus ka N-nukleofilus, iegiiti stabili p-hinonimina atvasindjumi, bet
reakcijas ar pirmgjiem aminiem iegltajiem produktiem piemit merocianina tipa struktiiras.
legtitajos savienojumos “klasiska” heterocikliska o-hinona strukttirelementa forma mainas
atkartba no ievadita aizvietotdja, Iidz ar to paplasinas savienojumu fizikalo Ipasibu
diapazons.

Pamatojoties uz rentgenstruktiuranalizes un KMR spektroskopijas datiem, vairakos
gadijumos savienojumos gan cieta stavokli, gan $kiduma pastav iek§molekulara H-saite
(NH---N vai OH---N) starp ievadito aizvietotaju un heterocikla slapekli. Pateicoties
vairakam vajam nekovalentam starpmolekularam mijiedarbibam, iegiito o-hinona
atvasinajumu kristalos tika noveroti dazadi molekularas struktiiras sakartojumi. Nukleofilas
aizvietoSanas reakcijas ar pirm&jiem aminiem izoléti 6-aminoaizvietoti o-hinona
atvasinajumi (satur -NH-CHaz- struktiirelementu), kas var veidot centrosimetriskus ahiralus
vai necentrosimetriskus hiralus kristalus, pateicoties kav@etai rotacijai ap ogleklis-slapeklis
saiti. No 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona un ta p-hinonimina atvasinajumiem
tika izgatavoti katoda materiali un parbaudita redoksaktivitate. Secinats, ka heterociklisko
o-hinonu potenciali var izmantot ka katoda materialu tidens elektrolttu baterijas.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas veltita
6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona un ta analogu un to atvasinajumu sintézei,
struktiiras un Tpasibu izpétei cieta stavoklt un/vai skiduma.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti tifs zinatniskajos originalrakstos.
Promocijas darba izstrades laika sagatavoti divi apskatraksti. Petljuma rezultati prezent&ti
piecas zinatniskajas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

P&tot mazmolekularo hinonu funkcionalizéSanas virzienus, ir jaievero hinona iesp&jamie
tautomeérie lidzsvari, kas var radit jaunas savienojuma formas un ipaSibas. Piem&ram,
aizvietotdja ievadiSana o-benzohinona (A, C) C(4) pozicija var izraisit tautomeras
parvertibas par p-hinoniminu (B) vai p-hinonmetidu (D) (3. att.), kas dazos gadijumos
biologiskas sistémas izraisa toksicitati.! Daudzos nozimigos biologiskos procesos

39 kutikulara sklerotizacija*® (cuticular sclerotization)

(pieméram, lignina biosint€ze
kukainos vai melanina*' izveide) p-hinonmetida starpproduktiem ir iz$kiro§a nozime
kateholu atvasinajumu metaboliskaja oksidésana. Land, E. J. ar lidzautoriem™*? noskaidroja,
ka, ievadot cianometilgrupu 1,2-naftohinona C(4) pozicija, noverots tautomerais Iidzsvars
un veidojas p-hinonmetida forma. Ja aizvietoSanas reakcija izmanto pirm&jo aminu, var
veidoties produktu maisijums galvenokart tautoméra lidzsvara starp 4-amino-o-hinona un
a-hidroksi-p-hinonimina formam d&l. Lidzsvars ir atkarigs no §kidinataja polaritates* un
vides pH.*

@) o o o 5° 5%
L — 0L — 0| e
o N Ho S| o G Ho Sg
2 Al o
A B c D E D

3. att. Tautomerais Iidzsvars starp 4-amino-o-hinona (A) un a-hidroksi-p-hinonimina (B)
formam; tautomérais lidzsvars starp o-hinona (C) un a-hidroksi-p-hinonmetida (D)
formam; “saistitie polimetini” (coupled polymethines) (E) uz o-hinona atvasinajuma bazes.

Modific€tos o-benzohinonus var raksturot arm ka ‘“saistitos polimetinus” (coupled
polymethines) atkariba no C(4) vai/un C(5) aizvietotaja rakstura, ja elektroni ir delokaliz&ti
tikai starp karbonilgrupas skabekla atomu un ievadito aizvietotaju (aminoaizvietota

savienojuma E gadijuma; 3. att.). Saskana ar Déhne, S. un lidzautoru p&tijumiem,*:* ja
molekula ir atrodamas divi polimetina struktiirelementi (vai viens polimetina un viens

poliéna struktiirelements), tad tie nosaka savienojuma fotofizikalas Tpasibas.

1. Pirido[1,2-a]benzimidazol-8,9-diona fragmenta modifikacija
reakcija ar C-nukleofiliem

Ir zinams,? ka fotofizikalas un redoksipasibas korelé ar savienojuma struktiiru, taja
skaita planaritati (starpplaknu lenka (@) vertibu), elektronu sadaljumu un
redokspotencialiem. Lai izp@tttu aizvietotaja ietekmi uz 6,7-dihlorpirido[1,2-
a]benzimidazol-8,9-diona (1a) struktiiru, hinons la tika modificéts ar plasi lietotiem
C-nukleofiliem (1,3-indandiona atvasinajumiem ar dazadu dicianometilénvienibu
skaitu**" (2-4), malononitrilu (5) un barbitiirskabi’' (6)) trietilamina klatbiitng.
Heterocikliskie hinona atvasinajumi (7—11) tika izol&ti trietilamonija salu veida (1. shema).
Savienojuma 10 sint€ze tika veikta paaugstinata temperattra, jo istabas temperattira reakciju
iznakumi bija zemaki. legiitie produkti 7-11 ir krasainas vielas, tumsi zala krasa piemitt
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savienojumiem 7 un 11, brina — savienojumam 8, zili violeta — savienojumiem 9, 10.
Analizgjot to struktiiru, noskaidrots, ka trietilamonija saliem 7-11 piemit dazadas hinona
fragmenta formas.

: io
7 2 ©
- 0
Et;N, DCM, 24 h, iit.
NC”CN
5
_ NC_ o
Q J, EtsN, DCM,
J 1h,
o)
30 SN g
® § «— 8 N
EN,DCM, 24 h,it| g 27 o M
NC 6 N 4
p CN c h
7X=Y=0 NH
8X=0,Y=C(CN), 1a o
9X =Y =C(CN), g 6
CN L
NC EtsN, DCM,
- 4 00| 24 h,it.
Et;N, DCM, 16 h, i.t.
1
HCl
7-10 7H-10H

1. sh&ma. Savienojumu 7-11 un 7H-10H sintéze.

P&c trietilamonija salu 7-10 hidrolizes skaba vidé izdaliti savienojumi 7H-10H.
Savienojuma 7H gadijuma tika ieglita sarkana cieta viela, kas veidoja zalas krasas skidumu
dimetilsulfoksida (DMSO). Sarkanas vielas FTIR spektrs uzradija absorbcijas joslas pie
1746 cm™ un 1702 cm™, ka arT netika nov@rota hidroksilgrupai raksturiga absorbcijas josla.
Secinats, ka hidrolizes rezultata veidojas produkts 7H*®* (cieta stavokli piemit sarkana
krasa), kur indandiona fragments eksisté ketoforma. Tomér sarkanas krasas kristalu 'H KMR
spektra DMSO-ds $kiduma eksisté tautomerais lidzsvars starp ketoformu (K) un enolformu
(E) un tika nov@roti divi signalu komplekti> No 'H KMR spektra attieciba
ketoforma/enolforma ir vienada ar 0,45 : 1 (4. c att.).

Iztvaicgjot $kidinataju no sals 7 dihlormetana (DCM) skiduma, tika iegiiti savienojuma
7H (enolforma — 7H!) zali kristali. Savienojuma 7He" struktira tika pieradita ar
rentgenstruktiranalizes (RSA) metodi — kristaliska stavokli heterocikliskais o-hinona
fragments ir saistits ar indandiona fragmentu enolforma (4. a att.). Molekulu stabilizg loti
speciga iekSmolekulara fdenraZa saite (H-saite) OH--"N (N(5):--H = 1,172 A,
H--0 =1,379 A, lenka N(5)---H---O vértiba ir 157(6)°). Savienojuma 7H¢* kristaliskaja
strukttra tika konstat@ta arT spéciga starpmolekulara o-caurumu mijiedarbiba starp C=0
saites skabekli (indandiona fragments) un hlora atomu; starpmolekularas mijiedarbibas
rezultata veidojas centrosimetriski molekularie diméri (4. b att.).
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a. iek§molekulara mijiedarbiba

___)< d(0..Cl)=2,872A x

: starpmolekulara mljledarblba:
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4. att. (a) Savienojuma 7H¢" asimetriskas vienibas ORTEP diagramma, kas parada
termiskos elipsoidus 50 % varbiitibas ITmenT; (b) savienojuma 7H¢** molekulu sakartojums
kristala; gaisi zilas Iinijas norada O...Cl mijiedarbibu; (c) '"H KMR spektra fragments (300

MHz, DMSO-ds), enolformas (E) un ketoformas (K) struktiiras.

Lai labak izprastu aizvietotdja ietekmi uz heterocikliska hinona fragmentu,
savienojumiem 10-11 un 7H® tika veikta RSA datu analize kopa ar DFT aprékiniem
(programma ORCA>, CAM-B3LYP/def2-TZVP teorijas Iimenis). Savienojumu 10-11 un
7He"! heterocikliska hinona fragmenta saiSu garumi (RSA dati) tika salidzinati savstarp&ji
un ar iepriek$ publicéto®® atvasinajumu 0-QCCN (5. att.). No savienojumu sai§u garumu
analizes cieta stavoklT var secinat, ka hinona ciklu var sadalit divos strukttirelementos, kurus
atdala garas vienkarSas C-C saites / un 4 (saiSu numeracija — 5. att.). Viens struktiirelements
ietver saites 16-2-3 un sekojoSas aizvietotaja saites. Iepriek§ min&tajiem
7-hlorpirido[ 1,2-a]benzimidazol-8,9-diona atvasingjumiem saiSu 2 un 3 garumi mainas
atkariba no ievadita aizvietotaja. Piem&ram, savienojumos 11 un 7H** saitém 2 un 3 bija
izteikta vienkar$as/divkar$as saiSu kartas maina, ka ir “klasiskaja” o-benzohinona
struktiira,’* savukart savienojumos 10 un 0-QCCN tika novérota sai$u garumu vienlaikus
izlidzinasanas (saites 2 un 3).
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—m— THenor —=— 0-QCCN

C-O saites

C-N saites

C-C saites

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Saites numurs

5. att. (a) Savienojumu 10-11, 7H®"*' un 0-QCCN heterocikliska hinona fragmenta
shematiskais att€lojums ar saiSu numeraciju; (b) saiSu garumu salidzinajums. Savienojuma
0-QCCN sai$u garumi tika nemti no RSA datiem.®

Saites garuma maina (bond length alternation, BLA) tika aprékinata struktiirelementam,
kas satur saites 2-3-aizviefotdjs savienojumos 10-11, 7H®"* ¢-QCCN. BLA parametra
aprékinam izmantoti RSA dati, ka ar1 kvantu kimisko aprékinu dati no optimizetajam
struktiru geometrijam (DFT; 1. tab.). Secinats, ka savienojumus 10 un 0-QCCN var
raksturot ka asimetriskus “sasaistitus polimetinus” (coupled polymethines), jo
oglekla-oglekla saiteém 2-3-aizvietotdjs BLA parametrs tuvojas nullei. Savienojumam 11
polimetina fragments atrasts starp divam barbitiirskabes karbonilgrupam (izlidzinatas saites
ar m-elektronu delokalizaciju); savukart saites /6-2-3-aizvietotdjs var raksturot ka poliéna
fragmentu. Kopuma o-hinona formas stabilizaciju izsauc steriski apjomigs aizvietotajs, un
negativa ladina delokalizacija notiek aizvietotaja fragmenta. Rezultata konjugacija starp
hinona ciklu un aizvietotaju pazid. Otrs struktirelements sastav no heterocikla fragmenta
(saites 5-15) un blakus esosas karbonilgrupas (5. att., saite /7). Savienojumu 10-11 un
0-QCCN gadijuma aizvietotajs neietekmgja saiSu 5-/5 garumus. Hinona atvasinajumiem
10-11 un 0-QCCN karbonilgrupas saites /7 garums bija I1dzigs atbilstosas saites garumam
imidazo[ 1,2-a]piridin-3-karbaldehida.’® Tikai savienojuma 7He" gadijuma saite /7 bija
nedaudz 7isaka, jo spéciga iekSmolekulara H-saite (OH---N) ietekmé&ja n-elektronu
sadalfjumu molekulas heterocikliskaja dala (saites /2-13).
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Tika salidzinats trietilamonija salu 10 un 11 molekulu sakartojums kristala (6. att.).
Noverots, ka savienojumam 10 raksturiga struktiira, kas stabiliz€ta ar m-m mijiedarbibu
(n-m stacking). Savienojuma 11 gadfjuma kristaliskajai struktiirai ir raksturiga garu
starpmolekularo kézu veidoSanas, pateicoties specigam NH---O fidenraza sait€ém starp
barbitiirskabes fragmentiem, ar kuru anjoni ir savstarp&ji saistiti.

‘f)}

ﬁ starpmolekulara /

NH...O mijiedarbiba y
//
Hz0 —_— //

6. att. Savienojumu 10 (a) un 11 (b) sakartojums kristala, H-saites ir izceltas gaisi zila
krasa.

Ar kvantu kimijas aprékiniem (DFT) noteikta savienojumu optimiz&ta geometrija gan
gazes faze, gan Skiduma (PCM). legitie dati tika salidzinati ar RSA eksperimentalajiem
datiem (1. tab.). Savienojumu 10 un 0-QCCN optimiz&tu struktiiru geometrija paredz
savienojumu izteiktu planaritati, bet saliem 7-9 un 11 sagaidami 60 + 10° starpplaknu lenki
starp ievadito aizvietotaju plakni un heterocikliska hinona plakni. Novérots, ka aprékinata
optimizéta geometrija CAM-B3LYP/def2-TZVP limeni DMF $kiduma vislabak atbilst
eksperimentalajiem strukturalajiem parametriem (starpplaknu lenkiem un saiSu garumiem
no RSA datiem).

1. tabula

Savienojumu 10-11, 7H un 0-QCCN starpplaknu lenki (¢), saites garuma maina (BLA)

un saites garums (7) starp plakném

Savienojums Metode 11¢ 10 THe! 0-QCCN
60,79 (11A
Starpplaknu RSA o1 60 EllBg 10,48 25,57 4,56
lenkis ¢, ° -
DFT* 65,62 1,07 31,16 1,53
1,468 (11A)
RSA g 1,402 1,448 1,412
V'C(6)-C (aizvietotds), A 1’469 (llB)
DFT® 1,462 1,395 1,449 1,401
0,0935 (11A)
BIA pa/rfmetrsb, RSA 0.0075 (118) | ©-0055 0,0700 0,0245
DFT* 0,0935 0,0070 0,0905 0,0260

# Sals 11 kristals sastav no diviem anjoniem, kas ir apziméti ka anjoni 11A un 11B.

b BLA parametrs tika aprekinats ka starpiba starp formalas ogleklis-ogleklis vienkarsas un dubultas saites videjo
saiSu garumu struktliras polimetina/poliéna kedg (saites 2-3-aizvietotdjs).

¢ Geometrija optimizéta ar CAM-B3LYP/def2-TZVP metodi (DMF, PCM).
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Trietilamonija sali 7-11 tika pétiti $kiduma (DMSO-dp), analizgjot to '3C KMR spektrus.
Tika salidzinatas hinona karbonilgrupu signalu kimiskas nobides (5 C(8)=0O un C(9)=0,
atomu numeracija — 1. shema) '*C KMR spektros (7. a att.). Novérots, ka savienojuma 10
C(8) un C(9) signali ir nobiditi tuvak viens otram ar AJ(C=0) tikai 0,2 ppm, kas
izskaidrojams ar Iidzigu elektronu blivumu ap Siem oglekla kodoliem, ka ar1 ar
karbonilgrupu iesaistisanos H-saités ar Et;NH'. Tomér o-hinonu 7-9 un 11 '3C KMR
spektros AS(C=O0) tika aprékinats ka 9,0 ppm, 11,5 ppm un 13,0 ppm un 11,1 ppm attiecigi.
Tika atrasta lineara sakariba starp savienojumu 7-11 A§(C=0) (hinona fragments) '*C KMR
spektros un aprékinato starpplaknu lenki (DMF) (7. b att.).

Vienadas kimiskas nobides konstat€tas signaliem, kas attiecas uz 1,3-indandiona
fragmenta karbonilgrupu oglekliem (§(C=0) = 187,0 ppm) trietilamonija sals 7 *C KMR
spektra (DMSO-ds). Tas liecina par vienadu kimisko apkartni Siem atomiem, Iidz ar to
secinats, ka skiduma negativais 1adins ir simetriski delokaliz&ts pa aizvietotaja fragmentu
starp abam karbonilgrupam.

175 3 Savienojums 7 166,3 9
12
176,4 Savienojums 8 1649 10
£
S 8
176 9 Savienojums 9 163,9 5

UV g A AN A

R?=0,9947

AB(C

161\* } 169,3 Savienojums 10
At WW\WWWNWWM-WMWWJWWWMWAWW )

176,4 Savienojums 11 165,3
0

T T T T T T T T T T T T T T T T T T T T prékinatais starpplaknu lenkis (DMF),”
177,0 176,0 175,0 170,0 169,0 168,0 167,0 166,0 165,0 164,0 ppm

7. att. (a) Trietilamonija salu 7-11 3C KMR (DMSO-ds) spektru fragmenti;
(b) korelacija starp savienojumu 7-11 aprékinato starpplaknu lenki (CAM-B3LYP/def2-
TZVP, DMF, PCM) un starpibu starp hinona C=0 grupu kimiskam nobidém (AS(C=0))
13C KMR spektros (DMSO-ds).

0 20 40 60 80

Heterocikliskajam hinonam la un ta atvasindjumiem 7-11, ka ar1 0-QCCN tika
aprékinatas HOMO/LUMO energijas, izvietojums, ka ari to parklasanas vertibas (DFT).
Salidzinot ar izejvielu 1a sintez&tajiem savienojumiem, HOMO ir parvietota no imidazo[ 1,2-
alpiridina fragmenta (8. att.) uz aizvietotaja dalu, kas liecina par savienojuma
elektrondonoras dalas nobidi. Hinona atvasinajumos 7-11 un 0-QCCN HOMO tika izvietots
molekulas polimetina/poliéna struktiirelementa [6-2-3-aizvietotajs (saiSu apzim&jumi —
5. att), kas izskaidrojams ar negativa ladina delokalizaciju. HOMO-LUMO izvietojuma un
parklaSanas vertibu analize parada, ka savienojumiem 7-9 un 11 HOMO ir vairak novietota
donoraja aizvietotaja fragmenta, savukart LUMO — akceptora dala (hinona fragmenta) un ir
iesp&jama ickSmolekulara ladina parnese (charge transfer, CT) no aizvietotaja uz hinona
fragmentu. Tome@r savienojumiem 10 un 0-QCCN HOMO-LUMO parklasanas veértibas ir
lielakas, tapec Siem savienojumiem ladina parneses raksturs ir mazak izteikts
(8. att.).
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8. att. Savienojumu 1a, 7-11 un 0-QCCN frontalo orbitalu un HOMO-LUMO
parklasanas (parklasanas vertibas starp HOMO un LUMO tika aprekinatas CAM-
B3LYP/def2- TZVP limeni DMF, izmantojot programmu Multiwfi).>

Iegiito savienojumu 7-11 1pasibas Skiduma tika pétitas, uznemot UV-Vis spektrus
Skidinatajos ar dazadu polaritati (DMF vai DCM), ka ar1 bazes (DBU) un skabes (TFA)
klatbiitn€ (2. tab.). Iegiitajiem atvasinajumiem 7-9 atkariba no ievadita aizvietotaja novérota
pozitiva vai negativa solvatohromija. Piem&ram, savienojumam 7 noverota pozitiva
solvatohromija (garako vilnu absorbcijas josla nobidas hipsohromi, samazinoties $kidinataja
polaritatei), savukart saliem 8-9 bija novérota negativa solvatohromija. Tas nozimé, ka
savienojumam 7 ierosinatais stavoklis ir polaraks par pamatstavokli, savukart, ievadot divas
(savienojums 8) vai Cetras (savienojums 9) cianogrupas, aizvietotaja ir novérojams pretgjs
gadijums, kad ierosinatais stavoklis ir mazak polars neka pamatstavoklis. No ta var secinat,
ka savienojumi 8-9 ir diezgan polaras molekulas pamatstavokli. Savienojumiem 10 un
0-QCCN netika noverotas izteiktas izmainas UV-Vis spektros, mainoties S$kidinataja
polaritatei; abi savienojumi uzradija Amax diapazona 630 = 10 nm gan DMF, gan DCM
$kidumos. Abiem savienojumiem garo vilnu absorbcijas joslas neietekmgja bazes klatbiitne,
un noveérota hipsohroma nobide (ap 100 nm) skabos apstaklos, ko var attiecinat uz skabekla
protonéSanu pie C(8). Savukart, pievienojot skabi atvasingjumu 7-9 DCM skidumiem,
garako vilnu absorbcijas josla paztud. Lidz ar to secinats, ka salu 7-9 gadijuma anjona forma
ir nepiecieSama garako vilnu absorbcijas joslai un protong$ana novers iek§molekularo ladinu
parnesi (2. tab.). Saliem 7-9 tika iegiita linedra korelacija (R? = 0,99) starp absorbcijas joslas
maksimuma vilna garumu (Amax DCM $kiduma) un HOMO-LUMO parklasanas vértibam, ka
ar1 starp Amax un aprékinato starpplaknu lenki. Papildus tika salidzinati atvasinajumu 7-9
UV-Vis spektri ar izejvielu (o-hinona 1a un indana atvasinajumu 2-4) spektriem DMF un
DCM skidumos. Tika konstatéts, ka produkta 7-9 UV-Vis spektri sastav no atsevisku
hromoforu absorbcijas joslam, tomér to savstarp&ja mijiedarbiba rada jaunu garaka vilna
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absorbcijas joslu. Lielaka garo vilnu absorbcijas joslas batohroma nobide tika novérota

savienojumam 9 DCM skiduma (864 nm).

2. tabula
Savienojumu 7-11 un 0-QCCN UV-Vis spektroskopijas dati
L Amax (1g €)
Savienojums
DMF DCM DCM+TFA DCM+DBU
- 428 (3,99) 411 (3,85) 398 (3,74) 434 (3,87)
690 (3,84) 660 (3,30) 540 ¢ 681 (3,71)
8 479 (4,08) 462 (3,90) 404 (3,60) 482 (3,77)
697 (3,68) 751 (3,42) 540¢ 710 (3,38)
577 (4,36) 570 (4,37) 346 (4,49) 575 (4,40)
9 615 (4,22) 607 (4,23) 430 614 (4,27)
740 (sh) 864 (3,21) 510¢ 750 ¢

10 409 (4,28) 403 (4,40) 367 (4,48) 409 (4,22)
627 (3,97) 641 (3,93) 541 (3,33) 632 (3,87)

11 661 (3,57) - - -
0-QCCN 414 (4,30) 414 (4,23) 382 (4,44) 415 (4,25)
636 (4,06) 640 (3,98) 559 (3,16) 640 (4,00)

“ absorbcijas joslas “plecs”.

Konstatéta lineara korelacija starp savienojumu 10-11, 7H®** un 0-QCCN garo vilnu

absorbcijas joslas molaras absorbcijas koeficientiem (¢) DMF vai DMSO $kidumos (9. att.,
2. tab.) un to starpplaknu lenka (¢) vértibam (1. tab., RSA dati). ST korelacija apstiprina
secindajumu par garo vilnu joslas paradiSanas iemeslu. Jo izteiktaka elektronu delokalizacija
starp hinona fragmentu un ievadito aizvietotaju (ko apgriitina liels starpplaknu lenkis), jo
lielaks ir garako vilnu absorbcijas joslas molaras absorbcijas koeficients.

1.0 41 oQCCN
09 u
05 10 (DMF) ——7H (DMSO) 40 ~10
——11 (DMF) ——0-QCCN (DMF) AN
0,7
39 \\7Henol
o 08 N
gos | |f 538 .
2 04 AN
© 0,3 3,7 N
' R?=0,9908 1"
0,2 3,6
0,1
0 3,5
300 400 500 600 700 800 900 0 10 20 30 40 50 60
vilna garums (nm) ®,°

9. att. Savienojumu 10, 11, 7H**/ un 0-QCCN UV absorbcijas spektri DMF/DMSO
Skidumos un korelacija starp to garo vilnu absorbcijas joslas molaras absorbcijas
koeficientiem un starpplaknu lenka lielumu (o).

Sintezeto hinona atvasinajumu elektrokimiskas Tpasibas acetonitrila (MeCN) skidumos
tika pétitas ar ciklisko voltamp@rmetrijas metodi (CV), un atbilstoSie elektrokimiskas
reducéSanas un oksideéSanas potenciali (E,.q, E,.) apkopoti 3. tabula. Ir zinams, ka
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aizvietotaju ievadiSana hinonu atvasinajumos var izraisit elektrokimiskas reduc€Sanas
potencialu nobidi.>” No CV mérijumu rezultatiem tika konstatéts, ka hinona atvasinajumi 7
un 11 ir vieglak reduc&jami (pirmie reducésanas potenciali E!,; ir —0,48 V un 0,44 V
attiecigi). Pieaugot cianogrupu skaitam sals struktira (savienojumi 8-10), pirmais
reducéSanas potencials nobidijas uz negativakam potenciala vertibam, ka ari uzradija
neatgriezenisku oksidéSanas procesu.

3. tabula

Hinona atvasinajumu elektrokimiskas 1pasibas. Reduc€sanas (E,.4) un oksidéSanas

(E,y) potenciali (MeCN skidums, Ag/AgCl references elektrods)

Savienojums

E;eda \4

11
Ered’ v

\ E, .V

Savienojumi ar negativa ladina delokalizaciju aizvietotaja fragmenta

7 -0,48 - 0,94
8 0,54 0,93 1,29
9 -0,60 —-1,00 1,12
11 -0,44 -0,85 1,14
Savienojumi ar negativa ladina delokalizaciju polimetina struktiirelementa (ieklaujot hinona
fragmentu)
0-QCCN ~0,59 1,12 1,01
10 0,50 ~0,74 0,96
10a 0,56 -0,76 0,96
10b —0,43 0,59 1,04
10c 0,82 ~1,04 0,81
10d —0,81 —-0,92 0,83
Produkti péc hidrolizes skaba vidé (7H-10H)

7H -0,34 -0,72 -
8H 0,54 -1,93 1,00
9H 0,68 -1,51 0,86
10H —-0,94 - 1,17

Savienojuma 10 atvasinajumi 10a-d tika sintez&ti, lai izp&titu heterocikla gredzena

aizvietotaju ietekmi uz savienojumu elektrokimiskajam Ipasibam (2. shema).

®
EtsNH,

O

0 R NG CN o L R g
N)j 5 / )§S\2 1b,10a Ry, Ry, Rz = H, X = N
- N 1c, 10b Ry, R3 = H, R, = NO,, X = CH
Cl 7R, Y g 1. R3 » Rz 2,
X mnpow, @ 7 X Rs 1d,10¢ Ry, Ry = H, Ry = Me, X = CH

cl 1 h, reflux NC 1e,10d Ry, Ry, = benzo, R; = H, X = CH
CN

1b-e 10a-d
2. shéma. Savienojumu 10a-d sintgze.
Savienojumi 10a-d arT tika pétiti ar CV metodi (3. tab., 10. att.). Tika konstatets, ka
4-CH aizstaSana ar N atomu (savienojums 10a) heterocikla izraisija tikai nenozimigas
izmainas abu potencialu vertibas. Pirmo reducgSanas potencialu un oksidesanas potencialu

nobidi uz negativakam potenciala vértibam (El,y = —0,80 V un E,, = +0,80 V) izraisija
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metilgrupas ievadiSana pie C(3) (savienojums 10c¢) vai ari aromatiskas sist€mas
pagarinasana (savienojums 10d). Elektronakceptoras grupas ievadiSana pie C(2) (10b)
izraisTja pret&ju efektu.

—10

—10a

——10b

10c
——10d

-2,0 -1,5 -1,0 -0,5 0 0,5 1,0 1,5 2,0
Potencials (V) vs. Ag/Agt

10. att. Savienojumu 10 un 10a-d CV mérijjumi MeCN s$kiduma.

Apkopojot ieglitos rezultatus, var secinat, ka, 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-
dionam reaggjot ar C-nukleofiliem, var iegiit atvasindjumus, kuros heterocikliska hinona
fragments var eksistét dazadas formas. P&c reakcijam ar stériski lieliem C-nukleofiliem
ieglitie 7-hlorpirido[1,2-a]benzimidazol-8,9-diona atvasinajumi ir stabili o-hinoni ar
iesp&jamu negativa ladina delokalizaciju ievaditaja aizvietotaja (ja eksisté sals forma). Siem
savienojumiem noverota garo vilnu absorbcijas josla rodas no iekSmolekularas ladina
parneses starp aizvietotaju un hinona fragmentiem, un $kiduma var novérot pozitivu vai
negativu solvatohromiju.

Gadijuma, ja aizvietotaja un heterocikliska hinona plaknes ir koplanaras, tad struktiira
var veidoties polimetina fragments un rezultata veidojas asimetriskie “sasaistitie polimetini”.
Var secinat, ka, lai izprastu potencialas lietoSanas iesp&jas petitajiem savienojumiem, ir
nepiecieSams analizét ari telpisko struktiiru, jo, mainoties molekulas planaritatei, notiek
izmainas struktiira un fizikalajas 1pasibas. Turklat modifikacijas iesp&ja ir mijiedarbiba ar
bazeém, kas rezultata rada atSkirigas negativa ladina delokalizacijas.

Originalpublikacija par 8aja  apakS$nodala  aprakstitajiem  pétfjumiem —
1. pielikuma.

2. Pirido[1,2-a]benzimidazol-8,9-diona fragmenta modifikacija
reakcija ar N-nukleofiliem

Haloggnaizvietoti hinoni reagé ar aminiem, aminospirtiem un aminoskabém — C-N saites

veidosanas nerada jaunu hiralo centru, jo notiek secigas pievienoSanas/atSkelSanas

58

reakcijas.”® Kristalizgjoties ahirala organiska molekula var spontani veidot hiralus
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kristalus.® Sada gadijuma hiralitate var veidoties, pateicoties kavétai rotacijai ap saiti
molekula vai spiralveidigai supramolekularai organizacijai kristala. Ievadot mazkustiga
hinona “skeleta” konformacionali lokanus aizvietotajus ar protondonoram ipasibam, var
panakt supramolekularo sisttmu veidoSanos, ko stabilizé dazadas starpmolekularas
nekovalentas mijiedarbibas.®

Hinona atvasinajumu gadijuma starp hinona karbonilgrupam un dazadam H-saites
donoru grupam (piemeram, OH vai NH>) var veidoties plass starpmolekularo H-sai$u tikls.
Papildus tam struktiiru var stabiliz€t ne tikai starpmolekularas H-saites, bet arT cieSa
starpslanu m-m mijiedarbiba, kas var rasties starp hinona cikliem, ja tie ir kondenséti ar

aromatiskiem un/vai heterocikliskiem gredzeniem.?’

Vaju nekovalentu mijiedarbibu
rezultata eksperimentali pieradita hinona atvasindjumu supramolekularas struktiiras
stabilizacija,***> ko var kontrolét ar kimisku modifikdciju un/vai aizvietotaju stériskiem
efektiem.

Halogeng&to o-hinonu reakcija ar pirmgjiem aminiem var veidoties divi produkti —
aizvietoSanas produkts un/vai atvasinajums, kas veidojas pievienoSanas reakcija pie
karbonilgrupas. Turklat produktu maisijums var veidoties tautoméra lidzsvara d&| starp
4-amino-o-hinonu un a-hidroksi-p-hinoniminu.** Lai izveidotu materialus, kuru pamata ir
hinons, ir nepiecieSami dati par aizvietotaju ietekmi uz ieks$/starpmolekularo mijiedarbibu
un tautomeru veidosanas iesp&jam. Tade] veiktas 6,7-dihlorpirido-[1,2-a]benzimidazol-8,9-
dionu reakcijas ar pirm&jiem aminiem un benzhidrazidiem, lai noskaidrotu aizvietotaja
ietekmi, ka arT izpétitu iegiito produktu struktiiru un ipasibas.

2.1. Pirméjie amini ka N-nukleofili

Ieprieksgjos petljumos™® tika pieradits, ka gadijuma, ja otrEjais alifatiskais amins
(dietilamins) tika izmantots ka nukleofilais reagents reakcija ar 6,7-dihlorpirido-[1,2-
albenzimidazol-8,9-dionu, tika iegiits o-hinona la 6-dietilamino atvasinajums. Tas
kristaliska stavokli veidoja struktiiru, kura molekulas novietojas kolonnas. Saja p&tijuma
pirido- un pirimido-[1,2-a]benzimidazol-8,9-dioni (la,b) tika izveleti sakotngja
heterocikliska o-hinona la modifikacijai ar dazadiem pirm&jiem aminiem (12a-g)
(3. a shéma). Tika ieglti septinu savienojumu 13c-g un 14a,b kristali, kurus bija iesp&jams
analiz€t, izmantojot RSA metodi. No RSA datiem (4. tab.) ir redzams, ka slapekla atomam
(N(11)) pie C(6) ir plakana geometrija visos p&tamajos savienojumos, jo lenku o, B un y
summa (3. b shéma) ir vienada vai tuvu 360°, ka arT tika noverota saiSu izlidzinasanas
tendence fragmenta C(6)-C(7)-C(8).
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1a,b

[¢]
RNH, 0
12a-g N P
Cl /)\X
N
HN_
R
1a,13X=CH 13a-g, 14a,b
1b,14 X =N

O g
O\\ NQ
g
c o TP N
by
S

3. shéma. (a) Savienojumu 13a-g un 14a,b sintéze. Savienojumi 13d-e tika izol&ti ka
hidrogénhloridi; (b) savienojumu 13a-g un 14a,b saiSu lenki a, B un y; (c) iegito

12-14R= a

savienojumu 13a-g un 14a,b neitralas un merocianina tipa rezonanses formas.

Pamatojoties uz eksperimentalajiem datiem un savienojumu geometrijas no RSA, tika
aprékinata Mayer saiSu karta (Mayer bond order) saitei C(6)-N(11) (kvantu kimiska
aprékinu programma Multiwfi®®) savienojumiem 13c-g un 14a,b un pieradits dalgjas
dubultsaites raksturs (4. tab.). Tadgjadi O=C(8)-C(7)-C(6)-N(11)H fragmentam ir
merocianina tipa struktiira (3. ¢ shéma) un kavéta rotacija ap C(6)-N(11) saiti. Ir zinams,*

ka merocianina fragments var veicinat fidenraza saites veidoSanos (resonance-assisted

hydrogen bond).

lenku (¢) vertibas (no RSA) un aprékinata Mayer saites karta

4. tabula

Savienojumu 13¢-g un 14a,b izveleto saiSu garumu, saisu lenku (o, B, y) un torsijas

o1 “¢ (C6- $2¢ (C6- C(6)-N Maver SaiSu lenku
Sav. Konformacija N11-C12- N11-C12- attalums, saitesykﬁ a | ® Buny
C13),° C13),° A summa, °
13¢ sinklinala 86,12 — 1,333 1,236 360,00
13d sinklinala 75,15 -75,15 1,340 1,197 359,41
13e antiklinala 102,41 -102,41 1,328 1,256 359,64
13f antiveriplanira 168,507 -168,50 1,338%¢ 1,236%° 359,744
perip 152,21@;1(10 7152,21&11]0 1,369(),11(10 1’242em10 359,99@(10
13¢g antiperiplanara 164,62 -164,62 1,333 1,231 359,21
14a - - - 1,333 1,258 360,00
14b sinklinala 73,57 -73,57 1,342 1,258 360,00

¢ ¢ — torsijas lenkis molekulai ar (+) konformaciju.

b ¢, — torsijas lenkis molekulas inversijas ekvivalentam (ar (—) konformaciju) centrosimetriska kristala.
¢ endo formas gadijuma torsijas lenki méra saiteém C(6)-N(11)-C(12°)-C(13”) (12. att.).
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Savienojums 13c ir ahirals, un molekulai bija sagaidama fleksibilitate (konformativa
mobilitate), pateicoties kustigai sanu kédei. P&c kristalizacijas savienojums 13¢ spontani
izveidoja necentrosimetrisko hiralo kristalu ar telpisko grupu P un Flack parametru tuvu
nullei (11. a-1 att.). Saskana ar RSA datiem (4. tab.) savienojuma 13c kristals satur tikai
konforme@rus ar (+) sinklinalo konformaciju (saisu C(6)-N(11)-C(12)-C(13) torsijas lenkis;
11. a-2 att.). Desmit monokristalu (13¢) analize paradija, ka Cetros kristalos hiralitate sakrit
ar pétito kristalu, tomer atlikuSos seSos hiralitate ir pretgja. Tadejadi savienojumu 13¢ var
uzskatit par racémisku konglomeratu.®>% Pargjie iegiitie atvasinajumi (13d-g un 14b)
kristaliz&jas, veidojot centrosimetriskus, ahiralus kristalus. No kristalografijas viedokla
$adas struktiiras var interpretét ka vienu rotameéru (vienu no konformériem, kas rodas kavétas
rotacijas ap vienu saiti de]®”), kas saistits caur inversijas centru ar ta inversijas ekvivalentu
(pieméram, savienojumi 14b un 13g, 11. b-2, c-2 att.).

*é’f&éfé“’ i

11. att. (a) Savienojuma 13c¢; (b) savienojuma 14b; (c) savienojuma 13g kristalu:

(a-1) ! (b'1) 1{e-1)
|

! I
I I
! I
! I
! I
! I
| : |

(a-2) I {b-2) 1{e-2)
| 4=-736 ‘ =646 inversijas centrs
I Ny .”/" VA" c(w
e Tl \ v’\ 613

C(12) .
4 =861 ‘C(ﬂ) | /Cm/mw °
! N1y |
| p=4726 |
| inversuas cenfrs | [
! |
1(b-3) [(e3)
C(J)H .0=C(8) | C(3)-H...0=C(8)
mlﬂeo‘arb'ba ,,,,,,gda,.,,m €(3)-H..0=C(8) ’

| mulsdarbl‘ba
| Y ,
| .
|
I V §\
|

(a-4) | (b-4) (c-4)
|
|
|
|
|
|
|

(1) ORTEP diagrammu asimetriskas vienibas savienojumiem, kas parada termiskos
elipsoidus 50 % varbiitibas ItmenT; (2) (+)-konforméra (zala krasa) un (—)-konforméra
(oranza krasa) torsijas lenki (H atomi ir paslépti); (3) Hirsfelda virsmas (Hirshfeld
surfaces) un 1D molekularas k&des ar C(8)=0...H-C(3) mijiedarbibu; (4) kristaliskas
struktiiras sakartojums (H-saites paraditas gaisi zila krasa).

Pateicoties C(6)-N(11)-C(12)-C(13) fragmenta torsijas lenku atSkiribai, savienojumi
centrisimetriskos kristalos ienem dazadas konformacijas — savienojumi 13d un 14b
sinklinalo (30°-90°, gan (+) gan (-)) konformaciju, savienojums 13e — antiklinalo
(90°—150°, (+) un (-)), savienojumi 13f,g — antiperiplanaro (150°—180°(+) un (-)) (4. tab.).
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Starpmolekulara H-saite C(8)=0...H-C(3) (spéciga vai vidgji spéciga®®) izraisija 1D
molekularo k&zu veidosanos savienojumu 13c-g un 14a,b kristaliskajas struktras. Saskana
ar Kikkawa, S., et al.%’ klasifikaciju savienojumus var iedalit divas grupas, ja salidzina
izveidoto 1D k&zu H-saiSu motivus: taisns motivs (straight pattern) ([(+) vai (-)] atseviSkas
konformeru k&des) savienojumiem 13c-d,f un 14b (11. a-3, b-3 att.) un zigzagveida motivs
(zig-zag pattern) (k&des, kas veidojas gan no (+)- gan no (—)-konformé&riem) savienojumiem
13e un 13g.

P&c savienojuma 1a reakcijas ar racEmisku reagentu 12f tika izoléts ahirals savienojuma
13f kristals, kur abiem enantiomériem tika atrastas divas molekularas formas — exo un endo
(12. att.). Kristala 80 % no molekulam ienéma exo formu, 20 % — endo formu, neskatoties
uz N(1DH...N(5) iekSmolekularas H-saites klatbutni. Endo formas mazako tpatsvaru var
izskaidrot ar pagarinato C(6)-N(11°) saiti (4. tab.), lai izveidotu iek§molekularo H-saiti.

12. att. Savienojuma 13f ORTEP diagramma, kas parada exo un endo formas.

Ieveérojot -NH-CHb»- fragmenta (kas nosaka exo/endo formas savienojuma 13f kristala)
klatbtitni struktiira, bija verts izpétit dazadu formu eksistenci Skiduma. Turpmakajos
struktiiru pétijumos iegiitie savienojumi tika analizéti ar '"H KMR spektroskopijas metodi.
Neskatoties uz ievadito aizvietotaju dazadibu, savienojumu 13b-g un 14b '"H KMR spektros
(DMSO-ds) tika noverotas divas iezimes, kas atbilst -NH-aCHa- (t.i., -N(11)H-C(12)H>-)
fragmentam. NH protonu signali tika noveroti vajakos laukos (7,99-8,72 ppm diapazona),
ka arT aCH> protonu signali tika paplasinati un nobiditi vajakos laukos (13. att.). Savukart §1
paradiba bija noverota tikai aCH> grupu signaliem, jo skaidra multiplicitate bija redzama
pargjo metiléngrupu signaliem, ieskaitot CH» grupas signalus -NH-aCH>-CH» fragmentos
savienojumos 13b-e un 14b. Savienojuma 13f (satur diastereotopu CH> pie N(11) atoma)
oCH:> grupas diastereotopo protonu rezonanses signali 'H KMR spektra apstiprinati,
izmantojot 2D 'H-"H COSY un 'H-"3C HSQC KMR spektroskopijas metodes.
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o

HN ° °

Savienojums 14b g

Savienojums 13g i

Savienojums 13f ®
[ J

Savienojums 13e
[ J

Savienojums 13d

I [ J
Savienojums 13c
95 90 8,5 80 75 70 6.5 6.0 55 50 45 40 ppm

13. att. Savienojumu 13c¢-g, 14b 'H KMR (500 MHz, DMSO-dj) spektri; aCH: protonu
signali ir apziméti ar apliem.

NH un aCH; protonu kimiskas nobides var ietekmét $kidinataja polaritate, tapec tika
izveleti savienojumi 13f-g, lai izp@titu mijiedarbibu ar $kidinatajiem, kam piemit dazada
polaritate un H-saites baziskums™ (B1, hydrogen bond basicity). Konstatéts, ka NH protona
signala kimiska nobide korelgja ar izmantota skidinataja 1 vertibu (5. tab.). Savienojumu
13f-g NH signalu nobidi vajaka lauka DMSO-ds §kiduma (salidzinot ar kimisko nobidi
MeCN-d; un CDCIl3 skidumos) var izskaidrot ar starpmolekularas mijiedarbibas “viela-
$kidinatajs” (solute-solvent) veidosanos.”!

Novérots, ka savienojumiem 13f-g MeCN-d5 un CDCl; §kidumos 'H KMR spektra
paradas aCH> grupas signalu paplaSinasanas (5. tab.). Tomér savienojuma 13f spektros
CDCl; $kiduma atrasti exo un endo formu signali; exo : endo attieciba (70 : 30) bija lidziga
kristaliskaja struktiira novérotajai attiecibai (80 : 20), savukart DMSO-ds un MeCN-d3
$kidumos istabas temperatiira (298 K) izteikti endo formas signali netika konstatéti. Tika
pienemts, ka savienojuma 13f exo forma tiek stabilizéta, veidojot kompleksus “viela-
Skidinatajs”, tadel vaja nekovalenta mijiedarbiba ar §kidinataju konkur€ ar endo formas
stabilizaciju ar iek§molekularas H-saites veidoSanos. Savienojuma 13g '"H KMR spektros
(298 K) visos izmantotajos $kidinatajos endo formas signali netika noveroti.

Nemot véra savienojuma 13f divu formu klatbtitni (exo/endo) kristaliskaja stavokli, talak
savienojumu 13f-g formas Skiduma tika pétitas, izmantojot mainigas temperatiiras
'"H KMR spektroskopijas eksperimentus (MeCN-d3 §kidumos) (14. att.). Pazeminoties
temperatiirai, '"H KMR spektros (248-253 K) novérotas izmainas — notiek visu plato signilu
(NH, aCH> grupas un C(1)-H) saSaurinasanas un saSkelSanas. Papildu zemas intensitates
signalu (atbilst endo formai) paradiSanas pierada, ka §kiduma eksiste divas formas.
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5. tabula
Savienojumu 13f-g kimiskas nobides (8) 'H KMR spektros dazadu $kidinataju

Skidumos
Sav. Skidinatajs Slgflipétéja H—sai7toes Kimiska nobide (3), ppm
aziskums (B1) NH HN-aCH,
oo : o2 |
Bt MeCN-ds 0,37 6,96 433,413
DMSO-de 0,71 8,26 410,423
CDClIs 0 6,34 5,50
13g MeCN-d; 0,37 ~ 17,30 5,63
DMSO-ds 0,71 8,72 5,69

Savienojumam 13g zemakas temperatiiras abas formas novérotas skiduma (exo : endo
formu attieciba 85:15), lai gan cieta stavokli tika Kkonstatéta tikai exo forma
(14. b att.). 253 K temperatiira exo formas aCH> protoniem novérots dublets (/= 7,1 Hz) pie
5,61 ppm kopa ar endo formas zemas intensitates dubletu (/= 7,2 Hz) pie 5,17 ppm.

Savienojumam 13f noverota exo : endo formu attieciba (248 K, MeCN-d3 $kidums) bija
lidziga (85 : 15), kas ir saskana ar exo : endo attiecibu cieta stavokli (14. a att.). Endo formas
diastereotopie metiléngrupas (aCHz) protoni tika nobiditi stipraka lauka (ekrangti) attieciba
pret exo formas signaliem un uzradija signalus pie 3,67 ppm un 3,86 ppm ar skaidru
multiplicitati. L1dzigi arT platais heterocikla C(1)-H protona signals sask&las divos signalos.
Turklat zemas intensitates NH grupas signals (endo forma ar iek§Smolekularo H-saiti) paradas
pie 7,41 ppm, savukart exo formas NH grupas signals tika noveérots pie 7,17 ppm. Parasti
NH protona signaliem, iesaistitiem starpmolekularaja H-sait€, ir vairak izteikta atkariba no
temperattiras neka iekSmolekulari saistitiem NH grupas signaliem (jo iekSmolekulara
mijiedarbiba ir spécigaka neka starpmolekulara H-saite’?). Savienojuma 13f gadfjuma NH
protona signala (exo forma) kimiska nobide MeCN-d; Skiduma lineari korel&ja ar
temperatiiru (248-333 K, R? = 0,97).

Savienojumam 13f tika uznemti mainigas temperatiiras '"H KMR spektri art DMSO-ds
$kiduma, karsgjot 11dz 393 K, rezultata tika konstateta tikai monomera exo forma (jo $aja
temperattira H-saites stiprums ir samazinats). Lineara korelacija tika atrasta starp NH
protona kimisko nobidi un temperatiiru vielas 13f §kidumiem DMSO-ds (298 — 393 K, R? =
0,99).
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T=253K

Savienojums 13g o2 o1 90 7o 78 77 76 75 74 78 12 s7 56 85 54 53 52 51
14. att. Mainigas temperatiiras 'H KMR spektra fragmenti (500 MHz, MeCN-d5) (a)
savienojumam 13f temperatiiras diapazona no 248 K 1idz 333 K; (b) savienojumam 13g

temperattiras diapazona no 253 K 1idz 328 K.

Apkopojot iegiitos rezultatus, var secinat, ka péc 6,7-dihlorpirido[1,2-a]benzimidazol-
8,9-diona un ta analoga reakcijam ar pirmgjiem aminiem var ieglit atvasinajumus, kuros
heterocikliskajam o-hinona fragmentam piemit merocianina tipa struktira fragmenta
0O=C(8)-C(7)-C(6)-N(11)H. Dalgjas dubultsaites raksturs piemit ogleklis-slapeklis saitei,
kas saista heterociklisko hinonu un aizvietotaju. Pateicoties aizvietotaju protondonoro
grupam un savienojumu dazadajiem elektroniskajiem efektiem, iegiito atvasinajumu
kristalos vargja noverot dazada veida starpmolekularas mijiedarbibas (taja skaita — vairakas
H-saites un starpslanu n-m mijiedarbibas). Parsvara iegiiti centrosimetriskie kristali, tomér
viens no atvasinajumiem izveidoja hiralo kristalu bez inversijas ekvivalenta.

legiito produktu gadijuma kristaliskaja stavokli un $kiduma domingé forma bez
iekSmolekularas tidenraza saites (exo forma). Otras formas (ar iekSmolekularu H-saiti, endo
forma) klatbiitne izskaidro novéroto CH grupas (blakus NH) signala paplasinasanos
'"H KMR spektros $kiduma istabas temperatiird. NH protona signila kimiska nobide ir
atkariga gan no Skidinataja H-saites baziskuma, gan no temperatiiras.

Originalpublikacija par 8aja  apakS$nodala  aprakstitajiem  pétfjumiem —
2. pielikuma.

2.2. Benzhidrazidi ka N-nukleofili
Hinona atvasinajumi 16a-f tika iegiiti hinonu la,c reakcija ar benzhidrazidiem 15a-c
EtsN klatbtutné (4. shéma). Iepriek$Eja pétijuma, hinoniem la,b reag€jot ar pirmg&jiem

amtniem, tika iegfiti 6-aminoaizvietotu produktu (13a-g un 14a,b) zilas vai violetas krasas
kristali, savienojumu 16a-c gadijjuma tika izol€tas sarkani oranzas krasas cietas vielas.
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o-Hinona atvasinajumiem, kas satur aroil- vai acilhidrazida fragmentu, ir iesp&jamas
vairakas tautomeras struktiiras.”>’* P&c veiktajam analizém ('"H KMR un FTIR) iegiito
savienojumu tautomé&ra forma netika pilniba pieradita. Lai preciz&tu hinona fragmenta formu
cieta stavokli ar RSA metodi, savienojuma 16a monokristali tika izaudz&ti no DCM
$kiduma.

1a,c 15a-c 16a-f
1aR;=H;bR;=NO, 15aR=H; bR =0Me;cR=NO,

4. sheéma. Savienojumu 16a-f sintéze.

Pec saiSu garumu analizes (RSA dati) tika konstatéta savienojuma 16a
a-hidroksi-p-hinonimina forma. Molekulas 16a ORTEP diagramma ar termiskajiem
elipsoidiem un atomu numeracijas shému redzama 15. a att€la. Savienojuma 16a struktiira
konstatetas divas iek§molekularas H-saites: N(12)H---N(5) un O(22)-H---O(23) (15. a att.).
Turklat hidroksilgrupa O(22)-H veido starpmolekularu H-saiti O(22)-H---O'(23) ar otro
savienojuma molekulu, veidojot centrosimetrisku molekularo dimé&ru RZ(10) (15. b att.).
Konstatéta diméru mijiedarbiba starp slaniem (15. ¢ att.) pa kristalografisko a asi, ka art 1ss

starpmolekularais kontakts starp heterociklu (C(3)-H) un aizvietotaja amida grupu.
a. b. )

starpmolekularas
H-saites
d(OH...0)=1,981 A

ci21

iekSmolekularas

H-saites attalums starp slaniem
d (NH..N) = 1,984 A d=3,126 A

) s

15. att. Savienojuma 16a (a) ORTEP diagramma, kas parada termiskos elipsoidus 50 %
varbiitibas ITmen; (b) centrosimetriskais R3 (10) molekularais dimé&rs kristala;
(c) kristaliskas struktiiras sakartojums, skatoties pa a asi.

Tegiito savienojumu 16a-f '"H KMR spektros DMSO-ds $kiduma tika novéroti divi plati

signali, kas atbilst NH (pie 14,36—14,90 ppm) un OH (pie 10,95-11,41 ppm) protoniem.
NH signala nobide vajaka lauka lava secinat, ka iekSmolekulara saite N(12)-H---N(5)
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saglabajas arT §kiduma, jo $kidinatajs neietekméja savienojuma 16a NH protona signala
kimisko nobidi (dnu = 14,71 ppm (DMSO-ds); onu = 14,68 ppm (CDCl3 — skidinatajs, kura
starpmolekulara H-saite ir vajaka’®). Tomér $kidinatdja maina no DMSO-ds uz CDCl3 nobida
OH signalu stipraka lauka no 10,99 ppm lidz 7,20 ppm. Ir zinams, ka
a-hidroksi-p-naftohinona atvasinajumu gadijuma OH protoni ar iek$molekularo H-saiti
uzrada lidzigu kimisko nobidi (ap 7,30 ppm CDCl; §kiduma).”® Signala nobide vajaka lauka,
izmantojot $kidinatdju ar H-saites akceptora spgjam’’ (DMSO-ds), liecina par
starpmolekularas mijiedarbibas veidoSanos. Turklat tika p&titas OH un NH signalu kimiskas
nobides (Son un Snp attiecigi) 'H KMR spektros (DMSO-ds) atkariba no dazadu aizvietotaju
ievadiSanu savienojuma 16a struktira. Par aizvietotaju raksturlielumu tika nemtas
aizvietotdju Hammett konstantes (cp).’® Rezultata linearas korelacijas (R> = 0,99) konstatgtas
savienojumiem 16a-c¢ (R; = H) un 16d-f (R; = NO») starp aizvietotaju Hammett konstanti
(Ra2, fenilgredzena para-pozicija) un dou (16. att.). Nitrogrupas klatbuitne heterocikliskaja
fragmenta (R = NO») izraisija OH signala nobidi vajaka lauka, salidzinot ar lidzigam
molekulam bez aizvietotaja (R1 = H) heterocikla (Adon = 0,3 ppm). Tomér NH signals
nobidas stipraka lauka, ja heterocikliskaja gredzena ievada nitrogrupu (R = NO»), salidzinot
ar molekulu, kur taja pasa pozicija ir idenraza atoms (R1 = H) (Adnu = 0,3 ppm). Novérots,
ka NH signala nobide vajaka lauka korele lineari ar aizvietotaja R» (fenilgredzena para-
pozicija) raksturu, parejot no elektrondora uz elektronakceptoru aizvietotaju (16. att.). Ir
zinams,”® ka spécigaka iek§molekulara H-saite nobida NH protona signalu vajaka lauka.
Tadgjadi elektronakceptora grupa fenilgredzena (R2 = NO») palielina NH protona skabumu
un iekSmolekularas H-saites stiprumu, savukart elektronakceptora grupa heterocikliskaja
fragmenta (R; = NO») ietekme elektronu bltvumu pie N(5) un iekSmolekularo H-saiti.
Savienojumus 16a-¢ var raksturot ari ka aroilhidrazonu strukturalos analogus.” No

80.81 jr zinams, ka dazadiem hidrazonu atvasindjumiem ir raksturiga C=N

literatiiras
konfiguracijas maina (E/Z izomerizacija) $kiduma, ko var veicinat kimiski un/vai
fotokimiski. Savienojuma 16a 'H KMR spektros (DMSO-ds vai CDCl; $kidumos) netika
noveroti izomerizacijas produktu signali. Tapat netika noverota C=N dubultsaites
konfiguracijas maina savienojumam 16b (DMSO-ds) péc TFA pievienosanas (parakuma) un
péc sekojoSas apstaro§anas ar UV gaismu (365 nm). Vienas konfiguracijas stabilitati
savienojumu 16a-c¢ gadijuma var izskaidrot ar iekSmolekularas H-saites N(12)-H---N(5)

klatbitni.
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o, vs. 8y, savienojumiem 16a-c 0, vs. 8oy savienojumiem 16a-c o

HO
14,95 o 114 /&D
C
11,08 16¢c el 7
14,9 2= P
R? = 0,9582 11,08 R?=0,9992 I ON

14,85 N,
s{ g 11,04 NH
5 14,8 311‘02 o
© 14,75 w M 16a
16b T 10,98
wroe 16a 1096 | 16b Ry
14,65 10,94 16a-c
-0,4 -0,2 0 02 04 06 08 1 -0,4 -0,2 0 02 04 086 08 1
o o aR,=H; bR, =OMe; ¢ R, = NO,
o, vs. 8y savienojumiem 16d-f 0, vs. 8oy savienojumiem 16d-f wo O NO,
14,65 11,42 =
146 16f 114 - 16f o Q
) R? = 0,9997 11,38 =0, N
14,585 11,36 N,
£ 145 £1134 NH
n’1445 16d 211'32 o
S 3 13 16d
144 | 1ee 11,28
11,26
14,35 1124 16e Ry
143 11,22 16d-f
-04 -0,2 0 02 04 0.6 08 1 -0,4 -0,2 0 02 04 06 08 1

% % dR,=H; e R, =OMe; f R, = NO,

16. att. Savienojumu 16a-f struktiiras un korelacijas starp to aizvietotaja (R2) Hammett
konstanti (6,) un NH protona (Snu) vai OH protona (Son) kimiskajam nobidem 'H KMR
spektros (DMSO-dp).

No savienojumu 16a-c¢ 'H KMR spektriem ir redzams, ka struktiird ir divi skabi protoni.
Lai izpétitu iesp&jamo iegiito savienojumu deprotonésanas/protonésanas procesu, tika veikts
'H KMR spektroskopijas titrésanas eksperiments, ka paraugu izmantojot savienojumu 16b.
Deprotongsanas process tika pétits pec secigas bazes (DBU) pievienoSanas. Tiklidz
savienojuma 16b DMSO-ds Skidumam tika pievienoti 0,15 ekvivalenti bazes, noveérota
pilniga OH grupas signila izzugana 'H KMR spektra (17. att., iezZiméts sarkana krasa), ka ar
dzeltenas krasas $kidums uzreiz kluva tumsi zils. Taja pasa laika paradijas DBUH" signals
pie 9,58 ppm (17. att., ieziméts zila krasa). Tika pienemts, ka deprotonétais savienojums 16b
veido H-sai$u kompleksu ar DBUH™. Talak, pievienojot bazi, amida fragmenta NH protona
signals klust Sauraks un tiek nobidits stiprakda laukda no 14,70 ppm lidz 14,51 ppm
(17. att., ieziméts dzeltena krasa). Péc DBU parakuma pievieno$anas konstatéta vel viena
forma (17. att., iezZim&ts zala krasa; signalu attieciba 0,95 : 0,05). Jaatzimé, ka Iidzigs process
tika noverots ar1 savienojumu 16a un 16¢ gadijuma p&c mijiedarbibas ar bazi parakuma.
Pievienojot TFA parakumu, noverotas sekojosas izmainas: atkal paradas OH grupas signals,
atgriezas $kiduma dzeltena krasa un pazid otras (minoras) formas signali. Lidz ar to secinats,
ka skabes-bazes Iidzsvars ir atgriezenisks.
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NH OH

+ TFA parakums
+ DBU parakums

- +1,20 ekv.

+ 1,05 ekv.
| N___Z +090ekv.

= +0,75 ekv.
@ 40,60 ekv.
+ 0,45 ekv.
A~ o + 0,30 ekv.

+0,15 ekv.
o +0ekv.

14,6 1“1,2 I 11‘3,8 1(‘3,4 11,0 I 1(‘),6 10,2 9,8 9,4 9,0 8,6 8,2 78 74 7.0
17. att. "H KMR savienojuma 16b skabju-bazes titrésana DMSO-ds $kiduma (péc
secigas bazes (DBU) un skabes (TFA) pievieno$anas).

Savienojuma 16a UV-Vis absorbcijas spektri tika p&titi DCM un DMSO $kidumos, un
abos Skidumos konstatéti divi absorbcijas maksimumi pie 381 nm un pie 446-449 nm.
Pievienojot bazi (DBU) savienojuma 16a skidumam, paziid absorbcijas josla pie ~ 450 nm
un paradas jauna absorbcijas josla pie 556 nm dihlormetana un pie 607 nm DMSO skiduma.
Aizvietotaju (Ri un R»2) ietekme uz garo vilnu absorbcijas maksimumu parbaudita,
pievienojot DBU savienojumu 16a-c¢ (mainigais R>, Ri = H) un 16d-f (mainigais Ro,
R1 = NOz) CHCI; skidumam (6. tab.). Novérots, ka deproton&to savienojumu 16d-f garo
vilnu absorbcijas joslai ir batohroma nobide, salidzinot ar savienojumiem 16a-c (6. tab.).
Turklat hiperhromo efektu izraisija nitrogrupas ievadiSana benzamida fragmenta.

6. tabula
Savienojumu 16a-f UV-Vis spektroskopijas dati DBU klatbtitné (CHCls)
Sav. 16a 16b 16¢ 16d 16e 16f
365 (4,40) | 368 (4,45)
Amax (Ig€) | 380 (4,41) | 382(4,48) | 377 (4,40) | 371 (4,24) | 365(4,28) | 361 (4,30)
556 (3,87) | 551(3,89) | 563 (3,91) | 575(3,73) | 569 (3,76) | 578 (3,86)

Hinonimini ir redoksaktivi savienojumi, ko var reducdt Iidz aminofenoliem.®?

Literatara®?

mingts, ka o-hinona modifikacija par ta p-hinonimina analogu maina
savienojuma redokspotencialus un redoksipasibas, ka art hinona un imina grupu kombinacija
viena molekuld ir perspektiva pieeja organisko elektroenergijas uzglabasanas materialu
izveidei.®* Turpmakaja pétljuma o-hinona 1a (elektrokimiski aktivs savienojums MeCN
§kiduma®) un ta p-hinonimina atvasinajuma 16a redoksipasibas tika analizétas potencialai
lietosanai tidens elektrolitu baterijas elektroda materiala loma.

Pirmkart, tika parbaudita savienojumu 1a un 16a $kidiba Gidens vide; savienojums 16a
neskist neitrala un skaba vide, savukart savienojums la neskist idens $kidumos visa pH
diapazona. Lidz ar to analizei tika izmantots neitralais (0,5 M K>SO4) un skabais (0,5 M
H»S04) elektrolits. Katoda materiali CM-1a un CM-16a tika sagatavoti, kombing&jot hinona
atvasinagjumus la vai 16a ar Vulcan XC72 CB (substrats) un PVDF (saistviela) DMF
$kidumu. 18. attéla redzami paraugu CM-1a, CM-16a un parauga bez aktiva materiala
(substrata) CV mérijjumu rezultati dazados skengSanas atrumos neitrala un skaba elektrolita.
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Paraugs CM-1a Paraugs CM-16a Substrats
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18. att. Paraugu CM-1a, CM-16a un substrata CV mérjjumu rezultati dazados
sken&Sanas atrumos neitrala (0,5 M K2SOg) elektrolita un skaba (0,5 M H2SOs) elektrolita.

Paraugam CM-1a CV mérijumos novéroti divi oksidéSanas un reducé$anas maksimumi
(atbilst o-hinona fragmentam molekula) skeng$anas potencialu loga (potential window) gan
neitrala, gan skaba elektrolita. Palielinot H" jonu koncentraciju, novérota reakcijas
potenciala nobide uz pozitivakam potencialu vertibam. Skaba vid€ abi potenciali ir stabili,
un to potencialu starpiba ir tikai 0,2 V, savukart neitrala vide tikai viens potencials paliek
nemainigs pec vairakiem CV cikliem. Tomér paraugam CM-16a neitrala elektrolita nevar
noverot nozimigus redoksprocesus; tikai skaba elektrolita gadfjuma var redzét divus
atgriezeniskus oksideéSanas potencialus. Var secinat, ka, parvérSot o-hinonu 1la par
a-hidroksi-p-hinoniminu 16a, elektrokimiska aktivitate ir pazeminata.

Savienojumiem 1a un 16a, ka arT katodu materialiem (CM-1a, CM-16a) tika uznemti
Ramana spektri pirms un p&c elektrokimiskas cikl€Sanas (electrochemical cycling) skaba un
neitrala elektrolita (19. a att.). legiitie rezultati parada, ka pirms cikl&Sanas un cikleta katoda
materiala CM-1a spektri skaba elektrolita sakrit ar izejvielas la spektru. Savukart péc
parauga CM-1a cikléSanas neitrala elektrolita spektra var redzet tikai oglekla C un D
joslas.36-%7 Secinats, ka aktiva viela $kist elektrolita un elektrokimiskas reakcijas notiek
$kiduma (redoksprocesi S§im paraugam novéroti CV merfjumos (18. att.)). Savukart
savienojums 16a paliek katoda materiala péc CV mérijumiem, un tam nenovéro biitiskas
izmainas, ka redzams no praktiski vienadiem Ramana spektriem vielai 16a un paraugiem
CM-16a pirms un pec ciklesanas, kas arT liecina par izteiktu stabilitati cikl€Sanas apstak]os.

Salidzinot sken&josas elektronu mikroskopijas (SEM) attelus (19. b att.) parauga CM-1a
pirms un péc cikléSanas neitrala vai skaba elektrolita, var redzet, ka tikai dala no sakotngjas
morfologijas saglabajas, kas apstiprinaja informaciju no Ramana spektriem par aktivas
vielas skiSanu elektrolita. Parauga CM-16a SEM attelos pec CV mérjjumiem neitrala un
skaba elektrolita var pamanit nenozimigas izmainas morfologija, ko var izskaidrot ar dal&ju
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aktivas vielas izS§kiSanu. Lielaka materiala CM-16a stabilitate, salidzinot ar paraugu CM-
la, var biit izskaidrojama ar vaju nekovalentu mijiedarbibu starp savienojumu 16a un
substratu.

Apkopojot iegiitos rezultatus, var secinat, ka péc 6,7-dihlorpirido[1,2-a]benzimidazol-
8,9-diona reakcijam ar benzhidrazidiem tika iegiti a-hidroksi-p-hinonimina atvasinajumi ar
vienu C=N saites konfiguraciju, ko stabilizé iekSmolekulara H-saite. Tomer iegitie
savienojumi paklaujas deprotongSanai un mijiedarbibai ar baziskiem Skidinatajiem skaba
OH protona del. Elektroda materiala pagatavoSanai parasti tiek izmantoti $kidinataji ar
baziskam ipasibam (pieméram, N-metil-2-pirolidons), tap€c pirms materiala pagatavoSanas
pamata ir 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dions (CM-1a), varétu potenciali
efektivi darboties elektrodos Gdens elektrolitu baterijas, ja tiks samazinata vielas skidiba,
pieméram, piesaistot pie poliméra matricas, kas varétu bit virziens talakiem p&tijjumiem.

Originalpublikacija par Saja  apakSnodala  aprakstitajiem  pétfjumiem —
3. pielikuma.

Lai paplasinatu katodu materialu klastu, no savienojumiem 7H, 10 un
6-amino-7-hlorpirido[1,2-a]benzimidazol-8,9-diona tika izgatavoti katodu materialu
paraugi CM-7H, CM-10 un CM-Q-NH: attiecigi (6. pielikums). Materialiem veikti CV
meérfjumi skaba vide, un uzpemti SEM atteli pirms un péc elektrokimiskas ciklésanas. No
ieglitajiem rezultatiem redzams, ka paraugu CM-7H CV mérfjumos ir vairaki maksimumi,
kas var@tu liecinat par dazu formu klatbiitni (nemot véra to, ka materialu izgatavoSanas laika
tika izmantots polars $kidinatajs (DMF), kura savienojumam 7H bija pieradita keto/enol
tautomerija).

Neskatoties uz to, ka savienojumam 10 un to atvasinajumiem 10a-d piemit
redoksipasibas Skiduma (MeCN) (10. att., 3. tab.), CV mérjjumi katoda materialam
CM-10 skaba udens elektrolita neparadija lidzigus rezultatus. Paraugiem CM-7H un
CM-10 SEM attelos redzama parauga dalgja SkiSana péc cikléSanas. Paraugs
CM-Q-NH: CV mérfjumos uzradija baterijas tipa Ipasibas ar salidzinoSi augstu stravu un
vislielako stabilitati cikléSanas procesa.
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Intensitate (a.u.)

—— Savienojums 16a
—— CM-16a

—— CM-16a péc CV skaba vide
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—— Savienojums 1a
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neitrala vide
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19. att. (a) Ramana spektri izejvielam 1a un 16a (zala linija), katoda materialiem (CM-
1a un CM-16a) pirms (zila linija) un p&c to cikléSanas skaba (sarkana linija) un neitrala
(peleka) Imija) elektrolitos; (b) sagatavoto katoda materialu CM-1a, CM-16a un substrata
(parklajums bez aktiva materiala) sken&Sanas elektronu mikroskopijas attéli pirms un péc

CV mérijjumiem neitrala un skaba elektrolita (2500x% palielinajums).
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SECINAJUMI

Strukturalie p&tijumi paradija, ka 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dions un
ta analogi reakcija ar nukleofiliem veido produktus, kuros hinona fragmentam piemit
dazadas formas: o-hinona (C-nukleofils — indana atvasinajums vai barbittirskabe) vai
a-hidroksi-p-hinonimina (N-nukleofils — benzhidrazida atvasinajums) formas, ka art
var veidoties polimetina (C-nukleofils — malononitrils) vai merocianina (N-
nukleofils — pirm&jais amins) tipa fragmenti.

C nukleofili j :/( Q N-nukleofili

polimetina tipa
fragments

merocianina tipa

o-hinons
fragments

a-hidroksi-p-hinonimins
UV-Vis spektru datu analize paradija, ka iegiito 7-hlorpirido[1,2-a]benzimidazol-
8,9-diona atvasinajumu spektroskopiskas ipasibas $kiduma ietekmé aizvietotaja
raksturs, negativa ladina delokalizacija un planaritate. Steriski liels arpus plaknes
izgriezts funkcionaliz@ta indana fragments padara savienojumu struktiiru neplanaru,
un var noverot izteikti pozitivu (7) vai negativu (8, 9) solvatohromiju. Gadijuma, ja
heterocikliska hinona un aizvietotaja fragmenti ir koplanari (10), solvatohromijas
efekts netiek nenoverots.

SawenOJumsSX 0O,Y =C(CN),
Savienojums 9 X =Y = C(CN),

Gadijuma, ja 7-hlorpirido[1,Z-a]benzimidazol-8,9-d10n€1 ir ievadits -NH-CH»-
fragments C(6) pozicija, veidojas merocianina tipa struktiira. So atvasinajumu
gadfjuma cieta stavokll un Skiduma domin€ exo forma (bez iekSmolekularas
tdenraza saites). Endo formas klatbuitne (ar iek§molekularu H-saiti) izskaidro
novéroto CH, grupas (blakus NH) signala paplasinasanos 'H KMR spektros §kiduma
istabas temperatiira.

forma ‘ Q i Q forma
CHZ

HZC'

Pec 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dionu reakcijas ar benzhidrazidiem
veidojas a-hidroksi-p-hinoniminu atvasinajumi, kuros iekSmolekulara H-saite starp

35



ievadito aizvietotaju un heterocikla slapekla atomu (N(12)H...N(5)) stabilize

savienojuma C(6)=N(11) saites vienigo konfiguraciju.
Rq

Q H-saite
N \N
o . R,
1
G N
HO SN

c "o

. Katoda materiali uz 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona un to
atvasinajumu bazes potenciali varétu darboties ka aktivi elektroda materiali Gidens
elektrolttu baterijas.

6,7-Dihlorpirido[1,2-a]benzimidazol-8,9-dions var kalpot ka daudzfunkcionala
platforma savienojumu iegliSanai ar plasu 1pasibu klastu, ko potenciali var izmantot
materialu joma.
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ABBREVIATIONS

Amax — wavelength of maximum absorption (nm)
& — chemical shift (ppm)

€ — molar absorption coefficient

BLA — bond length alternation

CM — cathode material

CT — charge transfer

CV — cyclic voltammetry

DBU -1,8-diazabicyclo[5.4.0]undec-7-ene
DCM - dichloromethane

DFT — density functional theory

DMF — N,N-dimethylformamide

DMSO - dimethylsulfoxide

Et — ethyl

FTIR - Fourier-transform infrared

H-bond — hydrogen bond

HOMO - highest occupied molecular orbital
LUMO - lowest unoccupied molecular orbital
Me — methyl

NMR - nuclear magnetic resonance

PCM - polarizable continuum model

Ph — phenyl

ppm — parts per million

PVDF - polyvinylidene fluoride

r.t. — room temperature

SEM - scanning electron microscopy

TFA — trifluoroacetic acid

UV — ultraviolet

VT — variable temperature
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GENERAL OVERVIEW OF THE THESIS

Introduction

Quinones are ubiquitous small molecules that represent a class of conjugated cyclic
diketones commonly found in various natural products. These compounds are known for
their physiological and photophysical properties as well as cytotoxic and cytoprotective
effects' due to their versatile redox activity. Also, quinone derivatives play an essential role
in biological processes (e.g., cellular respiration’ and photosynthesis®) and quinone
structural motifs are found in various biologically active compounds such as Coenzyme
Q10,* Menadione,’ Vitamin K,® Doxorubicin.’

At the same time quinone derivatives have been investigated for numerous applications
in energy-storage and energy-harvesting systems.® Environmental issues and increasing
demands on renewable energy-powered vehicles and energy storage devices for portable
electronics’® explain the rise of the attention to the research directions of organic redox active
compounds in general and quinones in particular.'®!'" Quinone molecules have been
extensively explored as organic electrode'? materials for different types of rechargeable
batteries, as two-electron anolytes or catholytes for aqueous'> and non-aqueous'® redox flow

1415 or redox mediators

17,18

batteries, as electron-transfer mediators in metal-catalyzed reactions
in lithium-sulfur batteries,'® as material for electrochemical CO, capture or in
electrochemical water-splitting technology. '

One of the most promising research directions is related to the application of quinones
as electrode materials.?’ Nevertheless, several essential issues (electronic conductivity,
solubility in electrolytes, large volume change, etc.) should still be improved before organic
electrode materials can be extensively applied in secondary batteries.?! In general, quinone
derivatives can be divided into two groups: high-molecular and low-molecular derivatives.
In the case of high-molecular compounds (quinone polymers or quinone-functionalized
polymers), the solubility in the electrolyte decreases, but the cost of substrates and reagents
for complex quinone-functionalized materials should also be considered from the economic
prospects.?? In contrast, small molecule quinones benefit from lower cost and simple
preparation procedures (Fig. 1).

Controlled electrochemical performance and solubility are crucial factors for the
achievement of stable organic cathode materials on the base of small molecule quinones.
Properties such as solubility and chemical or thermal stability depend on the chemical
structure of the quinone motif, interaction with media and possible isomerization. Moreover,
the relatively weak noncovalent intermolecular interactions (hydrogen bonds (H-bonds),
n-7 interactions, van der Waals forces, electrostatic Coulomb forces) significantly influence
the morphologies, different physicochemical properties (melting/boiling point, density,
solubility), the ionic diffusion, the charge transport, and the electrochemical properties of
organic materials.>* Undoubtedly, various interactions may exist simultaneously leading to
a self-assembled structure.”* Additionally, supramolecular assembly and crystallization can
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be controlled by the combination of different inter/intramolecular interactions but such

control is still under development.?’
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Fig. 1. Several examples of small molecule quinone derivatives investigated for

potential application in energy storage.

Thus, investigating the structure/property relationships and electrochemical behavior of
quinone derivatives can detect the ranges when considering an application. An approach to
the design of new organic materials by incorporating weak intra/intermolecular interactions
allows modifying the architecture of the material and will help to tune the performance of
quinone-functionalized materials at the molecular level.

Electrochemical and physicochemical properties can be adjusted by the modification of
small quinone molecules with functional groups®! or condensation with heterocycles.?!*?
Nitrogen-bridgehead heterocycle imidazo[1,2-a]pyridine is a valuable heterocyclic scaffold

3435 as well.

that is used in pharmacology research®® and is investigated in material science
Imidazo[1,2-a]pyridine derivatives tend to form strong intramolecular H-bond between the
hydrogen atom of a donor group and nitrogen of the heterocycle, which facilitate the excited-
state intramolecular proton transfer (ESIPT) luminescence.**” Additionally, morphologies
of self-assembled motifs can be affected if the imidazo[1,2-a]pyridine system is modified
by the incorporation of variable functional groups.**

6,7-Dichloropyrido[ 1,2-a]benzimidazole-8,9-dione is a heterocyclic o-quinone that
contains a combination of two structural subunits: o-quinone fragment and
imidazo[1,2-a]pyridine core (Fig. 2). It can be obtained in one-step synthesis from
commercially available tetrachloro-1,4-benzoquinone and 2-aminopyridine.*® It is known?®
that 6,7-dichloropyrido[ 1,2-a]benzimidazole-8,9-dione, its derivatives and analogs can be
easily modified via selective nucleophilic substitution of a chlorine atom at C(6) position
providing monosubstituted product. Hence, on the base of pyrido[1,2-a]benzimidazole-8,9-
dione core, a set of derivatives was synthesized, which provides the opportunity to
investigate the influence of the substituents on the overall structure of quinone core and
physical/redox properties.
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Fig. 2. The structure of 6,7-dichloropyrido[ 1,2-a]benzimidazole-8,9-dione (1a).

The Doctoral Thesis comprises two chapters. Chapter 1 covers data obtained from
modification of the selected heterocyclic quinones with C-nucleophiles, structural studies,
and redox properties of the obtained derivatives in solution. Chapter 2 provides results of
the modification using N-nucleophiles, analysis of structural aspects of quinone derivatives
(tautomerization), the effect of intra/intermolecular H-bonds and other weak noncovalent
interactions as well as the studies of redox properties of starting o-quinone and obtained p-
quinone imine derivative in solid state. These investigations were conducted to find
generalizable connections relating to small heterocyclic quinone molecule structure,
intra/intermolecular interactions, and properties, providing a framework for future design
strategies, rather than proposing specific new material candidates.

Aims and objectives

The aim of the Thesis is the modification of 6,7-dichloropyrido[1,2-a]benzimidazole-
8,9-dione, its derivatives and analogs, as well as structural studies and the investigation of
structure—property relationships of the obtained derivatives.

The following tasks were set:

1. To modify 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-diones and its analogs via

substitution reaction with C- and N-nucleophiles.

2. To define the molecular structure of quinone derivatives and to establish weak
non-covalent interactions in solid state using X-ray crystallography data.

3. To compare data on the molecular structure of derivatives in solid state obtained from
X-ray crystallography analysis and behavior in solution using UV-Vis spectroscopy
and NMR spectroscopy methods accompanied by quantum chemical calculations.

4. To explore redox properties of selected 6,7-dichloropyrido[ 1,2-a]benzimidazole-8,9-
dione derivatives.

Scientific novelty and main results

During the course of the Thesis, the derivatives of 6,7-dichloropyrido[l1,2-
a]benzimidazole-8,9-dione were synthesized by nucleophilic substitution with C- and
N-nucleophiles at C(6) position. In the case of bulky C-nucleophiles, stable heterocyclic
o-quinone derivatives with sterically hindered substituents were found, on the other hand,
the use of less bulky C-nucleophiles led to the formation of coupled polymethines. Stable
p-quinone imine structures were obtained by using aroyl hydrazides as N-nucleophiles as
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well as merocyanine-type structures were isolated in the case of aliphatic primary amines.
In the resulting compounds, the form of the “classical” heterocyclic o-quinone structural unit
changes depending on the introduced substituent, thereby expanding the range of physical
properties of the compounds.

Using a combination of NMR spectroscopy and X-ray crystallography, the study
revealed some features of o-quinone derivatives: in several cases, the introduced substituent
formed an intramolecular H-bond with the nitrogen of heterocycle (N-HN or O-HN type)
as well as weak intermolecular non-covalent interactions were observed leading to different
architectures of molecular self-assembly. Substitution with primary amines led to a set of
6-aminosubstituted o-quinone derivatives containing -NH-CH»- moiety that can form non-
centrosymmetric chiral (racemic conglomerate) or centrosymmetric achiral crystals.
Cathode materials were prepared from 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
and its p-quinone imine derivative and tested for redox activity. It was found that the
heterocyclic o-quinone has the potential for application as cathode material in aqueous
electrolyte batteries.

Structure of the Thesis

The Thesis is a collection of thematically related scientific publications devoted to the
investigation of the synthesis, structure and properties of 6,7-dichloropyrido[1,2-
a]benzimidazole-8,9-dione and its analogs and their derivatives in solid state and/or in
solution.

Publications and approbation of the Thesis

The results of the Thesis have been published in three scientific publications and two
microreviews. Additionally, the results have been disseminated at five scientific
conferences.

Publications

1. Gaile, A.; Belyakov, S.; Durena, R; Gris¢enko, N; Zukuls, A.; Batenko, N. Studies

of the Functionalized o-Hydroxy-p-Quinone Imine Derivatives Stabilized by
Intramolecular  Hydrogen Bond.  Molecules 2024, 29 (7), 1613.
https://doi.org/10.3390/molecules29071613
2. Gaile, A.; Belyakov, S.; Rjabovs, V.; Mihailovs, L.; Turovska, B.; Batenko, N.
Investigation of Weak Noncovalent Interactions Directed by the Amino Substituent
of Pyrido- and Pyrimido-[1,2-a]Benzimidazole-8,9-Diones. ACS Omega 2023, 8
(43), 40960—40971. https://doi.org/10.1021/acsomega.3c07005

3. Gaile, A.; Belyakov, S.; Turovska, B.; Batenko, N. Synthesis of Asymmetric Coupled

Polymethines Based on a 7-Chloropyrido[1,2-a]Benzimidazole-8,9-Dione Core. J.
Org. Chem. 2022, 87 (5), 2345-2355. https://doi.org/10.1021/acs.joc.1c02196
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Batenko, N.; Gaile, A. Chemosensors Based on 5-Ethylidene-Substituted Barbituric
Acid Derivatives (Microreview). Chem. Heterocycl. Compd. 2022, 58 (2-3), 97-99.
https://doi.org/10.1007/s10593-022-03061-2
Gaile, A.; Batenko, N. Synthesis of Heterocyclic Ring-Fused Quinones
(Microreview). Chem. Heterocycl. Compd. 2021, 57 (11), 1076-1078.
https://doi.org/10.1007/s10593-021-03027-w

Conference participation

1.

Gaile, A.; Belyakov, S.; Rjabovs, V.; Batenko, N. X-ray Crystallographic and
Spectroscopic Studies of Heterocyclic o0-Quinone Derivatives. 1Ist Aristotle
Conference on Chemistry “Advances and Challenges in Chemistry 2023,
Thessaloniki, Greece. November 12-15, 2023.

Gaile, A.; Belyakov, S.; Batenko, N. NMR studies of 6-aminosubstituted pyrido- and
pyrimido-[1,2-a]benzimidazole-8,9-diones. Riga Technical University 64th
International Scientific Conference “Materials Science and Applied Chemistry”,
Riga, Latvia October 6, 2023.

Gaile, A.; Belyakov, S.; Batenko, N. Investigation of Quinone
Hydrazones/Thiosemicarbazones as Potential Bifunctional Ligands for Metal ion
Complexation. Riga Technical University 63rd International Scientific Conference
“Materials Science and Applied Chemistry”, Riga, Latvia October 21, 2022.

Gaile, A.; Belyakov, S.; Batenko, N. o0-Quinone derivatives containing
functionalized indane fragment: experimental and theoretical studies. Riga Technical
University 62nd International Scientific Conference “Materials Science and Applied
Chemistry”, Riga, Latvia October 22, 2021.

Gaile A, Belyakov S, Batenko A. Synthesis and structure investigation of
benzimidazole-based 1,2- and 1,4-quinone derivatives. Riga Technical University
61st International Scientific Conference “Materials Science and Applied Chemistry
20207, Riga, Latvia, October 23, 2020.
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MAIN RESULTS OF THE THESIS

The ability of quinone molecules to undergo tautomerization is an important issue due
to the significant impact of different forms on the properties of the resulting compounds. The
understanding and control of the process can lead to new and potentially desirable
characteristics of quinone derivatives or to avoid non-desirable properties. For example,
modification of the o-benzoquinone (A, C) fragment at the C(4) position may involve
tautomerization into p-quinone imine (B) or p-quinone methide (D) (Fig. 3) in biological
systems leading to toxicity in some cases.! For many significant biological processes (e.g.,
lignin biosynthesis,*® cuticular sclerotization*” in insects or melanization*') quinone methide
intermediates play a crucial role in the metabolic oxidation of catechol derivatives. A study
by Land E. J. et al.** revealed that the structure of o-quinone undergoes facile tautomerism
to p-quinone methide form by introducing cyanomethyl moiety at C(4) position of 1,2-
naphthoquinone. When a primary aliphatic amine is used in the substitution reaction, a
product mixture can be formed, mainly due to a tautomeric equilibrium between 4-amino-o-
quinone and a-hydroxy-p-quinone imine forms. Equilibrium is sensitive to solvent*® and
pH* of the media.

0 o o o 5° 5°
s = 0L — S0 o™
© N HO o ¢ HO S
H H o NR,
A B c D > g d

Fig. 3. Tautomeric equilibrium between 4-amino-o-quinone (A) and a-hydroxy-p-quinone
imine (B) forms; tautomeric equilibrium between o-quinone (C) and a-hydroxy-p-quinone
methide (D) forms; coupled polymethine (E) on the base of o-quinone derivative.

Modified o-benzoquinones can be characterized also as coupled polymethines depending
on the nature of the substituent at C(4) or/and C(5) if electrons are delocalized exclusively
between the oxygen atom of carbonyl group and introduced substituent (amino substituent
in the case of compound E, Fig. 3). According to Dihne, S. et al.,*>* if two polymethine
structural units (or one polymethine and one polyene chains) are found in the molecule, it
generally exhibits a coupling effect that determines photophysical properties of the
compound.

1. Modification of pyrido[1,2-a]benzimidazole-8,9-dione core by
reaction with C-nucleophiles

Different photophysical and electrochemical properties can be obtained by varying
planarization (interplanar angle (¢) values), electron distribution and redox potentials of the
compound.*’ To investigate the effect of a substituent on the structure, quinone la was
modified by commonly used C-nucleophiles (1,3-indandione derivatives with different
numbers of dicyanomethylene units**-°(2-4), malononitrile (5) and barbituric acid’! (6)) in
the presence of triethylamine. A series of heterocyclic quinone derivatives (7—11) was
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isolated as triethylammonium salts (Scheme 1). Synthesis of compound 10 was carried out
under reflux since poor yields were obtained at ambient temperature. All obtained products
7-11 are deeply colored compounds: compounds 7 and 11 have a dark green color, compound
8 — brown, and compounds 9 and 10 — purple or dark blue. The different delocalization of
the negative charge and diverse forms of quinone core in triethylammonium salts 7-11 were
established.

: /\io
2 0
7 B S SEE—
Et;N, DCM, 24 h, r.t.
NC” T CN
5
NC(_en —
J, EtsN, DCM,
1 h, reflux
o)
3© e 2 10
§ ——— 1 8 N\
Et3N, II')\‘CCM 24h,rt| g 2 Pl o H °
6 N 4
/ CN Cl 5 \f
7X=Y=0 NH
8X=0,Y=C(CN), 1a 5
9 X =Y =C(CN), { 6 ® .0
CN L~ EtNH O
NC Et3N, DCM,
9«4 | 24h, rt.
Et;N, DCM, 16 h, r.t.
11
aq. HCI
7-10 7H-10H

Scheme 1. Synthesis of compounds 7-11 and 7H-10H.

After acidic hydrolysis of triethylammonium salts 7-10, a set of compounds 7H-10H was
isolated and analyzed. An interesting feature was observed in the case of compound 7H: a
red solid was obtained; however, dissolved in DMSO, the solid formed a green-colored
solution. FTIR spectrum of red solid showed absorption bands at 1746 and 1702 cm™' and
the absence of an absorption band characteristic of a hydroxyl group. It can be concluded
that acidic hydrolysis of salt 7 led to product 7H**® (red-colored in solid state) with diketo
form of indandione moiety. However, 'H NMR spectrum of red-colored crystals in DMSO-
ds solution exhibited two sets of signals caused the by keto/enol tautomeric equilibrium>? of
the indandione fragment. From the 'H NMR spectrum, the keto/enol form ratio is equal to
0.45: 1 (Fig. 4 ¢).

Green-colored crystals of enol form of compound 7H (7H¢**') were obtained
unexpectedly by slow evaporation of DCM solution of salt 7. The structure of compound
7TH! was confirmed by X-ray crystallography: in solid state, the heterocyclic o-quinone
fragment is connected to the enolic form of indandione (Fig. 4 a). The molecule was
stabilized by a very strong intramolecular H-bond of OH---N type (N(5)---H = 1.172 A,
H---0 =1.379 A, the value of N(5)---H---O angle is equal 157(6)°). In the crystal structure
of 7He"! a strong intermolecular c-hole interaction was found between the oxygen of C=0
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bond (indandione fragment) and chlorine atom; in the crystal structure, centrosymmetric
molecular dimers were formed (Fig. 4 b).

a. intramolecular contact

_)< d(0..Cl)=2.872 A A

: intermolecular contact :

d(0..Cly=2917A

C.
o P o P
L) L)
Cl > Vi C v V
E o o K
) ‘ OH ’ (@] 1
< (J v
1!
ENOL FORM DIKETO FORM
T T
- Qr T T T T ° T
9.0 85 6.5 6.0 55

1 (ppm)

Fig. 4. a— ORTEP diagram of the asymmetric unit for compound 7H®"* showing
thermal ellipsoids at the 50 % probability level. b — Molecular packing of compound 7H**
in solid state; light blue lines indicate O...Cl interactions. ¢ — Expansion of "H NMR
spectrum (300 MHz, DMSO-ds), showing enol (E) and diketo (K) forms.

To better understand the effect of the substituent on the parent structure, the X-ray
crystallography data analysis of compounds 10-11 and 7H¢"! was conducted along with DFT
calculations (ORCA>® software, CAM-B3LYP/def2-TZVP level of theory). Bond lengths
(X-ray crystallography data) of the heterocyclic quinone core of compounds 10-11 and
THe"! were compared to each other and to previously reported®® benzimidazole-based
quinone derivative 0-QCCN (Fig. 5). Analysis of the bond lengths of the selected
compounds in solid state led to the conclusion that quinone cycle can be divided into two
structural units separated by long single C-C bonds / and 4 (see Fig. 5 a for the bond
numbering). One structural unit includes bonds /6-2-3-substituent and the length of bonds 2
and 3 of 7-chloropyrido[1,2-a]benzimidazole-8,9-dione derivatives varied depending on the
substituent introduced. For example, in compounds 11 and 7H®"*, bonds 2 and 3 displayed
a pronounced single/double bond alternation like in the “classical” o-benzoquinone,>*
whereas in compounds 10 and 0-QCCN, a simultaneous equalization of the lengths (bonds
2 and 3) was found.
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Fig. 5. a— The schematic representation of heterocyclic quinone core of compounds
10-11, 7H*", and 0-QCCN with bond numbering. b — A comparison of the bond lengths
of the selected compounds. Bond lengths of compound 0-QCCN were confirmed by single

crystal X-ray data.’

The bond length alternation (BLA) was calculated for bonds 2-3-substituent using data
obtained from X-ray crystallography analysis as well as for the optimized geometries (DFT
calculations) of compounds 10-11, 7H**, o-QCCN (Table 1). It was concluded that
compounds 10 and 0-QCCN can be characterized as asymmetric “coupled polymethines”
because of the BLA vanishing over the selected structural unit. On the other hand, for
compound 11 a polymethine fragment was found between two carbonyl groups of barbituric
acid (equalized bonds with extensive distribution of m-electrons); however, bonds
16-2-3-substituent can be characterized as a polyene fragment. Overall, the delocalization of
the negative charge over a sterically hindered substituent provides the stabilization of
o-quinone form. As a result, the conjugation between the quinone cycle and substituent
disappeared. Another structural unit consists of the heterocycle moiety (bonds 5-75) and a
nearby carbonyl group (bond /7) (Fig. 5). In the case of compounds 10-11 and 0-QCCN,
lengths of the bonds 5-15 were not affected by the introduced substituent. Also, the length
of bond /7 in quinone derivatives was similar to the length of the carbonyl group bond in
imidazo[1,2-a]pyridine-3-carbaldehyde derivative.>> Only in the case of compound 7H¢"!,
bond /7 was slightly shorter since strong intramolecular H-bond N---HO affected z-electron
distribution in the heterocyclic part (bonds /2-13) of the molecule.
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The crystal packing motifs of triethylammonium salts 10 and 11 were compared (Fig. 6).
Noteworthy, head-to-tail columnar packing stabilized by n-n-stacking was found in the
crystal structure of compound 10. The formation of the chains was observed in the case of
compound 11 where anions are associated by means of H-bonds of NH---O type between
barbituric acid moieties.

b. .
e It ¥ 2 '
. / XL/ T :\%‘ jf"{/

/ / ;X,\_\ f, \ / ‘\rN a ' \_/
O e
] - /N 4 X / N\
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Fig. 6. Crystal packing of compounds 10 (a) and 11 (b), H-bonds are highlighted in
light blue color.

DFT calculations were carried out to optimize the geometry of the obtained compounds

(in gas phase as well as in solution, PCM model). The obtained data was compared to the

experimental data from X-ray crystallography analysis (Table 1). For DFT-optimized

compounds 10 and 0-QCCN, calculations predict coplanarity of all atoms, but for salts 7-9

and 11, interplanar angles of 601 10° are expected between the introduced substituent plane

and heterocyclic quinone plane. Interestingly, optimized geometry at CAM-B3LYP/def2-

TZVP level in DMF solution gave the best agreement to experimental structural parameters
(interplanar angle and bond lengths).

Table 1

Interplanar angles (¢), bond length alternation (BLA), and bond length () between
planes of compounds 10-11, 7H and 0-QCCN

Compound Method 11¢ 10 TH! 0-QCCN
Interplanar X-ray 2223 gig; 10.48 25.57 4.56
1 ° — -
ange e Calculations 65.62 1.07 3116 1.53
1.468 (11A
T'C(6)-C(substituent), X-ray 1.469 EIIB; 1.402 1.448 1.412
Calculations® 1.462 1.395 1.449 1.401
0.0935 (11A)
BLA® A X-ray 0.0975 (11B) 0.0055 0.0700 0.0245
Calculations® 0.0935 0.0070 0.0905 0.0260

2 Crystal of salt 11 consists of two anions that are marked as anions 11A and 11B.

bBLA parameter was calculated as the difference between the average bond lengths of the formal C-C single
and double bonds in the polymethine/polyene chain for the structure (bonds 2-3 and following bonds of the
introduced substituent).

¢ Geometry optimized at the CAM-B3LYP/def2-TZVP level of theory (DMF solvent, PCM).
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The structure of triethylammonium salts 7-11 was investigated in solution by the analysis
of their 3C NMR spectra. Chemical shifts of quinone carbonyl group’s signals (5 of C(8)
and C(9)) in '3C NMR spectra were compared (Fig. 7 a). It was observed that C(8) and C(9)
signals of compound 10 were shifted close to each other with A3(C=0) equal to
0.2 ppm, which was explained by the similar electron density of these carbon atoms;
additionally, 8§(C=0) are affected by H-bonding with EtsNH". However, A5(C=0) in
13C NMR spectra of 0-quinones 7-9 and 11 were found to be 9.0 ppm, 11.5 ppm, 13.0 ppm,
and 11.1 ppm, respectively. A linear relationship was found between AS(C=0O) (quinone
fragment) in '3C NMR spectra of compounds 7-11 and calculated interplanar angle (DMF)
(Fig. 7b).

One signal at a single chemical shift was observed for carbons of carbonyl groups of
1,3-indandione moiety in '*C NMR spectra (DMSO-ds) of triethylammonium salt 7
(06(C=0) = 187.0 ppm). This indicates an equal electron density distribution; thus, in
solution, the negative charge is symmetrically delocalized over the substituent fragment
(between two carbonyl groups).

175.3 Compound 7 166.3 " 9
it fomp Sl
me TR i i ’
MNWMNW Compound 9 163.9
A AR A ARV M

169.5 169.3 Compound 10
W N oA WW\»WMWNM A A A o A A

2
176.4 Compound 11 165.3
0
0 20 40 60 80

Calculated interplanar angle (DMF),”

A(C=0), ppm

R?=0.9947

T T T T T T T T T T T T T T T T T T T
177.0 176.0 175.0 170.0 169.0 168.0 167.0 166.0 165.0 164.0 ppm

Fig. 7. a — A fragment of '*C NMR (DMSO-ds) spectra of triethylammonium salts 7-
11. b — A correlation between calculated interplanar angle in DMF (CAM-B3LYP/def2-
TZVP, PCM) and difference between shifts of quinone C=0 groups (AS(C=0)) in 1*C
NMR spectra of compounds 7-11 in DMSO-db.

Frontier orbitals were calculated (DFT) for heterocyclic quinone 1a and its derivatives
7-11 and 0-QCCN as well. HOMO was shifted from imidazo[1,2-a]pyridine fragment
(Fig. 8, initial quinone 1a) towards substituent moiety of triethylammonium salts 7-11 and
compound 0-QCCN, indicating a shift of the electron-donating part of the compound. In
quinone derivatives 7-11 and 0-QCCN, HOMO was spread over the polymethine/polyene
structural unit of the molecule: 16-2-3-substituent (see Fig. 5 a for the bond numbering),
which can be explained by the delocalization of the negative charge over this segment.
Analysis of frontier orbitals and HOMO-LUMO overlap values showed that for compounds
7-9 and 11, HOMO is located more in the donor substituent fragment, but LUMO — in the
acceptor part (quinone fragment), and intramolecular charge transfer from substituent to the
quinone fragment is possible. However, for compounds 10 and ¢-QCCN HOMO-LUMO
overlap values are higher; thus, the charge transfer character seems to be weak (Fig. 8).
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Fig. 8. Frontier orbitals and HOMO-LUMO overlap at the CAM-B3LYP/def2-TZVP
level for compounds 1a, 7-11 and 0-QCCN (overlap integrals between the HOMO and
LUMO were calculated at the CAM-B3LYP/def2-TZVP level in DMF using Multiwfin>®

software).

To study the properties of the resulting compounds in solution, UV-Vis spectra for salts
7—-11 were recorded in solvents with different polarities (DMF or DCM) under basic (DBU)
and acidic (TFA) conditions (Table 2). Depending on the introduced substituent, positive or
negative solvatochromism was observed for derivatives 7-9. For instance, compound 7
exhibited positive solvatochromism (the longest wavelength absorption band shifts
hypsochromically as the polarity of the solvent decreases); by contrast, salts 8-9 exhibited
negative solvatochromic behavior. This means that for compound 7, the excited state is more
polar than the ground state while introducing two (compound 8) or four (compound 9) cyano
groups into the substituent shows the opposite effect — the excited state is less polar than the
ground state. It can be concluded that compounds 8-9 are quite polar molecules in the ground
state. However, compounds 10 and 0-QCCN showed Amax in a range of 630+£10 nm in both
DMF or DCM solutions (exhibited practically no solvatochromism) and showed no changes
under basic conditions. Both compounds exhibit hypsochromic shift of ca. 100 nm under
acidic conditions that can be attributed to the protonation of oxygen at C(8). The addition of
TFA to the DCM solution of compounds 7-9 caused the disappearance of the longest
wavelength transitions. It was concluded that the presence of the anionic form of salts 7-9 is
necessary for the longwave absorption band and protonation induces quenching of the
intramolecular charge transfer (Table 2). In the case of derivatives 7-9, a clear correlation
(R?> = 0.99) was obtained between Amax (DCM) and HOMO-LUMO overlap as well as
between Amax and calculated interplanar angle. Additionally, UV-Vis spectra of derivatives
7-9 were compared with spectra of substrates (o-quinone 1a and indane derivatives 2-4) in
DMF and DCM solutions. It was found that UV-Vis spectra of products 7-9 consist of its
chromophore units absorption, and the interaction between them leads to a new longwave
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absorption band. The largest bathochromic shift of the longwave absorption band was
observed in the case of compound 9 in DCM solution (864 nm).

Table 2
UV-Vis spectral data of compounds 7-11 and 0-QCCN
Amax (1g€)
Compound
DMF DCM DCM+TFA DCM+DBU
; 428 (3.99) 411 (3.85) 398 (3.74) 434 (3.87)
690 (3.84) 660 (3.30) 540 (sh) 681 (3.71)
8 479 (4.08) 462 (3.90) 404 (3.60) 482 (3.77)
697 (3.68) 751 (3.42) 540 (sh) 710 (3.38)
577 (4.36) 570 (4.37) 346 (4.49) 575 (4.40)
9 615 (4.22) 607 (4.23) 430 (sh) 614 (4.27)
740 (sh) 864 (3.21) 510 (sh) 750 (sh)

1 409 (4.28) 403 (4.40) 367 (4.48) 409 (4.22)
627 (3.97) 641 (3.93) 541 (3.33) 632 (3.87)

11 661 (3.57) - - -
QCCN 414 (4.30) 414 (4.23) 382 (4.44) 415 (4.25)
. 636 (4.06) 640 (3.98) 559 (3.16) 640 (4.00)

A correlation was found for molar absorption coefficients (¢) of the longwave absorption
band of compounds 10-11, 7H®"! and 0-QCCN in DMF/DMSO solutions (Fig. 9, Table 2)
and experimental value of interplanar angle (¢) (Table 1, X-ray crystallography data). This
result supports the observed appearance of the longwave absorption band. As the interplanar
angle between the quinone subunit and substituent decreases, a greater extent of electron
delocalization can be found. This enhanced delocalization leads to a higher molar absorption
coefficient of the longest wavelength absorption band.

41 oQCCN
0.9 "
08 10 (DMF) 7H (DMSO) 4 o
0'7 ——11(DMF) —— 0-QCCN (DMF) ANy
- 39 . enol
S 06 H
505 ©38 X
204 -
” 0.3 37 ™
’ R?=0.9908
0.2 36 M
0.1 f
0 . 35
300 400 500 600 700 800 900 0 10 20 30 40 50 60
wavelength (nm) ®,°

Fig. 9. UV absorption spectra of compounds 10, 11, 7H¢*! and 9-QCCN in
DMF/DMSO solutions and correlation between their molar absorption coefficients of the
longwave absorption band and the size of interplanar angle ().

The electrochemical properties of the synthesized quinone derivatives in MeCN

solutions were investigated by cyclic voltammetry (CV) and electrochemical reduction and
oxidation potentials (E,.4, Eox) are listed in Table 3. It is known that the electrochemical
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reduction of the quinone system is sensitive to the integration of substituents.’’ From the
results of CV measurements it was found that quinone derivatives 7 and 11 can be more
easily reduced (the first reduction potentials E.,, are —0.48 V and —0.44, respectively). With
the increasing number of cyano groups in the salt structure (compounds 8-10) the first
reduction potential shifted toward more negative potential values with an irreversible
oxidation wave.

Table 3

Electrochemical properties of the quinone derivatives: reduction (E,.4) and oxidation
(E,,) potentials (MeCN solution, Ag/AgCl reference electrode)

Compound ’ Ela, Vv ElL,,V ‘ EoV
Compounds with negative charge distribution over the introduced substituent
7 -0.48 - 0.94
8 -0.54 -0.93 1.29
9 —-0.60 -1.00 1.12
11 -0.44 —0.85 1.14
Compounds with negative charge distribution over the polymethine structural unit of
quinone
0-QCCN -0.59 -1.12 1.01
10 —-0.50 -0.74 0.96
10a —-0.56 -0.76 0.96
10b -0.43 -0.59 1.04
10c -0.82 -1.04 0.81
10d -0.81 -0.92 0.83
Hydrolyzed products (7H-10H) of triethylammonium salts 7-10
7H -0.34 -0.72 -
8H -0.54 -1.93 1.00
9H —0.68 -1.51 0.86
10H -0.94 - 1.17

Derivatives of compound 10 were prepared to investigate the effect of the substituent at

the heterocycle ring of quinone on electrochemical properties (Scheme 2).

®
EtsNH,

O R S
0 1 R NG~ CN og. £ R g
N 5 — 1b,10a Ry, Ry, R3=H, X =N
cl 2~Rs al N R, 16,106 Ry, Rs=H, R, = NO,, X = CH
N X Et;N, DCM, 7 N/)\x 3 1d,10c Ry, R, = H, Ry = Me, X = CH
cl

1 h, reflux NC 1e,10d Ry, Ry, = benzo, R3 =H, X=CH

CN
1b-e 10a-d

Scheme 2. Synthesis of compounds 10a-d.

Compounds 10a-d were investigated by CV (Table 3, Fig. 10). It was found that
replacing 4-CH to N (10a) in the heterocycle caused only insignificant changes in both
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potential values. The shift of the first reduction potentials and oxidation potentials toward
more negative potential values (ca. Eied =-0.80 Vand E,, =+0.80 V) was caused by the
introduction of the methyl group at C(3) (10c¢) or by elongation of the aromatic system (10d).
The introduction of the electron-withdrawing group at C(2) (10b) showed the opposite
effect.

—10a
——10b

10c
—10d

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0
Potential (V) vs. Ag/Agt

Fig. 10. Cyclic voltammograms of compounds 10 and 10a-d in MeCN solution.

To summarize, the reaction of 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione with
C-nucleophiles in the presence of EtsN led to the formation of salts where the quinone
fragment can exist in different forms. After reactions with bulky C-nucleophiles, the
resulting 7-chloropyrido[ 1,2-a]benzimidazol-8,9-diones are stable o-quinones connected by
the C-C bond with the substituent, which is out-of-plane. In this case, the negative charge is
delocalized in the introduced substituent. The longwave absorption band observed for these
compounds arises from intramolecular charge transfer between the substituent and the
quinone moieties, and positive or negative solvatochromism can be observed in solution.

When the introduced substituent and heterocyclic quinone fragments are coplanar, two
structural units can be found in the molecule; as a result, asymmetric “coupled
polymethines” are formed, and the intramolecular charge transfer character of the molecule
seems to be weak. To understand the potential applications of the investigated compounds,
it is necessary to analyze the spatial structure because changes in the planarity of the
molecule are followed by changes in the structure and in the physical properties. An
additional possibility of modification is the interaction with bases, which in turn leads to
various delocalizations of the negative charge.

The scientific publication of the research described in this chapter can be found in
Appendix 1.
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2. Modification of pyrido[1,2-a]benzimidazole-8,9-dione core
by reaction with N-nucleophiles

Quinones with replaceable halide substituents react with amines, amino alcohols, and
amino acids: the formation of the C-N bond does not produce a new chirality center since it
proceeds via the addition/elimination sequence.®® It is known® that chirality of achiral
organic molecules in solid state can result from restricted rotation of bonds and/or spiral
packing in the structure. By incorporation of conformationally flexible moieties with proton-
donating properties at the quinone “backbone”, the formation of supramolecular systems
stabilized by various intermolecular non-covalent interactions can be achieved.®

In the case of quinone derivatives, an extensive network of intermolecular H-bonds can
be formed between carbonyl groups of quinones and different H-bond donor groups
(e.g., OH or NH»). Also, close interlayer n-m interactions can occur between quinone rings
when they are fused with aromatic and/or heterocyclic rings; as a result, ordered redox-active
molecular solids can be created.? Stabilization of the supramolecular structure of quinone
derivatives by synergistic noncovalent forces can be controlled by chemical modification
and/or steric effects of substituents that were demonstrated experimentally.**+°

In general, halogenated o-quinones reaction with primary amines can give two main
products: a substitution product and/or a derivative formed by nucleophilic addition to the
carbonyl group. Additionally, a mixture of the products can be formed due to tautomeric
equilibrium between 4-amino-o-quinone and a-hydroxy-p-quinone imine.** For the rational
design of quinone-based materials a data collection on intra/intermolecular interactions and
substituent effects on supramolecular structure is needed. Thus, the reactions of
6,7-dichloropyrido-[1,2-a]benzimidazole-8,9-diones =~ with  primary  amines and
benzohydrazides were carried out and the structure and properties of obtained products were
explored.

2.1.  Primary amines as N-nucleophiles

As it was previously reported®® when a secondary aliphatic amine (diethylamine) was
used as a nucleophilic reagent in the reaction with 6,7-dichloropyrido-[ 1,2-a]benzimidazole-
8,9-dione, 6-diethylamino derivative of o-quinone 1a was obtained and columnar stacking
in crystal state was found. Pyrido- and pyrimido-[1,2-a]benzimidazole-8,9-diones (1a,b)
were selected for the modification of the initial core with primary aliphatic amines and
flexible amino alcohols (12a-g) (Scheme 3a). Crystals of seven compounds (13c-g and
14a,b) were obtained and analyzed using X-ray crystallography analysis. The analysis of
X-ray data (Table 4) revealed that nitrogen N(11) at the C(6) position of all studied
compounds has a planar configuration as the sum of angles o, f and y (Scheme 3 b) is almost
360° and the tendency to the bond equalization in the fragment C(6)-C(7)-C(8) was
observed.
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Scheme 3. a — Synthesis of compounds 13a-g and 14a,b. Compounds 13d-e were
isolated as hydrochlorides. b — Bond angles a,  and y of compounds 13a-g and 14a,b. ¢ —
Neutral and merocyanine-type resonance forms of obtained compounds 13a-g and 14a,b.

On the basis of experimental data, the Mayer bond order of C(6)-N(11) bond (Multiwfin>®
software) for compounds 13¢-g and 14a,b was calculated and a partial double bond character
was proved (Table 4). Thus, O=C(8)-C(7)-C(6)-N(11)H fragment has a merocyanine-type
structure (Scheme 3 ¢) and restricted rotation along the C(6)-N(11) axis. Also, the
merocyanine fragment can facilitate the formation of resonance-assisted hydrogen bond.®

Table 4
Crystallographic parameters and calculated Mayer bond order from single crystal X-ray
analysis of compounds 13¢-g and 14a,b

ac be
Cmpd. | Conformation I(I\)Ill 1-(C(ig- 14\)121 1-(CC162- dige(lfl)c-;\f A bol:l/l(;l ziéer tﬁ? nggso(i
C13),° C13),° ’ Bandy,?®
13¢ synclinal 86.12 - 1.333 1.236 360.00
13d synclinal 75.15 —75.15 1.340 1.197 359.41
13e anticlinal 102.41 -102.41 1.328 1.256 359.64

168.50 —168.50%" 1.338%¢ 1.236% 359.74%

13 | antiperiplanar | 55 5yeno | _yspopeme | 13697 | 12427 | 359,99

13¢g antiperiplanar 164.62 —164.62 1.333 1.231 359.21
14a - - - 1.333 1.258 360.00
14b synclinal 73.57 —73.57 1.342 1.258 360.00

¢ ¢1 — torsion angle for a molecule with (+) conformation.

b ¢, — torsion angle for the inversion equivalent of the molecule in a centrosymmetric crystal (with ()
conformation).

¢ in the case of endo form, the torsion angle is measured along bonds C(6)-N(11°)-C(12°)-C(13’) (Fig. 12).
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Compound 13c¢ crystallized spontaneously into a non-centrosymmetric chiral crystal
(Fig. 11 a-1) with space group P1%* (Flack parameter close to zero) although compound 13¢
is achiral and sidechain was expected to be conformationally flexible. According to the
X-ray data analysis (Table 4), compound 13c crystal contains only (+) synclinal conformers
(Fig. 11 a-2). Screening of ten single crystals (13¢) showed that the chirality of four of them
corresponds to that of the crystal structure. For six single crystals, the crystal structure was
inverted. Thus, compound 13¢ represents a racemic conglomerate.®>® Other obtained
derivatives (13d-g and 14b) crystallized with the formation of centrosymmetric, achiral
crystals. From a crystallography point of view, such structures can be interpreted as a single
rotamer (one of a set of conformers arising from the restricted rotation about a single bond®7)
accompanied by its 1nverse equivalent (e g., compounds 14b and 13g in Flg 11 b-2, c-2).
(a-1)
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Fig. 11. Crystal structures of (a) compound 13¢, (b) compound 14b, and (c) compound
13g were chosen as representatives of the (1) ORTEP diagrams of the asymmetric unit for
compounds showing thermal ellipsoids at the 50 % probability level (2) torsion angles of

(+)-conformer (colored in green) and (—)-conformer (colored in orange) (for the sake of
clarity, all hydrogen atoms were omitted) (3) top view of Hirshfeld surfaces and 1D
molecular chains with C(8)=0...H-C(3) contacts (4) crystal packing (H-bonds shown in
light blue color).

Centrosymmetric crystals of compounds 13d and 14b acquire both (+) and (—) synclinal
(30°-90°) conformations while molecules of compound 13e — (+) and (—) anticlinal
(90°-150°), and molecules of compounds 13f,g — (+) and (—) antiperiplanar (150°-180°)
conformations due to torsional differences at C(6)-N(11)-C(12)-C(13) fragment (Table 4).
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Strong to moderate®® C(8)=0...H-C(3) H-bond led to the formation of 1D molecular chains
in the crystal structures of compounds 13¢-g and 14a,b. According to Kikkawa, S., et al.,%
classification compounds could be divided into two groups along 1D chains: a straight
pattern ([(+) or (—)] single conformer chains formed by H-bonds) for compounds 13¢-d,f
and 14b (Fig. 11 a-3, b-3) and a zig-zag pattern (chains that are formed through H-bonds and
consisted of (+)- and (—)-conformers alternately associated with a glide) for compounds 13e
and 13g (Fig. 11 c-3).

After the reaction of compound 1a with racemic reagent 12f, crystals of compound 13f
were isolated, where two molecular forms of each enantiomer were found in crystals: exo
and endo (Fig. 12). In the crystal, the main exo form occupies 80 %, while the endo form
occupies 20 % despite the presence of intramolecular H-bond of N(11)H...N(5) type, which
can be explained by the elongation of C(6)-N(11) bond (Table 4) in order to form
intramolecular H-bond.

Fig. 12. ORTEP diagram of compound 13f showing exo and endo forms.

Noting the presence of the -NH-CH- fragment in the structure (which determines the
exolendo forms of compound 13f in the crystal), it was worth investigating the presence of
different forms in the solution. In further structure studies, the obtained compounds were
analyzed by the 'H NMR spectroscopy method. Despite the variety of introduced
substituents, 'H NMR spectra of compounds 13b-g and 14b in DMSO-dj solutions showed
two features corresponding to the -NH-aCHz- (i.e., -N(11)H-C(12)H>-) fragment: NH proton
signals were observed in 7.99-8.72 ppm range and protons of aCH» appeared as broad
downfield signals (Fig. 13). The broadening of aCH> signal is not affected by the rest of the
sidechain since compounds 13b-e and 14b have -NH-aCH>-CH, fragment and signals of
CHb group had clear multiplicity. Resonance signals of diastereotopic protons of aCHz group
of compound 13f (contains branched aminoalkyl substituent at C(6) position with
diastereotopic CHa group attached to N(11)H) were identified in '"H NMR spectrum using
2D 'H-'H COSY and 'H-'3C HSQC NMR spectra.
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Fig. 13. 'H NMR (500 MHz, DMSO-ds) spectra of compounds 13¢-g, 14b; signals of
o CH; protons are marked with circles.

Since chemical shifts of NH and aCH2 protons can be sensitive to the solvent, compounds
13f-g were chosen for the investigation of solute-solvent interactions using solvents with
different polarity and H-bond basicity.”’ Signal of NH proton showed solvent-dependent
chemical shift, which correlated well with B1 value (H-bond basicity)’® of the solvents used
(Table 5). The downfield shift of NH signals in DMSO-ds relative to those in MeCN-d3 and
CDCl; for compounds 13f-g can be explained by the formation of the solute-solvent
complexes.”!

It was observed that protons of the aCH> group appeared as broad signals for compounds
13f-g in MeCN-d5 and CDCl; solutions as well (Table 5). In 'H NMR spectra of compound
13f in CDCl3 solution signals of exo and endo forms were found; exo : endo ratio (70 : 30)
was close to the ratio observed in the crystal structure (80:20), but in DMSO-ds and MeCN-
ds solutions at room temperature (298 K) signals of endo form were not detected. It was
supposed that exo form of compound 13f was stabilized by the formation of solute-solvent
complexes in DMSO, and weak non-covalent interactions compete with endo form
stabilization by intramolecular H-bond. Interestingly, in all three solvents, compound 13g
showed no separate signals of endo form in "H NMR spectra (298 K).

The existence of exo/endo forms of compound 13f in the solid state prompted us to
examine the behavior of compounds 13f-g (soluble in MeCN-d3) in solution using variable
temperature (VT) '"H NMR spectroscopy experiments (Fig. 14). 'H NMR spectra (248—
253 K) showed narrowing and splitting of all broad signals (NH, aCH> group and C(1)-H
protons). The existence of two forms was proved by the appearance of an additional set of
signals of low intensity that corresponded to the endo form.
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Table 5
Chemical shifts (8) of compounds 13f-g in '"H NMR spectra using solvents with
different hydrogen-bond basicity parameters

H-bond basicity of Chemical shifts (5), ppm
Cmpd. Solvent solvents (B1)" NI HN-oCH,
- : o | aman
131 MeCN-ds 0.37 6.96 4.33,4.13
DMSO-ds 0.71 8.26 4.10,4.23
CDCls 0 6.34 5.50
13g MeCN-ds 0.37 ~7.30 5.63
DMSO-ds 0.71 8.72 5.69

For compound 13g, both forms were observed in MeCN solution at lower temperatures
(exo:endo form ratio 85:15) although only the exo form was found in solid state (Fig. 14 b).
At 253 K aCHa, protons of exo form showed a doublet (/= 7.1 Hz) at 5.61 ppm accompanied
by low-intensity doublet (J = 7.2 Hz) of endo form at 5.17 ppm.

For compound 13f, the observed exo:endo forms ratio (248 K, MeCN-d; solution) was
similar (85:15) and is in good agreement with exo.endo ratio in the solid state (Fig. 14 a).
Diastereotopic protons of endo form (aCHz2) were shifted upfield (shielded) relative to the
signals of exo form and showed clearly identifiable signals at 3.67 ppm and 3.86 ppm (same
multiplicities as exo aCHz). Similarly, the signal of the C(1)-H proton of the heterocycle
splits into two signals. Additionally, the low-intensity signal of the intramolecularly H-
bonded NH group of endo form appeared at 7.41 ppm, while the NH group of exo form was
observed at 7.17 ppm. Generally, signals of NH proton involved in intermolecular H-bonding
are more temperature dependent than signals of intramolecularly bonded NH group (stronger
interaction than intermolecular H-bonding’?). The chemical shift of NH proton (exo form)
in the MeCN-ds solution correlated linearly with temperature (248-333 K, R> = 0.97).

For compound 13f VT 'H NMR spectra were also recorded in DMSO-ds solution upon
heating up to 393 K. It can be supposed that only monomer exo form was found since
H-bonds are weakened at elevated temperatures. Linear correlation was found between the
chemical shift of NH proton (exo form) and the temperature for solutions in DMSO-ds
(298-393 K, R*=0.99).
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Fig. 14. Fragments of VT 'H NMR spectrum (500 MHz, MeCN-d5) (a) of compound
13f in the temperature range of 248333 K; (b) of compound 13g in the temperature range
of 253-328 K.

To summarize, after the reaction of 6,7-dichloropyrido[1,2-a]benzimidazol-8,9-dione (or
its analog) with primary amines, derivatives obtained have a merocyanine-type structure in
the fragment O=C(8)-C(7)-C(6)-N(11)H. The carbon-nitrogen bond that connects the
heterocyclic quinone and the substituent has a partial double bond character. Proton-donating
groups attached to a flexible sidechain, as well as electronic effects of the substituent, led to
different types of intermolecular interactions (several H-bonds and interlayer m-m
interactions) which could be observed in the crystal packing of the obtained derivatives.
Centrosymmetric crystals were mostly obtained, however, one of the derivatives formed a
chiral crystal without an inversion equivalent.

Among this set of derivatives, the form without an intramolecular hydrogen bond (exo
form) predominates in solid state and in solution. The presence of the second form (with an
intramolecular H-bond, endo form) explains the observed broadening of the signal of the
CH, group (adjacent to NH) in 'H NMR spectra in solution at room temperature. The
chemical shift of the NH proton signal correlates with both the H-bond basicity of the solvent
and temperature.

The scientific publication of the research described in this chapter can be found in
Appendix 2.

2.2. Benzohydrazides as N-nucleophiles
Quinone derivatives 16a-f were obtained by nucleophilic substitution of quinones 1a,c

by benzohydrazides 15a-c in the presence of EtzN (Scheme 4). Interestingly, when quinones
1 reacted with amines, deep-blue colored crystals of 6-amino-substituted products were
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obtained, but in the case of compounds 16a-f, red-orange-colored solids were isolated. It is
known that several tautomeric structures are possible for the quinone derivatives containing
aroyl- or acyl hydrazide fragment attached to the quinone core.”>’* To establish the exact
form of quinone, core crystals of compound 16a were grown from DCM solution for
single-crystal X-ray crystallography analysis since the tautomeric form of the obtained
compounds was still under consideration after routine identification procedures
(e.g., 'H-NMR and FTIR).

o o) Z
g . N,NHz ﬂ, o N5 R, ¢ | H |NOy

cl N Y4 H DCM \ H\H/C/ tei mgz or/le
Ry rt HO 8" “N12 f 2

cl " 0

1a,c 15a-c 16a-f
1aR;=H;bR;=NO, 16aR=H; bR =0Me;cR=NO,

Scheme 4. Synthesis of compounds 16a-f.

After the inspection of the bond length, an a-hydroxy-p-quinone imine form was
confirmed. Figure 15 a shows a perspective view of molecule 16a with thermal ellipsoids
and the atom-numbering scheme. Two intramolecular hydrogen bonds were found in the
structure of compound 16a: N(12)H:--N(5) and O(22)-H---O(23) (Fig. 15 a). Moreover,
hydroxy group O(22)-H forms bifurcated H-bonds, and centrosymmetric R3 (10) molecular
dimer was formed with the second molecule of the compound through intermolecular bond
0O(22)-H---O’(23) (Fig. 15 b). Additionally, stacking of the dimers along the crystallographic
a-axis (Fig. 15 c), as well as a short intermolecular contact between heterocycle (C(3)-H)

and the amide group of the substituent, were found.
a. b. )

o2

intermolecular
H-bonds
d (OH...0) = 1.981 A

intramolecular

H-bonds a plane-to-plane distance
d (NH..N) = 1.984 A d=3.126 A

)y €

Fig. 15. a— ORTEP diagram of compound 16a showing thermal ellipsoids at the 50 %
probability level. b — The centrosymmetric RZ(10) molecular dimer in the crystal structure
of compound 16a. ¢ — Crystal packing of compound 16a along a-axis.
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In 'H NMR spectra of the obtained compounds 16a-f in DMSO-ds solution, a set of two
broad signals corresponding to NH (at 14.36-14.90 ppm) and OH (at 10.95-11.41 ppm)
protons was observed. It can be concluded that intramolecular bond N(12)-H---N(5) found
in solid state persists in solution as well since the position of the NH proton of compound
16a was not affected by the solvent (6xu = 14.71 ppm (DMSO-ds); dnu = 14.68 ppm (CDCl3
— a solvent in which H-bonding interactions are expected to be weaker”). However, for a
signal of OH proton, a distinguishable shift was observed, changing the DMSO-ds solution
(10.99 ppm) to CDCI3 solution (7.20 ppm). It is known that in the case of
a-hydroxy-p-naphthoquinone derivatives, an intramolecularly H-bonded OH proton signal
appears at 7.30 ppm in CDCl; solution.”® A downfield shift in a solvent (DMSO-de) with H-
bond acceptor abilities’” indicates the formation of additional intermolecular interactions. In
addition, to establish the effect of different substituents (R; and R»), chemical shifts of OH
and NH signals (Son and Sni, respectively) in '"H NMR spectra (DMSO-ds) of compounds
16a-f were analyzed. The Hammett constants (cp) were taken as the characteristic of the
substituents.”® As a result, linear correlations (R* = 0.99) were found between the Hammett
substituent constants (R2, substituent at the phenyl ring) and don (Fig. 16) for compounds
16a-c (variable R> while R1 = H) and 16d-f (variable R» while Ri; = NO3). The presence of
the nitro group in the heterocyclic fragment (R = NO2) caused a downfield shift of OH
signal compared to compounds without a substituent (R; = H) at the heterocycle (Adon ~ 0.3
ppm). However, the presence of the nitro group in the heterocyclic ring (R1 = NO3) resulted
in an upfield shift of NH signal (Adxu = 0.3 ppm) compared to molecules with a hydrogen
atom at the same position (R = H). The variation of the electronic character of the substituent
in the para-position of the phenyl ring (Fig. 16) led to the downfield shift of the NH signal
going from electron-donating to electron withdrawing group. It is known,” that the NH
proton signal is more shifted downfield when the intramolecular H-bond is stronger. Thus,
the electron-withdrawing group of the phenyl ring (R2 = NOy) increases the acidity of the
NH proton and the strength of the intramolecular H-bond, while the electron-withdrawing
group at the heterocyclic fragment (R1 = NO») affects the electron density at N(5), which
also modulates the intramolecular H-bond.

In general, compounds 16a-f could be described as a structural analog of aroyl
hydrazones.” Hydrazone derivatives activated by chemical inputs and/or light irradiation
are known to undergo E/Z isomerization in solution.3*8! In this work, no signals of
isomerization products were observed in '"H NMR spectra of DMSO-ds or CDCl3 solutions
of compound 16a as well as no configurational switching was observed for compound 16b
(DMSO-dp) after the addition of the excess of TFA and following irradiation (365 nm). In
the case of compounds 16a-f, the presence of strong intramolecular H-bond N(12)-H---N(5)
can explain the existence of a single configuration.
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Fig. 16. Structures of compounds 16a-f and correlations between the Hammett constant of
R» substituent (o) and the chemical shifts of NH proton (Snu) or OH proton (Sou) in 'H
NMR spectra (DMSO-ds) of compounds 16a-f.

The structure of compounds 16a-f contains two acidic protons, as seen from their
"H NMR spectra. To explore possible protonation/deprotonation of the obtained compounds,
'H NMR titration experiment was carried out using compound 16b as a representative. The
deprotonation was investigated upon sequential addition of the base (DBU). As soonas0.15
equivalents of the base were added to the DMSO-ds solution of compound 16b, a broad
signal of OH proton completely disappeared, and the yellow-colored solution immediately
became dark blue (Fig. 17, highlighted in red). It was supposed that deprotonated compound
16b formed a hydrogen-bonded complex with protonated DBU. At the same time, a signal
of DBUH" appeared at 9.58 ppm (Fig. 17, highlighted in blue). Upon further addition of the
base, the signal of the NH proton (amide fragment) sharpens and undergoes an upfield shift
from 14.70 ppm to 14.51 ppm (Fig. 17, highlighted in yellow). The addition of the excess of
DBU caused the appearance of a second minor form of the compound (Fig. 17, highlighted
in green) (ratio major/minor proton signal was found 0.95: 0.05). Noteworthy, a similar
process was detected in the case of compounds 16a and 16c¢ after interaction with excess of
DBU. The reversibility of the acid-base equilibrium was proved by the sequential addition
of TFA (excess): the signal of OH proton was restored (as well as the yellow color of the
solution), and signals of the minor form disappeared.
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Fig. 17. "H NMR acid-base titration of compound 16b in DMSO-ds solution (upon
sequential addition of base (DBU) and acid (TFA)).

The UV-Vis absorption spectra of compound 16a were studied in DCM and DMSO
solutions and two absorption maximums at 381 nm and at 446449 nm were found in both
solutions. When a base (DBU) was added to a solution of compound 16a, the absorption
band ca. 450 nm disappeared and, simultaneously, a new band appeared at 556 nm in DCM
and at 607 nm in DMSO. The effect of substituents (R; and R») on the longwave absorption
band was examined by the addition of DBU to the CHCl3 solution of compounds 16a-c
(variable Rz while R = H) and 16d-f (variable Rz but R; = NO») (Table 6). A bathochromic
shift was observed for the Amax of the deprotonated derivatives 16d—f compared to
deprotonated compounds 16a—c (Table 6). In addition, the hyperchromic effect was caused
by the introduction of the nitro group into the benzamide fragment (R>).

Table 6
UV-Vis data of compounds 16a-f in the presence of DBU (CHCI3)
Compound 16a 16b 16¢ 16d 16e 16f
365 (4.40) | 368 (4.45)
Amax (Ig€) | 380 (4.41) | 382 (4.48) | 377 (4.40) | 371 (4.24) | 365(4.28) | 361 (4.30)
556 (3.87) | 551(3.89) | 563 (3.91) | 575(3.73) | 569 (3.76) | 578 (3.86)

In general, p-quinone imines are redox-active molecules that are known to undergo a
redox cycle through aminophenols.®? It was reported® that converting o-quinone into its
p-quinone imine analogue changes the entire redox system and this transformation can be
observed electrochemically. A combination of redox-active quinone and imine groups has
shown promising results for electrical energy storage materials.®* Redox properties of o-
quinone 1a (electrochemically active compound in MeCN solution®®) and quinone imine 16a
were analyzed for potential application in aqueous electrolyte batteries as electrode material.

First, the solubility of compounds 1a and 16a in aqueous media was tested; compound
16a was insoluble in neutral and acidic environments while compound 1a was insoluble in
aqueous solutions of the whole pH range. Then cathode materials CM-1a or CM-16a were
prepared by the combination of quinone derivatives la or 16a with Vulcan XC72 CB
(substrate) and a binder solution of PVDF/DMF. Figure 18 shows the results of CV
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measurements at varying scanning speeds for samples CM-1a and CM-16a and a sample
without active material (substrate) in neutral and acidic electrolytes.
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Fig. 18. CV results at varying scanning speeds for samples CM-1a, CM-16a and
substrate in neutral (0.5 M K»S0Os) electrolyte and in acidic (0.5 M H2SO4) electrolyte.

Sample CM-1a has distinct two redox maxima (corresponding to the o-quinone
fragment in the molecule) in the scanned potential window in both neutral and acidic
electrolytes. By increasing H™ ion concentration a shift in reaction potential to more positive
values was observed. Moreover, in the acidic environment, both peaks are stable (the
potential difference is only up to 0.2 V), while in a neutral environment, only one of them is
stable and remains unchanged after several CV cycles. However, for sample CM-16a in a
neutral electrolyte, no significant redox processes can be observed. In the case of acidic
electrolyte, upon closer inspection, two reversible oxidation peaks can be seen. It can be
concluded that by converting o-quinone la to a-hydroxy-p-quinone imine 16a the
electrochemical activity as cathode material has been greatly suppressed.

Raman spectra of pure compounds (1a, 16a) as well as prepared cathodes (CM-1a,
CM-16a) before and after electrochemical cycling in acidic and neutral electrolytes were
received (Fig. 19 a). The obtained results showed that spectra for the prepared and cycled
cathode sample CM-1a in acidic electrolyte remain as an initial spectrum of pure compound
1a. However, only C and D bands of carbon®**” can be seen in the spectrum if sample CM-
1a is cycled in neutral electrolyte. It can be concluded that the active material was dissolved
from the electrode and gone through the electrochemical reactions from the solution since
CV measurements showed redox processes for this sample (Fig. 18). On the other hand,
compound 16a was preserved in the cathode before and after CV and did not go through any

chemical changes, as seen from unchanged Raman spectra for prepared and cycled samples
CM-16a.
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Obtained data from scanning electron microscopy (SEM) (Fig. 19 b) supports findings
from Raman spectroscopy that the active compound 1a dissolves from the sample CM-1a
in electrolytes and goes through electrochemical reactions from the solution. Only a part of
the original morphologies can be seen after the sample CM-1a was cycled. For sample CM-
164, structures of active material can be found in images after CV in neutral electrolyte and
in acidic electrolyte with some partial dissolution. The greater stability of CM-16a in
comparison to CM-1a can be explained by the formation of non-covalent interactions
between compound 16a and substrate.

To summarize, a-hydroxy-p-quinonimine derivatives were formed after reactions of
6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione with benzohydrazides. A single imine
bond configuration was found, which is stabilized by an intramolecular H-bond. However,
the obtained compounds are prone to deprotonation and interaction with basic solvents due
to the acidic OH proton. Knowing that solvents with basic properties (e.g., N-methyl-2-
pyrrolidone) are usually used to prepare the electrode material, the stability of the compound
under such conditions should be analyzed before the material is prepared. It was concluded
that cathode material based on 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione (CM-1a)
could act as a potential effective active electrode in aqueous electrolyte batteries if the
dissolution of the sample is inhibited, for example, by the attachment to the polymer
backbone.

The scientific publication of the research described in this chapter can be found in
Appendix 3.

To expand the range of the investigated cathode materials, samples of cathode material
CM-7H, CM-10, and CM-Q-NH: were prepared from compounds 7H, 10, and 6-amino-7-
chloropyrido[1,2-a]benzimidazole-8,9-dione, respectively (see Appendix 6). The redox
properties of obtained samples were tested by CV measurements in an acidic electrolyte and
SEM images were obtained before and after cycling. The initial CV measurements of the
sample CM-7H revealed multiple redox waves, suggesting the presence of different forms
of compound 7H (possibly due to the known keto/enol tautomeric equilibrium of compound
7H in the polar DMF solvent that was used during preparation of the material).

While compound 10 and its derivatives 10a—d exhibit redox activity in MeCN solution
(Fig. 10, Table 3), the cathode material prepared from compound 10 exhibited different
electrochemical behavior in the acidic electrolyte, as seen from the CV measurements. SEM
images revealed partial dissolution of the active material from samples CM-7H and CM-10
after cycling. However, sample CM-Q-NH: displayed promising battery-like behavior with
relatively high current and good stability during electrochemical cycling.
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Fig. 19. a— Raman spectra of pure compounds 1a and 16a (green line), prepared
cathodes (CM-1a and CM-16a) before (blue line) and after cycling in acidic (red line) and
neutral (grey line) electrolytes. b — Scanning electron microscopy images of prepared
cathode surfaces CM-1a, CM-16a and substrate (coating without active material) before
and after CV measurements in neutral and acidic electrolytes (magnification of x2500).
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CONCLUSIONS

Structural studies showed that in the reaction of 6,7-dichloropyrido[1,2-
a]benzimidazol-8,9-dione and its analogs with nucleophiles the obtained compounds
can exist in different forms: o-quinone (C-nucleophile — indane derivative or
barbituric acid) or o-hydroxy-p-quinone imine (N-nucleophile — benzohydrazide
derivative), as well as polymethine (C-nucleophile — malononitrile) or merocyanine

(N-nucleophile — primary amine) type structures can also be formed.
o

(@)
C-nucleophiles — N-nucleophiles
N
s N

Cl

o-quinone polymethine type a-hydroxy-p-quinone imine merocyanine type

The analysis of UV-Vis spectroscopy data revealed that the spectroscopic properties
of the obtained 7-chloropyrido[1,2-a]benzimidazole-8,9-dione derivatives in
solution are affected by the substituent type, delocalization of negative charge, and
molecular planarity. Introducing a bulky substituent fragment derived from
functionalized indane disrupts the molecule's planarity, leading to positive (7) or
negative (8, 9) solvatochromism. In the case when heterocyclic quinone and
substituent fragments are coplanar (10), the solvatochromic behavior was not
observed.

Compound 8 X =0, Y = C(CN),
Compound 9 X =Y = C(CN),

On the base of 7-chloropyrido[1,2-a]benzimidazole-8,9-dione core containing
-NH-CHb»- fragment at C(6) position merocyanine-type structure is formed. In the
case of these derivatives, a form without intramolecular H-bond (exo form)
dominates in solid state and in solution. The presence of minor endo form (with
intramolecular H-bond) explains the observed broadening of the CH» group signal
(adjacent to NH) in '"H NMR spectra in solution at room temperature.

(0] 2 (0] 9
LD (D
form c N/ 7 c P form
u HoC-
CH, L
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4. The study revealed that an intramolecular H-bond between an introduced substituent
and nitrogen atom of a heterocycle (N(12)H...N(5)) stabilizes a single configuration
of C(6)=N(11) bond of a-hydroxy-p-quinone imine derivative in solid state and in

solution.
R4
J \ H-bond

N \
o ’},}\H R,
a "o
5. Material based on 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione derivatives
could act as a potential effective active cathode in aqueous electrolyte batteries.
6. The 7-chloropyrido[1,2-a]benzimidazole-8,9-dione core can serve as a
multifunctional platform for obtaining compounds with valuable properties for
material design and development.
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