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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas 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 arf citotoksisko un citoprotektivo efektu dél.! Redoksipasibas nosaka hinona
atvasinajumu bitisko nozimi biologiskajos procesos (piemé&ram, §inu 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 lictojumam energijas uzglabasanas un
energijas ievaksanas sistémas.® Organiskie redoksaktivie savienojumi tiek pétiti, pieaugoso
prasibu péc energijas uzkraSanas iericem’ del, Tpasu uzmanibu veltot hinonu
atvasinajumiem.!®!" Hinonu atvasinajumi pétiti ka aktivas vielas organisko elektrodu
materialiem uzladgjamajas baterijas,'? ka divu elektronu anoliti vai katoliti fidens'® un
neiidens'® redokspliismas (redox flow) baterijas, ka elektronu parneses mediatori (mediators)
1415 vai redoksmediatori litija séra baterijas,'® ka materials

elektrokimiskai CO> uztversanai'”> '8

metalu katalizetas reakcijas
vai elektrokimiskas fidens sadalf$anas tehnologijas."®

Viens no perspektivakajiem pétniecibas virzieniem ir saistits ar p&tjjumiem par hinonu
izmantosanu elektrodu materialos.?° Tomér pirms organisko elektrodu materialu
izmantoSanas uzlad&jamas baterijas joprojam ir jauzlabo elektrokimiska efektivitate, ka ar1
jasamazina elektroda materiala skidiba elektrolitos un tilpuma izmainas (volume change),
jo tam seko ladinietilpibas (charge capacity) zudumi.?! Formali hinonu atvasinajumus var
iedalit divas grupas — lielmolekularie un mazmolekularie atvasinajumi. Lielmolekularo
savienojumu (hinonu polim@ri vai pie polimériem saistiti hinoni) gadijuma samazinas
§kidiba elektrolita, tatu no ekonomiska viedokla janem véra ari substratu un reagentu
izmaksas lielmolekularo atvasinajumu sintézei.??> Turpretim mazmolekularu hinonu
materialu priekSrociba ir zemakas izmaksas un vienkarsas sint€zes procediiras (1. att.).

Kontrol&ta elektrokimiska veiktsp&ja un skidiba ir izSkiroSie faktori, lai iegiitu stabilus
organisko elektrodu materialus uz mazmolekularo hinonu bazes. Tadas 1pasibas ka $kidiba,
kimiska vai termiska stabilitate ir atkarigas no hinona kimiskas struktiiras, mijiedarbibas ar
saistvielam un iesp&jamas izomerizacijas. Turklat salidzino$i vajas nekovalentas
starpmolekularas mijiedarbibas (Gidenraza saites (H-saites), n-m mijiedarbibas, van der Valsa
speki, elektrostatiskie Kulona speki) butiski ietekmé morfologiju, dazadas fizikali kimiskas
pasibas (kusanas/virSanas temperatiira, blivums, $kidiba), jonu diftiziju, ladinu transportu
un organisko materialu elektrokimiskas Tpasibas.?* Neap§aubami, 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 (piem&ram, H-saites kopa ar
7-7 un/vai dipolaram mijiedarbibam), ta¢u $ada kontrole joprojam nav izstradata.?’



o] o]
Hw@ HzN\/¢[N\ OH HzN NH,  MeO OMe
X
NH; HoN N CH HoN NH,
o] o]

A B

o)
H °
N R COOH N N
o 0 <X T
Hooc R N N N
H
o o)

C

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 izmantosanai redokspliismas (redox flow)
baterijas.

Tadgjadi sakaribas starp hinona atvasindjumu struktiru un Ipasibam, ka arl
elektrokimisko TpaSibu izpete var noteikt savienojumu izmantoSanas iespgjas un
ierobezojumus. Pieeja jaunu organisko materialu izstradei, ieklaujot vajas iek§molekularas
un/vai starpmolekularas mijiedarbibas, kas var mainit materiala arhitekttiru, palidzes uzlabot
hinonu funkcionalizetu materialu efektivitati molekulara Iiment.

Hinona atvasinajumu elektrokimiskas un fizikali kimiskas ipasibas var uzlabot,
modific&jot mazas hinona molekulas ar funkcionalam grupam?' vai kondensgjot’"3? ar
heterocikliem. Imidazo[1,2-a]piridins ir izplatits slapekli saturo$s heterocikls, kas tiek
izmantots  farmakologijas  pétfjumos,®® ka arl  pétits  materialzinatng.}* %
Imidazo[1,2-a]piridina atvasindjumi var veidot spécigu iekSmolekularu H-saiti starp
protondonoru aizvietotdju un heterocikla slapekli, kas veicina ierosinata stavokla
iekSmolekularo protona parneses (excited-state intramolecular proton transfer, ESIPT)

izraisitu luminiscenci.®"’

Turklat imidazo[1,2-a]piridina atvasinajumu paSsakartoto
fragmentu morfologiju (morphologies of self-assembled motifs) var ietekmét, ja
imidazo[1,2-a]piridina sistéma tiek modificéta ar dazadam funkcionalajam grupam.?*

Ka promocijas darba pamatstruktiira tika izvéléts 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 iegiit vienas stadijas sint€z€ no komerciali
pieejamiem tetrahlor-1,4-benzohinona un 2-aminopiridina.’® No literatiiras ir zinams,*® ka
6,7-dihlorpirido[1,2-a]Jbenzimidazol-8,9-dionu, ta atvasindgjumus un analogus var viegli
modificet, selektivi aizvietojot hlora atomu pie C(6) ar nukleofiliem, radot monoaizvietotu
produktu. Tadgjadi pirido[1,2-a]benzimidazol-8,9-diona atvasinajumi var&tu sniegt iesp&ju
izpetit aizvietotaju ietekmi uz kop&o heterocikliska hinona fragmenta struktiru 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 iegiito
atvasinajumu struktiiras p&tijumi un redoksipasibas §kiduma. 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 (tautoméras formas),
iek$molekularo un starpmolekularo H-saiSu 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 struktiiru-ipaSibu sakaribas, kas saista mazmolekularo heterociklisko
hinonu struktiiru, iek§molekularas un starpmolekularas mijiedarbibas un fizikalas ipasibas,
nodrosinot datu kopumu turpmakajam materialu izveides strat€égijam.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona, ta
atvasinagjumu un analogu modifikacija, ka arT iegiito atvasinajumu strukturalie p&tijjumi un
struktiiru-ipasibu sakaribu izpéte.

Darba mérka sasniegSanai definéti vairaki uzdevumi.

1. Modificét 6,7-dihlorpirido[1,2-a]benzimidazol-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 struktiiru cieta stavokli un §kiduma, izmantojot
RSA, UV-Vis spektroskopijas un KMR spektroskopijas metodes kopa ar kvantu
Kimiskajiem 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
atvasinajumi nukleofilas aizvietoSanas reakcijas ar C- un N-nukleofiliem, ievadot
aizvietotaju pie C(6). Reakcija ar stériski 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 atvasinajumi, bet
reakcijas ar pirmgjiem aminiem iegiitajiem produktiem piemit merocianina tipa struktiiras.
Iegiitajos savienojumos “klasiska” heterocikliska o-hinona struktiirelementa forma mainas
atkartba no ievadita aizvietotaja, lidz ar to paplasSinas savienojumu fizikalo ipasibu
diapazons.

Pamatojoties uz rentgenstruktiranalizes un KMR spektroskopijas datiem, vairakos
gadfjumos savienojumos gan cieta stavokli, gan $kiduma pastav ieckSmolekulara H-saite
(NH N vai OH'N) starp ievadtto 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 pirmé&jiem aminiem izoléti 6-aminoaizvietoti o-hinona atvasindjumi (satur
-NH-CH»z-  struktirelementu), kas var veidot centrosimetriskus ahiralus vai
necentrosimetriskus hiralus kristalus, pateicoties kavetai 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 fidens elektrolitu 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 izpé&tei cieta stavoklt un/vai skiduma.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti tris zinatniskajos originalrakstos.
Promocijas darba izstrades laika sagatavoti divi apskatraksti. P&tijuma rezultati prezentéti
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,
aizvietotaja 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
biologiskds sistémas izraisa toksicitati.! Daudzos nozimigos biologiskos procesos

39, kutikulara sklerotizacija*® (cuticular sclerotization)

(pieméram, lignina biosinteze
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 dél. Lidzsvars ir atkarigs no $kidinataja polaritates*’ un
vides pH.**

<O 6@

K — J0|[ D — 0| e
o ﬁA HO Ao EA HOD\\C)”
2

= o ‘NRy
A B c D o g 8

3. att. Tautomerais lidzsvars starp 4-amino-o-hinona (A) un a-hidroksi-p-hinonimina (B)
formam; tautomerais 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 arT ka “saistitos polimetinus” (coupled
polymethines) atkariba no C(4) vai/un C(5) aizvietotaja rakstura, ja elektroni ir delokalizeti
tikai starp karbonilgrupas skabekla atomu un ievadito aizvietotaju (aminoaizvietota
45,46

ja
molekula ir atrodamas divi polimetina struktirelementi (vai viens polimetina un viens

savienojuma E gadijuma; 3. att.). Saskana ar Ddhne, S. un lidzautoru pétijjumiem,

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 sadalfjumu un
redokspotencialiem. Lai izpétitu aizvietotaja ietekmi wuz 6,7-dihlorpirido[1,2-
albenzimidazol-8,9-diona (1a) struktiiru, hinons la tika modificéts ar plasi lietotiem
C-nukleofiliem (1,3-indandiona atvasindjumiem 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. shéma).
Savienojuma 10 sinteze tika veikta paaugstinata temperatiira, jo istabas temperatiira reakciju
iznakumi bija zemaki. legttie produkti 7-11 ir krasainas vielas, tumsi zala krasa piemit

12



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,
/ 1h,
o)
30 SN g
® § «— 8 N
EN,DCM, 24 h,it| ¢ 27 o 0
NC 6 N 4
p CN c hd
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 videé izdaliti savienojumi 7H-10H.
Savienojuma 7H gadijuma tika ieglita sarkana cieta viela, kas veidoja zalas krasas §kidumu
dimetilsulfoksida (DMSO). Sarkanas vielas FTIR spektrs uzradija absorbcijas joslas pie
1746 cm~t un 1702 cm™?, ka arT netika novérota hidroksilgrupai raksturiga absorbcijas josla.
Secinats, ka hidrolizes rezultata veidojas produkts 7HK® (cieta stavokli piemit sarkana
krasa), kur indandiona fragments eksisté ketoforma. Tomér sarkanas krasas kristalu *H KMR
spektra DMSO-de $kiduma eksisté tautomérais lidzsvars starp ketoformu (K) un enolformu
(E) un tika noveroti 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) $kiduma, tika iegtiti savienojuma
7H (enolforma — 7H®™!) zali kristali. Savienojuma 7He" struktiira tika pieradita ar
rentgenstruktaranalizes (RSA) metodi — kristaliska stavokli heterocikliskais 0-hinona
fragments ir saistits ar indandiona fragmentu enolforma (4. a att.). Molekulu stabilizé loti
speciga iekSmolekulara tdenraza saite (H-saite) OH---N (N(5)---H = 1,172 A,
H---0 = 1,379 A, lenka N(5)---H---O vértiba ir 157(6)°). Savienojuma 7He"°! kristaliskaja
strukttira tika konstatéta arT spéciga starpmolekulara c-caurumu mijiedarbiba starp C=0
saites skabekli (indandiona fragments) un hlora atomu; starpmolekularas mijiedarbibas
rezultata veidojas centrosimetriski molekularie diméri (4. b att.).
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a. iek$molekulara mijiedarbiba

—Ad(o Cl)=2,872 A __‘

: starpmolekulara mijiedarbiba :

d(0..Cly=2917 A
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4. att. (a) Savienojuma 7H®" asimetriskas vienibas ORTEP diagramma, kas parada
termiskos elipsoidus 50 % varbiitibas [imenf; (b) savienojuma 7H¢"* molekulu sakartojums
kristala; gaisi zilas Iinijas norada O...Cl mijiedarbibu; (c) 'H KMR spektra fragments (300

MHz, DMSO-dp), enolformas (E) un ketoformas (K) strukttras.

Lai labak izprastu aizvietotaja ictekmi uz heterocikliska hinona fragmentu,
savienojumiem 10-11 un 7He™ tika veikta RSA datu analize kopa ar DFT aprékiniem
(programma ORCA®3, 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 saidu garumu
analizes cieta stavokli var secinat, ka hinona ciklu var sadalit divos strukttirelementos, kurus
atdala garas vienkarSas C-C saites 1 un 4 (saiSu numeracija — 5. att.). Viens struktirelements
ietver saites 16-2-3 un sekojoSas aizvietotaja saites. Ieprieck§ mingtajiem
7-hlorpirido[1,2-a]benzimidazol-8,9-diona atvasinajumiem saiSu 2 un 3 garumi mainas
atkariba no ievadita aizvietotdja. Piem@&ram, savienojumos 11 un 7H®! saiteém 2 un 3 bija
izteikta vienkar$as/divkar$as saifu kartas maina, ka ir “klasiskaja” o0-benzohinona
struktiira,® savukart savienojumos 10 un 0-QCCN tika novérota saisu garumu vienlaikus
izlidzinasanas (saites 2 un 3).
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aizvietotajs
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5. att. (a) Savienojumu 10-11, 7He™! un 0-QCCN heterocikliska hinona fragmenta
shematiskais att€lojums ar saiSu numeraciju; (b) saisu garumu salidzinajums. Savienojuma
0-QCCN saisu garumi tika nemti no RSA datiem.*

Saites garuma maina (bond length alternation, BLA) tika aprékinata struktiirelementam,
kas satur saites 2-3-aizvietotajs savienojumos 10-11, 7He™ o-QCCN. BLA parametra
aprékinam izmantoti RSA dati, ka arT kvantu kimisko aprékinu dati no optimiz&tajam
struktiru geometrijam (DFT; 1. tab.). Secinats, ka savienojumus 10 un 0-QCCN var
raksturot ka asimetriskus “sasaistitus polimetinus” (coupled polymethines), jo
oglekla-oglekla sait€ém 2-3-aizvietotdjs BLA parametrs tuvojas nullei. Savienojumam 11
polimetina fragments atrasts starp divam barbittirskabes karbonilgrupam (izlidzinatas saites
ar m-elektronu delokalizaciju); savukart saites 16-2-3-aizvietotajs var raksturot ka poliéna
fragmentu. Kopuma 0-hinona formas stabilizaciju izsauc stériski apjomigs aizvietotajs, un
negativa ladina delokalizacija notiek aizvietotaja fragmenta. Rezultata konjugacija starp
hinona ciklu un aizvietotaju pazud. Otrs struktirelements sastav no heterocikla fragmenta
(saites 5-15) un blakus esosas karbonilgrupas (5. att., saite 17). Savienojumu 10-11 un
0-QCCN gadijuma aizvietotdjs neietekmé&ja saisu 5-15 garumus. Hinona atvasinajumiem
10-11 un 0-QCCN karbonilgrupas saites 17 garums bija Iidzigs atbilstosas saites garumam
imidazo[1,2-a]piridin-3-karbaldehida.>® Tikai savienojuma 7He"' gadijuma saite 17 bija
nedaudz isaka, jo spéciga iekSmolekulara H-saite (OH---N) ietekméja =n-elektronu
sadalfjumu molekulas heterocikliskaja dala (saites 12-13).
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Tika salidzinats trietilamonija salu 10 un 11 molekulu sakartojums kristala (6. att.).
Novérots, ka savienojumam 10 raksturiga struktiira, kas stabilizéta ar m-m mijiedarbibu
(n-n stacking). Savienojuma 11 gadijuma kristaliskajai struktrai ir raksturiga garu
starpmolekularo k&zu veidoSanas, pateicoties spécigam NH---O TdenraZa sait€m starp
barbittirskabes fragmentiem, ar kuru anjoni ir savstarpgji saistti.

/ O
N 7
z 5 7\ X\
tarpmolekul 7
"“S& /"'S& v, X
HO — | b

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

Ar kvantu Kimijas aprékiniem (DFT) noteikta savienojumu optimizéta geometrija gan
gazes fazg, gan Skiduma (PCM). Iegiitic 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. Noverots, ka aprékinata
optimizéta geometrija CAM-B3LYP/def2-TZVP Ilimeni 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 (r) starp plakném

Savienojums Metode 112 10 7Hen! 0-QCCN
60,79 (11A)
Sl?nmlﬁak%u RSA 6460 (115) 10,48 25,57 4,56
S 9 DFT® 65,62 1,07 31,16 1,53
1,468 (11A)
RSA 1,402 1,448 1,412
I'C(6)-Caizvietotajs), A 1’469 (118)
DFT® 1,462 1,395 1,449 1,401
0,0935 (11A)
BLA pa'r&ametrsb’ RSA 0’0975 (llB) 0,0055 0,0700 0,0245
DFT® 0,0935 0,0070 0,0905 0,0260

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

bBLA parametrs tika aprékinats ka starpiba starp formalas ogleklis-ogleklis vienkarsas un dubultas saites vidgjo
sai$u garumu struktiiras polimetina/poliena k&dg (saites 2-3-aizvietotdys).

¢ Geometrija optimizéta ar CAM-B3LYP/def2-TZVP metodi (DMF, PCM).

16



Trietilamonija sali 7-11 tika pétiti $kiduma (DMSO-ds), analizgjot to *C KMR spektrus.
Tika salidzinatas hinona karbonilgrupu signalu kimiskas nobides (8 C(8)=0 un C(9)=0,
atomu numeracija — 1. shéma) 3C KMR spektros (7. a att.). Novérots, ka savienojuma 10
C(8) un C(9) signali ir nobiditi tuvak viens otram ar A3(C=0) tikai 0,2 ppm, kas
izskaidrojams ar lidzigu elektronu blivumu ap Siem oglekla kodoliem, ka ari ar
karbonilgrupu iesaistisanos H-saités ar EtsNH*. Tomér o-hinonu 7-9 un 11 *C KMR
spektros AS(C=0) tika aprekinats ka 9,0 ppm, 11,5 ppm un 13,0 ppm un 11,1 ppm attiecigi.
Tika atrasta linedra 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-dg). Tas liecina par vienadu kimisko apkartni Siem atomiem, 1idz ar to
secinats, ka $kiduma negativais 1adin$ ir simetriski delokalizéts pa aizvietotaja fragmentu
starp abam karbonilgrupam.

175,3 Savienojums 7 166,3 %
8
WW\M\V\ MWMWWWWV\

l 176.9 Savienojums 9 163,9
i wa oot Ao v I ety M v A A e o M s |V‘/MVJP

169,5 | i‘ 169,3  Savienojums 10
Mg N AN A AL Sl Wl Mg U AP AN AN A i A A

\WM«\AA R o ¢
o #
0 20 40 60 80

T T T T T T T T T T T T T T T T T T T Aprékinatais starpplaknu lenkis (DMF),”
177.0 176,0 175.0 170,0 169.0 1680 167.0 166,0 165,0 164,0 ppm

7. att. (a) Trietilamonija salu 7-11 *C 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 (A§(C=0))
13C KMR spektros (DMSO-ds).

0), ppm

R =0,9947

AB(C

Heterocikliskajam hinonam la un ta atvasindjumiem 7-11, ka ari 0-QCCN tika
aprékinatas HOMO/LUMO energijas, izvietojums, ka ari to parklaganas vértibas (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 struktirelementa 16-2-3-aizvietotdjs (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
iespgjama iekSmolekulara ladina parnese (charge transfer, CT) no aizvietotdja uz hinona
fragmentu. Tomér savienojumiem 10 un 0-QCCN HOMO-LUMO parklasanas vertibas ir
lielakas, tapéc 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 Multiwfn).5

legiito savienojumu 7-11 ipasibas $kiduma tika pétitas, uznemot UV-Vis spektrus
§kidinatdjos ar dazadu polaritati (DMF vai DCM), ka ari bazes (DBU) un skabes (TFA)
klatbatné (2. tab.). legnitajiem atvasinajumiem 7-9 atkariba no ievadita aizvietotaja novérota
pozitiva vai negativa solvatohromija. Piemé&ram, savienojumam 7 novérota pozitiva
solvatohromija (garako vilnu absorbcijas josla nobidas hipsohromi, samazinoties skidinataja
polaritatei), savukart saliem 8-9 bija novérota negativa solvatohromija. Tas nozimg, ka
savienojumam 7 ierosinatais stavoklis ir polaraks par pamatstavokli, savukart, ievadot divas
(savienojums 8) vai Cetras (savienojums 9) cianogrupas, aizvietotaja ir novérojams pretéjs
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 novérotas izteiktas izmainas UV-Vis spektros, mainoties $kidinataja
polaritatei; abi savienojumi uzradija Amax diapazona 630 + 10 nm gan DMF, gan DCM
$kidumos. Abiem savienojumiem garo vilnu absorbcijas joslas neiectekmgja bazes klatbtitne,
un novérota hipsohroma nobide (ap 100 nm) skabos apstaklos, ko var attiecinat uz skabekla
protonéSanu pie C(8). Savukart, pievienojot skabi atvasingjumu 7-9 DCM skidumiem,
garako vilnu absorbcijas josla pazid. Lidz ar to secinats, ka salu 7-9 gadijuma anjona forma
ir nepiecieSama garako vilnu absorbcijas joslai un protong$ana novers iekSmolekularo ladinu
parnesi (2. tab.). Saliem 7-9 tika iegfita lineara korelacija (R? = 0,99) starp absorbcijas joslas
maksimuma vilna garumu (Amax DCM $kiduma) un HOMO-LUMO parklasanas vértibam, ka
arT starp Amax un aprékinato starpplaknu lenki. Papildus tika salidzinati atvasinajumu 7-9
UV-Vis spektri ar izejvielu (0-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 s§kiduma (864 nm).

2. tabula
Savienojumu 7-11 un 0-QCCN UV-Vis spektroskopijas dati
. . Amax (Ig 5)
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) 5402 681 (3,71)
8 479 (4,08) 462 (3,90) 404 (3,60) 482 (3,77)
697 (3,68) 751 (3,42) 5402 710 (3,38)
577 (4,36) 570 (4,37) 346 (4,49) 575 (4,40)
9 615 (4,22) 607 (4,23) 4302 614 (4,27)
740 (sh) 864 (3,21) 5102 750 2

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-OCCN 414 (4,30) 414 (4,23) 382 (4,44) 415 (4,25)
636 (4,06) 640 (3,98) 559 (3,16) 640 (4,00)

2 absorbcijas joslas “plecs”.

Konstatéta lineara korelacija starp savienojumu 10-11, 7H™' un 0-QCCN garo vilnpu
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 apgritina liels starpplaknu lenkis), jo
lielaks ir garako vilnu absorbcijas joslas molaras absorbcijas koeficients.

10 41 oQCCN
09 b
08 10 (DMF) 7H (DMSO) 40 \\\1\0
S ——11 (DMF) ——0-QCCN (DMF) ~
0. 39 \\ 7Henof
3 06 L
805 538
204
s 0,3 37
' R?=0,9908
0,2 36 11
0,1 /\
0 35
300 400 500 600 700 800 900 0 10 20 30 40 50 60
vilna garums (nm) Q,°

9. att. Savienojumu 10, 11, 7He®' 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).

Sintez&to hinona atvasindjumu elektrokimiskas ipasibas acetonitrila (MeCN) skidumos
tika pétitas ar ciklisko voltamp&rmetrijas metodi (CV), un atbilstoSie elektrokimiskas
reducéSanas un oksidéSanas potenciali (E,.q, E,.) apkopoti 3. tabula. Ir zinams, ka
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aizvietotaju ievadiSana hinonu atvasinajumos var izraisit elektrokimiskas reducgSanas
potencialu nobidi.>” No CV mérijumu rezultatiem tika konstatéts, ka hinona atvasinajumi 7
un 11 ir vieglak reducgjami (pirmie reducsanas potenciali E’,; ir 0,48 V un —0,44 V
attiecigi). Pieaugot cianogrupu skaitam sals struktiira (savienojumi 8-10), pirmais
reducéSanas potencials nobidijas uz negativakam potenciala vértibam, ka ari uzradija
neatgriezenisku oksidé$anas procesu.

3. tabula

Hinona atvasinajumu elektrokimiskas ipasibas. Reducé$anas (E,4) un oksidésanas
(E,y) potenciali (MeCN skidums, Ag/AgCl references elektrods)

Savienojums ’ Elq, V ElL,V ’ E,xV
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 vide (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 sintezgti, lai izpétitu heterocikla gredzena
aizvietotdju ietekmi uz savienojumu elektrokimiskajam ipasibam (2. shéma).

®
EtsNH,

o o Ry

<
CN o] R,
5 / - 1b, 10a Ry, Ry, Ry = H, X = N
Ra al N R, 16,10bR;, Ry =H, Ry = NO,, X = CH
N7 X Et;N, DCM, 7 N X Rs 1d, 10c Ry, R, = H, R; = Me, X = CH
CN

1 h, reflux . 1e,10d R;, R,, = benzo, Ry =H, X = CH

1b-e 10a-d
2. shéma. Savienojumu 10a-d sintéze.

Savienojumi 10a-d arT tika pétiti ar CV metodi (3. tab., 10. att.). Tika konstatéts, ka

4-CH aizstasana ar N atomu (savienojums 10a) heterocikla izraisija tikai nenozimigas

izmainas abu potencialu vértibas. Pirmo reducé$anas potencialu un oksidésanas 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)
izraisija pretgju efektu.

—10

102

—10b

10¢c
—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 mérfjumi MeCN skiduma.

Apkopojot iegiitos rezultatus, var secinat, ka, 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-
dionam reaggjot ar C-nukleofiliem, var iegiit atvasinajumus, Kuros heterocikliska hinona
fragments var eksistét dazadas formas. Péc reakcijam ar stériski lieliem C-nukleofiliem
iegttie 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 noveérota garo vilnu absorbcijas josla rodas no iekSmolekularas ladina
parneses starp aizvietotaju un hinona fragmentiem, un $kiduma var noverot pozittvu vai
negativu solvatohromiju.

Gadijuma, ja aizvietotdja un heterocikliska hinona plaknes ir koplanaras, tad struktira
var veidoties polimetina fragments un rezultata veidojas asimetriskie “sasaistitie polimetini”.
Var secinat, ka, lai izprastu potencialas lietoSanas iesp&jas pétitajiem savienojumiem, ir
nepiecieSams analiz€t ar1 telpisko struktliru, jo, mainoties molekulas planaritatei, notiek
izmainas struktara un fizikalajas ipasibas. Turklat modifikacijas iespgja ir mijiedarbiba ar
bazeém, kas rezultata rada atskirigas negativa ladina delokalizacijas.

Originalpublikacija par $aja  apakSnodala  aprakstitajiem  pétijjumiem —
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/atskel$anas
reakcijas.® Kristalizgjoties ahirala organiskd 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 “skeletd” konformacionali lokanus aizvietotajus ar protondonoram Ipasibam, var
panakt supramolekularo sisttmu veidoSanos, ko stabilizé dazadas starpmolekularas
nekovalentis mijiedarbibas.%

Hinona atvasinajumu gadfjuma starp hinona karbonilgrupam un dazadam H-saites
donoru grupam (pieme&ram, OH vai NH») var veidoties plass starpmolekularo H-saiSu 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 atvasinajumu supramolekularas struktiiras
stabilizacija,*** ko var kontrolét ar kimisku modifikaciju un/vai aizvietotdju stériskiem
efektiem.

Halogengto o-hinonu reakcija ar pirm&jiem 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 materilus, kuru pamata ir
hinons, ir nepieciesami dati par aizvietotaju ietekmi uz ieks$/starpmolekularo mijiedarbibu
un tautome&ru veidoSanas iesp&jam. Tade] veiktas 6,7-dihlorpirido-[1,2-a]benzimidazol-8,9-
dionu reakcijas ar pirmgjiem aminiem un benzhidrazidiem, lai noskaidrotu aizvietotaja
ietekmi, ka arT izp€titu iegiito produktu strukttiru un ipasibas.

2.1. Pirméjie amini ka /N-nukleofili

Ieprieksgjos pétijumos® tika pieradits, ka gadfjuma, ja otr&jais alifatiskais amins
(dietilamins) tika izmantots k@ nukleofilais reagents reakcija ar 6,7-dihlorpirido-[1,2-
a]benzimidazol-8,9-dionu, tika iegiits o-hinona 1la 6-dietilamino atvasinajums. Tas
kristaliska stavokli veidoja struktiiru, kura molekulas novietojas kolonnas. Saja pétijuma
pirido- un pirimido-[1,2-a]benzimidazol-8,9-dioni (1a,b) tika izveleti sakotngja
heterocikliska o-hinona 1a modifikacijai ar dazadiem pirmgjiem aminiem (12a-g)
(3. a shéma). Tika iegiiti septinu savienojumu 13c-g un 14a,b kristali, kurus bija iespgjams
analizgt, 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 a, 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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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 o, B un vy; (C) iegito
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. ¢ shema) un kavéta rotacija ap C(6)-N(11) saiti. Ir zinams,®
ka merocianina fragments var veicinat fidenraza saites veidoSanos (resonance-assisted
hydrogen bond).

4. tabula
Savienojumu 13c¢-g un 14a,b izveleto saisu garumu, saisu lenku (o, B, y) un torsijas
lenku (¢) vertibas (no RSA) un aprékinata Mayer saites karta

12 (C6- $2°¢(C6- | C(6)-N Maver | Saisu lenku
Sav. Konformacija N11-C12- N11-C12- attalums, saites)I(é a | ® Buny
C13),° C13),° A summa, °
13¢c 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 | antiveriolanara | 168507 ~168,50%° | 1,338%° | 1,236%° | 359,74%°
perip 15221 | -152,21"% | 1369 | 1,242°% | 350,99
13g | 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 saitem 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 kedei. P&c kristalizacijas savienojums 13¢ spontani
izveidoja necentrosimetrisko hiralo kristalu ar telpisko grupu P1% un Flack parametru tuvu
nullei (11. a-1 att.). Saskana ar RSA datiem (4. tab.) savienojuma 13c kristals satur tikai
konformé@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 13c¢ 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 rotameru (vienu no konformé&riem, kas rodas kavétas
rotacijas ap vienu saiti de]®’), kas saistits caur inversijas centru ar ta inversijas ekvivalentu
(piem&ram, 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:
(1) ORTEP diagrammu asimetriskas vienibas savienojumiem, kas parada termiskos

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

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

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

C(12) .
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! N1y |
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! |
1(b-3) [(e3)
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|
|
|
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elipsoidus 50 % varbiitibas Iiment; (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 vid&ji spéciga®®) izraisija 1D
molekularo keézu veidosanos savienojumu 13c-g un 14a,b kristaliskajas struktoras. 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 (-)] atsevisSkas
konforméru kédes) savienojumiem 13c-d,f un 14b (11. a-3, b-3 att.) un zigzagveida motivs
(zig-zag pattern) (kedes, kas veidojas gan no (+)- gan no (—)-konform&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(11)H...N(5) iekSmolekularas H-saites klatbtitni. Endo formas mazako patsvaru var
izskaidrot ar pagarinato C(6)-N(11”) saiti (4. tab.), lai izveidotu ickSmolekularo H-saiti.

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

Ievérojot -NH-CH>- fragmenta (kas nosaka exo/endo formas savienojuma 13f kristala)
klatbiitni strukttra, bija verts izpétit dazadu formu eksistenci Skiduma. Turpmakajos
struktiiru pétjumos iegiitie savienojumi tika analizeti ar '"H KMR spektroskopijas metodi.
Neskatoties uz ievadito aizvietotaju dazadibu, savienojumu 13b-g un 14b 'H KMR spektros
(DMSO-dp) tika noverotas divas iezimes, kas atbilst -NH-aCH>- (t.i., -N(11)H-C(12)H>-)
fragmentam. NH protonu signali tika novéroti vajakos laukos (7,99-8,72 ppm diapazona),
ka ar1 aCH2> 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 metilengrupu signaliem, ieskaitot CH» grupas signalus -NH-aCH>-CH, fragmentos
savienojumos 13b-e un 14b. Savienojuma 13f (satur diastereotopu CH> pie N(11) atoma)
aCH, 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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13. att. Savienojumu 13c-g, 14b '"H KMR (500 MHz, DMSO-ds) spektri; aCH> protonu
signali ir apZiméti ar apliem.

NH un aCH: protonu kimiskas nobides var ietekmét $kidinataja polaritate, tapéc tika
izveleti savienojumi 13f-g, lai izpetitu 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 CDCl3 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; skiduma atrasti exo un endo formu signali; exo : endo attieciba (70 : 30) bija lidziga
kristaliskaja struktiira nov@rotajai attiecibai (80 : 20), savukart DMSO-ds un MeCN-d3
Skidumos istabas temperatira (298 K) izteikti endo formas signali netika konstateti. Tika
pienemts, ka savienojuma 13f exo forma tiek stabilizéta, veidojot kompleksus “viela-
$kidinatajs”, tadel vaja nekovalenta mijiedarbiba ar $kidinataju konkur€ ar endo formas
stabilizaciju ar iek§molekularas H-saites veido$anos. Savienojuma 13g 'H KMR spektros
(298 K) visos izmantotajos skidinatajos endo formas signali netika noveéroti.

Nemot véra savienojuma 13f divu formu klatbiitni (exo/endo) kristaliskaja stavokl, talak
savienojumu 13f-g formas skiduma tika pétitas, izmantojot mainigas temperatiiras
'"H KMR spektroskopijas eksperimentus (MeCN-d5 $kidumos) (14. att.). Pazeminoties
temperatiirai, 'H KMR spektros (248-253 K) novérotas izmainas — notiek visu plato signalu
(NH, aCHz grupas un C(1)-H) saSaurinasanas un saskel$anas. Papildu zemas intensitates
signalu (atbilst endo formai) paradiSanas pierada, ka $kiduma eksisté divas formas.
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5. tabula
Savienojumu 13f-g kimiskas nobides (8) 'H KMR spektros dazadu skidinataju

Skidumos
-~ Skidinatajs §l§_dipéta‘1ja H-sai7t0es Kimiska nobide (3), ppm
aziskums (B1) NH HN-aCH;
o : sz | 4o 4z
13f MeCN-ds 0,37 6,96 433,413
DMSO-ds 0,71 8,26 4,10, 4,23
CDCls 0 6,34 5,50
139 MeCN-ds 0,37 ~730 5,63
DMSO-ds 0,71 8,72 5,69

Savienojumam 13g zemakas temperatiiras abas formas novérotas §kiduma (exo : endo
formu attieciba 85:15), lai gan cieta stavoklt tika konstatSta 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 nov@rota exo : endo formu attieciba (248 K, MeCN-d; §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 (ekranéti) 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 saskelas divos signalos.
Turklat zemas intensitates NH grupas signals (endo forma ar ieckSmolekularo H-saiti) paradas
pie 7,41 ppm, savukart exo formas NH grupas signals tika nov@rots pie 7,17 ppm. Parasti
NH protona signaliem, iesaistitiem starpmolekularaja H-saitg, ir vairak izteikta atkariba no
temperatiiras neka iekSmolekulari saistitiem NH grupas signaliem (jo iekSmolekulara
mijiedarbiba ir spécigaka neka starpmolekulara H-saite’?). Savienojuma 13f gadijuma NH
protona signala (exo forma) kimiska nobide MeCN-d; Skiduma lineari korelgja ar
temperatiiru (248-333 K, R =0,97).

Savienojumam 13f tika uznemti mainigas temperatiiras '"H KMR spektri ari DMSO-ds
$kiduma, karsgjot 11dz 393 K, rezultata tika konstateta tikai monomeéra exo forma (jo Saja
temperatiira 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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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

T=328K N

temperatiiras 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 iegit atvasinajumus, Kuros
heterocikliskajam 0-hinona fragmentam piemit merocianina tipa struktfira fragmenta
0=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 var€ja novérot dazada veida starpmolekularas mijiedarbibas (taja skaita — vairakas
H-saites un starpslanu n-n mijiedarbibas). Parsvara iegiiti centrosimetriskie kristali, tom&r
viens no atvasinajumiem izveidoja hiralo kristalu bez inversijas ekvivalenta.

Iegito produktu gadijuma kristaliskaja stavokll un $kiduma dominé forma bez
ickSmolekularas tidenraza saites (exo forma). Otras formas (ar ickSmolekularu H-saiti, endo
forma) klatbiitne izskaidro novéroto CHz grupas (blakus NH) signala paplasinasanos
'H KMR spektros §kiduma istabas temperatiird. NH protona signala kimiska nobide ir
atkariga gan no skidinataja H-saites baziskuma, gan no temperatiiras.

Originalpublikacija par $aja  apakSnodala  aprakstitajiem  pétijjumiem —
2. pielikuma.

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

aminiem, tika iegliti 6-aminoaizvietotu produktu (13a-g un 14a,b) zilas vai violetas krasas
kristali, savienojumu 16a-¢ gadijuma 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 tautoméras struktiiras.”>’* Péc veiktajam analizém ('"H KMR un FTIR) iegiito
savienojumu tautomera 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. shéma. Savienojumu 16a-f sintéze.

Péc saiSu garumu analizes (RSA dati) tika konstatéta savienojuma 16a
a-hidroksi-p-hinonimia forma. Molekulas 16a ORTEP diagramma ar termiskajiem
elipsoidiem un atomu numeracijas shému redzama 15. a att€la. Savienojuma 16a struktiira
konstatetas divas iek§Smolekularas 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 diméru RZ(10) (15. b att.).
Konstatéta diméru mijiedarbiba starp slaniem (15. c att.) pa kristalografisko a asi, ka arT iss

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

ot / ch C/ Qe starpmolekularas

H-saites

“ d (OH...0) = 1,981 A
f/ 'Y

iekSmolekularas

H-saites attalums starp slaniem
d (NH..N) = 1,984 A d=3126 A

) C

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

legiito savienojumu 16a-f '"H KMR spektros DMSO-ds $kiduma tika noveroti 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 skiduma, jo $kidinatajs neietekmé&ja savienojuma 16a NH protona signala
ktmisko nobidi (dnu = 14,71 ppm (DMSO-ds); onu = 14,68 ppm (CDCI3 — skidinatajs, kura
starpmolekulara H-saite ir vajaka’”). Tomer $kidinataja maina no DMSO-ds uz CDCl3 nobida
OH signalu stipraka lauka no 10,99 ppm 1lidz 7,20 ppm. Ir zinams, ka
a-hidroksi-p-naftohinona atvasindgjumu gadijuma OH protoni ar iekSmolekularo 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 Sny attiecigi) "H KMR spektros (DMSO-ds) atkariba no dazadu aizvietotaju
ievadiSanu savienojuma 16a struktira. Par aizvietotaju raksturlielumu tika nemtas
aizvietotaju Hammett konstantes (cp).’® Rezultata linearas korelacijas (R? = 0,99) konstat&tas
savienojumiem 16a-c¢ (R; = H) un 16d-f (R; = NO») starp aizvietotaju Hammett konstanti
(Ra2, fenilgredzena para-pozicija) un dou (16. att.). Nitrogrupas klatbttne heterocikliskaja
fragmenta (R; = NO3) izraisija OH signala nobidi vajaka lauka, salidzinot ar lidzigam
molekulam bez aizvietotaja (R1 = H) heterocikla (Adon = 0,3 ppm). Tomer NH signals
nobidas stipraka lauka, ja heterocikliskaja gredzena ievada nitrogrupu (R1 = NOy), 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 Ry (fenilgredzena para-
pozicija) raksturu, parejot no elektrondora uz elektronakceptoru aizvietotaju (16. att.). Ir
zindms,” ka spécigaka ick§molekulara H-saite nobida NH protona signilu vajaka lauka.
Tadgjadi elektronakceptora grupa fenilgredzena (R2 = NO») palielina NH protona skabumu
un iekSmolekularas H-saites stiprumu, savukart elektronakceptora grupa heterocikliskaja
fragmenta (R; = NO2) ietekmé elektronu blivumu pie N(5) un iekSmolekularo H-saiti.
Savienojumus 16a-c¢ var raksturot ari ka aroilhidrazonu strukturalos analogus.”* No

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

literattiras
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 nov@rota C=N dubultsaites
konfiguracijas maina savienojumam 16b (DMSO-ds) pec TFA pievienoSanas (parakuma) un
pec sekojosas apstaroSanas 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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16. att. Savienojumu 16a-f struktiiras un korelacijas starp to aizvietotaja (Ro) Hammett
konstanti (cp) un NH protona (Sxu) vai OH protona (Son) kimiskajam nobidém '"H KMR
spektros (DMSO-dp).

No savienojumu 16a-¢ '"H KMR spektriem ir redzams, ka struktiira ir divi skabi protoni.
Lai izp@titu iesp&jamo iegiito savienojumu deproton&Sanas/protonésanas procesu, tika veikts
"H KMR spektroskopijas titrésanas eksperiments, ka paraugu izmantojot savienojumu 16b.
DeprotongSanas process tika pétits péc secigas bazes (DBU) pievienosanas. Tiklidz
savienojuma 16b DMSO-ds Skidumam tika pievienoti 0,15 ekvivalenti bazes, noverota
pilniga OH grupas signala izzu$ana 'H KMR spektra (17. att., iezZim&ts sarkana krasa), ka ari
dzeltenas krasas $kidums uzreiz kluva tumsi zils. Taja pa3a laika paradijas DBUH™ signals
pie 9,58 ppm (17. att., ieziméts zila krasa). Tika pienemts, ka deprotonétais savienojums 16b
veido H-saiSu kompleksu ar DBUH". Talak, pievienojot bazi, amida fragmenta NH protona
signals kltst Sauraks un tiek nobidits stipraka lauka no 14,70 ppm Iidz 14,51 ppm
(17. att., ieziméts dzeltena krasa). Péc DBU parakuma pievieno$anas konstatéta vél viena
forma (17. att., iezZim&ts zala krasa; signalu attieciba 0,95 : 0,05). Jaatzimé, ka lidzigs process
tika noverots arT savienojumu 16a un 16c¢ gadijuma pec mijiedarbibas ar bazi parakuma.
Pievienojot TFA parakumu, novérotas sekojoSas izmainas: atkal paradas OH grupas signals,
atgriezas Skiduma dzeltena krasa un paziid otras (minoras) formas signali. L1dz ar to secinats,
ka skabes-bazes lidzsvars ir atgriezenisks.
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17. att. "H KMR savienojuma 16b skabju-bazes titrésana DMSO-ds $kiduma (p&c
secigas bazes (DBU) un skabes (TFA) pievieno$anas).

Savienojuma 16a UV-Vis absorbcijas spektri tika p&titi DCM un DMSO $kidumos, un
abos Skidumos konstateti divi absorbcijas maksimumi pie 381 nm un pie 446—449 nm.
Pievienojot bazi (DBU) savienojuma 16a $kidumam, paztid absorbcijas josla pie ~ 450 nm
un paradas jauna absorbcijas josla pie 556 nm dihlormetana un pie 607 nm DMSO §kiduma.
Aizvietotaju (R1 un R») ietekme uz garo vilnu absorbcijas maksimumu parbaudita,
pievienojot DBU savienojumu 16a-c¢ (mainigais R2, R1 = H) un 16d-f (mainigais Ro,
Ri = NO2) CHCI; skidumam (6. tab.). Novérots, ka deprotonéto 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 (CHCl3)
Sav. 16a 16b 16¢ 16d 16e 16f
365 (4,40) | 368 (4,45)
hmax (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 reducét lidz aminofenoliem.®?

Literatara®

minéts, ka o-hinona modifikacija par ta p-hinonimina analogu maina
savienojuma redokspotencialus un redoksipasibas, ka arT hinona un imina grupu kombinacija
viena molekula ir perspektiva pieeja organisko elektroenergijas uzglabaSanas materialu
izveidei.®* Turpmakaja pétljuma o-hinona la (elektrokimiski akfivs 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 Gdens vid€; savienojums 16a
neskist neitrala un skaba vide, savukart savienojums 1a neskist tidens Skidumos visa pH
diapazona. Lidz ar to analizei tika izmantots neitralais (0,5 M K2SO4) un skabais (0,5 M
H>S04) elektrolits. Katoda materiali CM-1a un CM-16a tika sagatavoti, kombingjot hinona
atvasinagjumus la vai 16a ar Vulcan XC72 CB (substrats) un PVDF (saistviela) DMF
Skidumu. 18. attéla redzami paraugu CM-1a, CM-16a un parauga bez aktiva materiala
(substrata) CV merjumu rezultati dazados sken&Sanas atrumos neitrala un skaba elektrolita.
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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 noveroti divi oksidéSanas un reducésanas maksimumi
(atbilst o-hinona fragmentam molekula) skené$anas potencialu loga (potential window) gan
neitrala, gan skaba elektrolita. Palielinot H" jonu koncentraciju, novérota reakcijas
potenciala nobide uz pozitivakam potencialu vértibam. Skaba vidé abi potenciali ir stabili,
un to potencialu starpiba ir tikai 0,2 V, savukart neitrala vide tikai viens potencials paliek
nemainigs péc vairakiem CV cikliem. Tomér paraugam CM-16a neitrala elektrolita nevar
novérot nozimigus redoksprocesus; tikai skaba elektrolita gadijuma var redzet divus
atgriezeniskus oksid@Sanas 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 cikleésanas (electrochemical cycling) skaba un
neitrala elektrolita (19. a att.). Iegiitie rezultati parada, ka pirms cikléSanas un cikléta katoda
materiala CM-1a spektri skaba elektrolita sakrit ar izejvielas la spektru. Savukart pec
parauga CM-1a cikléSanas neitrala elektrolita spektra var redzet tikai oglekla C un D
joslas.®>37 Secinats, ka aktiva viela $kist elektrolitd un elektrokimiskas reakcijas notiek
Skiduma (redoksprocesi §im paraugam noveroti CV mérjjumos (18. att.)). Savukart
savienojums 16a paliek katoda materiala pec CV meérijjumiem, un tam nenoveéro biitiskas
izmainas, ka redzams no praktiski vienadiem Ramana spektriem vielai 16a un paraugiem
CM-16a pirms un pec cikl€Sanas, kas arT liecina par izteiktu stabilitati cikléSanas apstak]os.

Salidzinot skengjosas elektronu mikroskopijas (SEM) attelus (19. b att.) parauga CM-1a
pirms un péc cikleSanas neitrala vai skaba elektrolita, var redzet, ka tikai dala no sakotn&jas
morfologijas saglabajas, kas apstiprindja informaciju no Ramana spektriem par aktivas
vielas skiSanu elektrolita. Parauga CM-16a SEM attélos péc CV mérijjumiem neitrala un
skaba elektrolita var pamanit nenozimigas izmainas morfologija, ko var izskaidrot ar dal&ju
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aktivas vielas izSkiSanu. Lielaka materiala CM-16a stabilitate, salidzinot ar paraugu CM-
1a, var biit izskaidrojama ar vaju nekovalentu mijiedarbibu starp savienojumu 16a un
substratu.

Apkopojot iegiitos rezultatus, var secinat, ka pec 6,7-dihlorpirido[1,2-a]benzimidazol-
8,9-diona reakcijam ar benzhidrazidiem tika iegtti a-hidroksi-p-hinonimina atvasinajumi ar
vienu C=N saites konfiguraciju, ko stabiliz€ iekSmolekulara H-saite. Tome&r iegitie
savienojumi paklaujas deprotonéSanai un mijiedarbibai ar baziskiem S$kidinatajiem skaba
OH protona del. Elektroda materiala pagatavo$anai parasti tiek izmantoti skidinataji ar
baziskam 1pasibam (pieméram, N-metil-2-pirolidons), tapéc pirms materiala pagatavoS$anas
ir jaizanaliz€ savienojuma stabilitati $ados apstaklos. Secinats, ka katoda materials, kura
pamata ir 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dions (CM-1a), var€tu potenciali
efektivi darboties elektrodos @idens elektrolitu baterijas, ja tiks samazinata vielas $kidiba,
pieméram, piesaistot pie poliméra matricas, kas varétu bit virziens talakiem p&tfjumiem.

Originalpublikacija par $aja  apakSnodala  aprakstitajiem  pétijjumiem —
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-NHg: attiecigi (6. pielikums). Materialiem veikti CV
mérijumi skaba vidg, un uznemti SEM attéli pirms un péc elektrokimiskas ciklé$anas. No
iegtitajiem rezultatiem redzams, ka paraugu CM-7H CV mérijumos ir vairaki maksimumi,
kas varétu liecinat par dazu formu klatbaitni (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 atvasindgjumiem 10a-d piemit
redoksipasibas $kiduma (MeCN) (10. att., 3. tab.), CV mérijjumi katoda materialam
CM-10 skaba udens elektrolita neparadija lidzigus rezultatus. Paraugiem CM-7H un
CM-10 SEM attelos redzama parauga dalgja $kiSana péc ciklgSanas. Paraugs
CM-Q-NH2 CV meérijumos uzradija baterijas tipa Ipasibas ar salidzino$i augstu stravu un
vislielako stabilitati ciklé$anas procesa.

34



Intensitate (a.u.)

- Savienojums 16a

— CM-16a

— CM-16a péc CV skaba vidé
= CM-16a péc CV neitrala vidé

L

T T T T
1200 1400 1600 1800

Intensitate (a.u.)

-~ Savienojums 1a

= CM-1a

= CM-1a péc CV skaba vidé
= CM-1a p&c CV neitrala vidé
LA A m
I

T T T
1400 1600 1800

2000

1000 1 ) 2w 000 1200
Raman nobide (cm) Raman nobide (cm)™
b,
Paraugs CM-1a Paraugs CM-16a Substrats
>
(S]
(7]
£
=
o
30pm

[N

=]

>

O

O 1

22

2

30um 30um 30um

[N

>32

o g

|3 =l

o g

[}

S 30pm

19. att. (a) Ramana spektri izejvielam 1a un 16a (zala linija), katoda materialiem (CM-
1a un CM-16a) pirms (zila Iinija) un p&c to cikleSanas skaba (sarkana linija) un neitrala
(peleka) Imija) elektrolitos; (b) sagatavoto katoda materialu CM-1a, CM-16a un substrata
(parklajums bez aktiva materiala) skengsanas elektronu mikroskopijas attéli pirms un p&c
CV mérijumiem neitrala un skaba elektrolita (2500% palielinajums).
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SECINAJUMI

Strukturalie petijumi 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 Skiduma ietekmé aizvietotaja
raksturs, negativa ladina delokalizacija un planaritate. Steriski liels arpus plaknes
izgriezts funkcionalizéta indana fragments padara savienojumu struktiru 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 nenovérots.

Savienojums 7 X=Y =0
Savienojums 8 X = O, Y = C(CN),
Savienojums 9 X =Y = C(CN),

Gadijuma, ja 7-h10rpirido[1,Z-a]benzimidazol—S,9-d10n€1 ir ievadits -NH-CHa-
fragments C(6) pozicija, veidojas merocianina tipa struktira. So atvasinjumu
gadijuma cieta stavokll un skiduma doming€ exo forma (bez iekSmolekularas
fdenraza saites). Endo formas klatbiitne (ar iekSmolekularu H-saiti) izskaidro
novéroto CH; grupas (blakus NH) signala paplasinaganos 'H KMR spektros §kiduma
istabas temperatiira.

forma ‘ D i D forma
CHZ

HQC‘

Péc 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-dionu reakcijas ar benzhidrazidiem
veidojas a-hidroksi-p-hinoniminu atvasinajumi, kuros iekSmolekulara H-saite starp
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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 L R,
U
G >, N
HO N

c Mmoo
Katoda materiali uz 6,7-dihlorpirido[1,2-a]benzimidazol-8,9-diona un to
atvasinajumu bazes potenciali vargtu darboties ka aktivi elektroda materiali tidens
elektrolitu baterijas.
6,7-Dihlorpirido[1,2-a]benzimidazol-8,9-dions var kalpot ka daudzfunkcionala
platforma savienojumu iegtiSanai ar plasu 1pasibu klastu, ko potenciali var izmantot
materialu joma.
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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.2’ 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- 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.?

(0] (0] (e] o
HoN HoN N\ OH H,oN NH, MeO. OMe
| -
NH, HyN N OH HoN NH,
(o] (o]
Candidates for cathode material Candidates for cathode material
(Li ion batteries) (Zn ion batteries)

o
K c
N R COOH N N
O Q/ </ />
Hooc R N N N
H
0 o

Candidates for redox flow batteries

25-30

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.?!-3?
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[1,2-
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, 1.; 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. Galile, 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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4.

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. 1st 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°
A= T T — sl ™

° N HO Ao & HO Se \
2 H 9% NR2

A B c D o g °®

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.

o
ié ®
7 .# EtsNH,
Et;N, DCM, 24 h, r.t. F
NG CN ®o,
e s L0
/ EtsN, DCM, PRI
1 h, reflux NC U
o CN
o] O ¢ 1
® L R B N 10
EtsN,DCM, 24h,rt] ¢ NP0 o H o
NC 6 N 4
) CN al X \f
7X=Y=0 NH
8X=0,Y=C(CN), 1a o
9 X =Y =C(CN), { 6 ® .0
CN L~ Et:NH Y
NC Et;N, DCM,
[ S— 24 h,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®2 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 (7He™) were obtained
unexpectedly by slow evaporation of DCM solution of salt 7. The structure of compound
7He! 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---O = 1.379 A, the value of N(5)---H---O angle is equal 157(6)°). In the crystal structure
of 7Hem! a strong intermolecular -hole interaction was found between the oxygen of C=0

48



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 __‘

: intermolecular contact :

d(0..Cly=2917A
0o

N

c
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oy |
DIKETO FORM
T
.
55

T T T
6.5 6.0

1 (ppm)

Fig. 4. a— ORTEP diagram of the asymmetric unit for compound 7He"! showing
thermal ellipsoids at the 50 % probability level. b — Molecular packing of compound 7He°!
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
7Hen!l 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 1 and 4 (see Fig. 5a for the bond
numbering). One structural unit includes bonds 16-2-3-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 7He"!, bonds 2 and 3 displayed
a pronounced single/double bond alternation like in the “classical” o0-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, 7He"! 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, 7He™! 0-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 5-15) and a
nearby carbonyl group (bond 17) (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 17 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 7He™!,
bond 17 was slightly shorter since strong intramolecular H-bond N---HO affected z-electron
distribution in the heterocyclic part (bonds 12-13) 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.
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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 60+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 (r) between
planes of compounds 10-11, 7H and 0-QCCN

Compound Method 112 10 7Hen! 0-QCCN
60.79 (11A)
I;lrt]erlzlanir X-ray 64.60 (11B) 10.48 25.57 4.56
gle o, Calculations® 65.62 1.07 31.16 153
1.468 (11A
reorcomsion | XM | Tacte) | 1402 1.448 1412
Calculations® 1.462 1.395 1.449 1.401
0.0935 (11A)
BLAY A X-ray 00975 (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-TZV/P 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 (& of C(8)
and C(9)) in **C 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 o-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 A3(C=0) (quinone
fragment) in **C NMR spectra of compounds 7-11 and calculated interplanar angle (DMF)
(Fig. 7 b).

One signal at a single chemical shift was observed for carbons of carbonyl groups of
1,3-indandione moiety in *3C NMR spectra (DMSO-dg) of triethylammonium salt 7
(8(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).
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Fig. 7. a— A fragment of **C NMR (DMSO-de) 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 (A5(C=0)) in °C
NMR spectra of compounds 7-11 in DMSO-ds.

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 0-QCCN HOMO-LUMO
overlap values are higher; thus, the charge transfer character seems to be weak (Fig. 8).
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LUMO Compound

HOMO
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0.6098 0.5189 0.3746 0.2228 0.6219 0.4539 0.6311

HOMO-LUMO

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 Multiwfn5®

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 63010 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. 200 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 (0-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
Compound Amax (Ig€)
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)
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-OCCN 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.

4.1 o-QCCN
0.9 "
08 10 (DMF) 7H (DMSO) 4 o
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Fig. 9. UV absorption spectra of compounds 10, 11, 7He™ and 0-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, E,x) 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/AgClI reference electrode)

Compound ’ Elq, V El, Vv ’ EoxV
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 -151 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 Y
o} 1 R NG CN og L R g,
N 5 — 1b, 10a Ry, Ry, R3=H, X =N
cl /)\x/ Rs al N Rs 1c, 10b R, R3i H, R, - NO,, x_= CH
N Et;N, DCM, N X 1d, 10c Ry, R, =H, R; = Me, X = CH
cl 1 h, reflux NG / 1e,10d Ry, Ry, = benzo, Ry =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. E%,; = —0.80 V and 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.

—_—10

—10a

—10b

10¢c
—10d

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 20
Potential (V) vs. Ag/Ag*

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 Et3N 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-n 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.*4 43

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 o-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 a, 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, B 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 (Multiwfn¢
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 c) 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 b,c
Cmpd. | Conformation l?llllécig li)lzllgig digz(i?\)c-e!\l A bow da)(gfcrier tgg :gerso(I,
C13),° C13),° ! Bandvy,°
13c 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

13f | antiperiplanar 168.50%° -168.50%° 1.338%° 1.236%° 359.74%°
152,216 | 152218 | 1 3GQende 1.242¢nd0 359.99¢nd°

139 antiperiplanar 164.62 -164.62 1.333 1.231 359.21
l4a - - - 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).
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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 13c-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.

exo endo

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
exo/endo 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-aCHb- (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 aCH> 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-djs) spectra of compounds 13¢-g, 14b; signals of
aCH> 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 p1 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
CDCIl3 for compounds 13f-g can be explained by the formation of the solute-solvent
complexes.”!

It was observed that protons of the aCHz group appeared as broad signals for compounds
13f-g in MeCN-d5 and CDCls solutions as well (Table 5). In '"H NMR spectra of compound
13f in CDCI3 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 (3), ppm
Cmpd. Solvent solvents (B)" NH HN-aCH
coc 0 a7 | a7a30me
13f 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
139 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-d5s 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 (aCHz) 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 aCHb»). 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-d5 solution correlated linearly with temperature (248333 K, R? = 0.97).

For compound 13f VT 'H NMR spectra were also recorded in DMSO-djs 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
0f 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 n-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 Et;N (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).

(0] o ';
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" “N"12 ¢ 2

c " o

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 R2(10) molecular
dimer was formed with the second molecule of the compound through intermolecular bond
0(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. )

023 )

€ )
C'\Q_ 2 intermolecular [ § . »)’i
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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 (dxu = 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-d; 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-ds) 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 Snu, respectively) in 'H NMR spectra (DMSO-ds) of compounds
16a-f were analyzed. The Hammett constants (6p) were taken as the characteristic of the
substituents.”® As a result, linear correlations (R? = 0.99) were found between the Hammett
substituent constants (R», substituent at the phenyl ring) and dou (Fig. 16) for compounds
16a-c (variable R> while Ri = H) and 16d-f (variable R» while R; = NO3). The presence of
the nitro group in the heterocyclic fragment (R1 = NO») 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 = NO) resulted
in an upfield shift of NH signal (Adnu = 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 = NO>) increases the acidity of the
NH proton and the strength of the intramolecular H-bond, while the electron-withdrawing
group at the heterocyclic fragment (R = 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.’®®! In this work, no signals of
isomerization products were observed in '"H NMR spectra of DMSO-ds or CDCl; solutions
of compound 16a as well as no configurational switching was observed for compound 16b
(DMSO-ds) 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 (8xi) 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 446—449 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 R2) on the longwave absorption
band was examined by the addition of DBU to the CHCI3 solution of compounds 16a-c
(variable R, while R = H) and 16d-f (variable R2 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 (CHCl;s)
Compound 16a 16b 16¢ 16d 16e 16f
365 (4.40) | 368 (4.45)
hmax (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/DMEF. 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>S0O4) 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-
16a, 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[l,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 o
C-nucleophiles — N-nucleophiles
N
cl®
o] (o]

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.
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On the base of 7-chloropyrido[1,2-a]benzimidazole-8,9-dione core containing
-NH-CHz- 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.
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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.
R

@ H-bond
N 3
o N Ry
U
G N
HO SN

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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ABSTRACT: A synthesis of 7-chloropyrido[1,2-a]benzimidazole-
8,9-dione derivatives bearing fragments of widely used acceptor
units has been performed, and their structures were investigated
using the principle of coupled polymethines. Their electronic and
electrochemical properties have also been studied. Compounds
were isolated in both salt and neutral forms and depending on the
introduced substituent can exist as o-quinone or p-quinone

methide.

Bl INTRODUCTION

Quinone derivatives have been widely used due to their unique
electrochemical properties that can enhance the efficiencies of
energy-harvesting and energy-storage systems.'

When considering an application of quinone derivatives, it is
important to note that the chemical stability, properties, and
solubility depend on the chemical structure, interaction with
media, and changes upon isomerization. It is known from the
literature™” that modification of the o-quinone fragment at the
C(4) position may involve isomerization into p-quinone
methide or p-quinone imine in biological systems, in some
cases leading to toxicity. Inter- and intramolecular hydrogen
bonds (H-bonds) affect the electrochemical properties and
solubility of quinone derivatives and can be controlled by
chemical modification or steric hindering to create stable
molecular crystal materials and electrodes for battery
applications.* Among many parameters relevant to the design
of organic redox materials, the planarity or nonplanarity of the
molecules is also an important factor.”

Quinones can be used as ligands to design coordination
complexes®” or metal—organic frameworks® featuring original
photophysical and redox properties. Functionalization of the
quinone molecules and tuning the bonds formed between
quinone ligands and metal ions as well as delocalized electron
distributions endow the metal—organic frameworks (MOFs)
with chemical and electrochemical stability, which are essential
for organic electrode materials to have the desirable properties.
Thus, quinone structure isomerization or condensation with
heterocycles can lead to a different metal—ligand bindin%
mechanism as well as to new properties of the compound.”’

Hence, studies of the relationship between quinone’s
molecular structure and its photophysical and electrochemical
behavior are extremely important as they may provide further

© 2022 American Chemical Society
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insights into the chemical engineering of quinone molecules
for a specific application.

Imidazo[1,2-a]pyridine is a common nitrogen-bridgehead
heterocycle used in pharmacology research because of the
biological activities of its derivatives'' and has also found
applications in material science.'” Some imidazo[1,2-a]-
pyridine derivatives serve as excited-state intramolecular
proton transfer (ESIPT) fluorophores'> due to H-bond
formation properties and can coordinate with metal ions."?

Quinone 1 contains an imidazo[l,Z-a]pyridine fragment
fused with an o-quinone moiety, and substituents can be
introduced selectively at the C(6) position.14 According to the
literature,">'® o-benzoquinones, depending on the nature of
the substituent at C(4)/C(S), can be characterized using a
coupled polymethine concept. Two polymethine chains
separated from each other are found in the structure, and
the optical and photophysical properties of the molecules differ
from the “classical” quinone properties. It was previously
reported'* that after the introduction of electron-donating
substituents at the C(6) position of quinone 1 a new strong
longwave absorption band was observed in their UV spectra.

Keeping these features in mind, we synthesized quinone
derivatives (2—6 and 3H—6H) by combining heterocyclic o-
quinone 1 with commonly used acceptor end groups such as
barbituric acid'”'® (7), 1,3-indandione analogues with differ-
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Scheme 1. Synthesis of Compounds 2—6 and 3H—6H
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ent numbers of dicyanomethylene units’*™*' (8—10), and
malononitrile (11) (Scheme 1) and investigated their
structure—property relationships. We explored how substitu-
tion at C(6) of quinone 1 affected the bond lengths of quinone
and fused imidazo[1,2-a]pyridine moieties as well as the
planarity or nonplanarity of the resulting compounds using X-
ray crystallography data. Connection of donor and acceptor
moieties by only one C—C bond is used to design molecules
with a small HOMO/LUMO gap.”> A minimized distance
provides less conjugation between donor and acceptor units,
but such a combination may affect both parts of the molecule:
the heterocyclic quinone and the introduced substituent.

It is known® that combination of different chelating sites in
the same molecule should enhance the coordination abilities of
a compound. For example, the ligand could gain the ability to
form heterometallic complexes with different metals at both
sites simultaneously.”® The investigated quinone derivatives
could be promising because o-quinones and imidazo[1,2-
alpyridine are known as metal binding fragments and
combination of such fragments could lead to multifunctional
ligands. Such species would be interesting from the viewpoint
of the redox properties or sensor activity, self-assembly of
ordered structures in a crystal phase, the formation of a
hydrogen-bonded organic framework®* or the formation of
MOFs.

B RESULTS AND DISCUSSION

Synthesis. Heterocyclic quinone derivatives were prepared
by nucleophilic substitution of a chlorine atom at C(6) of
quinone 1 in the presence of triethylamine, which led to
isolation of compounds 2—6 as triethylammonium salts with
different localizations of the negative charge (Scheme 1).
Despite the fact that all quinone derivatives were isolated in
the salt form, compounds 2—$ exist in the 0-quinone form and
compound 6 and its derivatives 6a—d in the p-quinone
methide form. Isolation of compound 6 at ambient temper-
ature was unsuccessful, and the product was obtained under
reflux.
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Salts 6a—d were obtained using the same procedure by
nucleophilic substitution of quinone derivatives la—d"* with
malononitrile (Scheme 2).

Scheme 2. Synthesis of Compounds 6a—d
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The conclusion about the form (o-quinone or p-quinone
methide) of the isolated compounds was reached by using X-
ray crystallography (vide infra) and NMR data analysis. Shifts
of quinone carbonyl groups in *C NMR spectra indicated that
salts 2—5 are likely to exist as o-quinones because the
differences in their C=0O shifts are 11.1, 9.0, 11.5, and 13.0
ppm, respectively (Figures S2, S4, S6, and S8). These values
are greater than that of o-quinone 1 (8.7 ppm).'* Nevertheless,
for compound 6, the C=O0 group shifts were closer to each
other with a difference of only 0.2 ppm (at 169.3 and 169.5
ppm). A similar trend was observed in NMR spectra of
compounds 6a—c (C=0 shifts have 0.3—1.8 ppm dlfferences)
and compound 6d (3.9 ppm). On the basis of the literature,>
we concluded that the electron density on the C(8) atom for
compounds 6 and 6a—d was greater but on the C(9) atom was
smaller than on the same atoms of compounds 1-5. An
intermolecular H-bond with O(8) and O(9) atoms could
explain unsuccessful attempts to obtain a tetracyanoquinodi-
methane derivative from compound 6. Probably, in the case of
o-quinone derivatives, the difference in the chemical shifts of
carbonyl groups in the '*C NMR spectrum can be used to
analyze the hydrogen bonding effect.

It is noteworthy that both carbonyl groups of the barbituric
acid moiety of compound 2 and the indandione moiety of
compound 3 arise at one signal in *C NMR spectra (162.4

https://doi.org/10.1021/acs joc.1c02196
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Figure 1. Expansion of the 'H NMR spectrum (300 MHz, DMSO-d,), showing enol (E) and diketo (K) forms of compound 3H. From the 'H

NMR spectrum, the enol:diketo ratio is equal to 1:0.45.
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Figure 2. ORTEP structures of compounds 2 and 6. All non-hydrogen atoms are depicted as thermal ellipsoids at the 50% probability level.

and 187.0 ppm, respectively), confirming the delocalization of
the negative charge between carbonyl groups and the
symmetry of the nucleophile fragment.

Surprisingly, green crystals of compound 3H were obtained
by slow evaporation of the solvent from the solution of salt 3 in
DCM. X-ray crystallography confirmed the structure of
compound 3H as o-quinone connected to the enolic form of
indandione (Figure S31), which was stabilized by a strong
intramolecular H-bond (vide infra). However, acidic hydrolysis
of salt 3 led to product 3H (red in solid state) with the diketo
form of the indandione moiety as shown by analysis of the IR
spectrum: absorption bands at 1702 and 1746 cm™' and
absence of the OH absorption band. The 'H NMR spectrum
(DMSO-dg) of compound 3H (red in solid state) exhibited
two sets of signals caused by the keto—enol tautomeric
equilibrium of the indandione fragment (Figure 1). According
to the literature,”® the aromatic protons of the diketo moiety
resonate in the range of 8.0—8.2 ppm but aromatic protons of
the enol fragment are shifted upfield to approximately 7.3—7.5
ppm. The shift of the keto—enol equilibrium from the diketo
form (red) to the enol form (green) in DMF and DMSO can
be observed by the naked eye; the color of the solution was
green (Figure S36).

Compounds 4H—6H were also obtained from acidic
hydrolysis of salts 4—6, respectively, that was evidenced by
the absence of Et;NH" signals in their "H NMR spectra.

It is worth noting that for the enol form of compound 3H
there was no OH group signal and no OH or CH signal was
observed in the "H NMR spectrum of compounds 4H—6H at
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ambient temperature. Due to fast exchange, only one signal
was observed for both the proton and water, which was
concluded from downfielded signal of water in the '"H NMR
spectrum of compounds 4H—6H in a DMSO-dj solution. This
can be attributed to deprotonation and anionic structure
stabilization by the solvation in polar media.”” Theoretically,
the formation of a betaine with a protonated N(S) and
negative charge delocalized over the acceptor fragment cannot
be excluded.

X-ray Crystal Structure Analysis. ORTEP drawings of
salts 2 and 6 are shown in Figure 2. The asymmetric unit of the
salt 2 crystal consists of two anions, two cations (Et;NH"), and
one water molecule. Single-crystal X-ray data confirmed that
the negative charge of anion 2 was delocalized in the fragment
of barbituric acid equally in the O(19)—C(19)—C(14)—
C(15)—0(15) moiety (C—C bond lengths of 1.407 and 1.421
A and C—0 bond lengths of 1.242 and 1.254 A) and formed
an intermolecular H-bond between Et;NH* and the oxygen
atom of barbituric acid. In the crystal structure of salt 2, the
anions are associated by strong hydrogen bonds of the NH---O
type.

Compound 6, which was more likely to exist in the p-
quinone methide form, formed a forklike intermolecular H-
bond between Et;NH" and both oxygen atoms of the quinone
fragment. It was shown that the bond lengths of the carbonyl
groups [C(8)—0(8), 1.245 A; C(9)—0(9), 1.234 A] are
greater than the standard C=O bond length and H--O
distances [H---O(8), 2.18(3) A; H---0(9), 2.21(3) A] that are
equal within the error limits. Therefore, the negative charge of

https://doi.org/10.1021/acs joc.1c02196
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the anion is delocalized between two oxygen atoms, which
agreed with *C NMR data analysis (vide supra).

In this work, a comparison of X-ray crystallography data of
compounds 2, 6, and 3H with those previously reported'***
for benzimidazole-based o- and p-quinone derivatives (0-QN,
0-QCCN, and p-Q) was carried out (Figure 3).
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Fi§ure 3. Structures of compounds 3H, 0-QN,'* 0-QCCN,"* and p-

Q”* confirmed by single-crystal X-ray data.

The bond lengths determined for the quinone cycle
established two parts linked by long single bonds 1 and 4
(Figure 4). The length of bonds 2 and 3 varied depending on

158

Bond length, A

C-C bonds

C-N bonds

Bond number

Figure 4. Bond lengths and schematic representation of the
heterocyclic quinone core of compounds 2, 6, 3H, 0-QN, 0-QCCN,
and p-Q with bond numbering.

the substituent introduced at C(6) or the change from o- to p-
quinone structure. For example, in compounds 6 and o-
QCCN, bonds 2 and 3 are almost equal, while in compounds 2
and 3H, the same bonds displayed a pronounced single-bond/
double-bond alternation like in the “classical” o-benzoqui-
none.”’

Analysis of the X-ray data of compounds 2, 6, 0-QN, o-
QCCN, and p-Q showed that the bond lengths of the
heterocyclic fragment [bonds S—15 (Figure 4)] were not
affected by the introduced substituent, structural changes
between o- and p-quinone, or the existence of the compound in
the salt form. Moreover, the bond lengths in the heterocyclic
part of the molecule did not differ from the bond lengths of
different imidazo[ 1,2-a]pyridine derivatives in the solid state,"'
and they were almost the same as imidazo[1,2-a]pyridine-3-
carbaldehyde derivative®® bond lengths, where bonds 14 and
15 were equalized like in compounds 2, 6, 0-QN, 0-QCCN,
and p-Q. The length of the carbonyl group bond in the
imidazo[1,2-a]pyridine-3-carbaldehyde derivative was equal to
the length of bond 17 in quinone derivatives studied via single-
crystal X-ray, although bond 17 of compound 3H was shorter.
In the structure of 3H (Figure S31), a very strong
intramolecular H-bond of the OH--N type with a length of
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2.502(4) A was found. The N(§)-+H--O angle is 157(6)°
[N(5)-H, 1.172 A; H-~-O, 1.379 A]. A hydrogen atom lying
almost in the middle of the N---O line affected the distribution
of m-electrons in the heterocyclic part of the molecule and the
nearby carbonyl group (bond 17). In the crystal structure of
3H (green in solid state), there was also a strong inter- and
intramolecular o-hole interaction between the oxygen of the
C=0 bond in the indandione fragment and the chlorine
atom; the O---Cl distances are 2.917 and 2.872 A, respectively
(Figure S). By means of this interaction, centrosymmetric
molecular dimers were formed in the crystal structure.

Figure S. Molecular packing in the crystal of compound 3H. Light
blue lines indicate o-hole interaction, and black lines correspond to
interaction between N(S) and the indandione C=0 group.

Interplanar angles between the heterocyclic quinone plane
and the introduced substituent plane (in the solid state) of
compounds 2, 6, 3H, and 0-QCCN can be compared (Table
1). The bulky barbituric acid moiety is rotated away from the
quinone cycle plane around the C—C bond that can be seen
from the larger interplanar angle ¢, the fact that the symmetry
of the p orbitals is lower, and the interaction between the
quinone and barbituric acid moieties is weaker. On the
contrary, in the case of compounds 6 and 0-QCCN, the C—C
bond between the planes has more double bond character and
@ is smaller.

On the basis of the analysis of the molecular geometry in the
solid state and the coupling principle of polymethine dyes,"
the structures of o-quinone 1 derivatives can be theoretically
divided into two parts. The first part includes the heterocycle
moiety and a nearby carbonyl group (bonds S—1S and 17),
and the second part bonds 16-2-3 and the following bonds of
the substituent introduced at C(6). Because of the vanishing
bond length alternation (BLA) in the second part of the
molecule compounds 6 and 0-QCCN can be characterized as
“coupled polymethines”. For compound 2, bonds 16-2-3 and
the following bonds to the substituent at C(6) can be
characterized as the polyene fragment but equal bonds with
delocalized negative charge between two carbonyl groups of
barbituric acid can be characterized as the polymethine
fragment.

Despite separation by long single bonds 1 and 4, an
introduced substituent can influence the heterocyclic part
through the formation of an intramolecular H-bond, as seen
from analysis of the structure of compound 3H in the solid
state.

DFT Calculations. DFT calculations were carried out to
optimize the geometries of the studied compounds in the gas
phase and solvents (DCM or DMF, the conductor-like
polarizable continuum model (PCM)) using the CAM-
B3LYP functional with the def2-TZVP basis set. For
compounds 2, 6, 3H and 0-QCCN the geometries were
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Table 1. Interplanar Angles (@), Bond Length Alternation (BLA), and Bond Lengths (r) between the Planes of Compounds 2,

6, 3H, and 0-QCCN

compd method solvent”
27 X-ray (2A)
X-ray (2B)
CAM-B3LYP/def2-TZVP DMF
vacuum
B3LYP/6-311G** vacuum
6 X-ray
CAM-B3LYP/def2-TZVP DMF
DCM
vacuum
B3LYP/6-311G** vacuum
3HY X-ray
CAM-B3LYP/def2-TZVP DMF
vacuum
B3LYP/6-311G** vacuum
0-QCCN X-ray
CAM-B3LYP/def2-TZVP DMF
DCM
vacuum
B3LYP/6-311G** vacuum

interplanar angle ¢ (deg) ro(e)-covey (A) BLA® (A)
60.79 1.468 0.0935
64.60 1.469 0.0975
65.62 1.462 0.0935
60.39 1.453 0.093
55.94 1.450 0.0505
10.48 1.402 0.0055

1.07 1.395 0.007
1.4 1.392 —0.0015
1.56 1373 —0.05
0.34 1.394 —0.0315
25.57 1.448 0.07
31.16 1.449 0.0905
32.87 1.454 0.107
32.01 1.454 0.09
4.56 1412 0.0245
1.53 1.401 0.026
1.6 1.407 0.037
2.7 1.429 0.0825
1.99 1431 0.0705

“The crystal of salt 2 consists of two anions that are marked as anions 2A and 2B. “Depends on the solubility of the compound. “The BLA
parameter was calculated as the difference between the average bond lengths of the formal C—C and C=C bonds in the polymethine/polyene
chain for the structure (bonds 2 and 3 and following bonds of the introduced substituent). “Enol form of 3H.

LUMO
[
. ""
HOMO -
L oM
[
HOMO-LUMO

0.6098

0.4533

overlap 0.5189

0.3746

0.2228 0.6219 0.6311

Figure 6. Frontier orbitals and HOMO—-LUMO overlap at the CAM-B3LYP/def2-TZVP level for compounds 1—6 and 0-QCCN (overlap
integrals between the HOMO and LUMO were calculated at the CAM-B3LYP/def2-TZVP level in DMF using Multiwfnsz).

optimized in the gas phase using also B3LYP functional with 6-
311G** basis set for comparison.

For salts 2—5, DFT calculations predicted similar interplanar
angles (60 + 10°) in the gas phase between the heterocyclic
quinone and the introduced substituent planes that can be
explained by steric congestion, but for salt 6 bearing a
malononitrile fragment, the calculation predicts the coplanarity
of all atoms. Typically, derivatives with bulky substituents were
likely to exist in o-quinone form with negative charge
distributed in the introduced substituent. Upon introduction
of sterically less hindered substituents at the C(6) position,
conjugation between the quinone and substituent appeared. As
one can see, there is a linear relationship (R* = 0.995) between
the calculated (DMF) interplanar angle and the chemical shift
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differences of C=0 groups (quinone fragment) in *C NMR
spectra of compounds 2—6 in DMSO-d, (Figure S40).

DFT calculations showed that interplanar angles and bond
lengths of compounds 2, 6, 3H, and 0-QCCN followed a trend
that is consistent with the X-ray crystallography data (Table 1).
However, for salt 6 and compound 0-QCCN in the solid state,
the interplanar angle is larger than the calculated value because
of the intermolecular H-bonds that were formed between the
compound and surrounding molecules (Et3NH+ and/or water
molecules) in the crystal packing (Figure S30). On the
contrary, the interplanar angle of compound 3H in the solid
state was smaller because of the strong inter- and intra-
molecular interactions in the crystal. This means that the
planarity or nonplanarity of the compound and the interplanar
angle are affected by a combination of different factors,
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including the steric hindrance of the substituent, the presence
of the H-bond donor and acceptor centers in the structure, and
intermolecular interactions in crystal packing. Hence, the form
of the investigated quinone derivatives could be different in
solution due to interaction with solvent molecules as in case of
3H.

The HOMO of salts 2—6 and compound 0-QCCN was
spread over the introduced substituent and 16-2-3 bonds of the
quinone showing the polymethine/polyene part of the
molecule from the “coupled polymethine” concept, including
one carbonyl group of quinone at C(8). It should be noted that
the 7-electron distribution in the HOMO level of salts 2—6
differs from that of the initial quinone 1 and is shifted from the
imidazo[1,2-a]pyridine fragment toward the substituent
moiety. The LUMO includes the quinone cycle and both
carbonyl groups of quinone (Figure 6).

Theoretically, the HOMO is dominated by the donor
moiety while the LUMO by the acceptor moiety.”" In the case
of compounds 2—5, the HOMO is spread over the introduced
substituent that can be explained by delocalization of negative
charge over the fragment.

Judging from the frontier orbitals and HOMO-LUMO
overlap values of salts 3—5, these compounds exhibit an
effective 7-electron distribution over the larger substituent
fragment and intramolecular charge transfer from the
substituent to the quinone. However, for compounds 6 and
0-QCCN, the charge transfer character seems to be weak
because the HOMO—LUMO overlap values are higher (Figure
6).

Despite the fact that compound 6 can be characterized as a
coupled polymethine, its calculated HOMO/LOMO gap is
similar to the HOMO/LUMO gap of derivatives 2—$§
possessing disrupted 7-conjugation systems between the
quinone and substituent moiety.

Calculated HOMO/LUMO gaps for salts 3—6 were smaller
than for hydrolyzed compounds 3H—6H, meaning that
deprotonation generates a negative charge distribution
between the quinone and substituent or mainly in the
substituent part.

The geometries of 2—6 were optimized in the gas phase and
two solvents (DCM and DMF). The solvent-mediated effect
resulted in a change in the interplanar angle of the compounds.
As expected, the increase in interplanar angle ¢ was
accompanied by a decrease in the HOMO—LUMO overlap
(Table S6).

Time-dependent density functional theory (TD-DFT)
calculations were conducted on the ground state optimized
geometries of compounds using the PCM. The calculated
spectra predicted a batochromic shift of the HOMO-LUMO
transition band for compound 3 going from the gas phase to
the polar solvent, negative solvatochromic behavior for
compounds 4 and §, and no significant effect for salt 6. This
result is consistent with the UV-vis absorption spectra (vide
infra).

UV-Vis Properties. The calculated bandgap decreases in
the order 2 - 3 - 4 — §, and in the same order, the
bathochromic shift of the longest wavelength absorption bands
in the UV-vis spectra in DMF solutions shifted, going from 661
nm for salt 2 to the low-intensity shoulder at 740 nm for salt 5.
The longwave absorption band of salt 3 was shifted to a shorter
wavelength with a decrease in the polarity of the solvent
(positive solvatochromism); however, salts 4 and S exhibited
negative solvatochromic behavior because the absorption was

2350

red-shifted in DCM to 751 and 864 nm, respectively. A clear
correlation (R* = 0.99) resulted for derivatives 3—5 between
absorption maxima (DCM) and their HOMO-LUMO
overlap as well as between the absorption maxima (DCM)
and the calculated interplanar angle (R* = 0.99) (Figure S41).

The absorption properties of salts 2—6 were recorded under
basic (DBU) and acidic (TFA) conditions in polar (DMF) and
nonpolar (DCM) solvents (Table S2, Figure S34, and Figure
S$35). Absorption spectra of compounds 3—5 in DCM after
addition of DBU exhibited almost identical absorption maxima
as in DMF, meaning that a polar solvent with hydrogen bond
accepting abilities tends to stabilize the anionic form. On the
contrary, after the addition of TFA to a DCM solution the
longest wavelength transitions of salts 3—5 disappeared.
Protonation-induced quenching of the intramolecular charge
transfer means that the anion form is necessary for the
longwave absorption (Figure 7a,b).

a) b)
c c
o =]
£ E=3
I3 e
5 5
8 g
2 2
2 2
250 350 450 550 650
wavelength (nm) wavelength (nm)
) d 16 6, DMF
12 3, DMF g
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cos 4H, DMSO c 1 6H, MecN
] §
5 0.6 5 DME 5 os
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Figure 7. UV-vis absorption spectra for (a) salts 3—6 and compound
0-QCCN in DCM, (b) salts 3—6 and compound 0-QCCN in DCM
after the addition of TFA, (c) compounds 3-S5, and 3H—5H in
DMF/DMSO, and (d) compounds 6 and 6H in DMF and MeCN.

Interestingly, compound 5 exhibited strong absorption at
approximately 580 nm similar to that of the initial nucleophile
10, which in polar solvents exists in its deprotonated form.””
Hence, UV-vis absorption spectra of compounds 3—$ were
compared to the UV-vis spectra of their individual components
before the reaction: o-quinone 1 and Indane derivatives 8—10
in DMF and DCM solutions (Figure S37). The UV-vis spectra
of derivatives 3—$ consist of the spectra of its constituent
chromophores and new longest wavelength absorption band,
which is expected to arise from the interaction between both
chromophore units. On the basis of the molar extinction
coefficients of these bands in a DCM solution, we concluded
that in the case of compound 5 (¢ = 1600 M~ cm™) the
interaction between two units is less pronounced than in
compounds 3 (e = 2000 M~ ecm™) and 4 (e = 2600 M™*
cm™"); the lowest € value was estimated for compound § with
the largest HOMO—LUMO separation.

https://doi.org/10.1021/acs joc.1c02196
J. Org. Chem. 2022, 87, 23452355


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02196/suppl_file/jo1c02196_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02196?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02196?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02196?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02196?fig=fig7&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

After the addition of TFA to the DCM solution, the UV
spectra of compounds 3—$5 were virtually identical to the
superposition of the spectra of isolated chromophores (Figure
$37), indicating protonation of a compound at the function-
alized Indane moiety and almost no electronic coupling
between the units in the ground state. The theoretically
calculated ground-state geometry of compounds 3H-SH
bearing a CH unit at the Indane moiety predicted an almost
90° interplanar angle between the heterocyclic quinone and
introduced substitution planes, meaning that p orbitals are
orthogonal and there is no conjugation between two
chromophore units.

Compounds 3H—6H each exhibited the same absorption as
its analogue salts 3—6, respectively, in DMSO and DMF
solvents due to the H-bond accepting properties® of these
solvents and were not affected by the addition of DBU (Figure
7¢,d). The forms of compounds 3H—6H were expected to be
close to the forms of salts 3—6, respectively, due to
intermolecular interaction with hydrogen bond acceptor
solvents. Et;NH" as a cation does not make a significant
contribution to the absorption properties of compounds 3—6
in DMF/DMSO; otherwise, UV spectra would be different for
3—6 and 3H—6H in these solvents.

Surprisingly, salt 6 and compound 0-QCCN had absorption
at approximately 630 nm in DMF and at 640 nm in DCM and
showed no changes under basic conditions. However, despite
the vanishing BLA in the merocyanine part of 6 and 0-QCCN
(Table 1) in the solid state, their absorption spectra did not
show a typical intense, narrow transition characteristic of
“cyanine electronic structure”””** when charge is perfectly
delocalized through the polymethine fragment and exhibited
practically no solvatochromism (Figure $38). Thus, in case of
compounds 6 and 0-QCCN cyanine structure does not
dominate in solutions. Both compounds exhibit similar
behavior under acidic conditions (a hypsochromic shift of
~100 nm) that was attributed to the protonation of oxygen at
C(8), after which compounds are expected to exist in the p-
quinone methide form.

Substitution at the heterocyclic ring did not have a
significant effect on the absorption spectra of compounds
6a—d in DCM or DMF, because these compounds did not
show shifts in their absorption maxima of >20 nm compared to
that of parent compound 6. Only compound 6d with an
elongated aromatic system after addition of TFA showed a
bathochromic shift (44 nm) in comparison with that of parent
compound 6 (Table S4).

Despite compounds 2, 6, 3H, and 0-QCCN existing in
different forms, the molar extinction coefficients of their
longwave absorption band in DMF/DMSO solutions corre-
lated inversely to the size of ¢ from X-ray crystallography data
(Table 1 and Figure 8). That agreed with the conclusion about
the longwave band appearance due to the electron
delocalization between the quinone and substituent and its
dependence on the interplanar angle.

Electrochemical Properties. As a reference, quinone 1
presents two reversible reduction steps (—0.36 and —1.15 V).
As expected, cyclic voltammograms of the quinone derivatives
showed that the most easily reduced salts were 2 and 3 (—0.44
and —0.48 V, respectively), while the first reduction potential
shifted to the lower voltages with an increase in the number of
cyano groups in the salt structure (for compounds 4—6, —0.54,
—0.60, and —0.50 V, respectively) and all of them showing an
irreversible oxidation wave.
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Figure 8. UV absorption spectra of compounds 2, 6, 3H, and o-
QCCN in DMF/DMSO solutions and correlation between their
molar extinction coeflicients of the longwave absorption and the size
of ¢.

Substitution at the quinone heterocyclic ring did affect the
electrochemical properties of compounds 6a—d. The intro-
duction of an electron-withdrawing group (6a) shifts the
reduction to higher voltages (—0.43 V), but introduction of a
methyl group (6b) or elongation of the aromatic system (6d)
shifts the reduction to lower voltages (approximately —0.80
V); also, replacing CH with N (6¢) in the cycle did not show
any effect (Figure S43 and Table S8). Compound 6H
exhibited the largest electrochemical gap compared to those
of salt 6 and all other studied compounds.

H CONCLUSION

We have synthesized heterocyclic o-quinone derivatives
connected with widely used acceptors by C—C bonds. These
compounds can exist in the o-quinone or p-quinone methide
form depending on the sterical factors and inter- and
intramolecular interactions. Planar compounds bearing steri-
cally less hindered substituents at C(6) can be characterized by
the principle of coupling polymethines with electron
delocalization between the quinone and substituent, but
compounds with bulky substituents at C(6) have extensive
charge delocalization in the substituent part of the molecule
with less pronounced interaction between the quinone and
substituent due to large interplanar angles. The obtained
quinone derivatives, depending on the introduced substituent,
could exhibit positive, negative, or no solvatochromic behavior.

The presence of hydrogen donor/acceptor fragments in the
obtained quinone derivatives [at the o-quinone, the N(5) atom
of the imidazo[1,2-a]pyridine moiety, and at the substituent]
enables various intra- and intermolecular interactions that
could be formed in different parts of the molecule. The
heterocyclic part of the molecule may be affected by the
formation of a strong intramolecular hydrogen bond to N(S).

In broader terms, derivatives that are based on the 7-
chloropyrido[1,2-a]benzimidazole-8,9-dione core could be
further investigated from the viewpoint of the construction
of hydrogen-bonded organic frameworks** or coordination
with metal ions at different chelating sites.

Bl EXPERIMENTAL SECTION

All reagents except for 1, 1a—d, 0-QN, 0-QCCN, p-Q, 9, and 10 were
obtained from commercial suppliers and used as received.
Compounds 1, la—d, 0-QN, 0-QCCN, and p-Q are known and
were prepared by previously described methods.'*** Compounds 9
and 10 were synthesized according to the reported procedures.”® The
reactions with heating were performed using a heating plate. Melting
points were measured on a Kruess KSP 11 melting point analyzer. 'H
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NMR and "*C NMR spectra were recorded on a Bruker Avance 300
spectrometer at 300 and 75 MHz, respectively, in DMSO-dj solutions.
For ®C NMR, the attached proton test (APT) experiment was
performed, which yields quaternary (C1) and methylene (CH,1)
signals positive and methine (CH]) and methyl (CH;l) signals
negative. Chemical shifts were expressed in parts per million (5)
relative to the solvent signal (DMSO-dg, 2.50 ppm for 'H and 39.5
ppm for 13C).*° Elemental CHN analysis was carried out on a Euro
Vector EA 3000 analyzer. IR spectra were recorded on a PerkinElmer
Spectrum 100 FTIR spectrometer equipped with an attenuated total
reflectance Universial ATR Sampling Accessory. The UV—vis
absorption spectra were recorded with a PerkinElmer 35 UV—vis
spectrometer using 1 cm quartz cuvettes with a compound
concentration (c) of 5 X 107> M. Low-resolution mass spectra were
recorded on a Waters EMD 1000MS mass detector (ESI + mode,
voltage of 30 V) with an Xterra MS C18 S ym, 2.1 mm X 100 mm
column in gradient eluent mode using 0.1% HCOOH in deionized
water and MeCN or MeOH.

Triethylammonium 5-(7-Chloro-8,9-dioxo-8,9-
dihydrobenzol[4,5]limidazo[1,2-alpyridin-6-yl)-2,4,6-trioxo-
hexahydropyrimidin-5-ide (2). 6,7-Dichloropyrido[1,2-a]-
benzimidazole-8,9-dione (1) (0.15 g, 0.56 mmol) was dissolved in
DCM (250 mL). Then barbituric acid (7, 0.07 g 0.56 mmol)
dissolved in DMF ($ mL) and Et;N (0.16 mL, p = 0.73 g/cm’, 1.12
mmol) were added to the solution at room temperature. The mixture
was stirred for 24 h. The obtained precipitate was filtered and
recrystallized from EtOH. Yield: 0.12 g (48%), dark green crystalline
solid. Mp: >300 °C. MS: after the hydrolysis of triethylammonium
salt C;sH,CIN,O; requires [M + H]* 359.02; found [M + H']*
359.20. 'H NMR (300 MHz, DMSO-d;): 5 9.39 (br. s, 2H, exchange
with D,0, NH), 9.07 (d, ] = 6.6 Hz, 1H, H-1), 8.86 (br. s, 1H,
exchange with D,0, NH), 7.88 (d, ] = 8.9 Hz, 1H, H-4), 7.70 (t, ] =
8.0 Hz, 1H, H-3), 7.34 (t, ] = 6.7 Hz, 1H, H-2), 3.09 (q, J = 7.2 Hz,
6H, CH,), 1.16 (t, ] = 7.3 Hz, 9H, CH;). *C{'H} NMR (75 MHz,
DMSO-dy): 6 176.4, 165.3, 162.4, 155.3, 152.6, 149.3, 146.0, 132.2
(CH), 130.4, 128.5 (CH), 118.9, 118.8 (CH), 117.9 (CH), 84.8, 46.2
(CH,), 9.1 (CH,). IR (neat, cm™): 3561, 3493, 3126, 2974, 1680
(C=0), 1648 (C=0), 1610, 1573. Anal. Calcd for C,H,,CIN,O;-
0.5H,0: C, 53.79; H, 4.94; N, 14.94. Found: C, 53.46; H, 5.13; N,
14.84.

General Method for the Preparation of Compounds 3 and
4. 6,7-Dichloropyrido[1,2-a]benzimidazole-8,9-dione (1) (0.15 g,
0.56 mmol) was dissolved in DCM (250 mL). Then the DCM (10
mL) solution of 1,3-indandione (8) (0.08 g 0.56 mmol) or the
MeCN (40 mL) solution of 3-(dicyanomethylene)indan-1-one (9)
(0.07 g, 0.56 mmol) was added at room temperature followed by the
addition of Et;N (0.16 mL, 1.12 mmol). The reaction mixture was
stirred for 24 h. The solution was filtered, and the filtrate was
evaporated. The obtained precipitate was recrystallized from THF.

Triethylammonium 2-(7-Chloro-8,9-dioxo-8,9-dihydrobenzo-
[4,5]imidazo[1,2-a]pyridin-6-yl)-1,3-dioxo-2,3-dihydro-1H-inden-2-
ide (3). Yield: 0.13 g (62%), dark green solid. Mp: 152—155 °C. MS:
after the hydrolysis of triethylammonium salt C,,HyCIN,O, requires
[M + H]*" 377.03; found [M + H*]* 377.20. '"H NMR (300 MHz,
DMSO-dg): 6 9.10 (d, ] = 6.5 Hz, 1H, H-1), 9.02 (br. s, 1H, exchange
with D,0, NH), 7.84 (d, ] = 8.9 Hz, 1H, H-4), 7.68 (m, 1H, H-3),
7.42 (dt, J = 7.1, 3.6 Hz, 2H, Hypgune), 7-35 (m, 3H, H-2 + 2H40ne),
3.09 (m, 6H, CH,), 1.17 (t, ] = 7.3 Hz, 9H, CH;). *C{'H} NMR (75
MHz, DMSO-d): & 187.0, 175.3, 166.3, 154.3, 149.1, 143.4, 141.6,
1319 (CH), 1309 (CH), 1284 (CH), 124.8, 119.3, 119.1 (CH),
118.8 (CH), 117.8 (CH), 104.6, 46.1 (CH,), 9.1 (CH,). IR (neat,
cm™): 2982, 2668, 2501, 1710 (C=0), 1638 (C=0), 1627, 1608,
1553. Anal. Caled for Cy6H,,CIN;0,-0.5H,0: C, 64.13; H, 5.17; N,
8.63. Found: C, 64.47; H, 5.16; N, 8.35.

Triethylammonium 2-(7-Chloro-8,9-dioxo-8,9-dihydrobenzo-
[4,5]imidazo[1,2-a]pyridin-6-yl)-1-(dicyanomethylene)-3-oxo-2,3-
dihydro-1H-inden-2-ide (4). Yield: 0.25 g (85%), dark brown solid.
Mp: 188—190 °C. MS: after the hydrolysis of triethylammonium salt
C,3HoCIN,O; requires [M + H]* 425.04; found [M + H*]* 425.20.
'H NMR (300 MHz, DMSO-dy): § 9.22 (brs, 1H, exchange with
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D,0, NH) 9.12 (d, ] = 6.5 Hz, 1H, H-1), 8.09 (d, ] = 7.3 Hz, 1H,
Hingane), 795 (d, ] = 8.9 Hz, 1H, H-4), 7.76 (t, ] = 7.6 Hz, 1H, H-3),
7.50 (td, J = 7.3, 1.7 Hz, 1H, H-2) 7.45 (d, ] = 7.6 Hz, 1H, Hyq.00),
7.40 (d, ] = 7.0 Hz, 2H, Hygne), 3.09 (m, 6H, CH,), 1.18 (t, ] = 7.3
Hz, 9H, CH;). *C{'H} NMR (75 MHz, DMSO-d;): & 185.7, 176.4,
164.9, 157.9, 154.8, 149.6, 141.2, 140.7, 139.5, 136.4, 132.8 (CH),
131.8 (CH), 130.5 (CH), 128.7 (CH), 121.5 (CH), 120.6, 120.5
(CH), 119.3, 119.1 (CH), 118.6 (CH), 84.6, 55.4, 46.1 (CH,), 9.0
(CH,). IR (neat, cm™): 2985, 2888, 2707, 2194, 1649 (C=O0),
1623, 1597. Anal. Caled for CyoH,,CIN,O,-H,O: C, 64.03; H, 4.82;
N, 12.87. Found: C, 64.35; H, 5.05; N, 12.86.

Triethylammonium 2-(7-Chloro-8,9-dioxo-8,9-
dihydrobenzo[4,5limidazo[1,2-a]pyridin-6-yl)-1,3-bis-
(dicyanomethylene)-2,3-dihydro-1H-inden-2-ide (5). 6,7-
Dichloropyrido[ 1,2-a]benzimidazole-8,9-dione (1) (0.15 g, 0.56
mmol) was dissolved in DCM (250 mL). 1,3-Bis(dicyanomethylene)-
indane (10) (0.14 g, 0.56 mmol) in MeCN (50 mL) and Et;N (0.16
mL, 1.12 mmol) were added to the solution at room temperature.
The mixture was stirred for 16 h. The solution was filtered, and the
filtrate was evaporated. The obtained precipitate was dissolved in
MeCN, and an aqueous solution of FeCl; (10%, SO mL) was added.
The product was extracted using DCM (100 mL). The organic layer
was dried over CaCl, and filtered. The filtrate was concentrated under
reduced pressure to a residual volume of 10 mL, and then 20 mL of
hot hexane was added. The separated dark solid was filtered off and
dried under air. Yield: 0.2 g (62%), dark solid. Mp: 125—127 °C. MS:
after the hydrolysis of triethylammonium salt C,;HyCIN4O, requires
[M + H]* 473.05; found [M + H*]* 473.30. '"H NMR (300 MHz,
DMSO-dg): §9.17 (d, ] = 6.5 Hz, 1H, H-1), 8.90 (br. s, 1H, exchange
with D,0, NH), 8.17 (dd, ] = 5.6, 3.1 Hz, 2H, Hj,4,..), 804 (d, ] =
9.0 Hz, 1H, H-4), 7.85 (t, ] = 8.0 Hz, 1H, H-3), 7.55 (dd, ] = 5.5, 3.2
Hz, 2H, Hyygune), 749 (t, ] = 7.2 Hz, 1H, H-2), 3.09 (m, 6H, CH,),
1.17 (t, J = 7.3 Hz, 9H, CH,). *C{'H} NMR (75 MHz, DMSO-d):
51769, 163.9, 155.6, 154.6, 150.2, 139.4, 137.7, 134.3, 133.8 (CH),
131.3 (CH), 129.2 (CH), 122.6 (2 X CH), 119.5 (CH), 118.5, 118.3,
117.4 (CN), 107.0 (CN), 52.9, 46.2 (CH,), 9.1 (CH;). IR (neat,
cm™): 3059, 2985, 1686 (C=0), 1645 (C=0), 1556. Anal. Calcd
for Cy,H,,N,0,Cl2H,0: C, 63.10; H, 447; N, 16.10. Found: C,
63.47; H, 4.63; N, 15.83.

General Method for Preparation of Compounds 6 and 6a—
d. Malononitrile (11, 3.0 equiv) and Et;N (2.0 equiv) were added to
a hot solution of 6,7-dichloropyridol[1,2-a]benzimidazole-8,9-dione
(1) or its analogue (la—d) (1.0 equiv) in DCM (50—200 mL). The
mixture was refluxed while being stirred for 1—4 h and then cooled to
room temperature. The solution was filtered, and the filtrate was
evaporated. The crude product was purified by recrystallization from
ethanol to give the products as dark blue solids.

Triethylammonium 7-Chloro-6-(dicyanomethylene)-9-oxo-6,9-
dihydrobenzo[4,5]imidazo[1,2-alpyridin-8-olate (6). 6,7-
Dichloropyrido[1,2-a]benzimidazole-8,9-dione (1) (0.2 g, 0.7§
mmol), malononitrile (11) (0.15 g, 2.25 mmol), and Et;N (0.2 mL,
1.5 mmol). Yield: 0.2 g (70%), dark blue solid. Mp: 181—183 °C. MS:
after the hydrolysis of triethylammonium salt C,,H;CIN,O, requires
[M + H]* 297.02; found [M + H*]* 297.17. '"H NMR (300 MHz,
DMSO-ds): 6 9.15 (d, ] = 6.5 Hz, 1H, H-1), 8.82 (br. s, 1H, exchange
with D,0, NH), 7.88 (d, ] = 8.9 Hz, 1H, H-4), 7.69 (t, ] = 7.9 Hz, 1H,
H-3), 7.35 (t, ] = 6.8 Hz, 1H, H-2), 3.10 (m, 6H, CH,), 1.18 (t, ] =
7.2 Hz, 9H, CH,). *C{'H} NMR (75 MHz, DMSO-dy): § 169.5,
169.3, 150.0, 147.6, 141.4, 131.4 (CH), 128.0 (CH), 120.63, 120.62,
119.0, 118.6 (CH), 117.6 (CH), 108.8, 46.1 (CH,), 9.4 (CH,). IR
(neat, cm™'): 3555, 3465, 3024, 2864, 2191, 1645 (C=0), 1619,
1565, 1523 Anal. Caled for C,0H,oN,0,CI-H,0: C, 57.76; H, 5.33;
N, 16.84. Found: C, 57.68; H, 5.40; N, 16.70.

Triethylammonium 7-Chloro-6-(dicyanomethylene)-2-nitro-9-
ox0-6,9-dihydrobenzo[4,5]imidazo[1,2-alpyridin-8-olate (6a). 6,7-
Dichloro-2-nitropyrido[ 1,2-a]benzimidazole-8,9-dione (1a) (0.15 g
0.48 mmol), malononitrile (11) (0.10 g, 1.44 mmol), and Et;N (0.13
mL, 0.96 mmol). Yield: 0.08 g (38%), dark blue solid. Mp: 223—-225
°C. MS: after the hydrolysis of triethylammonium salt C,,H,CIN;O,
requires [M + H]* 342.00; found [M + H*]* 342.20. "H NMR (300
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MHz, DMSO-dy): § 9.90 (d, ] = 2.2 Hz, 1H, H-1), 8.83 (br. s, 1H,
exchange with D,0, NH), 8.32 (dd, J = 9.8, 2.3 Hz, 1H, H-3), 8.03
(d, ] = 9.9 Hz, 1H, H-4), 3.11 (m, 6H, CH,), 1.18 (t, ] = 7.3 Hz, 9H,
CH;). BC{'H} NMR (75 MHz, DMSO-d): § 170.3, 168.5, 151.9,
147.7, 1424, 140.4, 139.5, 127.3 (CH), 124.6 (CH), 1202, 120.1,
118.3 (CH), 106.2, 46.2 (CH,), 9.1 (CH;). IR (neat, cm™"): 3468,
3033, 2870, 2188, 1652 (C=0), 1611, 1577, 1560. Anal. Calcd for
CyoH,yCINGO,: C, 54.24; H, 4.32; N, 18.98. Found: C, 54.32; H,
4.38; N, 18.80.

Triethylammonium 7-Chloro-6-(dicyanomethylene)-3-methyl-9-
oxo-6,9-dihydrobenzo[4,5]imidazo[1,2-alpyridin-8-olate (6b). 6,7-
Dichloro-3-methylpyrido[ 1,2-a]benzimidazole-8,9-dione (1b) (0.1S
g, 0.53 mmol), malononitrile (11) (0.11 g, 1.59 mmol), and Et;N
(0.1 mL, 1.06 mmol). Yield: 0.13 g (59%), dark blue solid. Mp:
188—189 °C. MS: after the hydrolysis of triethylammonium salt
C,sH,CIN,O, requires [M + H]* 311.03; found [M + H*]* 311.10.
'"H NMR (300 MHz, DMSO-dy): 6 9.01 (d, ] = 6.8 Hz, 1H, H-1),
8.84 (br. s, 1H, exchange with D,0, NH), 7.70 (s, 1H, H-4), 7.20 (dd,
J = 6.8, 12 Hz, 1H, H-2) 3.10 (m, 6H, CH,), 2.46 (s, 3H, CH,), 1.17
(t, J = 7.3 Hz, 9H, CH,—CH;). *C{'H} NMR (75 MHz, DMSO-dj):
5169.4, 169.1, 166.8, 150.3, 148.0, 142.8, 141.4, 127.2 (CH), 120.7,
120.6, 119.7 (CH), 118.7, 117.3 (CH), 46.1 (CH,), 21.4 (CH,), 9.2
(CH;). IR (neat, cm™): 3005, 2883, 2737, 2195, 1636 (C=O0),
1566, 1523, 1460. Anal. Calcd for C,,H,,CIN,O,: C, 61.24; H, 5.38;
N, 17.00. Found: C, 61.27; H, 5.47; N, 16.97.

Triethylammonium 8-Chloro-9-(dicyanomethylene)-6-oxo-6,9-
dihydrobenzo[4,5]-imidazo[1,2-alpyrimidin-7-olate (6c). 6,7-
Dichloropyrimido[ 1,2-a]benzimidazole-8,9-dione (1c) (0.15 g, 0.56
mmol), malononitrile (11) (0.11 g, 1.68 mmol), and Et;N (0.16 mL,
1.12 mmol). Yield: 0.08 g (36%), dark blue solid. Mp: 192—193 °C.
MS: after the hydrolysis of triethylammonium salt C ;H,CIN;O,
requires [M + H]* 298.01; found [M + H*]* 298.30. '"H NMR (300
MHz, DMSO-dq): § 9.40 (dd, ] = 6.6, 1.9 Hz, 1H, H-1), 8.84 (br. s,
1H, exchange with D,0, NH), 8.84 (dd, J = 4.1, 1.7 Hz, 1H, H-3),
7.42 (dd, J = 6.6, 44 Hz, 1H, H-2), 3.10 (q, ] = 7.2 Hz, 6H, CH,),
1.18 (t, J = 7.3 Hz, 9H, CH;). BC{'H} NMR (75 MHz, DMSO-d):
5170.1, 168.7, 155.2 (CH), 150.7, 150.3, 141.0, 136.3 (CH), 120.5,
1203, 117.5, 113.4 (CH), 109.0, 46.2 (CH,), 9.1 (CH,). IR (neat,
cmfl): 3017, 2860, 2742, 2193, 2179, 1654 (C=O0), 1613, 1569,
1522, 1457. Anal. Caled for CoH ,CIN4O,: C, 57.22; H, 4.80; N,
21.07. Found: C, 57.23; H, 4.73; N, 21.05.

Triethylammonium 9-Chloro-8-(dicyanomethylene)-11-oxo-
8,11-dihydrobenzo[4,5]imidazo[1,2-aJquinolin-10-olate (6d). 6,7-
Dichlorobenzimidazo[ 1,2-a]quinoline-10,11-dione (6e) (0.15 g, 0.47
mmol), malononitrile (11) (0.09 g, 1.41 mmol), and Et;N (0.13 mL,
0.94 mmol). Yield: 0.1 g (48%), dark blue solid. Mp: 183—184 °C.
MS: after the hydrolysis of triethylammonium salt C;3H,CIN,O,
requires [M + H]* 347.03; found [M + H*]* 347.20. '"H NMR (300
MHz, DMSO-dg): 6 9.17 (d, ] = 8.7 Hz, 1H, H-1), 8.85 (br. s, 1H,
exchange with D,0, NH), 8.13 (m, 2H, H-4 and H-5), 7.87 (t, ] = 7.3
Hz, 1H, H-2), 7.80 (d, ] = 9.3 Hz, 1H, H-6), 7.70 (t, ] = 7.4 Hz, 1H,
H-3), 3.10 (m, 6H, CH,), 1.17 (t, J = 7.3 Hz, 9H, CH;). C{'H}
NMR (75 MHz, DMSO-dg): 6 173.7, 169.8, 167.1, 149.3, 148.6,
146.3, 133.7, 133.2 (CH), 129.8 (CH), 129.7 (CH), 127.1 (CH),
126.4, 125.3, 121.7, 120.5 (CH), 117.7 (CH), 109.2, 46.2 (CH,), 9.1
(CH;). IR (neat, cm™): 3036, 2984, 2877, 2167, 1658 (C=O0),
1602, 1558, 1542. Anal. Calcd for C,,H,,CIN;0,-0.5H,0: C, 63.09;
H, 5.07; N, 15.33. Found: C, 63.43; H, 4.90; N, 15.70.

General Method for the Preparation of Compounds 3H and
4H. 6,7-Dichloropyrido[1,2-a]benzimidazole-8,9-dione (1) (0.15 g,
0.56 mmol) was dissolved in DCM (250 mL). Then a solution of 1,3-
indandione (8) (0.08 g, 0.56 mmol) in DCM (10 mL) or a solution of
3-(dicyanomethylene )indan-1-one (9) (0.11 g, 0.56 mmol) in MeCN
(40 mL) was added at room temperature followed by the addition of
Et;N (0.16 mL, 1.12 mmol). The reaction mixture was stirred for 24 h
and then washed with a diluted HCI solution (0.1 M, 2 X 100 mL).
The organic layer was separated, dried over CaCl,, filtered, and
concentrated under reduced pressure. The residue was recrystallized
from MeCN.
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7-Chloro-6-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)benzo[4,5]-
imidazo[1,2-a]pyridine-8,9-dione (3H). Yield: 0.12 g (57%), red
solid. Mp: >300 °C dec. MS: C,HyCIN,O, requires [M + H]*
377.03; found [M + H']* 377.20. Both forms [enol (green) and
diketo (red)] gave the same 'H NMR spectra. 'H NMR (300 MHz,
DMSO-dy) for the enol form: §9.13 (d, J = 6.5 Hz, 1H, H-1), 7.94 (d,
J = 9.1 Hz, 1H, H-4), 7.78 (m, 1H, H-3), 746 (m, SH, H-2 +
4Hj,4ane)- 'H NMR (300 MHz, DMSO-dg) for the diketo form: & 9.04
(d, ] = 6.7 Hz, 1H, H-1), 8.07 (m, SH, H-4 + 4H},4sne), 7.63 (m, 1H,
H-3), 7.37 (t, ] = 6.7 Hz, 1H, H-2), 5.57 (s, 1H, exchange with D,0,
CH). The compound is not soluble enough to record the *C NMR
spectrum. IR (neat, cm™"): 3096, 3025, 2959, 2923, 2851, 1746 (C=
0), 1702 (C=0), 1656 (C=0), 1626, 1605, 1528. Anal. Calcd for
CyHyCIN,0,-0.5MeCN: C, 63.49; H, 2.66; N, 8.81. Found: C,
63.63; H, 2.77; N, 8.56.

2-[2-(7-Chloro-8,9-dioxo-8,9-dihydrobenzo[4,5]imidazo[1,2-a]-
pyridin-6-yl)-3-hydroxy-1H-inden-1-ylidenelmalononitrile (4H).
Yield: 0.15 g (63%), dark solid. Mp: 270-272 °C. MS:
C,3HyCIN,O; requires [M + H]* 425.04; found [M + H']* 425.20.
'H NMR (300 MHz, DMSO-d;): § 9.12 (d, ] = 6.6 Hz, 1H, H-1),
8.09 (d, ] = 7.2 Hz, 1H, Hypgune), 7.95 (d, J = 8.9 Hz, 1H, H-4), 7.77
(m, 1H, H-3), 7.50 (td, J = 7.3, 1.9 Hz, 1H, H-2), 7.45 (d, ] = 7.0 Hz,
1H, Hyygane), 741 (dd, J = 5.1, 3.3 Hz, 2H, Hyygane)- “C{'H} NMR
(75 MHz, DMSO-dy): § 185.7, 176.3, 164.9, 158.0, 154.4, 149.3,
140.8, 140.6, 136.4, 132.9 (CH), 131.8 (CH), 130.6 (CH), 128.8
(CH), 121.6 (CH), 120.6 (CH), 120.6, 119.2, 1189, 118.6 (CH),
118.5 (CH), 1062, 80.4. IR (neat, cm™): 3105, 3072, 3050, 2210,
1678 (C=0), 1651 (C=O0), 1615, 1601, 1569. Anal. Calcd for
C,3H,CIN,0,-0.5MeCN: C, 64.73; H, 2.38; N, 14.15. Found: C,
64.93; H, 2.57; N, 13.83.

2,2'-[2-(7-Chloro-8,9-diox0-8,9-dihydrobenzo[4,5]imidazo-
[1,2-alpyridin-6-yl)-1H-indene-1,3(2H)-diylidene]-
dimalononitrile (5H). Compound § (0.1 g 0.25 mmol) was
dissolved in 100 mL of DCM and washed with a diluted HCI solution
(0.1 M, 4 X 100 mL). The organic layer (without drying) was left for
12 h for compound SH to crystallize. The formed precipitate was
filtered, and the crude solid was washed with DCM (2 X 25 mL) to
afford the product as a beige solid. Yield: 0.05 g (61%), beige solid.
Mp: >300 °C. MS: C,¢HyCIN4O, requires [M + H]* 473.05; found
[M + H*]* 473.23. '"H NMR (300 MHz, DMSO-d¢): 6 9.16 (d, ] =
6.5 Hz, 1H, H-1), 8.16 (dd, J = 5.6, 3.1 Hz, 2H, Hy,u.0.), 8.04 (d, ] =
8.8 Hz, 1H, H-4), 7.85 (t, ] = 6.9 Hz, 1H, H-3), 7.55 (dd, ] = 5.5, 3.2
Hz, 2H, Hjgue), 749 (t, J = 8.0 Hz, 1H, H-2). BC{'H} NMR (75
MHz, DMSO-dy): & 176.9, 163.8, 155.6, 154.6, 150.1, 139.4, 137.7,
134.3,133.8 (CH), 131.3 (CH), 129.2 (CH), 122.6 (2 X CH), 119.5
(CH), 118.5, 118.3, 117.4 (CN), 107.0 (CN), 52.9. IR (neat, cm™"):
3096, 2956, 2202, 1691 (C=0), 1663, 1645 (C=0), 1594. Anal.
Caled for CpgHyCINGO,0.33 DCM: C, 63.11; H, 1.94; N, 16.77.
Found: C, 63.31; H, 2.23; N, 16.63.

2-[7-Chloro-8-hydroxy-9-oxobenzo[4,5]imidazo[1,2-a]-
pyridin-6(9H)ylidenelmalononitrile (6H). Compound 6 (0.1 g
0.25 mmol) was dissolved in 100 mL of a 1:1 MeCN/DCM mixture
and washed with a diluted HCI solution (0.1 M, 2 X 100 mL). The
organic layer (without drying) was concentrated under reduced
pressure. The resulting precipitate was dried and recrystallized from
MeCN. Yield: 0.07 g (94%), brown solid. Mp: >300 °C. MS:
C,4H;CIN,O, requires [M + H]" 297.02; found [M + H']* 297.20.
'H NMR (300 MHz, DMSO-d): 8 9.15 (d, J = 6.7 Hz, 1H, H-1),
7.89 (d, ] = 9.0 Hz, 1H, H-4), 7.71 (m, 1H, H-3), 7.36 (t, ] = 6.8 Hz,
1H, H-2). BC{'H} NMR (75 MHz, DMSO-di): 6 168.9, 165.1,
154.5, 148.6, 147.68, 142.6, 131.7 (CH), 128.1 (CH), 119.1, 118.8,
118.7 (CH), 117.9 (CH), 109.3. IR (neat, cm™): 3224, 2216, 1643
(C=0), 1633, 1587, 1557. Anal. Calcd for C,,H,CIN,O,: C, 56.68;
H, 1.70; N, 18.89. Found: C, 56.79; H, 1.93; N, 18.59.
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ABSTRACT: Quinones are small redox-active molecules that are
able to form intra- and intermolecular interactions both in the solid
state and in solution. On the basis of 6-amino-substituted pyrido-
and pyrimido-[1,2-a]benzimidazole-8,9-diones, weak interactions
were investigated by single-crystal X-ray and 'H NMR spectroscopy
methods. Crystallization of quinone derivatives containing a — /\> Non-centrosymmetric Chiral Crystal
NH-CH,— fragment led to the formation of both chiral and
achiral crystals. The presence of two forms with (endo form) and

without (exo form) an intramolecular hydrogen bond was CZZZ?:{?zg{;C
experimentally detected by X-ray crystallography analysis and

variable-temperature (VT) "H NMR experiments in the cases of

isopentylamino- and benzylamino-substituted derivatives. Interest-

ingly, the exo form dominates both in the solid state and in solution.

Bl INTRODUCTION derivatives can be used for the construction of ordered redox-

active molecular solids.'® It was demonstrated'”'® that
crystallization and supramolecular assembly can be controlled
by the combination of different inter- and intramolecular
interactions, but the use of such a control is still a complex
problem.

It was reported'’ that quinones with replaceable halide
substituents react with amines, amino alcohols, and amino
acids: the formation of a carbon—nitrogen bond does not
produce a new chirality center as it proceeds via an addition/
. 12 elimination sequence. Conformationally flexible fragments with

Zinc—organic . Tees s .
3 proton-donating abilities may allow the stabilization of
different modes of H-bonds™ that in turn can affect the
formation of supramolecular systems as well as physical
properties of the resulting compounds. The development of
a generalized data set of substituents with the ability to form
multiple H-bonds in the solid state as well as in solution is
essential. Therefore, there remains a demand to establish
possible weak intra- and intermolecular interactions of quinone
derivatives because understanding such interactions can
provide a useful approach to designing new materials in
general and crystal engineering in particular.”’

Quinones and quinone derivatives are small molecules
involved in numerous significant biological processes such as
photosynthesis,’ cellular respiration,” intra- and extracellular
signaling,” and metabolic transformations with cytotoxic or
cytoprotective effects.* Quinones are used as cocatalysts in
palladium catalysis® and electron-transfer mediators in metal
catalyzed reactions,’ as well as redox reservoirs in water
electrolysis processes.” Promising results were achieved for the
application of quinone derivatives as quinone electrode
materials®’ for Li—organic batteries,' "
batteries, and metal-free symmetric quinone-acid cells.

It is known'? that the relatively weak intra- and
intermolecular interactions influence different physicochemical
properties such as the melting/boiling point, the solubility, the
morphologies, and the charge transport in organic materials. As
quinones are conjugated cyclic diketones, their carbonyl
groups can form hydrogen bonds (H-bonds) with different
groups (e.g, —OH or —NH,). As a result, stabilization of the
supramolecular structure of quinone derivatives by a network
of synergistic noncovalent forces (H-bonding and #—zx
stacking) was observed.'”'""> For example, thermal stability
and low solubility of 2,5-diamino-1,4-benzoquinone'® in
battery electrolytes were demonstrated and explained by the
formation of a H-bond between amino and carbonyl groups
polarized by electronic delocalization. Another example is a
stabilization of the supramolecular structure of 2,3-diamino-
7,8—dihydroxyphenazine—1,4—clione11 by intermolecular inter-
actions and 7—7n stacking. The rational design of quinone
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We selected pyrido- and pyrimido-[1,2-a]benzimidazole-8,9-
diones for the investigation of the formation of intra- and
intermolecular interactions upon modification of the initial
core with amines and amino alcohols. Initial compounds
(1a,b) contain a combination of o-quinone and imidazo[1,2-
alpyridine (H-bond acceptor) fragments. Imidazo[1,2-a]-
pyridine derivatives tend to form intramolecular H-bonds
between the substituent and nitrogen of the heterocycle.”” It
was observed that derivatives of pyrido- and pyrimido[1,2-
a]benzimidazole-8,9-dione (Scheme 1la) possessing an elec-
tron—withdrawin§ group at the C(6) position can form H-
bonded dimers™ as well as 7—7 stacking interactions in the
solid state.”

Scheme 1. (a) Synthesis of Compounds 3a—g and 4a,b
(Compounds 3d,e Were Isolated as Hydrochloride Salts);
(b) Mesomeric Forms of Derivatives 3a—g and 4a,b

o)
0, 9, 1 2 0
3 /j RNH, /\>
—_— V,
Cl—7 P 73 2a-e a /)\X
4 HN,
Cl 5 R
1a,3X=CH
tab 1b,4X =N 3a-g, 42,
24R= a b c d e f g
HO O HN —
2 2 HN N
OH OH

neutral form

merocyanine form

B RESULTS AND DISCUSSION

Synthesis. In this work, quinone derivatives 3a—g and 4a,b
were obtained via a simple one-step nucleophilic substitution
reaction using different amines 2a,e—g, aminoethanol (2b),
and its elongated analogues 2-(2-aminoethoxy)ethanol (2c)
and 2-((2-aminoethyl)amino)ethanol (2d) (Scheme 1a). The
choice of primary amines was based on (i) the presence of a H-
bond-donating group and (ii) different numbers of CH,
groups attached to NH,. All of these features can affect the
formation of H-bonds and properties of the resulting
compounds. It is known>* that in the case of heterocyclic
quinones lab nucleophilic substitution (carried out in an
aprotic solvent) proceeds selectively and provides only the
C(6) substituted product.

Compounds 3a—g and 4a,b possess H-bond-acceptor
functionality (carbonyl groups) at one part and H-donor
functionality (NH) at the opposite part of the molecule. In the
case of compounds 3b—e and 4b, functional groups of the side

chain can provide additional sites for the formation of H-
bonds.

It is known™ that hydrolysis of 6-N,N-diethylaminopyrido-
[1,2-a]benzimidazole-8,9-dione led to the formation of the 1,4-
quinone core. Interestingly, compound S (with an o-quinone
core) was obtained during recrystallization of compound 3g
from ethanol (Scheme 2).

Scheme 2. Formation of Compound $

(0] 0 (0] 0
Cl P EtOH Cl P
N N
HN, H-N,
Bn H
3g 5

Additionally, signals of compound § and benzaldehyde were
detected in a DMSO-dj solution of 3g after 2 weeks by analysis
of the "H NMR spectrum (Figure S36). The existence of the
amino group was proved by '"H NMR, two-dimensional (2D)
"H—'H nuclear Overhauser effect spectroscopy (NOESY), and
2D 'H—"H exchange spectroscopy (EXSY) NMR and Fourier-
transform infrared (FTIR) spectra. It is worth mentioning that
protons of the amino group were observed as two broad signals
at 8.16 and 8.65 ppm ("H NMR spectra in DMSO-dj solution,
Figure S31), but addition of molecular sieves led to the
coalescence of signals to one broad one that appeared at 8.41
ppm (Figure S35).

Single-Crystal X-ray Studies. The most demonstrative
evidence of a H-bond existing in a crystal structure is the
detection of close contacts via X-ray analysis. Diffraction data
were collected at low temperatures on a Rigaku, XtaLAB
Synergy, Dualflex, HyPix (Hybrid Pixel Array Detector)
diffractometer using monochromated Cu—Ka radiation (4 =
1.54184 A). An empirical absorption correction was performed
using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm. The crystal structures were
solved by direct methods using intrinsic phasing and refined by
full-matrix least squares. All nonhydrogen atoms were refined
in anisotropical approximation; hydrogen atoms involved in H-
bonds were refined isotropically, and other H atoms were
refined by the riding model. All calculations were performed
with the help of Olex2 software.*® Single-crystal X-ray
crystallography data of compounds 3c—g and 4ab can be
found in the Supporting Information (Table S2, Figures S37—
SS1). For further details, see the crystallographic data for the
compounds deposited at the Cambridge Crystallographic Data
Centre (see Accession Codes in Supporting Information).

To avoid the formation of H-bonding between the o-
quinone derivative and a protic solvent, aprotic solvent or
solvents mixture (n-hexane, toluene, DCM, or acetonitrile) was
used for the crystallization step. Only crystals of compound 3e
were obtained from methanol due to the poor solubility in
aprotic solvents. Hirshfeld surfaces (for compounds 3c—d,g
and 4ab) and energy framework calculations”” (for com-
pounds 3c,g and 4a,b) were obtained (except for compounds
3e and 3f due to disorder of the crystal structure) in a whole-of
molecule approach to explore intermolecular interactions in
the crystal packing using the B3LYP/6-31G(d,p) energy model
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Compound 3c
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m C(9)=0...H:N", d (O...N") = 2.903

% N(11)-H...CI™, d (N...CI") = 3.201

A O-H...CIT,d(0..CI")=3.128
C(8)=0...H-C(3)*, d (O...C) = 3.361

1 - stacking,
d (between quinone planes) = 3.109

Compound 3d

® N(15)-H..N'(15), d (N...N’) = 2.682

B N(11)-H...CI, d (N...CI") = 3.265

AN(17)-H...0=C(8), d (N...0) = 2.809
C(8)=0...H-C(3)", d (O...C) = 3.224

-1 stacking,
the shortest interatomic contact
C(7)...C(5a) = 3.267

Compound 3e

® Cl..C(8), d=3.388
C(8)=0...H-C(3)*, d (O...C) = 3.351

—

-7 stacking,
d (between quinone planes) = 3.327

Compound 3f

only exo form

M C(8)=0...H-C(3)*, d (O...C) = 3.498
'/ \ -1 stacking,
- >\ f the shortest interatomic contact
m C(1)...C(3) = 3.305

—

Compound 3g

C(8)=0...H-C(3)*, d (0...C) =3.172

{ - stacking,
d (between quinone planes) = 3.251

Compound 4a

®C(9)=0...HO, d (0...0) = 2.821
BN(11)-H...OH, d (N...O) = 2.865
C(8)=0...H-C(3)*, d (O...C) = 3.275

1 -1 stacking,
d (between quinone planes) =
3.250 and 3.130

Compound 4b

Figure 1. Oak ridge thermal ellipsoid plot (ORTEP) diagrams of the asymmetric unit for compounds 3c—g and 4b and the molecule of compound
4a showing thermal ellipsoids at the 50% probability level. For the sake of clarity, all hydrogen atoms were omitted in the ORTEP diagram of
compound 3f and methanol molecules were omitted in the crystal packing of compound 3e. Crystal packing with H-bonds and 7—7 stacking
marked with graphical symbols; key distances are listed, respectively. * This interaction is not shown in crystal packing.
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Figure 2. Crystal structures of (a) compound 3c, (b) compound 4b, and (c) compound 3g were chosen as representatives of the (1) torsion angles
of (+)-conformer (colored in blue) and (—)-conformer (colored in magenta). (2) Top view of Hirshfeld surfaces and 1D molecular chains with
C(8)=0:-H—C(3) contacts. (3) 1D hydrogen bonding motif: the (+)-conformer chain is shown in blue and the (—)-conformer chain is shown in
magenta.
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implemented in the CrystalExplorer21.5 program (Figures
$52—560).2

In the crystal structure of compounds 3c—g and 4ab, a
complicated balance between the various intermolecular forces
was observed: in general, molecules of heterocyclic quinone
derivatives are associated through strong to moderate®
C(8)=0-+H—-C(3) H-bonds resulting in the formation of
one-dimensional (1D) molecular chains. Heterocyclic quinone
planes are held together by the 7—x stacking interactions that
lead to the formation of layered motifs (2D structure).
Functional groups of the amino substituent at the C(6)
position determine different forms of intermolecular H-
bonding of the side chains that resulted in three-dimensional
(3D) H-bonded assemblies (Figures 1 and 2).

Crystal Structures. Compound 3c. Analysis of X-ray data
showed that an achiral and conformationally flexible
compound 3c spontaneously crystallized into a noncentrosym-
metric chiral crystal with the space group P1*° with the Flack
parameter close to zero. It is known®" that the generation of
chirality in the crystallization of achiral compounds is rare.
Screening of 10 single crystals showed that the chirality of four
of them corresponds to that of the crystal structure. For six
single crystals, the crystal structure should be inverted. Thus,
this substance represents a racemic conglomerate.

In the crystal packing of compound 3c, a typical head-to-
head columnar stacking was observed, which is essential for
chiral crystallization.”’ H-bond networks were formed by the
intermolecular interaction of OH--O=C(9) as well as NH---
OH.

The architecture of crystal packing depends on the structure
of the amino alcohol (e.g., distance from the OH group to the
core), and changes such as replacement of the oxygen atom in
the compound 3c by the NH group (compound 3d) lead to
significant changes in intermolecular interactions.

Compound 3d. Compound 3d was isolated as a salt with
protonation occurring at the N(14) position due to the more
pronounced basicity of this nitrogen compared to the other

nitrogen atoms in the molecule. A complex 3D H-bond
network was formed by C(9)=0--NH," interactions as well
as intermolecular contacts between the chloride jon and
proton-donor groups of three separate molecules simulta-
neously (Figure 1, vide infra Figure 4a).

Compound 3e. The X-ray data showed that chloride anions
associated with molecular cations by means of H-bonds of the
N(11)H--CI type and imidazole hydrogens are not involved in
this bond. The imidazole cycle is in the fully staggered position
to N(11) through the CH,—CH, group. The protonated
imidazole ring has two NH protons, both participating in the
formation of strong intermolecular H-bonds. One of the
imidazole hydrogens takes part in the H-bond with the
nitrogen atom of another imidazole ring that are typical for
imidazole derivatives.>* In the crystal structure of compound
3e, methanol molecules lie on the second-order rotation axes
of symmetry. Since such axes do not refer to the own
symmetry of methanol molecules, the molecules can be only
disordered. Thus, in compound 3e occurred a so-called
disorder by symmetry. Methanol molecules with chloride
anions form strong enough hydrogen bonds of the OH---Cl
type with the length of 3.113 A (H(1m)---Cl(1a) = 2.19 A, and
O(1m)—H(1m)--Cl(1a) = 168°). Since molecules of CH;OH
lie on the 2-fold symmetry axis, the occupancy g-factors of all
atoms of the molecules are equal to 0.5, i.e., the substance 3e is
a methanol semisolvate. It should be noted that the occupancy
gfactor for the H(1S) atom is 0.5 (as well as for the chloride
anion, which lies on the 2-fold rotation axis of symmetry).
Thus, compound 3e represents a basic salt (Figure $42).

Compound 3f. Compound 3f contains the aminoalkyl
substituent at the C(6) position with the diastereotopic CH,
group attached to N(11)H. The crystal structure of compound
3f is achiral, and both configurations (R and S) of the C(13)
atom are present since the racemic reagent 2f was used.
Interestingly, two molecular forms are found in crystals: exo
and endo (vide infra, Figure 5a). The endo form is stabilized by
an intramolecular H-bond of the NH:--N type with the
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Figure 3. "H NMR (500 MHz, DMSO-d,) spectra of compounds 3c—g and 4b; signals of aCH, protons are marked with circles.

following parameters: D-~A d N(11')--N(S5) = 2.640 A,
N(11')—H(11’)-~N(S) = 114°. Because the exo and endo
molecules or their mirror-image forms exist in the same
crystallographic position, the crystal structure may be
described with the help of the occupancy g-factors of the
corresponding atoms. The main form (exo form) occupies
80%, while the endo form occupies 20%. The occupancy g-
factors of atoms in the crystal structure (g = 0.8 and 0.2) were
specified and fixed since at such values the thermal
displacement parameters of the disordered atoms are close
and have realistic values. At other values of g-factors, the
thermal parameters become physically less realistic.

In the exo form, the methyl group (atom C(14)) is in the
gauche position to nitrogen N(11), while the ethyl group
(atoms C(15) and C(16)) is in the fully staggered position. In
contrast, for the endo form, the methyl group (atom (C14")) is
in the fully staggered position to the amine nitrogen N(11'),
but the ethyl group (atoms C(15’) and C(16')) is in the
gauche position. Despite the presence of the intramolecular H-
bond, the endo form is a minor form in the crystals, which can
be explained by an elongated C(6)—N(11") bond in order to
form an intramolecular H-bond (Table S3). Additionally, no
strong intermolecular interactions were detected with the
exception of the contact Cl--C(8), which can be interpreted as
an 7-hole interaction of medium strength.

Compound 3g. In the solid state of compound 3g, head-to-
tail columnar stacking is found. Each of the C—H hydrogens of
the methylene group has intermolecular H-bonds with
carbonyl groups of the quinone fragment (C—H:+-O=C'(8)
and C—H--0=C"(9)). A complicated balance between
repulsion interactions of phenyl rings and heterocyclic quinone
planes stacked through 7—7 stacking was observed (Figure
S$47). 1t is worth mentioning that in crystals of compound 3g, a
quite strong anisotropy of the imaginary part of the refraction
index is observed. This leads to the fact that these crystals look
red from one angle and greenish from another.

Compound 4a. The main intermolecular interaction in the
case of compound 4a is the H-bond between C(3)-H--O=
C(8) and stabilizing interlayer interactions between bulky
adamantyl substituents.

Compound 4b. In the case of compound 4b, two modes of
dimeric interactions were found in the crystal packing: H-
bonds between the OH group of the substituent and carbonyl
groups C(9)=0 of o-quinone (centrosymmetric R3(20)
dimer®) as well as H-bonds between aminoethanol side
chains (centrosymmetric R3(8) dimer). As a result, head-to-
tail columnar stacking was accompanied by 7—7 stacking.

Crystal packing analysis revealed similarities and differences
between intermolecular interactions in the crystal structures. In
general, X-ray data showed that nitrogen (N(11)) at the C(6)
position of all studied compounds has a planar configuration as
the sum of angles (C(6)—N(11)—H, H-N(11)—C(12), and
C(12)-N(11)—C(6)) is close to 360° (Table S3). This
observation can lead to the conclusion that partially charged
merocyanine exists in the O=C(8)—C(7)—C(6)—N(11)H
fragment (Scheme 1b) and formation of conformers in the
solid state can be explained by the restricted rotation along the
C(6)—N(11) axis. The Mayer bond order of the C(6)—N(11)
bond was calculated using Multiwfn™* software from single-
crystal X-ray analysis data of compounds 3c—g and 4b.
Calculations proved the partial double-bond character of the
C(6)—N(11) bond (Table S3). It is known that derivatives of
la tend to form compounds that can be characterized as
coupled polymethines.”> The partially charged merocyanine
fragment can facilitate the formation of the resonance-assisted
hydrogen bond.*

Analysis of X-ray data showed that the achiral compound 3¢
crystallized into a noncentrosymmetric chiral crystal that
contains only (+) synclinal conformers (Figure 2a-1).
Crystallization of derivatives 3d—g and 4b resulted in the
formation of centrosymmetric and, hence, achiral crystals.
From the 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*®)
accompanied by its inverse equivalent. Because of torsional
differences at C(6)—N(11)—C(12)-C(13) fragment, mole-
cules of compounds 3d and 4b in centrosymmetric crystals
acquire both (+) and (—) synclinal (30—90°), molecules of
compound 3e- (+) and (—) anticlinal (90—150°), and
molecules of compounds 3f,g- (+) and (—) antiperiplanar
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Figure 4. (a) Fragment of the H-bond network in the crystal packing of compound 3d and (b) a fragment of the 'H-spectrum of the compound 3d.
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Figure 5. (a) Structures of exo and endo forms of compound 3f. (b) Fragments of the VT 'H NMR spectrum (500 MHz, DMSO-d) of compound
3f in the temperature range of 298—393 K and (c) fragments of the VT 'H NMR spectrum (500 MHz, MeCN-d;) of compound 3f in the
temperature range of 248—333 K.

(150—180°) conformations (Figure 2a and Table S3). It was crystal structure of compounds 3f and 3g, which bear a
observed that antiperiplanar orientations were found in the nonpolar substituent. Figure 2 shows a pair of conformers
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connected by the inversion centers: blue-colored (+)-con-
formation and magenta-colored (—)-conformation. No con-
formers were detected in the case of compound 4a due to the
symmetrical structure of the introduced substituent and the
absence of —CH,—fragment necessary for the formation of a
flexible moiety.

Molecules in the crystal structures of heterocyclic quinone
derivatives (compounds 3c—g and 4a,b) are associated
through strong to moderate” C(8)=0---H—C(3) H-bonds
that lead to the formation of 1D molecular chains (Figures 1
and 2). Along this H-bond, 1D chains can be classified
according to Kikkawa et al.'” into two patterns: a straight
pattern ([(+) or (—)] single conformer chains formed by H-
bonds) observed in the case of compounds 3c—d,f and 4b
(Figure 2a-3,b-3) and a zigzag pattern (chains that are formed
through H-bonds and consisting of (+)- and (—)-conformers
alternately associated with glide) in the case of compounds 3e
and 3g (Figure 2c-3).

A common feature for all compounds is the 7—z-stacking
interaction that stabilizes head-to-head (compound 3c) or
head-to-tail (compounds 3d—g and 4a,b) columns. Distances
between quinone planes lie in a range between 3.109 and 3.327
A and are shorter than the sum of the van der Waals (vdW)
radii (C 3.40 A%”). According to energy frameworks analysis,
molecules are stacked in columns with dispersion dominated
stacking. However, crystal structures of compound 3¢ (Figure
$53) and compound 4b (Figure SS7) represent balanced
energy frameworks between electrostatic and dispersion
contributions. Electrostatic energy is the largest for interaction
between polar functional groups of flexible side chains;
however, dispersion is the largest for the stacking motif
between heterocyclic quinone planes.

NMR Spectroscopy. Analysis of 'H NMR spectra
(DMSO-d¢) (3b—g and 4b) showed two remarkable features
corresponding to the —NH-aCH,— (i.e, —N(11)—H-
C(12)H,-) fragment: protons of aCH, appeared as broad-
downfielded signals and NH proton signals were observed in
the 7.99—8.72 ppm range (Figure 3).

Additionally, in the case of the hydrochloride salt 3d NH
and OH group signals were shifted downfield. It can be
supposed that the trifurcated bond between the Clanion, OH,
and both NH/NH," groups (proved by single-crystal X-ray
analysis in the solid state) exists in solution as well (Figure 4b).

To investigate the character of —NH-aCH,— group signals,
"H NMR spectra were recorded at 298 K in several solvents of
different polarities and abilities to form H-bonds with the
substrate. Compounds 3f and 3g were chosen due to their
better solubility in less polar solvents such as MeCN-d; and
CDCl;. MeCN and CHClI; are solvents with a lower polarity
and H-bond basicity>® than DMSO, and chemical shifts of NH
and aCH, protons can be sensitive to the solvent. Additionally,
the existence of both forms (endo and exo) in solution
(detected in the solid state in the case of compound 3f, vide
supra) was under consideration. To specify the diastereotopic
protons of the aCH, group of compound 3f 'H NMR
resonance signals were assigned using 2D 'H—'H COSY and
"H-"C HSQC NMR spectra (Figures S17 and S18).

In DMSO-d4 and MeCN-d; solutions at room temperature
(298 K), signals of the endo form of compound 3f were not
detected. However, in a CDCl; solution, signals of both forms
(exo and endo, Figure Sa) of compound 3f were observed
(Table 1 and Figure S1S) with an exo/endo ratio of 70:30,
which is close to the ratio observed in the crystal structure.

Table 1. Chemical Shifts (§) of NH and «CH, Protons in
the '"H NMR Spectra (298 K) of Compounds 3f,g in
Different Solvents

chemical shifts (5), ppm

hydrogen-bond
basicity of solvents
cmpd. solvent B)* NH HN-aCH,
3f DMSO-dg 0.71 8.26 4.10, 4.23
MeCN-d; 0.37 6.96 4.33, 413
CDCl, 0 6.24° 4.09, 4.28%°
679" 374, 3.925%
3g DMSO-dg 0.71 8.72 5.69
MeCN-d; 037 ~7.30 5.63
CDCl, 0 6.34 5.50

Interestingly, compound 3g showed no separate signals of the
endo form in the "H NMR spectra at 298 K in all three solvents
used.

Solvent-dependent chemical shift of the NH signal is
another notable feature. The formation of the solute—solvent
complexes®” between the NH proton and the solvent could
explain a downfield shift of the NH signals in DMSO-dj
relative to those in MeCN-d; and CDCI; for compounds 3f
and 3g. Chemical shifts of the NH proton correlated well with
the f; value (hydrogen-bond basicity)*® of these solvents
(Figures S16 and S28). Stabilization of the exo form by
intermolecular interactions and formation of solute—solvent
complexes in DMSO can compete with stabilization by an
intramolecular H-bond that is well pronounced in less basic
solvents.

The most remarkable feature of the 'H NMR spectra of
compounds 3b—g and 4b is a broad-downfielded signal of the
aCH, protons in the DMSO-dj solution (Figure 3) as well as
in MeCN-d; and CDCI, for compounds 3f and 3g. As the 'H
NMR spectra of all compounds containing the NH-aCH,
fragment have a broad signal of the aCH, protons, we
supposed that compounds with no «CH, group can have a
different behavior in solution. With this idea in mind,
compounds 3a and 4a were synthesized. As expected, their
'"H NMR spectra can be easily interpreted and have no
evidence of signal broadening (Figures S1 and S2) as well as
no conformers detected in the crystal structure (vide supra).

Compounds 3b—e and 4b have the —NH-aCH,—CH,
fragment and signals of the CH, group had clear splitting,
suggesting that the broadening of the aCH, signal is not
affected by the rest of the side chain. Several factors may
explain the character of the @CH, signal, e.g., delocalization of
electrons between N(11)H and C(8)=0 groups (formation
of the merocyanine fragment), which leads to a partially
charged nitrogen.

In order to test the hindered rotation of the flexible side
chain around the N(11)—C(12) bond in solution, quantum
chemical calculations were utilized.*" Geometry from X-ray
data was used as initial structures for calculations of theoretical
rotation barriers; conformation geometries were obtained by
manually scanning along the torsion angle around the bond in
question without relaxation of the remaining structure of the
molecule. These structures were generated with Open Babel
software.”’ For the (single-point) energy calculations, we used
Gaussian 16, rev. C.01 computational software,”” with a meta-
hybrid functional MN15*’ and a double-hybrid functional
DSD-PBEP86-D3(BJ),** which are reported in the literature to
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be particularly suitable for computing both energy barriers and
noncovalent interactions.*>*® The results of these calculations
(Figure S61) showed that the rotational barrier height (AG*)
is around 2—4 kcal/mol for both compounds 3¢ and 4b, while
a higher AG* is observed for the compound 3d (7 kcal/mol),
as expected for cations. As the result of quantum chemical
calculations, no evidence for high rotational barriers at the
N(11)—C(12) bond of compounds 3c—d and 4b was
provided; hence, dynamic rotational processes were excluded
from consideration.

The cause of signal broadening could be nonequivalence of
the aCH, protons because of the outcome of the unsym-
metrical structure®” or existence of exo and endo forms at room
temperature, despite the fact that only the exo form crystallized
in all cases with the exception of compound 3f.

Typically, intramolecularly H-bonded structures are more
stable; still, X-ray data showed that in cases of compounds 3c—
g and 4b the exo form is major in the solid state. However, the
existence of trace amounts of the endo form cannot be
excluded and can explain the unusually strong widening of the
aCH, resonance signal at room temperature. It is known*® that
intermolecular/intramolecular H-bonds are affected by ele-
vated/low temperatures; thus, variable-temperature (VT) 'H
NMR experiments were carried out.

The impossibility of cooling the DMSO solution prevents
full variable-temperature study for the compound 3c; therefore,
it was studied only at elevated temperatures (Figure S7). First,
"H NMR resonance signals were assigned using a 2D 'H-'H-
COSY spectrum (Figure S6). At 353 K the broad signal of the
aCH, signal splits into a broad doublet. However, the NH
proton is shifted upfield and the OH signal (initially appeared
at 4.61 ppm) overlaps with the signal of water. The '"H NMR
spectrum of the cooled solution was identical to the first one
acquired at room temperature except for the signal of the OH
proton. Thus, protons of aCH,, NH, and OH groups
participate in the formation of intermolecular H-bonds in
solution that were destroyed upon heating and restored back
to room temperature.

We were able to follow the behavior of compounds 3f—g
(Figures S, S21, and S29) with VT '"H NMR experiments due
to their sufficient solubility in MeCN-d; at temperatures lower
than room temperature. '"H NMR spectra (MeCN-ds, 298 K)
of both compounds 3fg (Figures Sc, S14, and S26) exhibited a
set of broad signals corresponding to the signal of the NH
group, ®CH, protons as well as a signal of the proton at the
C(1) position of the heterocyclic core.

The 'H NMR spectrum of 3f recorded in the MeCN-d,
solution at 248 K showed narrowing and splitting of all broad
signals (Figure Sc). An additional set of signals of low intensity
(corresponding to the endo form) appeared, approving the
existence of two forms (similar to the "H NMR spectrum in
the CDCl; solution at room temperature). A low-intensity
signal of the NH group appeared at 7.41 ppm (A6 = 0.24 ppm
with respect to the exo form) that apparently belongs to the
intramolecularly H-bonded endo form. The ratio of the
observed exo/endo forms at 248 K in the MeCN-d; solution
was 85:15, which is in good agreement with the exo/endo ratio
in the solid state. In general, the intermolecular H-bond is
weaker®’ and, in turn, NH signals involved in such a type of H-
bonding are more temperature-dependent than NH signals of
the intramolecularly bonded group. Correlation between the
NH proton (exo form) chemical shift and temperature is linear
for solutions in DMSO-dg (298—393 K, R* = 0.99) and in

MeCN-d; (248-333 K, R> = 0.97) (Figures S20 and S22).
Diastereotopic protons of the endo form (aCH,) showed
clearly identifiable signals at 3.67 and 3.86 ppm and the signal
of the C(1)-H proton appeared at 8.98 ppm with similar
multiplicities as ®CH, and C(1)-H of the exo form: as a result,
C(1)-H and aCH, signals of the endo form shifted upfield
(shielded), but the NH signal is downfield shifted (deshielded)
relative to the signals of the exo form.

A single form of the compound 3f was observed in the 'H
NMR spectrum upon heating in a DMSO-dy solution at 393 K.
The multiplicity of each signal (#CH, group protons and C(1)
proton) is similar to the multiplicity of the same signals in 'H
NMR spectra recorded at cooling for MeCN-d; solutions. It
can be supposed that only the monomer exo form was found
upon heating in DMSO-ds as H-bonds are weakened at
elevated temperatures (Figure Sb). Cooling the solution of
compound 3f in DMSO-d4 to room temperature restored the
original spectrum acquired initially.

It should be mentioned that chemical shifts and multiplicity
of signals of heterocyclic core protons (with the exception of
C(1)-H) as well as the side-chain protons (with the exception
of aCH, group protons) remained essentially unchanged
during the cooling/heating processes.

The endo form of compound 3g was also detected upon
cooling in a MeCN-d; solution (Figure $30). At 253 K, aCH,
protons of the endo form exhibited a doublet (J = 7.2 Hz) at
5.17 ppm and at the same time a doublet (J = 7.1 Hz) of the
exo form appeared at 5.61 ppm. The ratio of exo/endo forms of
compound 3g was similar to the ratio of exo/endo forms for
compound 3f at low temperatures.

Temperature - gradients (Adyy/AT)*** were calculated
for compounds where temperature dependence of the NH
proton chemical shift was observed (Table S1). These results
confirm our previous findings about stabilization of different
solvate—solvent interactions by the solvent and do not exclude
the influence of the rest of the side chain on the strength of H-
bonds.

Bl CONCLUSIONS

In summary, we synthesized pyrido- and pyrimido-[1,2-
a)benzimidazole-8,9-dione derivatives in the reaction with
simple primary amines and amino alcohols, providing the
formation of the C—N bond. In the solid state, the derived
compounds exist as partially charged merocyanines that lead to
the restricted rotation along the C(6)—N(11) axis.

Crystallization of the resulting compounds led to different
crystal structures where the noncentrosymmetric chiral crystal
(3¢) and centrosymmetric achiral crystals (3d—g, 4a,b) were
detected. In the unit cell of centrosymmetric crystals, one
rotamer and its inversion symmetry equivalent (with the
opposite sign of torsion angle in the side chain) were found.
Formation of 3D bonded networks due to multiple hydrogen
bonds as well as other intermolecular interactions such as 7—7z
stacking and 7—hole interaction was observed.

In the crystal structure of compound 3f, two sets of different
forms were observed: (1) (+)- and (—)-conformations
characteristic to all derivatives with the —NH—CH,— frag-
ment; and (2) two forms with different relative orientations of
the N—H bond with respect to quinone core: major exo
(without an intramolecular H-bond) and minor endo
(stabilized by an intramolecular H-bond) forms. Crystals of
compounds 3c—e, 3g, and 4b contain only the exo form. In a
solution, due to intermolecular interactions of quinone
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derivatives 3b—g and 4b with a proton-accepting solvent, the
exo form is dominating; however, a less basic solvent (in the
case of compound 3f) increases the concentration of the endo
form.

The selected compounds (3f—g) were chosen for the
explanation of the unusual broadening of signals in '"H NMR
spectra in a series of heterocyclic quinone derivatives with the
—NH-CH,— fragment in the side chain. A combination of X-
ray analysis, '"H NMR, and VT 'H NMR data was used. The
observed broadening of the signals can be interpreted by the
presence of a minor endo form at room temperature, despite
the fact that only the exo form crystallized in all cases with the
exception of compound 3f. Our results suggest that caution
should be exercised when interpreting such spectra.

The formation of a chiral crystal can be expected in the case
of unsymmetrical merocyanine with a flexible side chain (—
NH-CH,— fragment); however, this assumption requires a
more detailed investigation on a greater number of pyrido- and
pyrimido-[1,2-a]benzimidazole-8,9-diones derivatives as well
as different crystallization conditions should be explored.

H METHODS

Reagents. Reagents and solvents were purified by standard
means or used without further purification.

Analytical Methods and Apparatus. Melting points
were measured on a Kruess KSP 11 Melting Point Analyzer.
"H NMR and "*C NMR spectra were recorded on the Bruker
Avance 300 spectrometer or on the Bruker Avance 500
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Ger-
many) in DMSO-dg, MeCN-ds, or CDCl, solutions. Chemical
shifts (8) were reported in parts per million and coupling
constants (J) in Hz. The proton signals for residual
nondeuterated solvents (8 7.26 for CDCl;, § 2.50 for
DMSO-dg, 6 1.94 for MeCN-d;) and carbon signals (§ 77.1
for CDCl;, § 39.5 for DMSO-d;) were used as an internal
standard- 50 for "H NMR and *C NMR spectra, respectively.
Elemental CHN analysis was carried on a Euro Vector EA
3000 analyzer. IR spectra were recorded on a PerkinElmer
Spectrum 100 FTIR spectrometer. The UV—vis absorption
spectra were acquired with a PerkinElmer 35 UV/vis
spectrometer using 1 cm length quartz cuvettes with a
concentration of compound ¢ = 2.5 X 10™° M. Low-resolution
mass spectra were acquired on a Waters EMD 1000MS mass
detector (ESI+ mode, voltage 30 V) with an Xterra MS C18 5
pum 2.1 100 mm column and a gradient eluent mode using
0.1% HCOOH in deionized water and MeCN or MeOH.

General Procedures and Characterization of Prod-
ucts. 6,7-Dichloropyrido[1,2-a]benzimidazole-8,9-dione 1la
and 6,7-dichloropyrimido[1,2-a]benzimidazole-8,9-dione 1b
were prepared according to previously reported procedures.”*

Compounds 3a—g, 4a,b are too insoluble to record a
qualitative *C NMR spectrum.

Synthesis of Compounds 3a and 4a. 1-Adamantanamine
hydrochloride (precursor of 2a, 0.53 g 2.82 mmol) was
dissolved in MeOH (S mL), and a solution of KOH (0.16 g,
2.82 mmol) in MeOH was added. The resulting solution was
stirred and then was added to a solution of 6,7-dichloropyrido-
[1,2-a]benzimidazole-8,9-dione (1a) or 6,7-dichloropyrimido-
[1,2-a]benzimidazole-8,9-dione (1b) (0.25 g, 0.94 mmol) in
dichloromethane (DCM) (250 mL). The reaction mixture was
stirred at room temperature for 72 h, and then, the reaction
mixture was washed with water twice. The organic layer was
dried over anhydrous CaCl, and evaporated under vacuum to

get a dark-colored crude product. The precipitate was
recrystallized from the DCM/n-hexane mixture and dried in
air.

6-(Adamantan-1-ylamino)-7-chlorobenzo[4,5]imidazo-
[1,2-ajpyridine-8,9-dione (3a). Yield: 0.12 g (34%), dark
crystals. MP: 290 °C. MS: C,,H,,CIN;O, requires [M + H]*
382.12; found [M + H*]* 3823. '"H NMR (300 MHz,
CDCL,): 5 9.28 (d, ] = 6.5 Hz, 1H, H-1), 7.83 (d, J = 9.0 Hz,
1H, H-4), 7.61 (m, 1H, H-3), 7.23 (t, ] = 6.8 Hz, 1H, H-2),
6.56 (br.s, 1H, exchanges with D,0, NH), 2.42 (s, 6H, CH, x
3), 2.24 (s, 3H, CH X 3), 1.79 (m, 6H, CH, X 3). IR (KBr
pellet, cm™): 3348, 3100, 3035, 2989, 2910, 2846, 1655,
1626, 1572, 1499, 1449. Anal. Caled for CyyH,,CIN;O, + 0.5
H,0: C, 64.53; H, 5.42; N, 10.75; found C, 64.45; H, 5.17; N,
10.72.

9-(Adamantan-1-ylamino)-8-chlorobenzo([4,5]imidazo-
[1,2-a]pyrimidine-6,7-dione (4a). Yield: 0.22 g (64%), dark
crystals. MP: >300 °C. MS: C,oH,,CIN,O, requires [M + H]*
383.12; found [M + H']* 383.3. 'H NMR (300 MHz,
CDCl;): §9.50 (d, ] = 5.2 Hz, 1H, H-1), 8.86 (dd, ] = 3.4; 1.6
Hz, 1H, H-3), 7.32 (dd, ] = 5.3; 0.7 Hz, 1H, H-2), 6.66 (brs,
1H, exchange with D,0, NH), 2.45 (s, 6H, CH, X 3), 2.26 (s,
3H, CH x 3), 1.81 (dd, J = 25.7, 12.1 Hz, 6H, CH, X 3). IR
(KBr pellet, cm™): 3434, 3343, 3108, 3075, 3014, 2907,
2850, 1658, 1633, 1615, 1572, 1522, 1459, 1425. Anal. Calcd
for CyoH,oCIN,O,: C, 62.74; H, 5.00; N, 14.63; found C,
62.86; H, 5.14; N, 14.57.

Synthesis of Compounds 3b and 4b. 6,7-Dichloropyrido-
[1,2-a]benzimidazole-8,9-dione (1a) or 6,7-dichloropyrimido-
[1,2-a]benzimidazole-8,9-dione (1b) (0.2 g, 0.75 mmol) was
dissolved in DCM (250 mL). Then, aminoethanol (2b, 0.14
mL, 225 mmol) was added to the resulting solution. A
precipitate was formed after stirring the reaction mixture for 3
h. The solution was filtered, and the dark solid was washed
with EtOH and MeCN three times.

7-Chloro-6-((2-hydroxyethyl)amino)benzo[4,5]imidazo-
[1,2-a]pyridine-8,9-dione (3b). Yield: 0.13 g (62%), dark
crystals. MP: >300 °C. MS: C;H,,CIN;Oj; requires [M + H]*
292.04; found [M + H*]* 292.2. "H NMR (300 MHz, DMSO-
dg): 6 9.16 (d, J = 6.0 Hz, 1H, H-1), 7.99 (d, ] = 9.0 Hz, 2H,
H-4 and NH (exchange with D,0)), 7.78 (t, ] = 8.0 Hz, 1H,
H-3), 7.44 (t, ] = 6.8 Hz, 1H, H-2), 4.96 (brs, 1H, exchange
with D,0, OH), 436 (s, 2H, CH,), 3.74 (q, J = 5.3 Hz, 2H,
CH,). IR (KBr pellet, cm™): 3380, 3195, 3087, 3024, 2967,
2922, 2874, 1650, 1616, 1571. Anal. Calcd for C;3H,,CIN,O5:
C, 53.53; H, 3.46; N, 14.41; found C, 53.12; H, 3.70; N, 14.28.

8-Chloro-9-((2-hydroxyethyl)amino)benzo[4,5]imidazo-
[1,2-a]pyrimidine-6,7-dione (4b). Yield: 0.08 g (37%), dark
crystals. MP: 228—230 °C. MS: C,3H,,CIN;0; requires [M +
H]* 292.0; found [M + H*]* 292.2. 'H NMR (300 MHz,
DMSO-dg): 6 9.43 (d, ] = 5.4 Hz, 1H, H-1), 8.91 (dd, ] = 4.0;
1.6 Hz, 1H, H-3), 7.52 (dd, J = 6.5; 4.5 Hz, 1H, H-2), 5.00
(brs, 1H, exchange with D,0, OH), 4.37 (s, 2H, CH,), 3.71
(m, 2H, CH,). IR (KBr pellet, cm™): 3391, 3184, 1654,
1611, 1563, 1524, 1473, 1427. Anal. Calcd for
C3H,,CIN;05+0.5H,0 C, 47.77; H, 3.34; N, 18.57; found
C, 47.84; H, 3.66; N, 18.25.

7-Chloro-6-((2-(2-hydroxyethoxy)ethyl)amino)benzo[4,5]-
imidazo[1,2-a]pyridine-8,9-dione (3c). To a solution of 6,7-
dichloropyrido[ 1,2-a]benzimidazole-8,9-dione (1a, 0.2 g, 0.75
mmol) in DCM (300 mL), 2-(2-aminoetoxy)ethanol (2c, 0.19
mL, 1.88 mmol) was added. The solution was stirred for 4 h,
and then, the reaction mixture was washed with water. The
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organic layer was dried over anhydrous CaCl, and evaporated
under vacuum to get a dark-colored crude product. The
precipitate was recrystallized from MeCN and dried in air.
Yield: 0.15 g (60%), dark crystals. MP: 218—220 °C. "H NMR
(500 MHz, DMSO-dg): 6 9.17 (d, ] = 5.6 Hz, 1H, H-1), 8.06
(br.ss, 1H, exchange with D,0, NH), 7.99 (d, ] = 9.0 Hz, 1H,
H-4),7.78 (t, ] = 8.0 Hz, 1H, H-3), 7.4 (t, ] = 6.8 Hz, 1H, H-
2), 4.61 (s, 1H, exchange with D,0, OH), 4.46 (s, 2H, CH,),
3.74 (t, ] = 5.9 Hz, 2H, CH,), 3.50 (s, 4H, CH,). IR (KBr
pellet, cm™): 3396, 3228, 3084, 2947, 2867, 1715, 1651,
1626, 1569, 1425. Anal. Caled for C,H,,CIN;O,: C, 53.66;
H, 4.20; N, 12.52; found C, 53.80; H, 4.23; N, 12.61.
2-((7-Chloro-8,9-dioxo-8,9-dihydrobenzo[4,5]imidazo-
[1,2-alpyridin-6-yl)amino)-N-(2-hydroxyethyl)-
ethanaminium chloride (3d). To a solution of 6,7-
dichloropyrido[1,2-a]benzimidazole-8,9-dione (1a) (0.15 g,
0.56 mmol) in DCM, 2-(2-aminoethylamino )ethanol (2d, 0.14
mlL, 1.40 mmol) was added. The solution was stirred for 4 h. A
dark-colored precipitate was formed and filtered. The
precipitate was washed with EtOH and MeCN three times
and dried in air. Yield: 0.13 g (65%), dark crystals. MP: 229—
232 °C. '"H NMR (500 MHz, DMSO-d¢): 6 9.17 (d, ] = 6.6
Hz, 1H, H-1), 8.55 (br.s, 3H, exchange with D,0, NH), 8.00
(d,]=9.0 Hz, 1H, H-4), 7.81 (t, ] = 8.0 Hz, 1H, H-3), 7.47 (t,
] = 6.9 Hz, 1H, H-2), 5.28 (s, 1H, exchange with D,0, OH),
4.43 (s, 2H, CH,), 3.69 (s, 2H, CH,), 3.36 (overlaps with H,0
signal, t, J = 5.8 Hz, 2H, CH,), 3.10 (t, J = 5.1 Hz, 2H, CH,).
IR (KBr pellet, cm™): 3368, 3187, 3040, 2826, 1648, 1616,
1563, 1535, 1522, 1497, 1447. Anal. Calcd for
C1sH,CLN,0,+0.5CH,Cl,: C, 45.79; H, 4.08; N, 13.35;
found C, 45.41; H, 4.46; N, 13.76.
6-((2-(1H-Imidazol-4-yl)ethyl)Jamino)-7-chlorobenzo[4,5]-
imidazo[1,2-alpyridine-8,9-dione (3e). Histamine dihydro-
chloride (precursor of 2e, 0.2 g, 1.12 mmol) was dissolved in
MeOH (5 mL), and a solution of KOH (0.12 g, 2.24 mmol) in
MeOH was added. The resulting solution was added to a
solution of 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
(1a, 0.15 g 0.56 mmol) in DCM (250 mL). The reaction
mixture was stirred at room temperature for 72 h. The organic
layer was evaporated under vacuum until 20 mL to get a dark-
colored crude product. The dark-colored precipitate was
filtrated, recrystallized from MeOH, and dried in air. Yield:
0.12 g (63%), dark powder. MP: 225-227 °C. MS:
C6H,CIN;O, requires [M + H]* 342.1; found [M + H']*
342.3. "H NMR (500 MHz, DMSO-d): § 9.17 (d, J = 5.7 Hz,
1H, H-1), 8.37 (br.s, 1H, exchange with D,0O, NH), 8.31 (s,
1H, CH,pigasole)s 800 (d, J = 8.8 Hz, 1H, H-4), 7.79 (t, ] = 8.0
Hz, 1H, H-3), 745 (t, ] = 6.9 Hz, 1H, H-2), 7.22 (s, 1H,
CH,idnpore), 4-50 (5, 2H, CH,), 3.05 (t, ] = 6.7 Hz, 2H, CH,).
IR (KBr pellet, cm™): 3291, 3145, 2886, 2814, 163, 1660,
1609, 1547, 1514. Anal. Caled for C;H,,CIN;O + 0.5 CI +
0.5 CH;0H (C;33H,9CL3N 405 known from X-ray analysis) C,
52.71; H, 3.89; N, 18.63; found C, 52.74; H, 4.04; N, 18.42.
7-Chloro-6-((2-methylbutyl)amino)benzo[4,5]imidazo-
[1,2-a]pyridine-8,9-dione (3f). 6,7-Dichloropyrido[1,2-a]-
benzimidazole-8,9-dione (la) (0.2 g, 0.7S mmol) was
dissolved in DCM (250 mL). Then, isopentylamine (2f, 0.16
mL, 1.88 mmol) was added to the resulting solution. The
reaction mixture was stirred at room temperature for 2 h.
Then, the reaction mixture in DCM was washed with water
twice. The organic layer was dried over anhydrous CaCl, and
evaporated under vacuum to get a dark-colored crude product.
The precipitate was recrystallized from a toluene/n-hexane
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mixture and was dried in air. Yield: 0.11 g (65%), dark powder.
MP: 174—176 °C. MS: C;¢H,,CIN;O, requires [M + HJ*
318.1; found [M + H*]* 318.4. '"H NMR (500 MHz, DMSO-
dg): §9.17 (d, ] = 3.5 Hz, 1H, H-1), 8.27 (br.s, 1H, exchange
with D,0, NH), 7.97 (d, ] = 9.0 Hz, 1H, H-4), 7.77 (t, ] = 7.9
Hz, 1H, H-3), 7.44 (t, ] = 6.9 Hz, 1H, H-2), 4.10 (s, 1H, CH,
(diastereotopic)), 4.23 (s, 1H, CH, (diastereotopic)), 1.86
(dq, J = 12.9, 6.6 Hz, 1H, CH), 1.48 (dt, ] = 12.8, 6.8 Hz, 1H,
CH, (diastereotopic)), 1.20 (dd, J = 13.9, 7.3 Hz 1H, CH,
(diastereotopic)), 0.92 (dd, J = 7.3, Hz, 6H, 2 X CH;). IR
(KBr pellet, cm™): 3468, 3371, 3082, 3022, 2962, 2875,
1655, 1626, 1571, 1494. Anal. Caled for C,H,(CIN,0, C,
60.47; H, 5.08; N, 13.22; found C, 60.81; H, 5.22; N, 13.05.

6-(Benzylamino)-7-chlorobenzo[4,5]imidazo[1,2-a]-
pyridine-8,9-dione (3g). 6,7-Dichloropyrido[1,2-a]-
benzimidazole-8,9-dione (la) (0.2 g, 0.7S mmol) was
dissolved in DCM (250 mL). Then, benzylamine (2g, 0.14
mL, 2.25 mmol) was added to the resulting solution. The
reaction mixture was stirred at room temperature for 24 h and
then was washed with water twice. The organic layer was dried
over anhydrous CaCl, and evaporated under vacuum to get a
dark-colored crude product. The precipitate was recrystallized
from the DCM/n-hexane mixture and was dried in air. Yield:
0.14 g (67%), dark powder. MP: 174—177 °C. MS:
C,sH,CIN;0, requires [M + H]* 338.1; found [M + H*]*
338.3. 'H NMR (500 MHz, DMSO-d): 5 9.16 (d, ] = 6.4 Hz,
1H, H-1), 8.72 (brs, 1H, exchange with D,0, NH), 7.98 (d, J
=9.0 Hz, 1H, H-4), 7.76 (t, ] = 8.1 Hz, 1H, H-3), 7.43 (t, ] =
6.9 Hz, 1H, H-2),7.40 (d, ] = 7.4 Hz, 2H, CH,,,, ), 7.34 (t, ] =
7.6 Hz, 2H, CH,,.,.), 7.25 (t, ] = 7.2 Hz, 1H, CH..,,), 5.61 (s,
1H, CH,). IR (KBr pellet, cm™): 3438, 3359, 3105, 3040,
2885, 1665, 1623, 1569, 1497. Anal. Caled for C;3H,,CIN;O,
C, 64.01; H, 3.58; N, 12.44; found C, 63.61; H, 3.74; N, 12.37.

6-Amino-7-chlorobenzo[4,5]imidazo[1,2-ajpyridine-8,9-
dione (5). Yield: 0.04 g (51%), dark-red crystals. MP: >300
°C. MS: C,;H,CIN;0, requires [M + H]" 248.1; found [M +
H*]* 248.3. '"H NMR (500 MHz, DMSO-d¢): § 9.10 (d, ] =
6.7 Hz, 1H, H-1), 8.65 (br.s, 1H, exchange with D,0O, NH),
8.15 (br.s, 1H, exchange with D,0, NH), 7.95 (d, J = 9.0 Hz,
1H, H-4), 7.78 (m, 1H, H-3), 7.43 (t, ] = 6.9 Hz, 1H, H-2).
13C NMR (125 MHz, DMSO-dy): 171.9, 168.6, 148.9, 148.5,
147.3, 132.1 (CH), 128.6 (CH), 1192, 118.6 (CH), 118.3
(CH), 114.9. IR (KBr pellet, cm™"): 3448, 3246, 3204, 1657,
1628, 1583, 1542, 1501, 1448. Anal. Calcd for C,,H,CIN;O,
C, 53.80; H, 2.44; N, 16.97; found C, 53.87; H, 2.71; N, 16.65.

Bl ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c07005.

Figures of "H NMR spectra (for compounds 3a—g, 4a,b,
and §), 2D 'H-'H COSY NMR spectra (for
compounds 3c—f), 'TH-"*C HSQC NMR spectra (for
compound 3f) as well as full VT 'H NMR spectra for
compound 3¢ (in DMSO-d, solution), compound 3f (in
DMSO-ds and MeCN-d; solutions), and compound 3g
(in MeCN-d; solution); single-crystal X-ray analysis data
with ORTEP diagrams of the asymmetric unit for
compounds 3c—g and 4a,b; and figures of Hirshfeld

https://doi.org/10.1021/acsomega.3c07005
ACS Omega 2023, 8, 40960—-40971


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07005/suppl_file/ao3c07005_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07005?goto=supporting-info
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

surfaces and energy frameworks calculated with
CrystalExplorer software (PDF)

B AUTHOR INFORMATION

Corresponding Author
Nelli Batenko — Riga Technical University, Faculty of
Materials Science and Applied Chemistry, Riga LV-1048,
Latvia; Email: nelli.batenko@rtu.lv

Authors

Anastasija Gaile — Riga Technical University, Faculty of
Materials Science and Applied Chemistry, Riga LV-1048,
Latvia; © orcid.org/0000-0001-7268-573X

Sergey Belyakov — Latvian Institute of Organic Chemistry,
Riga LV-1006, Latvia

Vitalijs Rjabovs — Riga Technical University, Faculty of
Materials Science and Applied Chemistry, Riga LV-1048,
Latvia

Igors Mihailovs — Riga Technical University, Faculty of
Computer Science and Information Technology, Riga LV-
1048, Latvia; University of Latvia, Institute of Solid State
Physics, Riga LV-1063, Latvia

Baiba Turovska — Latvian Institute of Organic Chemistry,
Riga LV-1006, Latvia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c07005

Author Contributions

N.B.: Supervision, conceptualization, writing—original draft,
review and editing. A.G.: Investigation, writing—original draft,
review and editing, visualization, funding acquisition. S.B., V.R,,
and B.T.: Investigation. ILM.: Formal analysis. All authors
approved the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the European Social Fund within
Project No. 8.2.2.0/20/1/008 <Strengthening of PhD
students and academic personnel of Riga Technical University
and BA School of Business and Finance in the strategic fields
of specialization>> of the Specific Objective 8.2.2 <To
Strengthen Academic Staff of Higher Education Institutions
in Strategic Specialization Areas>> of the Operational
Programme <Growth and Employment>>. This research/
publication was supported by Riga Technical University’s
Doctoral Grant program (DOK.LKI/21).

B REFERENCES

(1) De Causmaecker, S.; Douglass, J. S.; Fantuzzi, A.; Nitschke, W.;
Rutherford, A. W. Energetics of the Exchangeable Quinone, Q B, in
Photosystem IL. Proc. Natl. Acad. Sci. U.S.A. 2019, 116 (39), 19458—
19463.

(2) Anand, A; Chen, K; Yang, L; Sastry, A. V;; Olson, C. A;
Poudel, S.; Seif, Y.; Hefner, Y.; Phaneuf, P. V,; Xu, S.; Szubin, R;;
Feist, A. M.; Palsson, B. O. Adaptive Evolution Reveals a Tradeoff
between Growth Rate and Oxidative Stress during Naphthoquinone-
Based Aerobic Respiration. Proc. Natl. Acad. Sci. US.A. 2019, 116
(50), 25287-25292.

(3) Ji, Q; Zhang, L.; Jones, M. B.; Sun, F.; Deng, X.; Liang, H.; Cho,
H.; Brugarolas, P.; Gao, Y. N,; Peterson, S. N.; Lan, L.; Bae, T.; He, C.
Molecular Mechanism of Quinone Signaling Mediated through S-

Quinonization of a YodB Family Repressor QsrR. Proc. Natl. Acad. Sci.
US.A. 2013, 110 (13), 5010—5015.

(4) Bolton, J. L.; Dunlap, T. Formation and Biological Targets of
Quinones: Cytotoxic versus Cytoprotective Effects. Chem. Res.
Toxicol. 2017, 30 (1), 13—37.

(5) Salazar, C. A.; Flesch, K. N.; Haines, B. E.; Zhou, P. S.; Musaev,
D. G; Stahl, S. S. Tailored Quinones Support High-Turnover Pd
Catalysts for Oxidative C—H Arylation with O 2. Science 2020, 370
(6523), 1454—1460.

(6) Piera, J.; Bickvall, J.-E. Catalytic Oxidation of Organic Substrates
by Molecular Oxygen and Hydrogen Peroxide by Multistep Electron
Transfer—A Biomimetic Approach. Angew. Chem., Int. Ed. 2008, 47
(19), 3506—3523.

(7) Wang, F; Sheng, H; Li, W.; Gerken, ]. B; Jin, S.; Stahl, S. S.
Stable Tetrasubstituted Quinone Redox Reservoir for Enhancing
Decoupled Hydrogen and Oxygen Evolution. ACS Energy Lett. 2021,
1533—-1539.

(8) Son, E. J.; Kim, J. H; Kim, K; Park, C. B. Quinone and Its
Derivatives for Energy Harvesting and Storage Materials. J. Mater.
Chem. A 2016, 4 (29), 11179—11202.

(9) Han, C,; Li, H; Shi, R;; Zhang, T.; Tong, J.; Li, J.; Li, B. Organic
Quinones towards Advanced Electrochemical Energy Storage: Recent
Advances and Challenges. J. Mater. Chem. A 2019, 7 (41), 23378—
23418.

(10) Sieuw, L.; Jouhara, A.; Quarez, E.; Auger, C.; Gohy, J.-F,;
Poizot, P.; Vlad, A. A H-Bond Stabilized Quinone Electrode Material
for Li—Organic Batteries: The Strength of Weak Bonds. Chem. Sci.
2019, 10 (2), 418—426.

(11) Tuttle, M. R; Davis, S. T.; Zhang, S. Synergistic Effect of
Hydrogen Bonding and 7—7 Stacking Enables Long Cycle Life in
Organic Electrode Materials. ACS Energy Lett. 2021, 6 (2), 643—649.

(12) Lin, Z.; Shi, H-Y; Lin, L.; Yang, X; Wu, W,; Sun, X. A High
Capacity Small Molecule Quinone Cathode for Rechargeable
Aqueous Zinc-Organic Batteries. Nat. Commun. 2021, 12 (1),
No. 4424.

(13) Tong, L; Jing, Y.; Gordon, R. G; Aziz, M. ]. Symmetric All-
Quinone Aqueous Battery. ACS Appl. Energy Mater. 2019, 2 (6),
4016—4021.

(14) Wang, C. Weak Intermolecular Interactions for Strengthening
Organic Batteries. Energy Environ. Mater. 2020, 3 (4), 441—452.

(15) Zheng, S.; Shi, D.; Sun, T.; Zhang, L.; Zhang, W.; Li, Y.; Guo,
Z.; Tao, Z.; Chen, J. Hydrogen Bond Networks Stabilized High-
Capacity Organic Cathode for Lithium-Ion Batteries. Angew. Chem.,
Int. Ed. 2023, 62 (9), No. 202217710, DOI: 10.1002/
anie.202217710.

(16) Langis-Barsetti, S.; Maris, T.; Wuest, J. D. Triptycene 1,2-
Quinones and Quinols: Permeable Crystalline Redox-Active Molec-
ular Solids. J. Org. Chem. 2018, 83 (24), 15426—15437.

(17) Kikkawa, S.; Masu, H.; Katagiri, K.; Okayasu, M.; Yamaguchi,
K; Danjo, H,; Kawahata, M,; Tominaga, M.; Sei, Y.; Hikawa, H,;
Azumaya, 1. Characteristic Hydrogen Bonding Observed in the
Crystals of Aromatic Sulfonamides: 1D Chain Assembly of Molecules
and Chiral Discrimination on Crystallization. Cryst. Growth Des. 2019,
19 (5), 2936—2946.

(18) Corpinot, M. K; Budar, D.-K. A Practical Guide to the Design
of Molecular Crystals. Cryst. Growth Des. 2019, 19 (2), 1426—1453.

(19) Formen, J. S. S. K; Wolf, C. Chiroptical Switching and
Quantitative Chirality Sensing with (Pseudo)Halogenated Quinones.
Angew. Chem., Int. Ed. 2021, 60 (52), 27031-27038.

(20) Helmers, 1; Ghosh, G.; Albuquerque, R. Q.; Fernindez, G.
Pathway and Length Control of Supramolecular Polymers in Aqueous
Media via a Hydrogen Bonding Lock. Angew. Chem., Int. Ed. 2021, 60
(8), 4368—4376.

(21) Edwards, A. J.; Mackenzie, C. F.; Spackman, P. R; Jayatilaka,
D.; Spackman, M. A. Intermolecular Interactions in Molecular
Crystals: What’s in a Name? Faraday Discuss. 2017, 203, 93—112.

(22) Mutai, T.; Muramatsu, T.; Yoshikawa, I; Houjou, H.; Ogura,
M. Development of Imidazo[1,2-a]Pyridine Derivatives with an
Intramolecular Hydrogen-Bonded Seven-Membered Ring Exhibiting

https://doi.org/10.1021/acsomega.3c07005
ACS Omega 2023, 8, 40960—-40971


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07005/suppl_file/ao3c07005_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nelli+Batenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:nelli.batenko@rtu.lv
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasija+Gaile"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7268-573X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+Belyakov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vita%CC%85lijs+Rjabovs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igors+Mihailovs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baiba+Turovska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07005?ref=pdf
https://doi.org/10.1073/pnas.1910675116
https://doi.org/10.1073/pnas.1910675116
https://doi.org/10.1073/pnas.1909987116
https://doi.org/10.1073/pnas.1909987116
https://doi.org/10.1073/pnas.1909987116
https://doi.org/10.1073/pnas.1219446110
https://doi.org/10.1073/pnas.1219446110
https://doi.org/10.1021/acs.chemrestox.6b00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.6b00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abd1085
https://doi.org/10.1126/science.abd1085
https://doi.org/10.1002/anie.200700604
https://doi.org/10.1002/anie.200700604
https://doi.org/10.1002/anie.200700604
https://doi.org/10.1021/acsenergylett.1c00236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA03123D
https://doi.org/10.1039/C6TA03123D
https://doi.org/10.1039/C9TA05252F
https://doi.org/10.1039/C9TA05252F
https://doi.org/10.1039/C9TA05252F
https://doi.org/10.1039/C8SC02995D
https://doi.org/10.1039/C8SC02995D
https://doi.org/10.1021/acsenergylett.0c02604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-24701-9
https://doi.org/10.1038/s41467-021-24701-9
https://doi.org/10.1038/s41467-021-24701-9
https://doi.org/10.1021/acsaem.9b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/eem2.12076
https://doi.org/10.1002/eem2.12076
https://doi.org/10.1002/anie.202217710
https://doi.org/10.1002/anie.202217710
https://doi.org/10.1002/anie.202217710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202217710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202111542
https://doi.org/10.1002/anie.202111542
https://doi.org/10.1002/anie.202012710
https://doi.org/10.1002/anie.202012710
https://doi.org/10.1039/C7FD00072C
https://doi.org/10.1039/C7FD00072C
https://doi.org/10.1021/acs.orglett.9b00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Bright ESIPT Luminescence in the Solid State. Org. Lett. 2019, 21
(7), 2143-2146.

(23) 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 (S), 2345—
2358S.

(24) Batenko, N.; Belyakov, S.; Kiselovs, G.; Valters, R. Synthesis of
6,7-Dichloropyrido[ 1,2-a]Benzimidazole-8,9-Dione and Its Analogues
and Their Reactions with Nucleophiles. Tetrahedron Lett. 2013, 54
(35), 4697—4699.

(25) Batenko, N.; Kricka, A.; Belyakov, S.; Turovska, B.; Valters, R.
A Novel Method for the Synthesis of Benzimidazole-Based 1,4-
Quinone Derivatives. Tetrahedron Lett. 2016, 57 (3), 292—295.

(26) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K; Puschmann, H. OLEX2: A Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42 (2),
339-341.

(27) Turner, M. J; Thomas, S. P.; Shi, M. W.; Jayatilaka, D.;
Spackman, M. A. Energy Frameworks: Insights into Interaction
Anisotropy and the Mechanical Properties of Molecular Crystals.
Chem. Commun. 2015, 51 (18), 3735—3738.

(28) Spackman, P. R.; Turner, M. J.; McKinnon, J. J.; Wolff, S. K;
Grimwood, D. J.; Jayatilaka, D.; Spackman, M. A. CrystalExplorer : A
Program for Hirshfeld Surface Analysis, Visualization and Quantita-
tive Analysis of Molecular Crystals. J. Appl. Crystallogr. 2021, 54 (3),
1006—1011.

(29) Giacovazzo, C.; Monaco, H.; Artioli, G.; Viterbo, D.; Ferraris,
G,; Gilli, G; Zanotti, G.; Catti, M. Fundamentals of Crystallography,
2nd ed.; Oxford University Press, 2002.

(30) Adawy, A. Functional Chirality: From Small Molecules to
Supramolecular Assemblies. Symmetry 2022, 14 (2), 292.

(31) Matsuura, T.; Koshima, H. Introduction to Chiral Crystal-
lization of Achiral Organic Compounds: Spontaneous Generation of
Chirality. J. Photochem. Photobiol, C 2008, 6 (1), 7—24.

(32) Miao, Y.; Fu, R; Zhou, H.-X;; Cross, T. A. Dynamic Short
Hydrogen Bonds in Histidine Tetrad of Full-Length M2 Proton
Channel Reveal Tetrameric Structural Heterogeneity and Functional
Mechanism. Structure 2015, 23 (12), 2300—2308.

(33) Etter, M. C.; MacDonald, J. C.; Bernstein, J. Graph-set Analysis
of Hydrogen-bond Patterns in Organic Crystals. Acta Crystallogr., Sect.
B: Struct. Sci. 1990, 46 (2), 256—262.

(34) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction
Analyzer. J. Comput. Chem. 2012, 33 (S), $80—592.

(35) Steiner, T. The Hydrogen Bond in the Solid State. Angew.
Chem,, Int. Ed. 2002, 41, 48—76.

(36) Eliel, L. E.; Wilen, H. S. Stereochemistry of Organic Compounds;
John Wiley & Sons, Inc.: New York, 1994.

(37) Mantina, M.; Chamberlin, A. C.; Valero, R;; Cramer, C. J.;
Truhlar, D. G. Consistent van Der Waals Radii for the Whole Main
Group. J. Phys. Chem. A 2009, 113 (19), 5806—5812.

(38) Laurence, C.; Legros, J.; Chantzis, A.; Planchat, A.; Jacquemin,
D. A Database of Dispersion-Induction DI, Electrostatic ES, and
Hydrogen Bonding Aland Alsolvent Parameters and Some
Applications to the Multiparameter Correlation Analysis of Solvent
Effects. J. Phys. Chem. B 2015, 119 (7), 3174—3184.

(39) Sigalov, M.; Shainyan, B.; Chipanina, N.; Ushakov, I;
Shulunova, A. Intra- and Intermolecular N[JH---O Hydrogen Bonds
in Pyrrolyl Derivatives of Indane-1,3-Dione—Experimental and
Theoretical Study. J. Phys. Org. Chem. 2009, 22 (12), 1178—1187.

(40) Institute of Solid State Physics. The Computations Were
Performed on Latvian SuperCluster (LaSC); University of Latvia, 2023
The computations were performed on Latvian SuperCluster (LaSC),
located in the Institute of Solid State Physics, University of Latvia.

(41) O’Boyle, N. M,; Banck, M,; James, C. A; Morley, C;
Vandermeersch, T.; Hutchison, G. R. Open Babel: An Open
Chemical Toolbox. J. Cheminform. 2011, 3 (1), 33.

(42) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, ]. R;; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H,; Li, X.; Caricato, M.; Marenich, A. V,; Bloino, J.;

40971

Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini,
F; Egidi, F; Goings, J; Peng, B, Petrone, A; Henderson, T.;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N,; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawna, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T,;
Throssell, K.; Montgomery, J. A, Jr; Peralta, J. E; Ogliaro, F;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A. P.; Burant, J. C,; Iyengar, S. S.; Tomasi, J; Cossi, M.;
Millam, J. M,; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, revision C.01; Gaussian, Inc.: Wallington, CT, 2016.

(43) Yu, H. S;; He, X;; Li, S. L,; Truhlar, D. G. MN1S: A Kohn—
Sham Global-Hybrid Exchange—Correlation Density Functional with
Broad Accuracy for Multi-Reference and Single-Reference Systems
and Noncovalent Interactions. Chem. Sci. 2016, 7 (8), 5032—S50S1.

(44) Kozuch, S.; Martin, J. M. L. DSD-PBEP86: In Search of the
Best Double-Hybrid DFT with Spin-Component Scaled MP2 and
Dispersion Corrections. Phys. Chem. Chem. Phys. 2011, 13 (4S),
20104.

(45) Mardirossian, N.; Head-Gordon, M. How Accurate Are the
Minnesota Density Functionals for Noncovalent Interactions, Isomer-
ization Energies, Thermochemistry, and Barrier Heights Involving
Molecules Composed of Main-Group Elements? J. Chem. Theory
Comput. 2016, 12 (9), 4303—4325.

(46) Goerigk, L.; Hansen, A.; Bauer, C; Ehrlich, S.; Najibi, A;
Grimme, S. A Look at the Density Functional Theory Zoo with the
Advanced GMTKNSS Database for General Main Group Thermo-
chemistry, Kinetics and Noncovalent Interactions. Phys. Chem. Chem.
Phys. 2017, 19 (48), 32184—3221S.

(47) Santos, P. F; Reis, L. V.; Almeida, P.; Lynch, D. E. Crystal
Structures of a Benzoselenazole-Derived Squarylium Cyanine Dye and
Three Derivatives Substituted at the Central Squaric Ring.
CrystEngComm 2011, 13 (S), 1333—1338.

(48) Andersen, N. H.; Neidigh, J. W.; Harris, S. M,; Lee, G. M,; Liu,
Z.; Tong, H. Extracting Information from the Temperature Gradients
of Polypeptide NH Chemical Shifts. 1. The Importance of
Conformational Averaging. J. Am. Chem. Soc. 1997, 119, 8547—8561.

(49) Cierpicki, T.; Otlewski, J. Amide Proton Temperature
Coefficients as Hydrogen Bond Indicators in Proteins. ]. Biomol.
NMR 2001, 21 (3), 249-261.

(50) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NMR Chemical
Shifts of Common Laboratory Solvents as Trace Impurities. J. Org.
Chem. 1997, 62 (21), 7512—7515.

https://doi.org/10.1021/acsomega.3c07005
ACS Omega 2023, 8, 40960—-40971


https://doi.org/10.1021/acs.orglett.9b00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2013.06.094
https://doi.org/10.1016/j.tetlet.2013.06.094
https://doi.org/10.1016/j.tetlet.2013.06.094
https://doi.org/10.1016/j.tetlet.2015.12.002
https://doi.org/10.1016/j.tetlet.2015.12.002
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1039/C4CC09074H
https://doi.org/10.1039/C4CC09074H
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.3390/sym14020292
https://doi.org/10.3390/sym14020292
https://doi.org/10.1016/j.jphotochemrev.2005.02.002
https://doi.org/10.1016/j.jphotochemrev.2005.02.002
https://doi.org/10.1016/j.jphotochemrev.2005.02.002
https://doi.org/10.1016/j.str.2015.09.011
https://doi.org/10.1016/j.str.2015.09.011
https://doi.org/10.1016/j.str.2015.09.011
https://doi.org/10.1016/j.str.2015.09.011
https://doi.org/10.1107/S0108768189012929
https://doi.org/10.1107/S0108768189012929
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/1521-3773(20020104)41:1<48::AID-ANIE48>3.0.CO;2-U
https://doi.org/10.1021/jp8111556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8111556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512372c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512372c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512372c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512372c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/poc.1573
https://doi.org/10.1002/poc.1573
https://doi.org/10.1002/poc.1573
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/c1cp22592h
https://doi.org/10.1039/c1cp22592h
https://doi.org/10.1039/c1cp22592h
https://doi.org/10.1021/acs.jctc.6b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1039/C0CE00420K
https://doi.org/10.1039/C0CE00420K
https://doi.org/10.1039/C0CE00420K
https://doi.org/10.1021/ja963250h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja963250h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja963250h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1012911329730
https://doi.org/10.1023/A:1012911329730
https://doi.org/10.1021/jo971176v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971176v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

3. Pielikums
Appendix 3

Anastasija Gaile, Sergey Belyakov, Ramona Durena,
Nikita Gris¢enko, Anzelms Zukuls, Nelli Batenko

Studies of the Functionalized a-Hydroxy-p-Quinone Imine
Derivatives Stabilized by Intramolecular Hydrogen Bond

Molecules 2024, 29 (7), 1613.

DOI: 10.3390/molecules29071613

Open Access
This article is an open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license.
Publikacijas pielikums pieejams bez maksas MDPI majaslapa

The Supporting Information is available free of charge on the MDPI website

Parpublicéts ar MDPI atlauju.
Copyright © 2024 MDPI

Republished with permission from MDPI.
Copyright © 2024 MDPI


https://www.mdpi.com/1420-3049/29/7/1613
https://www.mdpi.com/1420-3049/29/7/1613

molecules

Article

Studies of the Functionalized a-Hydroxy-p-Quinone Imine
Derivatives Stabilized by Intramolecular Hydrogen Bond

Anastasija Gaile !, Sergey Belyakov 2, Ramona Diirena 3@, Nikita Gristenko 3, Anzelms Zukuls 3

and Nelli Batenko 1*

check for
updates

Citation: Gaile, A.; Belyakov, S.;
Diirena, R.; Grid¢enko, N.; Zukuls, A.;
Batenko, N. Studies of the
Functionalized o-Hydroxy-p-
Quinone Imine Derivatives Stabilized
by Intramolecular Hydrogen Bond.
Molecules 2024, 29, 1613. https://
doi.org/10.3390/molecules29071613

Academic Editor: Gianfranco Favi

Received: 6 March 2024
Revised: 25 March 2024
Accepted: 29 March 2024
Published: 3 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

Institute of Chemistry and Chemical Technology, Faculty of Natural Sciences and Technology, Riga Technical
University, P. Valdena Str. 3, LV-1048 Riga, Latvia; anastasija.gaile@rtu.lv

2 Latvian Institute of Organic Chemistry, Aizkraukles Str. 21, LV-1006 Riga, Latvia; serg@osi.lv

Institute of Materials and Surface Engineering, Faculty of Natural Sciences and Technology, Riga Technical
University, P. Valdena Str. 3, LV-1048 Riga, Latvia; ramona.durena@rtu.lv (R.D.);

nikita.griscenko@rtu.lv (N.G.); anzelms.zukuls@rtu.lv (A.Z.)

Correspondence: nelli.batenko@rtu.lv

Abstract: In this work, reactions between 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-diones with
different benzohydrazides were studied. Nucleophilic substitution at C(6) was followed by isomeriza-
tion and led to «-hydroxy-p-quinone imine derivatives. Synthesized compounds represent a combina-
tion of several structural motifs: a benzimidazole core fused with «-hydroxy-p-quinone imine, which
contains a benzamide fragment. X-ray crystallography analysis revealed the formation of dimers
linked through OH.--O interactions and stabilization of the imine form by strong intramolecular
NH---N hydrogen bonds. The protonation/deprotonation processes were investigated in a solution
using UV-Vis spectroscopy and a 'H NMR titration experiment. Additionally, the electrochemical
properties of 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione and its a-hydroxy-p-quinone imine
derivative as cathode materials were investigated in acidic and neutral environments using cyclic
voltammetry measurements. Cathode material based on 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-
dione could act as a potentially effective active electrode in aqueous electrolyte batteries; however,
further optimization is required.

Keywords: quinone; quinone imine; hydrogen bonding; X-ray crystallography; NMR titration; redox

1. Introduction

Quinones and quinone derivatives are well known due to the redox activity that is
important in a wide range of biological processes, such as photosynthesis [1] and cellular
respiration [2]. Quinones represent a class of biologically active compounds with both
cytotoxic and cytoprotective effects [3]. Considerable attention to redox-active compounds
in general and quinones in particular [4,5] can be explained by growing demands on
energy storage devices for portable electronics and renewable energy-powered vehicles [6].
Quinones can potentially be used in different applications connected with energy storage
due to their remarkable redox activity: as organic cathode materials for different kinds of
rechargeable batteries [7], including redox flow batteries [8] and Zn-ion batteries [9], or
as redox mediators in lithium-sulfur batteries [10]. Physical properties of quinones can
be modulated by the introduction of heteroaromatics fused with quinone cores [8] and
different substituents that affect solubility [11] or affect the form of quinone fragment [12]
or can facilitate binding with metal cations [13]. Additionally, redox properties may be
tuned to some extent by intra- and intermolecular hydrogen bonding [14].

Redox potentials, solubility, and stability in the case of small quinones can be af-
fected by modification with electron-donating or -withdrawing functional groups or in
combination with a side chain that can form hydrogen bonds. Additionally, substituted
o-quinones, besides their “classical” form, can also exist in various forms [15], like quinone
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methides, quinone imines, and zwitterions. This ability to adopt different structures allows
modulation of their properties for different applications. Despite progress in the design
of quinone derivatives and their wide application as redox-active materials, limited infor-
mation on molecular-level insights into the bulk properties (e.g., solubility, stability, redox
activity, etc.) is available. The investigation of quinone structure at the molecular level,
self-assembly in solid state, and behavior in solution will help tune the performance of
quinone-functionalized materials.

An approach to modulate the redox properties of quinones is an introduction of
nitrogen-containing redox-active groups (e.g., C=N, C=N, and N=N) or incorporation of
unsaturated carbon—nitrogen bonds and 7-conjugated aromatic fragments [16].

This work aimed to gain an understanding of the molecular structure and behav-
ior of unsymmetrical heterocyclic o-quinones and their derivatives bearing imine moi-
ety. Also, electrochemical studies of selected compounds were conducted to assess their
potential applications.

2. Results and Discussion
2.1. Synthesis and Structural Studies of Quinone Derivatives 3a—g
6,7-Dichloropyrido[1,2-a]benzimidazole-8,9-dione (1a) is a representative of unsym-
metrical heterocyclic o-quinones that contains a combination of two structural motifs, an
o-quinone fragment and imidazo[1,2-a]pyridine core, that possess C=N bonds (Scheme 1).
It can be obtained in one-step synthesis from commercially available tetrachloro-1,4-
benzoquinone and 2-aminopyridine [17]. During earlier studies [17-19], it was proved that
quinone 1a and some of its derivatives are electrochemically active compounds. Investi-
gation of the reactivity of heterocyclic quinones 1 with C- and N-nucleophiles (primary
amines) indicated that the attack of the nucleophile proceeds selectively at the C(6)-position
of quinone. Interestingly, obtained compounds containing different acceptor groups at the
C(6)-position can exist in an o-quinone form or as p-quinone methides, depending on the
introduced substituent.

J AN
Ry
1a,b 2a-d 3a-g
3 |R IR X
TaR.oH 2aX=C,R,=H s THTHTc
bR1:NO bX=C, R, = OMe b [ H [OMe[C
17 N2 ¢ X=C, R, =NO, c H [NO, | C
dx=N d [Hi- N
e [NO,[H [C
f _[NO,[OMe| C
g [NO,[NO, [ C
b.
. o Ho, Ry
p-Quinone imine N
fragment l P
I~ "N
N
NH
N Benzamide
/ J fragment

Ry

Scheme 1. (a) Synthesis of compounds 3a-g, atom numbering of heterocyclic p-quinone imine
fragment of compounds 3a-g is shown in blue; (b) p-Quinone imine and benzamide fragments of
obtained compounds 3a-g.
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To expand the scope of redox-active heterocyclic o-quinone derivatives, the modifica-
tion of quinone 1a with different benzohydrazides was carried out, and structural studies
in solid state and solution were conducted.

2.1.1. Synthesis of Quinone Derivatives 3a-g

Quinone derivatives 3a—-g (Scheme 1la, atoms are numbered according to ORTEP
diagram, vide infra) were obtained by the nucleophilic substitution of a chlorine atom of
quinone 1a,b by benzohydrazides 2a—d. Isolated compounds 3a—g have a red-orange color
in the solid state. Interestingly, in the case of aminoderivatives of quinone 1 (a merocyanine
on the base of the o-quinone form), deep-blue colored crystals were obtained [17,19].
In general, derivatives containing aroyl hydrazine fragments were expected as a result
of such substitution [15,20], and a few tautomeric structures can be supposed for the
products [21,22]. For the compounds obtained (3a—g), the structure determination of the
quinone/substituent fragments (Scheme 1b) can explain the observed difference in color of
crystals 3a-g in comparison to aminosubstituted derivatives of quinone 1a.

2.1.2. Single-Crystal X-ray Analysis of Quinone Derivative 3a

The use of routine identification procedures (such as 'H-NMR and FTIR) to establish
the molecular structure of compounds 3a-g left some room for doubt. To clarify the
situation, crystals of compound 3a were grown from dichloromethane (DCM) solution,
and their molecular structure was established using single-crystal X-ray crystallography.
Crystal data and refinement details for the studied crystal are presented in Table 1.

Table 1. Crystal data and structure refinement details for compound 3a.

Crystal Parameter Compound 3a
Empirical formula Cy18H11CIN, O3
Calculated density (g/cm?) 1.556
Formula weight 366.766
Color Red
Size/mm? 0.18 x 0.03 x 0.01
Temperature/K 150.0 (1)
Crystal system monoclinic
Space group P2y /n
a/A 5.65994 (5)
b/A 14.90948 (19)
c/A 18.5815 (2)
/° 90
B/° 93.1950 (9)
v/° 90
v/A3 1565.60 (3)
Wavelength/A 1.54184
Radiation type Cu Ky
Absorption coefficient (mm~1) 2419
Omin/° 3.8
20max/° 155.0
Measured reflections 17875
Number of independent reflections 3322
Reflections with I > 20(I) 3089
Rint 0.0327
Number of refined parameters 243
Restraints 0
Largest peak 0.3476
Deepest hole —0.3143
Goodness of fit 1.0362
wR,(all data) 0.0962

wR, 0.0945
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Table 1. Cont.

Crystal Parameter Compound 3a
R;(all data) 0.0367
Ry 0.0346
CCDC deposition number 2238663

Figure 1a shows a perspective view of molecule 3a with thermal ellipsoids and the
atom-numbering scheme. The p-quinone imine form was confirmed by the inspection of
the bond length: bonds between C(9)=0(23) and C(6)=N(11) have double-bond character,
and O(22)-C(8) is a single bond (typical bond distances: d ( A) (C-0) =1.34, (C=0) = 1.21,
(C-N) =1.38, (C=N) = 1.28 [23]). Also, an analysis of bond lengths shows that the structure
of compound 3a can be represented as a superposition of mesomeric forms. The main
forms are shown in Figure 1b; at that, the non-ionized form has the highest specific weight.

o o ©
=S /=
o :
Y% o N/
N /A
-
‘w-H ‘w-H
o%\® o%\®

b.
HO

a2t

Bond [ Length (A) Bond [ Length (A)
C(8)-0(22) 1.341 C(6)-N(11) 1.302
©(9)-0(23) 1.238 N(11)-N(12) 1.356
2 - C(4a)-N(5) 1.345 N(12)-C(13) 1.382
Ter C(4a)-N(10) 1.392 C(13)-0(14) 1.212

Figure 1. (a) ORTEP diagram of compound 3a showing thermal ellipsoids at the 50% probability level;
(b) two mesomeric structures of compound 3a based on the bond distances in the crystal structure.

The molecules of compound 3a are characterized by a flattened conformation; only
the phenyl group is slightly out of the plane of the heterocyclic system (the angle between
planes is 5.19°). In the structure of compound 3a, intramolecular hydrogen bonds NH:--N
and OH---O were found (Figure 2). The hydroxy group of compound 3a forms bifurcated
hydrogen bonds where O(22)-H:--O(23) is an intramolecular bond (Figure 1a) and O(22)-
H---O’(23) is an intermolecular one (Figure 2a). By means of these intermolecular H-
bonds, the centrosymmetric R2(10) molecular dimers are formed in the crystal structure.
Additional intermolecular interactions were found: stacking interaction between the planes
of the molecules and a short intermolecular contact between heterocycle (C(3)-H) and
the amide group of the substituent (d C(3)---O(14) = 3.112 A, d C(3)-H---O(14) = 2.344 A)
(Figure 2b,c).

Hirshfeld surfaces and energy framework calculations (Figures S14 and S15) were
obtained in a whole-of-molecule approach using the B3LYP/6-31G(d,p) energy model
implemented in CrystalExplorer 21.5 software [24]. The Hirshfeld surface (shown in
Figure S14, mapped with dnorm) investigation is a useful approach to establishing close
contacts in a crystal. Areas of close contact are highlighted with different colors (red, white,
and blue spots) to show intermolecular contacts with distances less than, equal to, and
larger than van der Waal radii. As seen from the Hirshfeld surface analysis of compound 3a,
bright red areas of the same size indicate strong interactions, specifically hydrogen bonds
OH:--O, between neighboring molecules. Fainter red or white areas suggest relatively weak
interactions involving hydrogen atoms from heterocyclic and phenyl rings and chlorine
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atoms. Examples include C-H bonds interacting with oxygen (C(3)-H---O(14)), nitrogen
(C(3)-H--"N(11)), and chlorine (C(4)-H--- Cl and C(phenyl)-H- - - CI).

a. e b.
e -9 intermolecular H-bonds A
. C g < o

an intramolecular H-bond

sy %;. R %% H
N 3 “ﬂ%
\ f % ) vm oI m S

#

Figure 2. (a) A dimer (highlighted) formed in the crystal structure of compound 3a. (b) Crystal
packing of compound 3a along the a axis. (c) Crystal packing of compound 3a along the c axis. Color
map: C, grey; N, blue; O, red; Cl, green; H, white.

Energy frameworks provide an opportunity to explore the cooperative effects of inter-
molecular interactions in the crystal, admitting the electrostatic, dispersion, and total energy
between pairs of molecules [25]. In the case of the crystal of compound 3a (Figure S15), a
strong stabilizing interlayer electrostatic interaction was found between molecules involved
in the formation of hydrogen-bonded (O-H- - - O) dimers. On the other hand, dispersion
energy was more dominant for the intercolumn stacking motif. Overall, the energy frame-
work analysis of the crystal revealed two distinct patterns of electrostatic and dispersion
energies, with each contributing similarly.

2.1.3. "H NIMR Spectroscopy Analysis of Quinone Derivatives 3a-g

To determine the structure of obtained products in solution compounds 3a-g, 1H NMR
spectroscopy data were analyzed, and a set of two broad signals corresponding to NH and
OH protons was observed (Figures S1-57). In the DMSO-d, solution, signals appeared at
14.36-14.90 ppm and can be assigned to the NH proton, while signals of the OH group
were observed at 10.89-11.41 ppm. Additionally, the TH NMR spectrum of compound 3a
was also recorded in CDClj solution (a solvent in which hydrogen-bonding interactions
are expected to be weaker [26]) (Figure S8), where the NH proton was found at 14.68 ppm
(versus 14.71 ppm in DMSO-dg solution). It can be concluded that a strong intramolecular
bond between the NH group proton of the substituent (benzamide group at imine bond)
and the nitrogen of the heterocycle (N(12)-H:--N(5)) can be found in solution as well as in a
solid state (vide supra).

It is known [27] that in the case of a-hydroxyquinone derivatives, an intramolecular
hydrogen bond was observed, and an OH proton signal appears at 7.30 ppm in the CDCl3
solution. For compound 3a, a distinguishable shift was observed for the OH proton signal
in the CDCl3 solution (7.20 ppm) in comparison to the DMSO-d solution (10.99 ppm),
which can indicate the formation of the additional intermolecular interactions between the
OH group and a solvent (DMSO-ds) with hydrogen bond acceptor abilities [28].

Moreover, the introduction of various substituents in the phenyl ring (benzamide
fragment) showed the linear correlation (Figure S9) between the type of substituent group
(represented by the Hammett constant [29] (Table S1)) and OH signal shift in the sets of
compounds 3a—c (R; = H) and 3e-g (R; = NO;). The shift of the OH signal correlates well
(R? = 0.99) with the increasing electron-withdrawing character of the substituent group
for both sets of compounds (Figure S9). The presence of an electron-withdrawing group
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(EWG) at the heterocyclic fragment (R; = NO;) led to a downfield shift in the OH signal
compared to molecules without any substituent (R; = H) on that ring (Adpn ~ 0.3 ppm).

The most downfield signal of the NH proton (14.90 ppm in DMSO-d, solution) in the
H NMR spectra was observed for compound 3¢ with a NO, group at the phenyl ring (R,
at benzamide fragment). The most upfield signal of the NH proton (14.36 ppm) was found
for compound 3f with a NO, group at the heterocyclic fragment (R;) and electron-donating
group at the phenyl ring (R, = OMe). Well-defined linear correlations between the Hammett
substituent constant and the NH signal are presented in Figure S9. The variation in the
electronic character of the substituent in the para-position of the phenyl ring showed the
same trend for compounds 3a—¢ (R? = 0.96) and 3e-g (R? = 0.99), leading to the downfield
shift of the NH signal going from an electron-donating to electron-withdrawing group.
Interestingly, the presence of EWG (R = NO,) at the heterocyclic ring caused the NH signal
upfield shift (Adnp ~ 0.3 ppm) compared to a molecule where the same position has a
hydrogen atom (R; = H). In general, the more downfield shifted the NH proton signal,
the stronger the intramolecular H-bond [30]. Thus, EWG at the phenyl ring (R, = NO,)
increases the acidity of the NH proton and increases the intramolecular H-bond strength,
but EWG at the heterocyclic fragment (R; = NO,) influences the electron density at N(5),
affecting intramolecular H-bond in turn.

In the case of compounds 3a-g, the moiety at the C(6) position can be described as a
structural analog of aroyl hydrazone (a different approach [22] to the naming of quinone
imine derivatives was observed). A well-known characteristic of compounds containing
the carbon-nitrogen double bond is the ability to undergo E/Z isomerization in the solution
activated by light and/or chemical inputs [31,32].

Compounds 3a and 3b were chosen for the investigation of the isomerization process.
In general, in the case of E/Z isomerization, an additional set of signals [33,34] is expected
to appear. No signals of the second form (isomerization products) were observed in the
H NMR spectra of compound 3a either in DMSO-dg or in CDCl3 solution. Also, in the
case of compound 3b, configurational switching was not induced by the addition of excess
trifluoracetic acid (TFA) and following irradiation by UV light (365 nm; irradiation by a
high-pressure mercury lamp at room temperature) judging from the 'H NMR spectra of
compound 3b in DMSO-dg, solution (Figure S10). The formation of a strong intramolecu-
lar hydrogen bond N(12)-H---N(5) can explain the existence of a single configuration of
substituted imine that agrees with the stabilization of only one form in the presence of an
intramolecular hydrogen bond. Additional stabilization of the molecule may be explained
by excitation energy dissipation caused by zwitterionic structure.

It is known [35] that for redox properties tests (fabrication of electrodes), a mixture
of an organic compound, a conductive additive, and a binder is often prepared using
N-methyl-2-pyrrolidone (NMP) [36] as a solvent (strongly basic solvent) [37]. This fact
prompted us to investigate the influence of the base on the structure of the products 3a-g.

During preliminary solubility tests of compounds 3a—g, the color change (from yellow
to green or blue) was observed in NMP solution or in the presence of a base. For a better
understanding of the effect, a few 'H NMR experiments were carried out. Upon addition
of an excess of the base (1,8-diazabicyclo(5.4.0)undec-7-ene, DBU), the 1H NMR spectrum
of compound 3b in DMSO-d¢ solution showed some changes (Figure 3): the signal of OH
proton completely disappeared; the sharpened signal of the NH proton (the sharp line can
indicate a dynamically stable state) shifted upfield. Additionally, a new minor proton signal
at 13.44 ppm was observed. Simultaneously, the yellow-colored solution of compound 3b
became dark blue. It should be noted that the same deprotonation behavior was observed
for compound 3a in CDCl3 solution (Figure S11). After the excess TFA was added, the
solution became yellow again, a minor signal at 13.44 ppm disappeared, and the signal of
the OH proton was restored. It can be concluded that deprotonation provides the formation
of an anionic polymethine dye structure [38] (blue), and protonation restores quinone imine
form (yellow); consequently, the equilibrium between the two forms is reversible.
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Figure 3. An expansion of 'H NMR spectra of compound 3b in DMSO-dg solution upon sequential
addition of base (DBU) and acid (TFA).

To gain more information about the deprotonation process of compound 3b, a 'H
NMR titration experiment was carried out. As shown in Figure 4, in the case of compound
3b deprotonation upon sequential addition of the base (DBU), the 'H NMR spectra reveal
several features. The broad signal of the OH proton vanished upon the addition of only
0.15 equivalents of the base, which can be explained by the dynamical process as well; color
changes were immediate (Figure 4, highlighted in yellow). The signal of the NH proton
(benzamide fragment) sharpens and undergoes an upfield shift from 14.70 to 14.51 ppm
(Figure 4, highlighted in red).

NH
Equivalents of DBU added
+8.00 eqv.
+4.00 eqv.

. +1.20 eqv,
L +1.05 eqv. -
L +0.90 eqv. .
+0.75 eqv. -
+0.60 eqv. __
+0.45 eqv. -

+0.30 eqv.
+0.15 eqv. OH t
+0 eqv. —~ (-
e e N e A L A o o i e e e LA s s s s
14.8 14.4 14.0 13.6 13.2 11.0 10.6 10.2 9.8 9.4 8.2 78 76 74 72 7.0

Figure 4. "H NMR titration of compound 3b in DMSO-d; solution with DBU (0-8 equivalents).

A new signal appeared at 9.58 ppm (+0.15 eqv. of DBU) (Figure 4, highlighted in green),
which can be explained by the formation of a hydrogen-bonded complex of protonated
DBU (*H NMR spectrum of DBU and TFA mixture in DMSO-dg solution was recorded; the
NH* signal appears at 9.69 ppm (Figure S12)) with the deprotonated compound 3b. Upon
further addition of the base, this signal was broadened and shifted downfield (9.86 ppm)
due to the interaction of protonated DBU (DBUH™) with the anionic compound 3b through
the N-H bond [39].

Upon addition of more than 1.05 eqv. of the base, a second minor form of the com-
pound appears (Figure 4, highlighted in blue); the ratio between major and minor forms is
0.95:0.05, taking into consideration the signals of all protons. Moreover, the addition of an
excess amount of the base (4 and 8 eqv.) did not result in the change of the 'H NMR spectra
of compound 3b (additional processes as a function of the time and/or temperature in the
solution should not be excluded as '"H NMR titration experiment was carried out within an
hour after addition of DBU to the compound 3b at room temperature (T = 294 K)).

Also, the presence of two different species (one major and one minor) was detected
from the changes in the 'H NMR spectra of compounds 3a and 3¢ upon deprotonation
with DBU in DMSO-dg solution (after mixed with more than 1 equivalent of DBU). For
compound 3a, the 'H NMR spectrum was also recorded in the presence of NaOH. As a
result, the acquired spectrum was identical to the one with an excess of DBU (Figure S13).
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Unfortunately, the low solubility of compounds 3a-g limited the possibility of obtain-
ing qualitative 13C NMR spectra.

2.1.4. Electronic Absorption

The UV-Vis absorption spectra of compound 3a were investigated in solution using
solvents of various polarities (DCM and DMSO). Two absorption maxima were found at
381 nm and at 446-449 nm in the absorption spectra of compound 3a in both solutions
(Figure 5a), which can be attributed to the neutral form of the compound. Upon addition of
the base (DBU) to the DCM solution of 3a, the solution instantaneously turned violet, and
the absorption revealed a broad band centered at 556 nm. When a base was added to the
DMSO solution of compound 3a, the bathochromic shift was observed with an absorption
maxima at 607 nm accompanied by a blue coloration.

a b.
L 3a (DMSO) 1.0 ——3a (DMSO)
——3a (DMSO+base) —3¢ (DMSO)
" 3a (DCM) 08 ——3a (DMSO+base)
08 A ——3a (DCM+base) ——3c (DMSO+base)

0.6

absorbance

absorbance

0.4

300 400 500 600 700 800 300 400 500 600 700 800
wavelength, nm wavelength, nm

Figure 5. (a) UV-Vis absorption spectra of neutral (in DMSO or DCM solution) and deprotonated
(upon addition base to the DMSO or DCM solution) forms of compound 3a. (b) UV-Vis absorption
spectra neutral (in DMSO solution) and deprotonated (upon addition of a base to the DMSO solution)
forms of compounds 3a and 3c.

The effect of substituents (R; and Ry) on the longwave absorption maximum was
examined when DBU was added to the initial solution of compounds 3a-c (variable R,
while Ry = H) and 3e-g (variable R, while R; = NO,) in CHCl; (Figure S16, Table S2). It was
noticed that the longwave absorption band of deprotonated species of derivatives 3e-g was
red-shifted (A = 569-578 nm) in comparison to compounds 3a—c (A = 556-563 nm). This ob-
servation can be explained by the influence of the electron-withdrawing substituent at C(2)
on the electron distribution in the heterocyclic fragment. Moreover, a hyperchromic effect
was caused by the introduction of the nitro group in the benzamide fragment (compound
3c in Figure 5b; compounds 3¢ and 3g in Figure S16).

2.2. Electrochemistry/Redox Chemistry Studies of Quinone Derivatives 1a and 3a

Quinone imines contain structural fragments with potentially high redox activity.
It was shown by Almeida, R. et al. [40] that p-quinone imines are known to undergo
a redox cycle through aminophenols [41]. Compound 1a was previously proved to be
electrochemically active [42] when dissolved in the MeCN solution. However, it has not
been tested as a cathode material before. To analyze the redox properties of quinone
imine 3a in comparison to initial o-quinone 1a, open-circuit potential (OCP) and cyclic
voltammetry (CV) measurements in a solid state were carried out. Preliminary solubility
tests showed limited solubility of compounds 1a and 3a in aqueous media; compound 1a
was insoluble in water (whole pH range), and at the same time, compound 3a was insoluble
in neutral and acidic environments.
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2.2.1. Open-Circuit Potential Measurements

To analyze the electrochemical properties of the compounds, CV measurements and
OCP measurements before and after CV were performed (Figure S17). Cathode materials
CM-1a and CM-3a were prepared by combining compounds 1a and 3a with Vulcan XC72
CB, respectively (the detailed sample preparation is described in the Experimental section).
The OCP of freshly assembled half-cells for cathode materials CM-1a and CM-3a in the
acidic (0.5 M HSOy) electrolyte was 0.44 V and 0.37 V vs. Ag/AgCl; however, in a neutral
(0.5 M K,S0y) electrolyte, the potentials of both were 0.28 V vs. Ag/AgCl. After the CV
measurements, the OCP of sample half-cells stabilized. For both samples in the acidic
electrolyte, they were 0.41 V vs. Ag/AgCl, and in the neutral electrolyte, they were 0.37 V vs.
Ag/AgCl. The OCP for both samples is approximately the same, and with decreasing pH,
there is a visible shift to higher potential values going from neutral to the acidic electrolyte.

2.2.2. Cyclic Voltammetry Measurements

CV results for samples CM-1a, CM-3a, and a sample without active material (substrate)
in neutral and acidic electrolytes at varying scanning speeds are shown in Figure 6. For
the substrate in neutral electrolyte, no visible redox processes were observed. In the acidic
electrolyte, a hydrogen evolution reaction can be observed around the potential of —0.3 V
vs. Ag/AgCl and one insignificant redox process at faster scan rates around 0.3 V vs.
Ag/AgCl. However, when scanning samples with active materials, this substrate process
cannot be observed and, therefore, has no electrochemical significance other than providing
electrical conductivity.

Sample CM-1a Sample CM-3a Substrate
04 04 04
A 02 02 02
b=} < < <
[ £ oo £ oo £ oo
£ E I = %
f g g g o
g S o S o S
-
3 ~ E o
S 06 o6 = 06
z 54 52 00 02 0 ds o8 1o G452 00 02 04 0 o 1o 343200 02 0 ds o8 1o
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
w0 \ f
A—
o 0s 0s
5 g 00, % oo g &
g = = s = 0
° 5 5w LR
5 15 s s
E 20 20 o 20

04 02 oo o2 04 -02 00 02 04 06 08 10 04 02 00 02 04 06 08 10
Potential (V vs A

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Figure 6. CV results at varying scanning speeds for samples CM-1a, CM-3a, and substrate in neutral
(0.5 M K,504) electrolyte and in acidic (0.5 M H,SOy) electrolyte.

For sample CM-3a in a neutral electrolyte (Figure 6), no significant redox processes
can be observed. Also, in an acidic electrolyte for sample CM-3a (Figure 6), there are no
significant processes; however, upon closer inspection (Figure S18), two reversible oxidation
(at 0.40 V and 0.07 V vs. Ag/AgCl) and reduction processes (at 0.23 V and —0.06 V vs.
Ag/AgCl) can be seen.

Sample CM-1a has two redox maxima in the scanned potential window from —0.4V to
1.0 V vs. Ag/AgCl electrode in both neutral and acidic electrolytes (Figure 6). In a neutral
electrolyte (Figure S19), oxidation peaks are at 0.27 V and 0.10 V vs. Ag/AgCl; however,
reduction peaks are at 0.14 V and —0.32 V vs. Ag/AgCl. In addition, the oxidation peaks
are found at 0.48 V and 0.26 V vs. Ag/AgCl and reduction peaks at 0.40 V and 0.23 V vs.
Ag/AgCl in an acidic electrolyte (Figure 520). This indicates a shift in reaction potential to
more positive values by increasing H* ion concentration and thus lowering the pH level
of the electrolyte. Both redox processes for sample CM-1a correspond to the o-quinone
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fragment in the molecule. However, by comparing the electrochemical performance of
both samples CM-1a and CM-3a, it can be concluded that by converting o-quinone 1a to
a-hydroxy-p-quinone imine 3a accompanied by the additional stabilization by intra- and
intermolecular hydrogen bonds, the electrochemical reactivity of the cathode material has
been greatly suppressed.

All CV measurement result developments in time can be seen in Figure 521. At
the start, samples were cycled at the potential window of —0.4 V to 1.0 V vs. Ag/AgCl
reference electrode. Observations indicate that all samples go through the surface activation
phase, where the sample-specific capacity increases with each subsequent cycle. During
the measurements at different scanning speeds, the stabilization of the system is observed.
However, sample CM-1a in neutral electrolyte goes through an irreversible oxidation
process at 0.11 V vs. Ag/AgCl and a reduction process at —0.32 V vs. Ag/AgCl. This
irreversible redox process can be observed during all scan speeds. At an increased potential
window (from —1.0 V to 1.5 V), another irreversible process at a scan speed of 0.1 V /s for
sample CM-1a in a neutral electrolyte can be observed during the oxidation at —0.31 V
and reduction at —0.56 V vs. Ag/AgCl. A slight capacity decrease due to the possible
dissolution of active materials can be observed for sample CM-3a in a neutral electrolyte
and sample CM-1a in an acidic electrolyte.

2.2.3. Raman Measurements

Raman measurements were performed on pure compounds 1la and 3a, prepared
cathodes (CM-1a and CM-3a), and after cycling them in acidic and neutral electrolytes
(Figure 7). For sample CM-3a, the spectra for prepared and cycled cathodes remain as
for pure compound 3a, where an amide band can be seen at 1600-1630 cm™" as well as
bands for aromatic/heteroaromatic rings at 1550 and 1470 cm~! [43]. This indicates that
compound 3a was preserved in the cathode-forming process and did not go through any
chemical changes. Also, after CV measurements, the active material is unchanged and
present in the samples. For sample CM-1a, the spectra for the prepared and cycled cathode
in an acidic electrolyte remain as for pure compound 1a (bands for aromatic/heteroaromatic
rings at 1570 and 1450 cm ! and band for carbonyl groups at 16501690 cm 1) [43]. How-
ever, for cathode CM-1a cycled in neutral electrolyte, only C and D bands of carbon [44,45]
can be seen. Since redox processes are visible for this sample in CV measurements (Figure 6),
the active material could have dissolved from the electrode in the electrolyte and gone
through the electrochemical reactions from the electrolyte.

—— Compound 3a ——Compound 1a
a. s CM-3a b' — CM-1a
e CM-3a after CV in acid e CM-1a after CV in acid
- e CM-3a after CV in neutral = = CM-1a after CV in neutral
=) VT W | O - A
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z z
g, A ‘\,, A A A N
= 2 |
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%—J\_A__cAlM—A—‘ LA A A M "
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Figure 7. (a) Raman spectra of pure compound 3a (green line), prepared cathode CM-3a before (blue
line) and after cycling in acidic (red line) and neutral (gray line) electrolytes. (b) Raman spectra of
pure compound 1a (green line), prepared cathode CM-1a before (blue line) and after cycling in acidic
(red line) and neutral (gray line) electrolytes.

2.2.4. Scanning Electron Microscopy Measurements

Scanning electron microscopy examinations of compounds 1a and 3a (Figure S22) were
performed to assess the morphology of the products. Compound 1a consists of needle-like
particles with sizes ranging from 1 um to 10 pm in diameter and 3 pm to 30 um in length.
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Compound 3a has smaller particles with an overall size of 1 um in diameter and 5-20 um
in length.

Also, the prepared cathode surfaces with and without active materials before and
after cyclic voltammetry are shown in Figure 8. The resemblance of the structures of
compounds 1a and 3a (as shown in Figure 522) can be seen in the images of cathode disks
(samples CM-1a and CM-3a in Figure 8) before CV measurements. For sample CM-3a,
these structures can also be seen in images after CV in neutral and acidic electrolytes
with some partial dissolution in an acidic electrolyte, as fewer structures can be seen. The
formation of non-covalent interactions between compound 3a and substrate can probably
explain the greater stability of CM-3a in comparison to CM-1a. However, for sample CM-1a
cycled in neutral and acidic electrolytes, only a few original structures can be seen. This
correlates with findings from Raman spectroscopy (Figure 7b) that the active material 1a
dissolves in a neutral electrolyte and goes through electrochemical reactions from: it.
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CM-1a after CV in acid

30 um

CM-3a after CV in neutral

30 pm

CM-3a after CV in acid

30 pm

Substrate after CV in neutral

30 pm

Substrate after CV in acid

30 pm 5 1 30 pm 5 w30 pum &
i L0 ey L 71 Lt R LS

Figure 8. Scanning electron microscopy images of samples CM-1a, CM-3a, and substrate (coat-
ing without active material) before and after CV measurements in neutral and acidic electrolytes
(magnification of x2500).

3. Materials and Methods
3.1. Materials and Instrumentation

Polyvinylidene fluoride (PVDF) (MW ~530,000) and Dimethylformamide (DMF) were
purchased from Merck; Vulcan XC72 Carbon Black (CB) was used, and 0.05 mm thick
conductive graphite paper (RERAS, purchased from China and used as electrode substrate)
was used to prepare cathode materials.

Melting points were measured on a Kruess KSP 11 Melting Point Analyzer. 'TH NMR
spectra were recorded on a Brucker Avance spectrometer at 300 or 500, respectively, in
DMSO-dg or CDClj solutions. Chemical shifts were expressed in parts per million (9,
ppm) relative to solvent signal (DMSO-ds: 2.50 ppm CDCls: 7.26 ppm for 'H NMR) [46].
Compounds 3a-g are too insoluble to record a qualitative '3C NMR spectrum. Elemental
CHN analysis was carried out on a Euro Vector EA 3000 analyzer. FTIR spectra were
recorded on a Perkin-Elmer Spectrum 100 FTIR spectrometer. The UV-Vis absorption
spectra were acquired with a Perkin-Elmer 35 UV /Vis spectrometer using 1 cm length
quartz cuvettes with a concentration of compound ¢ = 2.5 x 10~° M. Low-resolution mass
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spectra were acquired on a Waters EMD 1000MS mass detector (ESI + mode, voltage 30 V)
with an Xterra MS C18 5 pm 2.1 x 100 mm column and gradient eluent mode using 0.1%
HCOOH in deionized water and MeCN or MeOH.

3.2. X-ray Crystallography Analysis

For compound 3a, diffraction data were collected at a low temperature (T = 150.0(1) K)
on Rigaku, XtaLAB Synergy, Dualflex, HyPix diffractometer using copper monochromated
Cu-K« radiation (A = 1.54184 A). The crystal structure was solved with the help of the
ShelXT structure solution program [47] using the Intrinsic Phasing solution method. The
model was refined with version of the program olex2.refine using Levenberg-Marquardt
minimization [48]. All nonhydrogen atoms were refined in anisotropical approximation.
For further details, see crystallographic data for compound 3a deposited at the Cambridge
Crystallographic Data Centre as Supplementary Publications Numbers CCDC 2238663 (for
compound 3a). These data can be obtained free of charge via https://www.ccdc.cam.ac.
uk/structures/ (accessed on 1 April 2024) or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, U.K,; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). For crystal packing
visualization, the program Mercury [49] was used.

3.3. Cathode Material Preparation

Quinone derivatives 1a or 3a were combined with Vulcan XC72 CB at a mass ratio of 5:4.
The resulting powder was dried overnight at 80 °C. Then, a binder solution of PVDF:DMF
(mass ratio 1:9) was added so the quinone to PVDF mass ratio would be 5:1. Stirring and
ultra-sonication were used to create the ink slurry. Extra DMF was added to the slurry to
form homogeneous ink (the total weight ratio of DMF to quinone was approximately 12:1).
A manual doctor blade coater (with a 25 pm gap size) was employed to apply the coating
onto carbon paper that was pre-dried at 120 °C for an hour. Coated cathode substrates
were then dried in air to evaporate DMF. For further material characterization, cathode
disks were cut out using a hollow punch.

3.4. Cyclic Voltammetry

To analyze the electrochemical properties of the different sample compounds, cyclic
voltammetry (CV) measurements were performed using a 3-electrode measuring cell
“TSC Surface” (from rhd instruments). For different measurements, the prepared thin-
layer electrodes on carbon paper (with or without compound 1a or 3a) were used as
working electrodes placed in 1 mL of electrolyte with the platinum counter electrode
and Ag/AgCl (3 M KCl) reference electrode. Two different pH electrolyte solutions were
used for measurements: neutral 0.5 M K,SO, and acidic 0.5 M H,SOj, solutions. The CV
measurements were performed from —0.4 to +1.0 V with the following program: (1) open-
circuit measurement (OCP) of freshly assembled half-cell before the CV measurements;
(2) ten cycles with scan speed of 0.075 V /s to stabilize the half-cell; (3) 5 cycles of 5 scans
with scan rates ranging from 0.005 V/s to 0.1 V/s; and (4) OCP measurement after CV.

3.5. Raman Spectroscopy

Raman measurements were performed using a Renishaw In-ViaV727 spectrometer
in a backscattering geometry at room temperature at 100 x magnification. For phonon
excitation, a red laser (He-Ne, A = 633 nm, grating—1200 mm~!, 125 uW) was used, and
the sample exposure time was 10 s.

3.6. Scanning Electron Microscopy

A Hitachi TM3000 Tabletop scanning electron microscope (SEM) with an acceleration
voltage of 5 kV was used to obtain surface information of the obtained electrode and sample
materials. To characterize the obtained samples, different magnifications were used.
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3.7. Synthesis of Quinone Derivatives 1a,b and 3a-g

6,7-Dichloropyrido[1,2-a]benzimidazole-8,9-dione (1a) and 6,7-dichloro-2-nitropyrido[1,2-
a]benzimidazole-8,9-dione (1b) were prepared according to the previously reported proce-
dure [17,42].

General method for synthesis of compounds 3a-g. To a stirring solution of 6,7-
dichloropyrido[1,2-a]benzimidazole-8,9-dione (1a, 1 eq) or 6,7-dichloro-2-nitropyrido[1,2-
a]benzimidazole-8,9-dione (1b, 1 eq) in dichloromethane (DCM) at room temperature,
a solution of benzhydrazide derivative (2a-d, 2 eq) in DCM or DMF was added. Tri-
ethylamine (1 eq) was added to the reaction mixture, which was then stirred at room
temperature for 8 h. After completion of the reaction, the reaction mixture was filtered
through a filter paper, and the solvent was distilled in vacuo to a residual volume of 20 mL.
The resulting orange-colored precipitate was collected, recrystallized from DCM/n-hexane,
washed with hot ethanol (20 mL), and dried at room temperature.

Compound 3a. Prepared using 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
(150 mg, 0.56 mmol, 1 eq), benzohydrazide (153 mg, 1.12 mmol, 2 eq), and triethylamine
(d=0.73 g/mL, v="78 uL, 0.56 mmol, 1 eq). Yield: 59%, orange powder. M.P.: 258-260 °C.
MS: C3H;;CIN,Oj3 requires [M + HJ* 367.1; found [M + H]* 367.2. 'TH NMR (500 MHz,
DMSO-dg): 14.71 (br.s., 1H, exchange with D,O, NH), 10.98 (br.s., 1H, exchange with D,0,
OH), 9.29 (d, ] = 6.6 Hz, 1H, H-1), 8.16 (d, ] = 9.0 Hz, 1H, H-4), 8.11 (d, ] = 7.4, 2H, CHpy,),
7.89 (t, ] = 8.0, 1H, H-3), 7.73 (m, 3H, CHpy,), 7.51 (d, ] = 6.8 Hz, 1H, H-2). FTIR (KBr, cm™1):
3331, 3094, 3033, 1708, 1628, 1604, 1548, 1437, 1351, 1247. Anal. Calcd. for C1gH;1CIN4O3:
C, 58.95; H, 3.02; N, 15.28; found C, 58.82; H, 3.02; N, 15.31.

Compound 3b. Prepared using 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
(150 mg, 0.56 mmol, 1 eq), 4-methoxybenzohydrazide (187 mg, 1.12 mmol, 2 eq), and
triethylamine (d = 0.73 g/mL, v = 78 uL, 0.56 mmol, 1 eq). Yield: 36%, orange solid. M.P.:
>300 °C. MS: C19H;3CIN,Oy requires [M + H]* 397.1; found [M + H]* 397.2. TH NMR
(500 MHz, DMSO-ds): 14.70 (br.s., 1H, exchange with D,O, NH), 10.95 (br.s., 1H, exchange
with D,O, OH), 9.33 (d, ] = 6.7 Hz, 1H, H-1), 8.24 (d, ] = 9.0 Hz, 1H, H-4), 8.11 (d, ] = 8.6 Hz,
2H, CHpy), 7.91 (m, 1H, H-3), 7.53 (t, | = 6.8 Hz, 1H, H-2), 7.25 (d, ] = 8.5 Hz, 2H, CHpy,),
3.91 (s, 3H, -OCHj3). FTIR (KBr, cm~1): 3468, 3301, 3083, 3024, 2975, 2832, 1690, 1630, 1609,
1582, 1552, 1504, 1351, 1325, 1259. Anal. Calcd. for C19H3CINOy4: C, 57.51; H, 3.30; N,
14.12; found C, 57.58; H, 3.35; N, 13.82.

Compound 3c. Prepared using 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
(150 mg, 0.56 mmol, 1 eq), 4-nitrobenzohydrazide (204 mg, 1.12 mmol, 2 eq), and triethy-
lamine (d = 0.73 g/mL, v = 78 uL, 0.56 mmol, 1 eq). Yield: 52%, orange solid. M.P.:
275-278 °C. MS: C1gH;¢CIN5O5 requires [M + H]* 412.1; found [M + HJ* 412.2. 1H NMR
(300 MHz, DMSO-ds): 14.95 (br.s., 1H, exchange with D,O, NH), 11.07 (br.s., 1H, exchange
with D,O, OH), 9.29 (d, ] = 6.5, 1H, H-1), 8.53 (m, 2H, CHpy,), 8.32 (d, ] = 8.3, 3H, H-4 un
CHpy,), 7.91 (m, 1H, H-3), 7.53 (m, 1H, H-2). FTIR (KBr, cm~1): 3618, 3306, 3113, 3089, 3016,
1703, 1626, 1605, 1573, 1556, 1519, 1346, 1275. Anal. Calcd. for C;gH;oCIN5Os: C, 52.51; H,
2.45; N, 17.01; found C, 52.20; H, 2.58; N, 16.73.

Compound 3d. Prepared using 6,7-dichloropyrido[1,2-a]benzimidazole-8,9-dione
(150 mg, 0.56 mmol, 1 eq), isonicotinohydrazide (154 mg, 1.12 mmol, 2 eq), and triethy-
lamine (d = 0.73 g/mL, v = 78 uL, 0.56 mmol, 1 eq). Yield: 50%, orange crystals. M.P.:
>250 °C (decomp.). MS: C17H;oCIN5O;3 requires [M + H]* 368.1; found [M + HJ* 368.2.
TH NMR (300 MHz, DMSO-dg): 14.52 (brs., 1H, exchange with D,O, NH), 10.90 (br.s.,
1H, exchange with D,O, NH), 9.31 (d, ] = 6.7, 1H, H-1), 8.91 (d, ] = 3.8, 2H, CHpy), 8.18 (d,
J=89,1H, H-4),7.97 (d, ] = 4.6, 2H, CHpy), 7.89 (t, ] = 8.0, 1H, H-3), 7.52 (t, ] = 6.7, 1H,
H-2). FTIR (KB, cm™): 3420, 3055, 1709, 1647, 1568, 1555, 1331, 1280. Anal. Calcd. for
C17H;9CIN503 + 0.5H,0: C, 54.20; H, 2.94; N, 18.59; found C, 54.29; H, 2.88; N, 18.30.

Compound 3e. Prepared using 6,7-dichloro-2-nitropyrido[1,2-a]benzimidazole-8,9-
dione (150 mg, 0.48 mmol, 1 eq), benzohydrazide (131 mg, 0.96 mmol, 2 eq), and triethy-
lamine (d = 0.73 g/mL, v = 67 uL, 0.48 mmol, 1 eq). Yield: 61%, yellow solid. M.P.: >250 °C
(decomp.). MS: C1gH19CIN505 requires [M + H]* 412.1; found [M + H]* 412.4. TH NMR
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(300 MHz, DMSO-ds): 14.42 (br.s., 1H, exchange with D,O, NH), 11.30 (br.s., 1H, exchange
with D,O, OH), 10.06 (d, ] = 2.3 Hz, 1H, H-1), 8.56 (dd, ] = 9.8, 2.1 Hz 1H, H-3), 8.40 (d,
] =9.7 Hz, 1H, H-4), 8.12 (m, 2H, CHpy,), 7.72 (d, ] = 7.7, 3H, CHpy,). FTIR (KB, cm™1):
3397, 3091, 3033, 1690, 1642, 1552, 1525, 1351, 1311, 1268. Anal. Calcd. for C1gH19CIN5Os5:
C,52.51; H, 2.45; N, 17.01; found C, 52.21; H, 2.67; N, 16.76.

Compound 3f. Prepared using 6,7-dichloro-2-nitropyrido[1,2-a]benzimidazole-8,9-
dione (150 mg, 0.48 mmol, 1 eq), 4-methoxybenzohydrazide (160 mg, 0.96 mmol, 2 eq), and
triethylamine (d = 0.73 g/mL, v = 67 uL, 0.48 mmol, 1 eq). Yield: 42%, yellow crystals. M.P.:
>250 °C (decomp.). MS: C19H1,CIN5Og requires [M + H]* 442.1; found [M + H]* 442.2. TH
NMR (300 MHz, DMSO-dp): 14.36 (br.s., 1H, exchange with D,O, NH), 11.23 (br.s., 1H,
exchange with D,0O, OH), 10.05 (s, 1H, H-1), 8.56 (d, ] =9.7 Hz, 1H, H-3), 8.42 (d, ] = 10.8 Hz,
1H, H-4), 8.10 (d, ] = 7.1 Hz, 2H, CHpy,), 7.24 (d, ] = 8.3 Hz, 2H, CHpy,), 3.90 (s, 3H, OCH3).
FTIR (KBr, cm™1): 3399, 3085, 3028, 1687, 1640, 1605, 1555, 1523, 1350, 1310, 1266. Anal.
Calcd. for C19H1,CIN5Og: C, 51.66; H, 2.74; N, 15.85; found C, 51.35; H, 2.68; N, 15.61.

Compound 3g. Prepared using 6,7-dichloro-2-nitropyrido[1,2-a]benzimidazole-8,9-
dione (150 mg, 0.48 mmol, 1 eq), 4-nitrobenzohydrazide (174 mg, 0.96 mmol, 2 eq), and
triethylamine (d = 0.73 g/mL, v = 67 pL, 0.48 mmol, 1 eq). Yield: 36%, orange solid. M.P.:
>250 °C (decomp.). MS: C1gHoCIN4Oy7 requires [M + H]* 457.0; found [M + H]* 457.1. 1H
NMR (300 MHz, DMSO-dg): 14.61 (br.s., 1H, exchange with D,O, NH), 11.41 (br.s., 1H,
exchange with D,O, OH), 10.03 (s, 1H, H-1), 8.58 (d, ] = 10.8 Hz, 2H, H-4 and H-3), 8.51
(m, 2H, CHpy,), 8.32 (d, ] = 8.3 Hz, 2H, CHpy,). FTIR (KBr, cm™1): 3340, 3114, 3081, 1707,
1626, 1602, 1547, 1518, 1344, 1306, 1266. Anal. Caled. for C;3HoCINO,: C, 47.33; H, 1.99;
N, 18.40; found C, 47.24; H, 2.02; N, 18.14.

4. Conclusions

To summarize, a set of heterocyclic x-hydroxy-p-quinone imine derivatives was ob-
tained via one-step nucleophilic substitution of 6,7-dichloropyrido[1,2-a]benzimidazole-
8,9-diones 1a,b with different benzohydrazides 2a—d followed by isomerization. The
a-Hydroxy-p-quinone imine form of the synthesized products was proved by X-ray crystal-
lography analysis of compound 3a. The formation of a strong intramolecular hydrogen
bond N(12)-H:--N(5) in a solid state and in solution can explain the stabilization of only one
configuration of the C=N bond of the substituted imine. The 'H NMR acid-base titration
experiment showed that deprotonation/protonation processes are reversible. Deprotona-
tion led to the electronic delocalization in the molecule, which is accompanied by distinct
changes in the UV-Vis spectra.

Sample CM-1a has a distinct maximum of two redox reactions. In an acidic environ-
ment, both peaks are stable, while in a neutral environment, only one of them is stable and
remains unchanged after several CV cycles. Moreover, for the stable redox reactions, the
potential difference is only up to 0.2 V. This indicates that the sample CM-1a could act as
an effective active electrode in aqueous electrolyte batteries. However, the dissolution of
the sample in the electrolyte was observed, so the potential application as cathode material
for aqueous batteries would require compound 1a to be attached to the polymer backbone.

Attempts to modulate redox properties by incorporation of additional unsaturated
carbon-nitrogen bonds to the heterocyclic quinone 1a structure led to changes in the redox-
active fragment and the formation of p-quinone imine 3a. As a result, the electrochemical
behavior is changed, as it is no longer possible to observe pronounced redox peaks in
CV measurements. Structural changes of the quinone fragment (probably induced by
the formation of intramolecular H-bond) decreased the redox activity of the derivative
despite the introduction of an additional C=N bond; at the same time, the introduced
substituent enhanced the stability of the cathode material, which was confirmed by Raman
spectroscopy measurements. Therefore, further structure optimizations for the elaboration
of effective cathode material should include the analysis of the possible tautomerization,
the formation of intramolecular H-bonds, the effect of substituents and interaction with
basic solvents versus redox properties, and the stability of the compound.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /molecules29071613/s1. Figures S1-S8: 'H NMR spectra (for compounds 3a—
g in DMSO-dg; solution and for compound 3a in CDCl3 solution). Figure S9 and Table S1: Correlations
between the Hammett constants (op,) of substituent (R;) and the chemical shifts of NH or OH signals
of compounds 3a—c and 3e-g. Figure S10: Additional '"H NMR spectra for compound 3b upon acid
addition and irradiation. Figures S11 and S13: "H NMR spectra for compounds 3a—c upon base
addition. Figure S12: "H NMR spectrum of DBU and TFA mixture. Figures S14 and S15: Hirshfeld
surfaces and energy frameworks calculated with CrystalExplorer software. Figure S16 and Table S2:
UV-Vis spectroscopy data of compounds 3a-c, 3e-g. Figures S17-522: CV curves of samples CM-1a
and CM-3a in neutral and acidic electrolytes at various scan speeds (PDF).
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Q 2 This microreview presents the data on the methods of synthesis of heterocyclic ring-fused
- . 0 S -
K N . quinones over the period from 2015 to 2021.
. Het Het : Het !
. o  Het -
Introduction

Quinones are organic chromophores and potent bioactive com-
pounds exhibiting antitumor, antibacterial as well as anti-
fungal activities." The diverse biological effects caused by
combination of quinone with heterocyclic fragment has
already led to the development of some heterocyclic ring-fused

quinones having pronounced biological activity.” For example,
a well-known antitumor drug Mitomycin C is a derivative of
p-quinone fused with nitrogen-containing heterocycle.® Due to
their relevant biological applications, preparation of hetero-
cyclic ring-fused quinones has attracted considerable attention.

Cycloaddition reactions

Quinones as dipolarophiles represent a privileged platform
for the synthesis of ring-fused pyrazoles via [3+2] cyclo-
addition reaction. Pyrazole-fused quinones 3 were obtained
by base-promoted [3+2] cycloaddition reaction of p-naphtho-
quinone (1) with electron-deficient CF3-substituted imino-
nitriles, which were generated in situ from compounds 2.
Another method for the preparation of pyrazole-fused
quinones 5 includes photogeneration of the iminonitrile from

CF3
Br—\< R?
N\

0 RN

N
/N
K,CO3 UV light
Ar THF, rt, 48 h EtOAc R1

41-97% nt,2h

50-95%

Ar = 4-XCgHy4 (X = H, OBn, OMe, Me, PhCO,, CI, CN, NO,)
R = naphthyl, 4-XCgH,4 (X = OMe, Me, F)

RZ= naphthyl, Het, XCgH,4 (X = H, OMe, Br, CN)

8 examples 15 examples

2,5-diaryltetrazole 4, followed by the sequential 1,3-dipolar
cycloaddition/enolization and oxidation processes.

Pyrazole-fused isoquinoline-5,8-diones 8a,b were prepared
via 1,3-dipolar cycloaddition of N-aryl-C-heteroarylimino-
nitriles (generated in situ from compounds 7) and substituted
isoquinoline-5,8-diones 6. Regioisomeric ratio 8a:8b =
= 20:80 was obtained using Ag,CO; as a base. Isolated

A‘r
_NH
1
(e} = ‘ Cl
NZ x N7
RN 1. Ag,COs
RZ2 O 1,4-dioxane, A, 6 h
6 2. CAN, THF-H,0, 4:3

0°C,2h

R' = Ph, Het; R? = NO,, CO,Me

8b (45-72%)
Ar = 2-CICgHg, 2,4-F2CeHs

9 examples
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Cycloaddition reactions (continued)

A formal [3+3] cycloaddition reaction of methyl
(Z2)-3-[(2-hydroxyethyl)amino]but-2-enoate (10) and acyl-
naphthoquinones, which were generated in situ from
naphthalene-1,4-diols 9 using Ag,O, yielded the cor-
responding 1,2-dihydrobenzo[gJisoquinoline-5,10-diones 11.”

OH R NH(CH,),OH O R OH
Me \

O COOMe | N(CH,),OH
10 _
Me

Ag20, CH,Cly, 1t
9 OH 63-72% O 14 COOMe
R = Me, Ph

Multicomponent reactions

Naphthoquinone-fused indolizines 15 were prepared in
moderate yield by multicomponent reaction of quinone 12
with 1,3-indandione (13) and substituted pyridines 14 in
boiling MeCN followed by oxidation with HZOZ

R
Cl | /
Hzoz
MeCN
A,3-10h COH

59-68%

R =H, Me, t-Bu, CO,H, benzo, Het 7 examples

Pseudo four-component one-pot reaction of 2-hydroxy-
1,4-naphthoquinone (16) with aniline derivatives 17 and
2 equivalents of formaldehyde under ultrasound irradiation
in HyO led to naphthoquinone-fused oxazine derivatives
18. When aniline derivatives with a strong electron-
withdrawing group were used, lower product yield was
observed and longer reaction time was required ?
HCHO

OH 2 2equ1v
o)
rt, 5-10 min

16 O 17 R 86-95%

R = H, OMe, OEt, Alk, Hal, NO,, COMe 25 examples

Oxidation of heterocycles
Specific oxidative quinone formation during the total
synthesis of calothrixin B (20) was reported by Liu et al."’
Screening of oxidation conditions revealed that the
installation of a quinone carbonyl groups at the C ring of
quino[4,3-b]carbazole 19 was efficient using DMP (Dess—
Martin periodinane) in DMSO. Under these conditions,
calothrixin B (20) was synthesized in 91% yield

110°C, 1.5h
91% Calothrlxm B
Begunov et al."" reported synthesis of hetero-fused p-quinones
22 from 3H-imidazo[4",5":4',5'|benzo[1',2":4,5]imidazo[1,2-a]-
pyridines 21. The method included nitration of compounds
21 with KNO; in H,SO, under rather mild conditions (30°C,
1.5 h) and subsequent reduction of the nitro derivatives with
10% HCl and TiCl; (40°C, 0.5 h). Resulting aminoheterocycles
were then oxidized at 25°C using KNO,/H,SO, oxidation system.

O —

N NQ
<P = 1]

N N
R=H, CFs Hoo
Similar approach was reported by Zhou et al.,'’ using
heterocycle 23, which yielded C-6- and C-7-nitro deriva-
tives upon treating with NaNO, in AcOH. After catalytic
reduction of the nitro group with H, (Pd/C), the
corresponding amines were oxidized by Fremy's salt to
yield two isomeric perimidinediones 24a and 24b, which

could be separated by column chromatography

17 examples
R' 23

NYN
R' = Alk, Cy, Bn, XCgH4 (X = H Me OMe, Cl, F
FoCgHs, F3CgHp, Het; R2 = Me, Et

Reactions of tetraamino-p-benzoquinone

Tetraamino-p-benzoquinone (25) is a good substrate for the
synthesis of quinones fused with five- or six-membered
azaheterocycles. Benzo[1,2-d:4,5-d'|bis([1,2,3]triazole)-
4,8(2H,6H)-dione (26) was prepared by diazotization of
quinone 25, followed by an intramolecular cyclization
reaction. Additionally, its m-extended analog bis([l 2 3]

triazolo)[4,5-b:4',5'-i]phenazine-4,6,10,12(2H,8 H)-tetraone
(27), was obtained in the same reaction due to inter-
molecular coupling of two intermediate diazonium salt
molecules.”> Double condensation of quinone 25 with
compound 28 in refluxing AcOH led to planar polycyclic
quinone 29 in 59% yield." 0o

,N\ /N\
o 1. NaNO, HN\N/ \N,NH
O N N AcOH 2%
’
. | | ’ _ 23 _to2ah 0
HoN

X Pz +
O N N O KOAc AcOH NH, 2 concd HCI Ny N
oy e] A, overnight 80°C NH: - | _ :NH
R= 29 59% N N N
CioH21 o 27 O
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Miscellane

In general, p-quinones can be prepared from dimethoxy-
benzene derivatives via oxidative demethylation, using
different oxidation reagents (CAN, NBS/H,SO4, PhI(OCOCF;),
(PIFA), etc.). Halogenated (bibenzimidazole)tetraone deri-
vatives were prepared using NaX/Oxone (X = Cl, Br)
system by one-pot electrophilic aromatic substitution and
oxidative demethylation reactions.'’

Novel quinone-indolizine hybrids 31 were prepared via
domino Michael addition/aldol condensation/aromatization
sequence, using Et;N-promoted reaction of p-naphtho-
quinone (1) and N-substituted pyrrole-2-carboxaldehydes
30. Quinone-indolizine hybrids revealed potent anticancer
effects.'

Benzimidazole- and imidazopyrimidine-based o-quinones
33 were synthesized through a condensation reaction of
2,3-dichloro-p-naphthoquinone derivatives 12 with 2-amino-
azines 32 in dry s-BuOH. The reaction was carried out at
high temperature under argon atmosphere in a closed pressure
vessel for 36 h. Electron-withdrawing groups (R* = NO,,
CF;) on 2-aminoazine complicated the cyclization process
making it longer."”

Intermolecular Michael addition of deprotonated 3-(phenyl-
sulfonyl)isobenzofuran-1(3H)-one (34) to 2-nitrobenzo-
furan derivatives 35 followed by Dieckmann cyclization
and elimination of a sulfonyl anion and nitro group
afforded naphthoquinone-fused benzofurans 36 in 70-87%
yield."®

Naphthoquinone-fused pyran-2-one derivatives 39 were
obtained from 3-hydroxynaphthoquinone-2-carbaldehyde
(37) and nitrile 38 in H,O under mild conditions and short
reaction time. Application of nonpolar or polar aprotic
solvents led to the lower product yields."’

OHC = 1, Et3N
N T EoH N —
J\ 80°C, 6 h
& R 62-97%
30 11 examples

R = Me, naphthyl, Het, XCgH,4 (X = Me, OMe, Ph, Hal), Me,CgH3

* *h

13 examples
=H, NOy; R? = H, Me, OMe, Hal, NO,, CF3, benzo; X = CH, N

o .#n

S- BuOH
110°C, 36-96 h
7-61%

02N /

Cs2C03 (100 mol %) (100 mol %

THF r,12h
34 SO,Ph 70-87% O 36
R = Me, OMe, OEt Gexamples
* HZO rt, 30 min @i;:(j
CHO 54-85%
37 O
5 examples

R=H, CN, COMe,—§—</N:©, —§—</N:©
s N
H
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o This microreview presents the data on the general synthetic methods for S5-ethylidene-substituted

barbituric acid derivatives and their application as chemosensors or probes for detection of ionic species,
explosives, gases, and biomolecules over the period from 2018 to 2021.

Introduction

Barbituric acid (BA) is well-known pyrimidine derivative
with pronounced electron-withdrawing properties and
planar structure.! 5-Ethylidene-substituted BAs show
phenomenon of aggregation-induced emission (AIE) and
can be termed as AIEgens.” Employing AIEgens as sensors
will become a future trend for analyte identification.®
AlEgens were used in the development of sensitive and
selective chemosensors/probes for different types of
analytes: ionic species, explosives, gases, and biomole-
cules.? According to Krimer et. al.,* chemosensors are the
systems that reversibly bind the target analyte through a
combination of noncovalent binding interactions, while
probes are the systems that form strong irreversible bonds
with the target analyte.

Typical AlEgens are often large molecules, macro-
molecules or polymers, implying complex synthetic
procedures and/or high costs. BA forms a large variety of
derivatives by simple Knoevenagel condensation, which
can be used as organic fluorescent dyes. Fluorescence
probes have two modes of action: fluorescence enhance-
ment ("turn-on") or fluorescence quenching ("turn-oft").
Creation of AlEgens with a donor—acceptor (D-A)
structure as well as introduction of typical AlEgens
(triphenylamine, tetraphenylethene) into D—A system can
improve photophysical properties such as long-wavelength
emission, solvatochromism, etc.’ D-A systems based on
BA can be readily created by incorporating different
electron-rich functional groups.

Synthesis

The Knoevenagel condensation is experimentally simple
and environmentally friendly synthesis method for
S-ethylidene-substituted BA derivatives 2. To accomplish
this reaction, an aldehyde 1 and commercially available BA
(R' = R? = H) or 1,3-dimethylBA (R' = R* = Me) are
widely used.

o] o]
R! 0 R!
N N Z SAr
)\ + Ar—{ —_— )\
07 N0 H 07 "N" 0
R? 1 R?
BA 2
R', R?=H, Me, Alk, Ar
Ar = aryl, hetaryl
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Synthesis (continued)
Other symmetrical 1,3-disubstituted BAs can be prepared,
for example, in two steps by the reaction of a primary
amine with carbonyldiimidazole in ~BuOH giving rise to
N,N-disubstituted urea and its subsequent cyclization with
malonyl chloride. The synthesis of asymmetrical 1,3-disub-
stituted BAs can be realized via the reaction of an amine
and substituted isocyanate generating asymmetrical urea 3
as an intermediate. Being treated with malonyl chloride (4)
the latter forms asymmetrically N,N'-disubstituted BA.°

0
(0] R
cl al L
ey« Y X
NN 6 © CHCL oy
3 4 i, 1-2 h e
_ 0,
R', R2 = Alk, Ar 74-100% BA

Detection of hydrazine
Hydrazine has high toxicity and strong irritant effect. That
is why convenient and reliable methods for hydrazine
detection are in high demand. Probes 2a,b were synthe-
sized by condensation of BA and corresponding hetero-
cyclic aldehyde.” In both cases the enhancement of fluores-
cence ("turn-on") was observed in the presence of hydrazine

“SNNH,  * HN)i
N
NEt,

Detection of hydrazme proceeds via the nucleophilic
addition of hydrazine to the C=C bond of the arylidene
substituent, resulting in the removal of BA.” Compounds
2a,b can be successfully implemented to indicate the
presence of hydrazine in biological samples. Additionally,
in solution probe 2b showed a change of UV absorption
spectrum and turn-off fluorescence upon addition of CIO".
Coumarin-based compound 2b showed dual-mode
detection capability for sensing CIO™ and N,H,.

NH,NH,

A A

HN

(6] (6]

Detection of nitroaromatics
Arylidene derivatives of BA were investigated on the
ability to detect electron-deficient nitroaromatic explosives
(NAC:s) using 2,4-dinitrotoluene and picric acid as a model
system. A common feature of BAs 2¢ is that they do not
emit (or have weak emittance) in solution, but strong fluores-
cence is observed in the aggregated state. Detection of
NAC:s is based on the quenching of fluorescence ("turn-off").

o
AN N A Ar (— Electron-donating
substituent
o N R =H, Me, cyclohexyl, Ph

' @ ?{Q v
R
NMe, NPh, L

It should be noted that substituents at 1,3-positions of BA
have an influence on the properties of derivatives 2¢ and
size of aggregates: in the case of R = H, intermolecular
hydrogen bonding leads to the formation of large
aggregates. Lower photostability and decrease of fluores-
cence intensity was observed in the case of 1,3-unsub-
stituted derivative 2¢ (R = H) due to lactam—lactim
tautomerization.” The enhance of AIE effect can be
provided by increase of hydrophobic properties of electron-
donating substituent Ar."’

Electron-rich aryl groups in compounds 2¢ promote the
interaction with electron-deficient nitroaromatics. It was
found'' that the fluorescence intensity of compounds 2¢
was significantly decreased with the increased concen-
tration of nitroaromatics. Authors' "' suppose that the main
fluorescence quencher is photoinduced electron transfer
(PET) between the LUMO of the fluorophore (limited to
BA core) and LUMO of electron-deficient NACs.

The AIE quenching effect, observed by authors™'® had the
same pattern for water samples from diverse environments
and was nonsensitive to the presence of different metal
ions. It is known*'? that compounds with AIE properties
are an important source of mechanochromic fluorescence
(MCF) materials. It was showed'"'* that some derivatives
2¢ have pronounced MCF properties.

Detection of cyanide

Different colorimetric and fluorescent turn-on probes 2d
containing D—n—A structure and sensitive to the presence of

Jp S
M

cyanide were elaborated.”>*” The sensing mechanism is
based on the nucleophilic addition of a cyanide ion to the
arylidene C=C bond resulting in the interrupted m-conju-
gation and blocked intramolecular charge transfer (ICT)
process.'” The addition of common anions had no effect on
the CN™ detection.

Probe 2e, synthesized by the reaction of 4,4'-diformyl-
triphenylamine with an excess of BA and containing two
fragments of BA, showed high sensitivity toward CN".'

o} o
H (6] l}l [¢] H (6]
Ph

2e
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Detection of cations
Julolidine-BA hybrids 2f** form well-organized by inter-
molecular hydrogen bonding hexameric structure with the
cavity that allows the metal ion coordination. The
chemosensors were selective toward Hg2+ X =0, S) and
Ag' (X = S) ions. Compounds 2f provide the signal by
means of color change. Silatrane-based compound 2g”
showed UV-Vis absorbance changes upon addition of a
silver ion. Potential binding sites are triazole nitrogen atom
and carbonyl oxygen of the BA. Interestingly, compound
2d (Ar = 4-(diphenylamino)phenyl) also displays sensiti-
vity for Hg*" fons in aqueous solution.

X
A i
HN” NH
o o)
| 0 07 l}l/&o
1
/N\N,—A9+ Me
N =\
Y
2f 29
X=0,8 R = (CH,)3Si(OCH,CH,)sN

Detection of chlorine
Modification of compounds 2¢ by typical for AlEgens
N-[4-(1,2,2-triphenylvinyl)phenyl]  fragment leads to
asymmetrical donor — acceptor — another donor (D-A-D')
derivatives 2h that showed dramatic decrease of fluores-
cence intensity after exposure to Cl, gas.>*

Ph
Ph o
Ph
NJI/\Ar
O)\N 0
2h L

Detection of biothiols
Dihydrophenazine—BA hybrids 2i were designed as colo-
rimetric and ratiometric fluorescent probes for the ultra-
sensitive and selective detection of biothiols. An acceptor —
donor — another acceptor (A-D-A") structure with two
different routes of ICT process was established.”

H,N.__COOH
HoOC 2
2 —\
0 'S
W NP ar RN SH
B —————
HN Ar
X7 N )\
N0
2 Ak N
N
X=0,S;Ar=

N: i AP

|
Alk

929

Conclusions
5-Ethylidene-substituted barbituric acids are versatile plat-
forms for the elaboration of different chemosensors and
probes due to simple synthesis, possible modification of
hydrophilic/hydrophobic interactions with environment,
and clear response to an analyte.
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1. Synthesis of the compounds

Procedures for the preparation of the compounds 10, 7H and 6-amino-7-chloropyrido[1,2-
a]benzimidazole-8,9-dione (Q-NH2) (Fig. S1) were described previously.!?

o O
= ol YD)
) ¢
H,N
7H 10 Q-NH,

Fig. S1. Structures of the investigated compounds 7H, 10 and Q-NHa.

2. Cathode material preparation

Quinone derivatives 10, 7H or Q-NH2 were combined with Vulcan XC72 CB at a mass ratio
of 5:4. The resulting powder was dried overnight at 80 °C. Then a binder solution of
PVDF:DMF (mass ratio 1:9) was added, so the quinone to PVDF mass ratio would be 5:1.
Stirring and ultra-sonication were used to create the ink slurry. Extra DMF was added to the
slurry to form homogenous ink (the total weight ratio of DMF to quinone was approximately
12:1). Manual doctor blade coater (with a 25 um gap size) was employed to apply the coating
onto carbon paper that was pre-dried at 120 °C for an hour. Coated cathode substrates were
then dried in air to evaporate DMF. For further material characterization cathode disks were
cut out using a hollow punch.
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3. Cyeclic voltammetry (CV)

To analyze the electrochemical properties of the different sample compounds cyclic
voltammetry (CV) measurements were performed using a 3-electrode measuring cell “TSC
Surface” (from rhd instruments). For different measurements, the prepared thin layer electrodes
on carbon paper (with quinone derivatives 10, 7H or Q-NH2) were used as working electrodes
placed in 1 mL of electrolyte with the platinum counter electrode and Ag/AgCl (3 M KCI)
reference electrode. Acidic electrolyte solution (0.5 M H2SO4) was used for measurements.
The CV measurements were performed from —0.4 to +1.0 V with the following program: ten
cycles with scan speed of 0.075 V/s to stabilize the half-cell and 5 cycles of 5 scans with scan

rates ranging from 0.005 V/s to 0.1 V/s.
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Fig. S2. CV of sample CM-7H.
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Fig. S3. CV of sample CM-10.
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Fig. S4. CV of sample CM-Q-NHoa.

4. Scanning electron microscopy (SEM)

Hitachi TM3000 Tabletop scanning electron microscope (SEM) with an acceleration voltage
of 5 kV was used to obtain surface information of the obtained electrode and sample materials.
To characterize the obtained samples different magnifications were used.

Compound Q-NH, x500 Sample CM-Q-NH, before CV x500 Sample CM-Q-NH, after CV x500

Sample CM-TH before CV x500 Sample CM-7H after C'V x500

Sample CM-10 before CV x500 Sample CM-10 after CV x500

FL 200um FL 200 um FL 200 um

Fig. S5. Scanning electron microscopy images of compounds 7H, 10 and Q-NH:z and
prepared cathode surfaces CM-7H, CM-10 and CM-Q-NHz before and after CV
measurements in acidic electrolyte (magnification of x500).
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