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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Fluorescence notiek, kad viela absorbé gaismu un gandriz uzreiz to atkal izstaro pie
garaka vilna garuma, parasti dazu nanosekunzu laika. S7 atkartoti izstarota gaisma ir ar mazaku
energiju neka absorbétd gaisma, kas izraisa pareju uz garaku vilpa garumu. lzciliem
fluoresc€josajiem materialiem raksturigas unikalas optiskas ipasibas, tiem ir augsti absorbcijas
koeficienti efektivai ierosinasanai, ievérojamas Stoksa nobides paaugstinatai jutibai, augsti
kvantu iznakumi efektivai gaismas izstaro$anai un augsta fotostabilitate ilgstoSai darbibai, kas
ir batiski tadiem lietojumiem ka biologiska attélveido$ana, diagnostikas testi un optiskie
sensori, jo fotodegradacijas procesa veidojas nevelami blakusprodukti, kas var radit kludas
mErjjumos un samazinat rezultatu precizitati un ticamibu [1].

Starp  daudziem  poliaromatiskajiem  savienojumiem  benzantroni  (7H-
benzo[de]antracén-7-oni) ienem nozimigu vietu krasvielu ripnieciba, pateicoties to unikalajam
ipasibam un daudzveidigajam lietosanas iesp&jam. Sis antrona krasvielas izcelas ar efektivu
ladina parnesi, ko veicina mijiedarbiba starp elektrondonorajam grupam un elektronakceptoro
karbonilgrupu aromatiskaja struktiird. Pateicoties specigajam slapekla elektrondonorajam
efektam, $1 mijiedarbiba ir 1paSi izteikta slapekli saturoSajos atvasinajumos. Tapec 3-
aminoaizvietotie benzantroni ir izpelnijusies ieverojamu uzmanibu un ir plasi pettti. Piemeéram,
nukleofilas aizvieto$anas reakcijas, kuras iesaistiti 3-nitrobenzantrons un 3-brombenzantrons
ar pirm&jiem un otr&jiem alifatiskajiem aminiem, tick iegiti aizvietoti 3-aminobenzantroni.
P&tfjumi liecina, ka §ie savienojumi ir piemeroti poliméru masveida krasosanai, skidro kristalu
sisteému razoSanai un uzrada nelinearas optiskas (NLO) ipasibas [2]-[5]. Papildus tam imini,
kas sintez&ti 3-aminobenzantrona kondensacijas reakcija ar piemerotiem aromatiskiem
aldehidiem, ir efektivi dazadu metalu katjonu noteikSanai, tos var izmantot ar1 skidro kristalu
sisteémas un poliméros ka fluorescgjosas krasvielas un spilgtinatajus [6]-[9]. Kad §ie imini tieck
reduceti ar NaBHs, veidojas amini, kuriem ir vel izteiktaka luminiscence neka sakotn&jiem
iminiem [10], [11]. 3-Aminobenzantrona acilé$ana ar hloroacetilhloridu, kam seko hlora atoma
nukleofila aizvietoSana ar aminiem, radot tre$€jos aminus vai amonija savienojumus, kas ir
ideali pieméroti dazadiem sensoru lietojumiem [12]-[14]. Lidzigi, amidinoatvasinajumi ir plasi
pétiti un sintez&ti, izmantojot Vilsmeijera-Haka tipa reakciju [15]. Sie solvatohromie
savienojumi galvenokart tiek izmantoti konfokalaja lazera skeng$anas mikroskopija (KLSM)
biologiskiem paraugiem [16], [17]. Aromatiskas aizvieto$anas reakcijas 3-brombenzantrons ar
spirtiem rada fluoresc€josus 3-oksibenzantronus, kas tapat ka amini un imini ir piemé&roti
polim&ru un 8kidro kristalu sistémam [18]. 3-Brombenzantrona Bakvalda-Hartviga amin&$anas
reakcija ar aromatiskiem aminiem, pieméram, fenoksazinu un fenotiazinu, tika iegtti
savienojumi ar emisiju dzili sarkanaja/tuva infrasarkanaja regiona un termiski aktivétu
aizkaveto fluorescenci, kas der izgatavoSanai iericeém ar kvantitativam skabekla noteikSanas
sp&jam gaisa [19]. Karbazola atvasinajumi savukart izcelas ar pasregulgjoSu mehanohromismu,
kas palielina to daudzveidibu dazados modernajos lictojumos [20].

Kopuma plasa benzantronu un to atvasinajumu izp&te ne tikai att€lo to iesp&amo
lietojumu dazadas nozargs, bet ari izgaismo celu, ka attistit fluorescences tehnologijas un tas
daudzveidigos lietojumus, sakot no materialzinatnes lidz biomedicinas p&tjjumiem.



Pétijuma meérkis un uzdevumi

Promocijas darba mérkis bija jaunu benzantrona un antrahinona atvasinajumu sintézes

metozu izstrade un to luminiscento Tpasibu un potencialo lietojumu izpéete.

Tika definéti $adi uzdevumi:

1) izpétit jaunu benzantrona un antrahinona atvasinajumu sintézes metodes, izmantojot
nukleofilo aromatisko aizvietoSanu, Kaba¢nika-Fildsa un Sonogasiras reakcijas,
paplasinot fluorescgjoso savienojumu kopu;

2) iegut absorbcijas un emisijas spektrus dazados Skidinatdjos, izvertét molaras
ekstinkcijas koeficientus, Stoksa nobides un fluorescences kvantu iznakumus iegiito
krasvielu fotofizikalo ipasibu visaptverosai izpétei,

3) pamatojoties uz fotofizikalajiem parametriem, izvertét potencialos lietojumus.

Zinatniska novitate un galvenie rezultati

Ieprieksgjie petijumi par benzantrona savienojumiem lielakoties bija veltiti aizvietotu
3-aminobenzantrona atvasinajumu analizei. Saja darba apskatita citu heteroatomu papildu
funkcionalo grupu ievades un konjugacijas virknes pagarinasanas ietekme uz So savienojumu
1pasibam, kas lidz Sim nebija izpétita.

Promocijas darba, pirmkart, tika ietverta aizvietotu 3-amino-9-nitrobenzantrona
atvasinajumu sintéze; uzmaniba tika pieversta tam, ka papildu elektronakceptora grupa ietekme
molekulu uzvedibu gaismas absorbcijas un izstaroSanas procesos. Papildus tika pétita un
salidzinata jaunu a-aminofosfonatu, kas iegiiti no 1-aminoantrahinona un 3-aminobenzantrona,
sint€ze un pasibas, izp&tot to potencialo biologisko aktivitati un fotofizikalos parametrus.
Turklat pétjjuma tika izstradata alkil- un aril-3-tiobenzantronu sintézes metode un izp&titi
ieglito savienojumu raksturlielumi, kas atspogulo to luminiscentas ipaSibas un struktiiras.
Visbeidzot, tika pétita 3-alkinilbenzantronu sintéze un pasibas, mérk&jot uz to fluorescences
1pasibu uzlabosanu.

Kopuma petfjums veicina jaunu antronu atvasinajumu struktiiras un Ipasibu attiecibu
izpratni un apskata to potencialo lietojumu tadas jomas ka bioattélveidosana, nelineara optika
un fluorescences tehnologijas.

Darba struktiira un apjoms

Promocijas darbs ir sagatavots ka tematiski saistitu zinatnisko publikaciju kopa, kas
veltita benzantronu un antrahinonu funkcionalizacijai un to fotofizikalo ipasibu analizei.
Promocijas darba apkopoti sesi zinatniskie originalraksti.



Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti seSos zinatniskajos originalrakstos.
P&tijumu rezultati prezentéti starptautiskajas konferencgs.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Antronu atvasinajumi ir kluvu$i iev€rojami ar savam izcilajaim luminiscentajam
Tpasibam un reguléjamu fluorescences emisiju, kas lauj tos izmantot dazadas jomas. Atzistot to
potencialu, p&dgjos gados ir pieaudzis petljumu skaits, kas versti uz antronu atvasinajumu
sintézi un funkcionalizésanu. ST pieaugosa interese izriet no vajadzibas izpétit jaunas
molekularas struktiiras ar uzlabotam optiskajam 1pasibam specifiskiem nolikiem, lai
apmierinatu mainigos tehnologiskos un zinatniskos izaicinajumus. Lidz ar to bija nepiecieSami
papildu pétijumi, lai noskaidrotu antrona atvasinajumu struktiiru un pasibu sakaribas un
izstradatu efektivas sintétiskas strat€gijas, lai paplasinatu to lietojamibu, atklatu pilnu antronu
atvasinajumu potencialu un veicinatu inovacijas fluorescences materialzinatné.

Promocijas darba galvenais mérkis ir jaunu benzantrona un antrahinona fluoroforu
sintéze, papildinata ar plasiem fotofizikalo ipasibu mérfjjumiem un to potencialo lietojumu
noteikSanu.

1. Aizvietotu 3-amino-9-nitrobenzantronu sintéze un ipasibas

Benzantrona krasvielam novérota fluorescence galvenokart rodas ierosinata stavokli
iekSmolekularas ladina parneses (ILP) del. Tas notiek, pateicoties mijiedarbibai starp
elektrondonoram grupam un elektronakceptoro karbonilgrupu benzantrona aromatiskaja
sisttma (D-m-A arhitektiiras tips). Ieveéribas cienigi ir aizvietotie 3-aminobenzantrona
atvasinajumi, kas demonstré nelinearas optiskas ipaSibas [21]; ar nitrogrupas pievienoS$anu
batiski uzlabojot to nelinearas optiskas (NLO) ipasibas [22]. Tadgl bija interesanti izp&tit
papildu elektronakceptoras grupas ietekmi uz aizvietoto 3-aminobenzantrona atvasinajumu
fotofizikalajam tpaStbam.

X
Br N _(CHy), =0, 1
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80-100 °C
O,N 2.3h O,N
O O
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2' 3' 4' |

5

1. shéma. Aizvietotu 3-amino-9-nitrobenzantrona atvasinajumu 2-5 sintéze.



Sim mérkim komercialais 3-brombenzantrons tika nitréts ar nitr&oso maisfjumu
(HNO3/H2SO4 (4:1/ v:v)) ledus etikskabé saskana ar ieprieks public&tu pétijumu, lai elektrofilas
aizvietoSanas reakcija iegfitu savienojumu 1 [23], kas péc tam stdjas sekojos$a nukleofilas
aromatiskas aizvietoSanas reakcija ar cikliskiem aminiem I-metilpirolidin-2-ona (NMP), ka
paradits 1.shéma. Salidzinot ar atbilstoSo aizvietoSanas reakciju nenitrétam 3-
brombenzantronam, kur reakcija norit aminos bez papildu S$kidinataja, broma atomu
aizvietoSana nitroatvasinajuma 1 notiek zemaka temperatira (80—100 °C pret 86-138 °C) un
atrak (2-3 stundas pret 8 stundam). Paaugstinata reagétsp&ja izriet no spéciga elektronakceptora
nitrogrupas rakstura, kas ievérojami samazina elektronu blivumu benzantrona C(3) atoma
pozicija, veicinot nukleofilo uzbrukumu. Ta rezultata mérkproduktu 2-5 iznakumi bija vid&ji
par 10 % augstaki, salidzinot ar analogiem savienojumiem bez nitrogrupas [2]. Sie iegitie
savienojumi cieta stavoklt ir tumsi sarkana krasa un izrada intensivu luminiscenci skidumos.

So savienojumu struktiiras tika apstiprinatas un noraksturotas, izmantojot Furjé
transformacijas infrasarkano spektroskopiju (FTIR), 'H, *C kodolu magn&tiskas rezonanses
(KMRY) spektroskopiju, 2D-KMR (COSY un HSQC) spektroskopiju un augstas izskirtsp&jas
masas spektrometriju. Papildus tam, izmantojot lénas iztvaic€Sanas tehniku, tika iegiti
savienojumu 2 un 3 kristali. Rentgenstaru kristalografiskas analizes rezultata tika novérota
tdenraza saiSu klatbuitne abos savienojumos un n—m mijiedarbibas, kas noved pie molekulu
pakosanos (1. un 2. attéls). Rentgenstaru kristalografiska analize visiem $aja darba minétajiem
savienojumiem tika veikta sadarbiba ar Dr. sc. phys. Sergeju Belakovu.

1. attéls. Savienojuma 2 molekulu pakojums kristala ar N—O---H—C @idenraza saitem.



2. attels. Savienojuma 3 molekulara sakartojuma perspektivais skats.

Iegtitajam krasvielam ir izcilas luminiscences Tpasibas dazados organiskajos
skidinatajos. Saistiba ar faktu tika pétitas sintez€to atvasinajumu fotofizikalas ipasibas, ieglistot
absorbcijas un emisijas spektrus septinos organiskajos Skidinatajos (benzola, etilacetata
(EtOAc), hloroforma (CHCI3), acetona, etanola (EtOH), N,N-dimetilformamida (DMF) un
dimetilsulfoksida (DMSOQ)) ar plasu polaritaSu variaciju (1. tabula). Iegttie spektralic dati
apkopoti 1. un 2. tabula, 3. attéla vizuali paraditi savienojuma 3 UV-Vis absorbcijas un
fluorescences emisijas spektri dazados organiskajos skidinatajos.

1. tabula
Izmantoto $kidinataju empiriskas polaritates vértibas E1(30) [24]; savienojumu 2-5
absorbcijas maksimumi (nm) un molaras absorbcijas koeficientu logaritmiskas vertibas
organiskajos $kidinatajos (koncentracija 107> M)

Skidinatajs E+(30) . Absozbcua Aabs, nm‘.‘(lga) g
Benzols 343 498 (3,.94) | 460 (4,55) | 447 (447) | 453 (4,26)
EtOAC 38,1 293 (3.92) | 459 (4,53) | 447 (4,49) | 454 (4.15)

Hloroforms 39,1 505 (4,01) | 474 (4,62) | 449 (4,56) | 462 (4,26)
Acetons 422 512 (4,08) | 467 (451) | 448 (4,60) | 462 (4,11)
Etanols 51,9 526 (397) | 471 (4,50) | 449 (4,49) | 455 (3,99)

DMF 432 510 (4,18) | 475 (450) | 460 (4,54) | 467 (4,17)
DMSO 451 531 (4,06) | 478 (4,49) | 466 (4,43) | 472 (4,11)




2. tabula
Savienojumu 2-5 emisijas maksimumi (nm) un Stoksa nobides organiskajos $kidinatajos
(koncentracija 10~° M)

. Emisija Aem, nm un Stoksa nobides, cm™
Skidinatajs 5 3 7 5
Benzols 584 2957 578 4438 570 4564 574 4653
Hloroforms 613 3489 606 4596 592 4827 598 4923
EtOAc 598 3562 598 5064 592 5380 592 5135
Acetons 621 3428 620 5284 612 5479 612 5305
Etanols 661 3882 661 6103 652 5981 645 6474
DMF 630 3395 632 5230 624 6935 622 5336
DMSO 641 3231 643 5368 650 5713 634 5413
Benzols
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3. attéls. Savienojuma 3 normalizéti UV-Vis absorbcijas un fluorescences emisijas spektri
dazados organiskajos $kidinatajos.

Atvasinajums 2 absorbé gaismu 498-531 nm diapazona un parada batohromo nobidi
par 33 nm, skatot no nepolara benzola uz polaro DMSO, savukart amini 3 un 5 absorbé 1saka
vilnu garuma diapazona, precizi, 453—478 nm, un parada mazaku batohromo nobidi, kas ir 18—
19 nm.

Ieprieks iegiitais nenitrétais pirolidina atvasinajums demonstré absorbciju visplasakaja
vilpu garuma spektra (525-558 nm), salidzinot ar visiem par&jiem pétitajiem savienojumiem
[3]. Iepriekseja gadijuma stipraka mijiedarbiba starp donoru un akceptoru grupam izraisa
elektroniskas parejas energijas pazeminasanos un ladina parneses palielinasanos péc fotona
absorbcijas. Savienojuma 2 absorbcijas joslas hipsohroma nobide un absorbcijas maksimalas
vertibas samazinata jutiba pret Skidinataja polaritati liecina par intramolekularas ladina



parneses (ILP) rakstura samazinaSanos elektroniskaja pareja. Tadéjadi elektronegativas
nitrogrupas ieklauSana molekula rada konkurenci starp $o aizvietotaju un molekulas
karbonilgrupu, kas rezultgjas jauna elektronu blivuma sadalfjuma pamata stavokIi.

Salidzinot ar nenitretajiem aminiem, savienojumi 2-5 uzrada stipraku absorbciju;
vidgjais lge ir 4,30 savienojumiem 2-5, savukart nenitrétajiem analogiem tas ir ap 4,19.
Sintez&to atvasinajumu luminiscences maksimalas vertibas batohroma nobide (no benzola uz
DMSO) ir lidziga nenitréto atvasinajumu batohromajai nobidei — 60—-85 nm.

Nitrétie savienojumi 2 un 3 parada absorbcijas maksimalas vertibas nobidi uz garakiem
vilnpu garumiem, kas ir no 15 nm Iidz 35 nm, salidzinot ar to nenitr&tajiem analogiem, tomér to
emisijas maksimalas vértibas parada nobidi uz Tsakiem vilpu garumiem, kas ir no 3 nm lidz
14 nm, salidzinot ar monoaizvietoto atvasinajumu luminiscences spektriem. Rezultata nitréto
atvasinajumu spektru Stoksa nobides ir samazinatas, salidzinot ar nenitréto atvasinajumu
nobidém.



2. Benzantrona o-aminofosfonatu sintéze un ipasibas

a-Aminofosfonati ir analogi aminoskabém (N-C-POzH, un N-C-CO2H strukturalie
fragmenti attiecigi) un tadéjadi uzrada dazadas biologiskas aktivitates, jo sp€j inhib&t
fermentus, kas iesaistiti aminoskabju metabolisma, darbojoties ka antagonisti [25]. Tap&c jauni
a-aminofosfonati tiek pétiti ka potencialic antibiotiskie [26], pretséniu [27] un
kimijterapeitiskie Iidzekli [28], herbicidi [29] un neiromodulatori [30]. Papildus tam Sos
savienojumus var potenciali izmantot ka antioksidantus [31], sorbentus [32], [33], korozijas
inhibitorus [34] un smérvielu piedevas [35].

Lai gan oa-aminofosfonatu atvasindjumiem ir plasas lietojuma iesp&jas, Sadi
fluorescg€josi savienojumi ir maz pétiti, petijumi ir veikti tikai ar benzola, naftalina, antracéna
un piréna atvasinajumiem [36]-[40].

Nemot véra ieprick§ minéto, tika secinats, ka ir nepiecieSams sintez&t un izpé&tit 3-
aminobenzantrona a-aril-a-aminofosfonatu atvasinajumu ipasibas.

Sintetiski a-aminofosfonati parasti tiek iegliti Kabacnika-Fildsa reakcija. Ta ir
savienoSanas reakcija starp karbonilsavienojumu — ketonu vai aldehidu, aminu un fosfonatu
(saukts arT par fosfitu) (2. shema). Kops $is sintétiskas pieejas atklasanas ir ieviestas vairakas
modifikacijas, kuras izmanto katalizatorus, dehidrat€joSos agentus, jonu Skidrumus un
mikrovilpu starojumu [41]. Vispirms sakotngjais savienojums 6 tika sintez&ts, reducgjot 3-
nitrobenzantronu ar natrija sulfidu, kas savukart tika ieglts, nitréjot komerciali pieejamo
benzantronu, ka aprakstits iepriek$€jos pettjumos [42]. Tad tika izvéleta ertaka un efektivaka
metode — vienpakapes reakcija bez katalizatora un atseviska $kidinataja. Dialkilfosfonats tiek
izmantots gan ka reagents, gan ka $kidinatajs. 120 °C temperattira reakcijas rezultata tika iegiiti
oranzas — sarkanas krasas savienojumi ar 55-81 % iznakumu (3. shéma). Tad&jadi tika iegiti
22 savienojumi — neliela biblioteka (3. tabula), rezultata izp&tot gan aromatiska aizvietotaja
rakstura (ar elektronakceptoram un elektrondonoram grupam dazadas pozicijas benzola
gredzena un citas dabas aizvietotaju — 2-tienilatvasinajumus) pie alfa oglekla, gan fosfonata
grupas aizvietotaju (metil-, etil- un izopropil-) ietekmi uz jauno benzantrona fluoroforu
Tpasibam.

B: 3 :. R3 .
o NHGDN,R .R B i~ ® R3
(ﬂ\ 2 HI HN
s . R2 ® R2 |
R! @ R - HO R! - Hzoﬁl - RIJ\RZ
ORIy
BH
R3 I
3 4 e\ R4\ _ /R4
R“\OHN’R f(}) }-l ;IL 0] Il{\o N’R3
2 - ~hoo! -
RN ﬂ%}‘ o7 R? I
5 " g N RO
R

2. shéma. Piedavatais Kaba¢nika-Fildsa reakcijas mehanisms [43].
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3. shéma. Benzantrona a-aminofosfonatu 7 — 28 atvasinajumu sintéze.
3. tabula

Iegiito savienojumu 7—28 struktiiras.

Ar CoH- | CoHe- | CoHa- | CoHe- | ot | Cotlam | Cobe- | Cob- "
R CeHs- @4-Me) | (4-F) | (a-Cl) | (a-Br) (4- (4- (2- (3-CN- | 2-tienil
SMe) | OMe) | OMe) | 4-F)
Me 7 8 9 | 10 | 11 12 | 13| 14| 15 16
Bt | 17 18 19 | 20 - - |z - 22
ipr | 23 2 %5 | - - ~ | 26 | 27 - 28

FTIR, *H-, 13C- un 3'P-KMR spektri un masas spektrometriska analize apstiprina iegiito
savienojumu struktiiras. Benzantrona o-aminofosfonatu rentgenstaru kristalografiskais
petijums papildus sniedza ieskatu So savienojumu molekularaja izkartojuma un
starpmolekularajas mijiedarbibas kristaliskaja stavokli (4.—7. attéli). Visu molekulu struktiras
ir asimetrisks oglekla atoms, tomer to kristalstrukttiras ir ahiralas, tadel Sie savienojumi ir 1sti
racemati. Savienojuma 17 kristalstruktira starp benzantrona sistémam pastav spécigas m-m
mijiedarbibas. Savukart savienojumu 22 un 23 kristalstruktiiras pastav spécigas
starpmolekularas NH---O tipa saites. Savienojums 11 izcelas ar spécigu iekSmolekularu
NH:---O udenraza saiti starp aminogrupu un dimetilfosfonatu, kas veido papildu piecloceklu
ciklu.

Savienojumu 7-17 un 23 absorbcijas un emisijas spektri tika iegiiti $kidinatajos ar
dazadu polaritati, lai izpétitu ieglito savienojumu fotofizikalas ipaSibas. Visas parbauditas
krasvielas uzradija fluorescenci un nozimigu solvatohromisko uzvedibu, izstarojot gaismu no
zalas heksana lidz sarkanai etanola. Fenilgrupas aizvietotdji, aromatiska aizvietotaja daba
(fenil- vai tienil-) pie a-oglekla, ka art fosfonata alkilgrupu veids (metil-, etil- vai izopropil-)
kopuma neietekme iegtito hromoforu fotofizikalas 1pasibas. Pirmais izn€mums ir savienojums
23 ar apjomigam izopropilgrupam — ta nedaudz paaugstinatie molarie absorbcijas koeficienti
(4,60 (benzola) un 4,65 (DMSO), logaritmiska vértiba), salidzinot ar savienojumiem 7 (4,10
(benzola), 4,08 (DMSO)), 17 (4,05 (benzola) un 4,03 (DMSO)), liecina par izteiktaku
elektromagnétiska starojuma absorbciju. Otrs izn@mums ir savienojums 15 ar sp@cigam
elektronakceptoram grupam pie benzola gredzena, kas samazina ekstinkcijas koeficientus un



kvantu iznakumus. K& pieméru izmantojot savienojumu 11, ir novérots, ka benzantrona a-
aminofosfonati skidumos uzrada plasas joslas absorbciju aptuveni starp 458 nm un 500 nm un
emisiju no 534 nm (heksana) lidz 636 nm (etanola) (8. att€ls), kas attiecigi rezult&jas 42 nm un
102 nm batohromiskas nobid@s. Tas liecina, ka polaritates efekts uz fluorescenci ir izteiktaks
nekd uz absorbciju. Lieldkd Stoksa nobide 4963 cm™ starp parbauditajam krasvielam tika
noverota savienojumam 16 etanola. Ieprieks pétiti benzantrona amidini absorbé diapazona no
410 nm lidz 495 nm [15], [44], absorbgjot 1saku vilnu garumu apgabala. Savukart 3-aizvietoto
benzantrona aminoatvasinajumu absorbcija ir diapazona no 430 nm lidz 520 nm [2], [10],
absorbgjot garaku vilnu garumu apgabala. Tadgjadi benzantrona aminogrupa, kurai pievienota
fosforilgrupa (savienojumi 7-28), izrada nedaudz vajaku donorefektu neka alkilaminogrupa,
bet specigaku neka amidinogrupa.

4. attéls. Savienojuma 11 ORTEP 5. att€ls. Savienojuma 17 ORTEP diagramma.
diagramma. Monoklina singonija. Rombiska singonija.

6. attels. Savienojuma 22 ORTEP 7. attéls. Savienojuma 23 ORTEP diagramma.
diagramma. Monoklina singonija. Triklina singonija.
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8. attéls. Savienojuma 11 normalizéti UV-Vis absorbcijas un fluorescences emisijas spektri
dazados organiskajos §kidinatajos.

Izmantojot luminiscgjosas krasvielas, kas jutigas uz vides polaritati, biologisko sugu
iekrasoSana konfokalaja lazera sken€joSaja mikroskopija klast arvien efektivaka.
Fosforilgrupas klatbtitne molekula palielina savienojumu lipofilitati, tadéjadi uzlabojot to sp&ju
saistities ar audiem, tapéc benzantrona krasvielas 12 un 15 tika izmantotas trematodes
Opisthorchis felineus parazita bioattélosanai (9. attéls). Sis sugas parazitu izpéte un analize ir
svariga, jo tie infic€ dazadu ziditaju, tostarp cilvéku, aknas [45].

9. attels. Pieaugusais Opisthorchis felineus, kas iekrasots ar pétitajam krasvielam: (A) — 12;
(B) — 15.



Lai novertétu ieglito savienojumu toksicitati un aromatiska aizvietotaja pie a-oglekla
atoma ietekmi, tika veikti kvieSu digstu morfologijas, elektrolitu nopliides, malondialdehida un
pigmentu kvantificeSanas eksperimenti. Tika izmantoti savienojumi ar vienadiem
fosfonatgrupas aizvietotajiem (R = Me) un dazadam aromatiskajam grupam (Ar) — fenilgrupa
bez aizvietotajiem (7), fenilgrupa ar halogéna atomu, bromu, para-pozicija (11) un tienilgrupu
(16). Kopuma benzantrona o-aminofosfonati uzrada dazada limena toksisko efektu —
fitotoksicitate svarstas no 37 % (7) lidz 83 % (16) atkariba no koncentracijas un aromatiska
aizvietotdja pie a-Oglekla atoma. Parazitisko sugu iekraso$ana un toksikologija tika veikta
sadarbiba ar Daugavpils Universitates Dzivibas zinatnu un tehnologiju institita p&tniekiem.

Termiska stabilitate nosaka, vai savienojums var ilgtermina izturét praktiskaja lietojuma
nepieciesamos temperatiiras apstaklus. Ta tika parbaudita, izmantojot savienojuma 17 pieméru,
izmantojot diferencialo termisko analizi (DTA) un termogravimetrijas (TG) metodi. Saskana ar
TG Iikni termiska degradacija notiek divos galvenajos posmos —starp 270-330 °C (rezult&joties
aptuveni 20 % masas zuduma) un starp 630-950 °C (rezult&joties aptuveni 30 % masas
zuduma). Kopuma analiz&jamais savienojums uzrada termisko stabilitati Iidz aptuveni 270 °C,
kad paraugs zaud@ 5 % no sakotn&jas masas un ta stabilitate ir salidzinama ar ieprieks petitajiem
benzantrona aminoatvasinajumiem. Lai izv@rtetu aizvietotaju ietekmi uz savienojumu termisko
stabilitati, petjjumu biitu verts turpinat.



3. Antrahinona a-aminofosfonatu sintéze un ipasibas

Nemot véra ierobezoto pétjumu skaitu par fluorescentajiem o-aminofosfonatu
atvasinajumiem, tika pienemts Iémums spert soli talak un iegiit antrahinona savienojumus, lai
tos salidzinatu ar lidzigiem benzantrona savienojumiem. Antrahinona atvasinajumi ir plasi
pétiti ka fluorescenti sensori [46], emiteri un S§tinu att€lveidoSanas agenti [47], [48].
Atseviskiem antrahinona atvasinajumiem piemit mediciniskas ipaSibas — antibiotiskas,
antiparazitaras, insekticidas, fungicidas un pretvirusu; tos var izmantot ari ka kimijterapijas
lidzeklus [49], [50]. Antrahinona a-aminofosfonati lidz §im nebija iegiti. Sintéze (4. shéma)
tika veikta benzantroniem (2. nodala) identiskos apstaklos. Sintez&to savienojumu struktiiras
apkopotas 4. tabula.
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4. sheéma. Antrahinona a-aminofosfonatu 30 — 52 atvasinajumu sintéze.
4. tabula

Iegiito savienojumu 30-52 struktiiras

Ar C5H4- C5 Hs- CeHA- Ce Ha- C6H4- C6H4- CG HA- CBHS- I
R CeHs- @4-Me) | (4-F) | (a-Cly | (a-Br) (4- (4- (2- (3-CN- | 2-tienil
SMe) | OMe) | OMe) | 4-F)
Me 30 31 32 33 34 35 36 37 38 39
Et 40 41 42 43 - - 44 45 - -
i-Pr 46 47 48 49 - - 50 51 - 52

Skidumos antrahinona a-aril-a-aminofosfonati absorbé gaismu ar maksimumiem ap
465488 nm ar nelielu batohromo nobidi no benzola uz DMSO $kidumu (5-8 nm) pretstata
neaizvietotajam savienojumam 29, kuram absorbcijas maksimuma batohroma nobide starp
heksana un etanola Skidumiem ir 30 nm. Visi pétitie savienojumi fluorescé. Emisijas spektru
maksimumi ir no 585 nm (EtOAc) Iidz 628 nm (DMSO), sasniedzot fluorescences batohromo
nobidi lidz pat 30 nm. Skidinataja polaritates efekts uz fluorescenci ir daudz izteiktaks neka uz
absorbciju. Var secinat, ka $kidinataja polaritates ietekme uz absorbcijas un emisijas vilnu
garuma maksimumiem ir izteiktaka benzantrona savienojumiem 7-28. Novérojams ir arT tas,
ka fluorescences kvantu iznakumi ir augstaki analogiem benzantrona savienojumiem 11, 12 un
15 (0,10-0,57) neka antrahinona atvasinajumiem 34, 35 un 38 (< 0,01-0,14).



Lai iegiitu dzilaku izpratni par jauno krasvielu fotostabilitati, tika veikts fotoizbaléSanas
tests vielas etanola $kidumam (koncentracija 10 M). Lai noskaidrotu fosfonatgrupas
aizvietotaju R ietekmi uz savienojumu fotostabilitati, eksperiments tika veikts savienojumiem
ar metil- (30), etil- (40) un izopropilgrupam (46) un vienu un to paSu aromatisko aizvietotaju
(fenilgrupu) pie a-oglekla atoma. Rezultati tika salidzinati ar izejvielas, 1-aminoantrahinona
(29) un plasi izmantotas testéSanas krasvielas fluoresceina (FL) fotostabilitates datiem
(11. attels). Péc cCetru stundu apstarojuma fluoresceins saglabaja 71 % no sakotngjas
absorbcijas, savukart savienojums 30 saglabaja tikai 27 %. Savienojumi ar etil- (40) un
izopropilgrupam (46) uzradija visaugstako fotostabilitati ar absorbcijas samazinajumu par
40 %. Sie rezultati liecina, ka sintez&tas krasvielas uzrada lielaku fotostabilitati, salidzinot ar

neaizvietotu aminu 29.
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10. attels. Savienojuma 49 normaliz&ti UV-Vis absorbcijas un fluorescences emisijas spektri
dazados organiskajos §kidinatajos.

Antrahinona o-aril-a-aminofosfonati ar elektrondonoro grupu pie benzola gredzena (4-
tiometil-) 35 un stipram elektronakceptoram grupam (3-ciano-4-fluor-) 38 tika lietoti parazita
Opisthorchis felineus iekraso$anai (12. attéls). Pamatojoties uz sakotn&jiem datiem,
benzantrona krasvielas 12 un 15 ar tiem paSiem aizvietotajiem attiecigi nodros§inaja nedaudz
skaidraku parazita struktiiras un muskulatiiras vizualizaciju. Tadgjadi var secinat, ka
benzantrona krasvielas 12 un 15 ir efektivakas Opisthorchis felineus parazitu vizualizé$anai
neka antrahinona krasvielas 35 un 38. To var izskaidrot ar lipofilaku benzantrona dabu, kas
batiski ietekmé So biologisko objektu vizualizaciju. Krasviela 49 tika izmantota ari tapéc, lai
ickrasotu Eirazija izplatitu dzivnieku parazitu — Opisthioglyphe ranae [51] (13. att&ls). Kopuma



visas parbauditas krasvielas — 12, 15, 35, 38 un 49 — uzradija labus sakotn&jos rezultatus un ir
piem@rotas detaliz&tai un atrai bioattelu iegliSanai.
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11. attels. Normaliz€tas absorbcijas intensitates atkariba no apstarosanas laika pie 365 nm
fluoresceinam (FL) un savienojumiem 29, 30, 40 un 46.

12. attéls. Picaugusais Opisthorchis felineus, kas iekrasots ar krasvielam: (A) — 35; (B) — 38.



13. attéls. Picaugusais Opisthioglyphe ranae, kas iekrasots ar krasvielu 49.



4. 3-Tiobenzantronu sintéze un ipasibas

Lai sasniegtu darba mérki, péc slapekli saturoso antrona atvasinajumu Ipasibu analizes
pétijumi tika turpinati ar citu heteroatomu ievieSanu benzantrona molekula. Séru saturoSie
savienojumi ir ieguvusi ievérojamu uzmanibu zinatnieku aprindas. Nesenajos petfjumos ipasa
uzmaniba bija pieversta piréna sulfidiem un sulfoksidiem [52], savienojumiem ar ditiofulvéna
grupam [53], 1,5-bis-(4-alkilfeniltio)antrahinona krasvielam ar potencialu lietojumu $kidro
kristalu sistémas [54], [55], ka arT triarilciklopentadi€na savienojumiem, kas ieklauj tioféna un
dibenzotiofena grupas [56]. So un lidzigu séru saturo$u savienojumu sintézes un lietojuma
iesp&jas tika detalizéti apkopotas nesen publicéta raksta [57]. Ieprieks iegiitie benzantrona
savienojumi, kas satur séru ir 3-merkaptobenzantrons [58], 14H-antra[2,1,9-mna]tioksantén-
14-ons ar pusvaditaja ipaSibam [59] un fenotiazinaizvietots benzantrona atvasinajums ar
termiski aktivétu atliktu fluorescenci [19]. Slapekli un skabekli saturo$i benzantrona
savienojumi ar elektrondonoram grupam ir plasi raksturoti un apraksttti literatfira, un ir
pieradits, ka tiem ir izcilas luminiscentas ipas§ibas [18]. Savukart, nemot véra ierobezoto
pieejamo informaciju par benzantrona séru un selénu saturoSiem savienojumiem, tika nolemts
pieversties benzantrona tioalkil-, tiofenil- un selanilfenilatvasinajumu sintézei un analizei.

Ieprieks daudzos apskatrakstos plasi tika apspriesta alifatisko un aromatisko sulfidu
sintéze un §is nukleofilas aromatiskds aizvietoSanas reakcijas mehanisms [60]-[62]. Saja
pétljuma tika ieviesta praktiska pieeja, lai sintez&tu benzantronu sulfidus 54-62 (5. tabula),
izmantojot nukleofilo aromatisko aizvieto$anas reakciju, kuras pamata ir 3-brombenzantrons
ka elektrofila izejviela un alifatiskie dazada telpiska apjomiguma tioli un aromatiskie tioli ar
elektrondonoram un elektronakceptoram grupam ka nukleofili.
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5. sheéma. Benzantrona tioatvasinajumu 54 — 62 sint€ze un savienojuma 63 struktira.

5. tabula
Iegiito savienojumu 54—62 struktiiru kopsavilkums

-(CHy)s-
Ph

CesHa- | CeHas- | CeHa-(4-

R | Me | i-Pr | cikloheksil | t-Bu (@-Me) | (4-F) OMe)

CeHs-

Nr. | 54 55 56 57 58 59 60 61 62




Reakcijas tika veiktas baziskos apstaklos (NaOH) N-metil-2-pirolidona (NMP)
(5. shéma). Papildus tam analogiski bez bazes klatbutnes tika iegtts 3-(fenilselanil)-7H-
benzo[de]antracén-7-ons (63), ka nukleofilu izmantojot natrija benzoselenolatu. Teor&tiski
alifatiskie tioli ar lielaku telpisko apjomigumu biitu mazak reagétspéjigi stérisku trauc€jumu
del; aromatisko tiolu gadijuma ar elektrondonoram grupam biitu sagaidama lielaka reagétspgja
lielakas nukleofilitates dél neka ar elektronakceptoram [63], tacu sakariba starp izejvielu
strukt@iram un to reagétsp&ju netika novérota.

FTIR, H- un *C-KMR spektri un augstas izskirtspgjas masas spektrometriska analize
apstiprindja iegito savienojumu kimiskas struktoras. Ka aizvietotu 3-aminobenzantronu
kristalu struktiiras, ari savienojuma 55 starp benzantrona sisttmam ir m-m paket€Sanas
mijiedarbibas un fidenraza saites (14. attls).

14. attels. Molekulu paket&Sana savienojuma 55 elementarStna ar saisinatu

starpmolekularo saskarsmi.

Tioatvasinajumu ar alifatisko aizvietotaju (R = Me) 54 un aromatisko aizvietotaju
(R = CeHs-) 59, ka ar1 3-(fenilselanil)benzantrona 63 fotofizikalie parametri apkopoti 6. tabula.
Benzantrona alkil- un arilsulfidi, ka ar7 3-(fenilselanil)benzantrons $kidumos uzrada absorbcijas
joslas ar maksimumiem no 403 nm lidz 448 nm un to garako vilnu nobidi no 10 nm Ilidz 20 nm
starp maksimumiem benzola un DMSO. Salidzinot ar absorbciju, Skidinataju polaritates
ietekme uz vielu emisijas spektru maksimumiem ir izteiktaka. Gan alkil-, gan arilsulfidi izstaro
gaismu péc ierosinasanas no aptuveni 507 nm benzola Iidz 591 nm etanola (15. attéls). Séra
atomu aizstajot ar lielaku seléna atomu, novérojama neliela emisijas batohroma nobide;
nedaudz palielinas arT Stoksa nobides, savukart ekstinkcijas koeficienti un absorbcijas
maksimumi liela meéra paliek nemainigi. Visaugstakais fluorescences kvantu iznakums visiem



pétitajiem savienojumiem tika novérots hloroforma. Precizi, 3-(metiltio)benzantrons uzradija
visaugstako emisijas iznakumu (0,31-0,52), tam seko 3-(feniltio)benzantrons ar nedaudz
zemaku iznakumu (0,08-0,24), savukart 3-(fenilselanil)benzantrons bija ar viszemako emisijas
iznakumu (0,001-0,07). ST tendence, visticamak, ir saistita ar ladina parneses efektivitates
samazinaSanos dotaja seciba.

6. tabula
Savienojumu 54, 59 un 63 (koncentracija 10~° M) absorbcijas spektru maksimumi un molaras

absorbcijas koeficientu logaritmiskas vertibas, fluorescences spektru maksimumi, Stoksa

nobides vertibas, fluorescences kvantu iznakumu vertibas (®r) un fluorescences dzives laika

______

T Absorbcija Emisija Stol( 34
Nr. | Skidinatajs ) nobide, O T, 108
Aabs, nm; (1g€) Aem, NM )
Benzols 429 (4,18) 508 3625 0,31 3,5
54 CHCls 444 (4,16) 533 3761 0,52 10,0
DMF 446 (4,06) 552 4306 0,40 10,7
EtOH 448 (4,15) 587 5286 0,32 10,6
Benzols 413 (4,16) 504 4372 0,08 2,3
59 CHCls; 421 (4,18) 538 5166 0,24 9,3
DMF 417 (4,15) 541 5497 0,14 5,6
EtOH 423 (4,09) 583 6488 0,11 7,1
Benzols 416 (4,14) 510 4431 0,05 1,0
63 CHCls 423 (4,14) 543 5224 0,07 3,7
DMF 419 (4,11) 562 6073 0,001 -2
EtOH 423 (4,04) 595 6834 0,001 -8

2 Vértibu nav iespgjams noteikt zemas fluorescences intensitates del.

Ieprieks analizétie benzantrona amidini absorbé pie 410-495 nm [15], [44], savukart 3-
aizvietoto benzantrona amini absorbé pie 430-520 nm [2], [10]. Runajot par benzantrona 3-
metoksi- un 3-fenoksiatvasinajumiem, to absorbcijas spektru maksimumi svarstas no 417 nm
lidz 436 nm [18]. Kopuma s€ra un seléna atvasinajumos gan emisijas, gan absorbcijas
maksimumi ir nobiditi uz isaku vilnpu pusi, kas liecina par nedaudz vajaku donora efektu,
salidzinot ar slapekli un skabekli saturo$iem savienojumiem, ko apstiprina ari Hammeta
aizvietotaju konstantes, kas aminogrupai (-NH2) ir —0,66, hidroksilgrupai (-OH) —0,37,
tiolgrupai (-SH) —0,10 un selenolgrupai (-SeH) —0,05 [64]. Ieglito atvasinajumu fotofizikalas
Tpasibas parsvara tomér ir lidzigas iepriekS pétitajiem benzantrona savienojumiem. legiito
fluoroforu ILP raksturs un nanosekunzu méroga gaismas izstaroSanas process liecina par
fluorescences emisijas mehanismu.
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15. attéls. Savienojuma 59 normalizéti UV-Vis absorbcijas un fluorescences emisijas spektri
dazados organiskajos $kidinatajos.



5. 3-Alkinilbenzantronu sintéze un ipasibas

Vel viens svarigs panémiens fluoroforu modifikacijai papildus ieprieks apliikotajam
funkcionalo grupu un heteroatomu ievieSanas metodém ir konjuggtas sistémas pagarinasana
molekula.

Vairaki teoretiskie un praktiskie petjumi liecina, ka fenilacetilengrupu tiesa
pievieno$ana luminiscentam molekulam maina to fotofizikalas 7IpaSibas un uzlabo
fluorescences raksturlielumus. Ka pieméru var minét piréna [65], karbazola [66], antrahinona
[67], naftalimida [68] un hinoliniltiazola [69] atvasindjumus. Sada veida savienojumus var
lietot sensoru tehnologijas, organisko gaismu izstarojoso diozu razoSana un fluorescentajai
iezim&$anai [70]-[72]. Turklat pétijumi liecina, ka elektrondonoru vai elektronakceptoru grupu
ievadisana fenilacetiléena molekula un m-konjugacijas garuma pielagoSana var mainit
fluorescences iznakumu, Stoksa nobides lielumu, ka arT absorbcijas un emisijas maksimumus
[73], tapéc tika nolemts veikt iepriek$ neizpétitu benzantrona alkinu sint€zi un analizi.

Runajot par paladija kataliz€tajam reakcijam, patlaban vienigas literatlira aprakstitas
metodes jaunu benzantrona atvasindjumu sint€zei ir arilcianéSana un Bakvalda-Hartviga
amin&$anas reakcijas [19], [74]. Sonogasiras reakcija, kas pirmo reizi tika aprakstita 1975. gada,
ir sametinasanas reakcija, ko izmanto alkinu sint€zei. Reakcija norit vairakos posmos, sakot ar
paladija katalizatora oksidativo pievienoSanos aril- vai vinilhalogenidam un beidzot ar vélama
alkina produkta izdaliSanos reduktivas elimin€Sanas rezultata. Vara(I) lidzkatalizators ir
bitisks, lai veicinatu transmetalgsanas posmu [75], [76]. Sie apstakli tika izmantoti, lai sintez&tu
savienojumus 64-68 (7.tabula) no 3-brombenzantrona (53) N,N-dimetilacetamida, ka bazi
lietojot trietilaminu (6. shéma). Lai noskaidrotu aizvietotaju R rakstura ietekmi uz savienojumu
1pasSibam, sintéze tika veikta ar terminalajiem alkiniem, kas satur dazada sp&ka elektrondonoras
un elektronakceptoras grupas.

Sonogasiras reakcija produkti rodas, izveidojoties jaunajai C-C saitei starp diviem
kovalentajiem ligandiem reduktivas eliminéSanas rezultata. Ir zinams, ka reduktiva
elimin&$anas norit lénak elektronu bagatos kompleksos neka elektronu nabadzigos [77]. Tapéc
vargja sagaidit augstakus reakciju iznakumus ar alkiniem, kas satur elektronakceptoras grupas,
tomér korelacija starp substratu struktliram un reakciju iznakumiem nepastav.
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6. sheéma. Benzantrona alkinilatvasinajumu 64—69 sintéze.



Iegiito savienojumu 64—69 struktiiras

7. tabula

0
! |
R ~ |N\ NH, "v{’Sii
=
Nr. 64 65 66 67 68 69
8. tabula

Savienojumu 64—69 absorbcijas spektru maksimumi (nm) un molaras absorbcijas koeficientu

ietekme uz fluorescenci ir izteiktaka neka uz absorbciju. Sintezetie savienojumi ir fluorescgjosi
ar emisiju no 462 nm (64, EtOAc) Iidz 701 nm (68, EtOH). Iegiitie savienojumi uzrada divkarsu
solvatohromismu — ne tikai katra atseviska savienojuma emisijas maksimums ir atkarigs no
$kidinataja polaritates, bet pastav arT ieverojama korelacija starp aizvietotaju elektronisko dabu

logaritmiskas vértibas organiskajos $kidinatajos (koncentracija 107> M)

.. Absorbcija Aavs, nm; (lge)

Skidinatajs 64 &5 67 68 69
Benzols 416 (4,65) | 423(455) | 427 (451) | 432(432) | 423(4.24)
EtOAC 412 (4,68) 416 (4,56) 425 (4,51) 437 (4,29) 419 (4,29)
CHCI; 420 (4,72) | 425(452) | 436 (4,46) | 438 (4,49) | 427 (4,22)
Acetons 414 (4,65) 419 (4,55) 432 (4,49) 445 (4,41) 419 (4,27)

DMF 419 (4,71) 423 (4,58) 437 (4,48) 455 (4,54) 422 (4,25)
DMSO 422 (4,68) | 435(450) | 440 (442) | 462 (455) | 424 (4,26)
Etanols 430 (4,25) | 429 (457) | 442(4,45) | 446 (4,36) | 419 (4,19)

9. tabula

Savienojumu 64-69 emisijas spektru maksimumi (nm) un Stoksa nobides vértibas

organiskajos $kidinatajos (koncentracija 107> M)

Sdeinétijs Emisija Aem, nm un Stoksa nobide, cm™
’ 64 65 67 68 69
Benzols 463 (2440) 466 (2181) 502 (3499) 530 (4280) 482 (2894)
CHCI3 462 (2627) 473 (2897) 510 (3922) 576 (5522) 479 (2990)
EtOAC 479 (2933) 498 (3449) 534 (4209) 574 (5409) 491 (3053)
Acetons 475 (3102) 492 (3541) 565 (5449) 641 (6871) 488 (3375)
DMF 481 (3076) 497 (3520) 553 (4800) 691 (7506) 495 (3495)
DMSO 489 (3247) 506 (3226) 570 (5183) 720 (7756) 494 (3342)
Etanols 515 (3838) 531 (4478) 598 (5902) 701 (8156) 495 (3664)

Visas pétitas krasvielas ir fluorescentas un uzrada ievérojamu solvatohromisko efektu
(8. un 9. tabula). 16. attéla redzami savienojuma 67 normalizéti UV-Vis absorbcijas un
fluorescences emisijas spektri dazados organiskos $kidinatajos. Benzantrona alkini $kidumos
uzrada divas absorbcijas joslas ap 310-330 nm un 420—450 nm ar batohromo nobidi 12-30 nm
garo vilnu absorbcijas josla starp maksimumiem benzola un DMSO. Skidinataju polaritates




un fotofizikalajiem parametriem; elektronakceptorie aizvietotaji nobida emisiju hipsohromi,
bet specigi elektrondonorie aizvietotaji — batohromi taja pasa Skidinataja (17. attels).
Elektrondonoru un elektronakceptoru grupu daba ietekm@ pétito vielu emisijas efektivitati.
Atvasinajumiem ar elektronakceptoram grupam (64 un 65) etanola ir augstaks fluorescences
kvantu iznakums (0,67 un 0,74 attiecigi), salidzinot ar mazak polariem skidinatajiem (0,01—
0,41). Pretstata tam atvasinajumi ar donoram grupam intensivak luminiscé hloroforma neka
etanola. Savukart trimetilsililgrupas klatbltne izraisa ieverojamu emisijas efektivitates
samazinajumu. Fotofizikalo parametru izmainas ietekmé arT Stoksa nobides vertibas. Stoksa
nobizu diapazons svarstas no 2181 cmi ™t savienojumam 65 mazak polara skidinataja (benzols)
1idz 8156 cm™ savienojumam 68 polara etanola. Tadgjadi elektrondonora aizvietotaja klatbiitne

izraisa lielaku Stoksa nobidi.
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16. attels. Savienojuma 67 normaliz&ti UV-Vis absorbcijas un fluorescences emisijas spektri
dazados organiskajos savienojumos.



0.8

0.6

0.4

Emisija (normalizé&ta)

02

400 500 600 700 800
Vilna garums, nm
17. attels. Savienojumu 64—67 normaliz&ti fluorescences emisijas spektri hloroforma skiduma.

Lai novertetu krasvielu 64-69 fotostabilitati, sintez€to atvasinajumu fotoizbaleéSanas
process tika veikts etanola (koncentracija 10™* M) un salidzinats ar plasi izmantoto testa
krasvielu fluoresceinu. Rezultati apkopoti 18. attéla. Péc Cetru stundu ilgas apstaroSanas
fluorescetna absorbcija bija 71 % no sakotngja limena. Starp sintez€tajiem savienojumiem
visaugstako fotostabilitati uzradija atvasinajums 65, saglabajot 96 % no sakotngjas absorbcijas.
Tam sekoja savienojums 64 ar fotostabilitati 82 %. Savukart atvasindgjums 67 paradija
viszemako stabilitati, zaud&jot vairak neka pusi no savas absorbcijas intensitates (57 %)
eksperimenta beigas. Sie rezultati liecina, ka tris no sintezétajam vielam — 64, 65 un 69 — uzrada
lielaku fotostabilitati neka fluoresceins.
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18. attels. Fluoresceina (FL) un savienojumu 64-69 normalizétas absorbcijas intensitates
atkariba no apstarosanas laika pie 365 nm vilna garuma.



Nemot véra dazu benzantronu pieraditas nelinearas optiskas ipasibas un izpratni, ka 7-
konjugacijas pagarinasana var uzlabot §is Tpasibas, nelinearo optisko ipasibu noteikSanai
patlaban tiek petiti gan Sie benzantrona alkini, gan savienojumi, kas nav apskatiti $aja darba;
atvasinajumi, kas  ieglti reakcija ar  4-etinil-N,N-dimetilanilinu,  1-etinil-4-
(trifluormetil)benzolu, 3-etiniltiofénu un metilpropiolatu.

Darba rezultata tika paplasinata benzantrona un antrahinona fluorescgjoso savienojumu
kopa. Stoksa nobides atkariba no absorbcijas maksimuma acetona darba izpetitajiem
savienojumiem redzama 19. attéla. Benzantrona un antrahinona aminoatvasindjumiem
raksturiga absorbcija un arl emisija pie garakiem vilpiem, kas lauj tos lietot mikroskopija
biologisko objektu ickrasosanai, jo tiek samazinata paraugu autofluorescence un panakts
palielinats att€lu kontrasts. Tioalkil- un tiofenilaizvietotajiem ir vajaks elektrondonorais efekts,
kas palielina nepiecieSsamo energiju benzantrona pargjai ierosinata stavokli. Lai gan kopuma
benzantrona tioatvasindjumiem ir lielakas Stoksa nobides (no 4089 cm™ lidz 6052 cm™) neka
a-aminofosfonatiem (no 3798 cm™ Iidz 4170 cmi?), to emisijas vilnu garums ir parak mazs, lai
efektivi lietotu konfokalaja lazera sken€joSaja mikroskopija. Ari benzantrona
alkinilatvasinajumiem absorbcijas un emisijas maksimumi palielinds, pastiprinoties
aizvietotaju elektrondonorajam efektam, tacu pret€ji pargjiem savienojumiem, palielinoties
absorbcijas maksimumam, palielinas arT Stoksa nobide. Pieméram, savienojums 64 ar spécigu
elektronakceptoro aizvietotaju absorbé gaismu ar absorbcijas maksimumu 414 nm, un ta Stoksa
nobide ir 3102 cm™. Savukart savienojums 68 ar spécigu elektrondonoro aizvietotaju absorbé
gaismu ar maksimumu 445 nm, un ta Stoksa nobide ir 6871 cm . Lai pamatoti pieraditu §is

sakaribas dabu, biitu nepiecieSams turpinat p&tijjumus.
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19. att€ls. Darba izpétito savienojumu Stoksa nobides atkariba no absorbcijas maksimuma
acetona. krasa: benzantrona 3-amino-9-nitroatvasinajumi; sarkana krasa: benzantrona o-
aminofosfonati; krasa: antrahinona a-aminofosfonati; violeta krasa: benzantrona
tioatvasinajumi; zila krasa: benzantrona alkinilatvasinajumi.



SECINAJUMI

Darba rezultata izdevas izpétit jaunas benzantrona un antrahinona atvasinajumu sintézes
metodes. FluorescgjoSo savienojumu klasts tika paplaSinats ar atvasinajumiem, kas
iegliti nukleofilas aromatiskas aizvietoSanas, Kabacnika-Fildsa un Sonogasiras
reakcijas. legiitajiem savienojumiem paveikta spektrala analize un to fotofizikalo
1pasibu izpete. Tika nodemonstréta jauno savienojumu ar uzlabotam ipasibam praktiska
lietojuma iesp&ja mikroskopija.

3-Brom-9-nitrobenzantrona nukleofilas aromatiskas aizvietoSanas reakcija ar iznakumu
no 48 % lidz 63 % tika iegiti aizvietoti 3-amino-9-nitrobenzantroni, kas absorbé gaismu
diapazona no 447 nm lidz 531 nm un izstaro gaismu diapazona no 570 nm lidz 650 nm.
3-Brom-9-nitrobenzantrona reakcijas sp&ja ir palielinata, salidzinot ar nenitrétajiem
analogiem, un augstaki molarie absorbcijas koeficienti padara tos par labakiem
kandidatiem nelinearajai optikai.
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Kaba¢nika-Fildsa reakcijas apstaklos tika iegfti fluorescenti 3-aminobenzantrona un 1-
aminoantrahinona o-aminofosfonati ar iznakumu no 55 % lidz 89 %. Emisijas josla
novérojama batohroma nobide, parejot no heksana uz DMSO; benzantrona
atvasinajumiem ta sasniedz 100 nm, savukart antrahinona atvasinajumiem ta ir tikai
40 nm. Benzantrona a-aminofosfonatu fluorescences kvantu iznakumi ir 1idz 10 reiz€ém
augstaki, antrahinona atvasinagjumiem no <0,01 Iidz 0,17 un benzantrona

atvasinajumiem no 0,10 lidz 0,57.
R
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4. Gan benzantrona, gan antrahinona o-aminofosfonati (savienojumi 12, 15, 35, 38 un 49)
ir piem@roti biologisko paraugu, it ipasi parazitisko trematodu, iekraso$anai un
petjumiem, izmantojot konfokalas lazerskengSanas mikroskopiju.

5. 3-Brombenzantrona aromatiskas aizvietoSanas reakcija ar tioliem tika iegitas alkil- un
arilaizvietotas 3-tiobenzantrona krasvielas ar iznakumu no 59 % lidz 86 %. Pétitie
savienojumi izrada fluorescenci un solvatohromismu ar kvantu iznakumu lidz 52 %,
absorbe gaismu diapazona no 403 nm lidz 448 nm un izstaro gaismu diapazona no

507 nm lidz 591 nm.
>4 L
(LD mwe I

2h
(0] (0]

6. 3-Brombenzantrona SonogaSiras reakcija ar terminalajiem alkmiem ar 43-89 %
iznakumu tika iegti aizvietoti 3-alkinilbenzantroni, kas absorb& gaismu diapazona no
420 nm lidz 450 nm un izstaro gaismu no 462 nm lidz 701 nm. Elektrondonoras grupas
alkTnu aromatiskajos gredzenos izraisa absorbcijas un emisijas maksimumu batohromo
nobidi, savukart elektronakceptoras grupas — hipsohromo nobidi. Augsta fotostabilitate
un pagarinata n-konjugacija padara Sos savienojumus potenciali lietojamus nelinearajas
optiskajas tehnologijas.

H
B
r /
R
- =
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DMAc, Et,N
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GENERAL OVERVIEW OF THE THESIS

Introduction

Fluorescence occurs when a substance absorbs light and almost instantly reemits it at a
longer wavelength, typically within a few nanoseconds. This reemitted light has less energy
than the absorbed light, resulting in a shift to a longer wavelength. Excellent fluorescent
materials are characterized by their unique optical properties: they have high absorption
coefficients for effective excitation, significant Stokes shifts for increased sensitivity, high
quantum yields for efficient light emission, and strong photostability for enduring performance.
These properties are crucial for applications such as biological imaging, diagnostic assays and
optical sensors, as the photodegradation process can produce undesirable by-products that may
cause measurement errors and reduce the accuracy and reliability of results [1].

Among the myriad polyaromatic compounds, benzanthrones (7H-benzo[de]anthracen-
7-ones) have long held a significant position in the dye industry due to their unique properties
and versatile applications. These anthraquinoid dyes exhibit efficient charge transfer, facilitated
by the interaction between electron-donating groups and the electron-accepting carbonyl group
within the aromatic structure. This interaction is particularly pronounced in nitrogen-substituted
derivatives. Consequently, 3-amino substituted benzanthrones have garnered considerable
attention and have been the focus of extensive research owing to the strong electron-donating
effects of nitrogen. For instance, nucleophilic substitution reactions involving 3-
nitrobenzanthrone and 3-bromobenzanthrone with primary and secondary aliphatic amines
produce substituted 3-aminobenzanthrones. Research indicates that these compounds are well-
suited for the mass coloration of polymers and the production of liquid-crystal systems and
exhibit nonlinear optical (NLO) properties [2]-[5]. Additionally, imines synthesized through
the condensation reaction of 3-aminobenzanthrone with suitable aromatic aldehydes are
effective for detecting various metal cationic species and can also be used in liquid crystal
systems and polymers as fluorescent dyes and brighteners [6]-[9]. When these imines are
reduced with NaBHa, they yield amines that exhibit even more pronounced luminescence than
the original imines [10], [11]. Acylation of 3-aminobenzanthrone with chloroacetyl chloride
followed by nucleophilic substitution of the chlorine atom with amines yields tertiary or
guaternary ammonium compounds, which are ideal for diverse sensing applications [12]-[14].
Similarly, amidino derivatives have been extensively studied, synthesized via the Vilsmeier—
Haack type reaction [15]. These solvatochromic compounds are primarily used in confocal laser
scanning microscopy (CLSM) for biological specimens [16], [17]. Aromatic substitution
reactions of 3-bromobenzanthrone with alcohols produce fluorescent 3-oxybenzanthrones,
which, like amines and imines, are suitable for polymer and liquid crystal systems [18]. The
Buchwald-Hartwig amination of 3-bromobenzanthrone with aromatic amines such as
phenoxazine and phenothiazine results in compounds emitting in the deep-red/near-infrared
region with thermally activated delayed fluorescence properties, suitable for fabrication of
devices with quantitative oxygen sensing capabilities in air [19]. Carbazole derivatives, on the
other hand, exhibit self-regulating mechanochromism, adding to their versatility in various
advanced applications [20].



In essence, the extensive exploration of benzanthrones and their derivatives not only
underscores their potential role in various industries but also illuminates a promising avenue
for advancing fluorescence technology and its multifaceted applications in fields ranging from
materials science to biomedical research.

Aims and objectives

The aim of the Thesis was the synthesis of new benzanthrone and anthraquinone
derivatives and the examination of their luminescent properties and potential applications.
The following tasks were defined:

1. to research methods for synthesizing novel benzanthrone and anthraquinone derivatives
through nucleophilic aromatic substitution, Kabachnik-Fields and Sonogashira
reactions, expanding the library of fluorescent compounds;

2. obtain absorption and emission spectra in various solvents and analyze molar extinction
coefficients, Stokes shifts and fluorescence quantum vyields of the obtained dyes to
comprehensively examine photophysical properties;

3. based on the photophysical parameters, outline potential applications.

Scientific novelty and main results

Previous studies on benzanthrone derivatives have been mostly limited to the
analysis of substituted 3-aminobenzanthrone derivatives. In this work, the impact of other
heteroatoms, additional functional group introductions and elongation of conjugation on the
properties of these compounds has been investigated, which up to this point has not been
investigated.

The Doctoral Thesis encompasses, firstly, the synthesis of substituted 3-amino-9-
nitrobenzanthrone derivatives, with a focus on understanding how additional electron-
withdrawing groups influence molecular behavior during light absorption and emission
processes. Additionally, the synthesis and properties of novel a-aminophosphonates derived
from 1-aminoanthraquinone and 3-aminobenzanthrone were investigated in a comparative
fashion, exploring their potential biological activities and photophysical behaviors.
Furthermore, the research investigates the synthesis and properties of alkyl and aryl 3-
thiobenzanthrones, shedding light on their luminescent properties and structural
characteristics. Lastly, the synthesis and properties of 3-alkynylbenzanthrones, aiming to
enhance their fluorescent characteristics, were explored.

Overall, the research contributes to the understanding of novel anthrone derivatives'
structure-property relationships and their potential applications in such fields as bioimaging,
nonlinear optics, and fluorescence-based technologies.



Structure and volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related
scientific publications related to the functionalization and photophysical properties of
benzanthrones and anthraquinones with applications in bioimaging. The Thesis unites six
original research publications.

Publications and approbation of the Thesis

The results of the Thesis are reported in six original experimental publications. The
main results were presented at international conferences.
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MAIN RESULTS OF THE THESIS

Anthrone derivatives have gained prominence for their remarkable luminescent
attributes and tunable fluorescence emission, which enable diverse applications. Recognizing
their potential, recent years have seen a surge in research focused on the synthesis and
functionalization of anthrone derivatives. This growing interest stems from the need to explore
new molecular structures with enhanced optical properties and tailor-made functionalities to
meet the demands of evolving technological and scientific challenges. Consequently, further
investigation was required to elucidate the structure-property relationships of anthrone
derivatives and devise efficient synthetic strategies to expand their applicability further to
unlock the full potential of anthrone derivatives and drive innovation in fluorescent materials
science.

In this Thesis, the primary objective centered on the synthesis of new benzanthrone and
anthraquinone fluorophores, accompanied by comprehensive measurements of the
photophysical properties and the determination of their potential applications.

1. Synthesis and properties of substituted 3-amino-9-nitrobenzanthrone
derivatives

The fluorescence observed in benzanthrone dyes primarily occurs due to intramolecular
charge transfer (ICT) taking place upon excitation. This happens due to the interaction between
electron-donating groups and the electron-accepting carbonyl group within the aromatic system
of benzanthrone (D-m-A architecture type). Noteworthy, substituted 3-aminobenzanthrone
derivatives display nonlinear optical properties [21]; with the addition of a nitro group notably
augmenting their NLO (nonlinear optical) response [22], therefore, it was of interest to
investigate the impact of an additional electron-withdrawing group on photophysical attributes
of substituted 3-aminobenzanthrone derivatives of benzanthrone.
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Scheme 1. Synthesis of substituted 3-amino-9-nitrobenzanthrone derivatives 2-5.



For this objective, commercial 3-bromobenzanthrone was nitrated with a nitrating
mixture (HNOs/H2SO4 (4:1 v/v)) in glacial acetic acid, according to a previously published
study, to obtain compound 1 via an electrophilic substitution reaction [23], which then
underwent following nucleophilic aromatic substitution with cyclic amines in 1-
methylpyrrolidin-2-one (NMP) as depicted in Scheme 1. Compared to the corresponding
substitution reaction involving non-nitrated 3-bromobenzanthrone, the substitution of the
bromine atom in nitro derivative 1 occurs at a lower temperature (80—100 °C versus 86-138 °C)
and more rapidly (2-3 hours versus 8 hours). The enhanced reactivity stems from the potent
electron-withdrawing character of the nitro group, leading to a significant reduction in electron
density at the C(3) atom of the benzanthrone core, promoting the nucleophilic attack.
Consequently, the yields of the desired products 2-5 were, on average, 10 % higher compared
to equivalent derivatives lacking a nitro group [2]. These resulting compounds are dark red
colored in their solid state and display intense luminescence in solutions.

While structures of these compounds were confirmed and characterized by Fourier
transform infrared spectroscopy (FTIR), 'H, **C nuclear magnetic resonance (NMR)
spectroscopy and 2D-NMR (COSY and HSQC) spectroscopy and high-resolution mass
spectrometry, in addition, slow evaporation technique provided crystals of 2 and 3. X-ray
crystallographic analysis, besides providing clear confirmation of the structures, also unveiled
the presence of hydrogen bonds for both compounds and n—= interactions leading to molecular
stacking (Figs. 1 and 2). The X-ray crystallographic analysis for all compounds mentioned in
this work was carried out in collaboration with Dr. sc. phys. Sergey Belyakov.

Fig. 1. A fragment of molecular packing of 2 with N-O---H-C hydrogen bonds.



Fig. 2. A perspective view of the molecular stack of compound 3.

The obtained dyes exhibit remarkable luminescent characteristics in different organic
solvents. In this connection, the photophysical properties of the synthesized derivatives were
examined, acquiring the absorption and emission spectra in seven organic solvents (benzene,
ethyl acetate (EtOAc), chloroform (CHCIs), acetone, ethanol (EtOH), N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO)) with a vast selection of polarities. The obtained
spectral data are summarized in Tables 1 and 2, and Fig. 3 visually represents ultraviolet-visible
(UV-Vis) absorption and fluorescence emission spectra of compound 3 in various organic
solvents.

Table 1
Values of empirical polarity solvent parameter E1(30) [24]; absorption maxima and
logarithmic value of molar absorption coefficient of compounds 2-5 in organic solvents
(concentration 10° M)

Solvent E+(30) 5 Abso;ptlon Aabs, nm,4(lg£) -
Benzene 34.3 498 (3.94) | 460 (4.55) | 447 (4.47) | 453 (4.26)
EtOAC 38.1 493 (3.92) | 459 (4.53) | 447 (4.49) | 454 (4.15)
CHCls 39.1 505 (4.01) | 474 (4.62) | 449 (4.56) | 462 (4.26)
Acetone 422 512 (4.08) | 467 (4.51) | 448 (4.60) | 462 (4.11)
EtOH 51.9 526 (3.97) | 471 (4.50) | 449 (4.49) | 455 (3.99)
DMF 43.2 519 (4.18) | 475 (4.50) | 460 (4.54) | 467 (4.17)
DMSO 451 531 (4.06) | 478 (4.49) | 466 (4.43) | 472 (4.11)




Table 2
Fluorescence maxima and Stokes shifts of compounds 2-5 in organic solvents (concentration

1075 M)
Emission Aem, NM, and Stokes shift, cm™

Solvent 2 3 2 5
Benzene 584 2957 578 4438 570 4564 574 4653
CHCI3 613 3489 606 4596 592 4827 598 4923
EtOAC 598 3562 598 5064 592 5380 592 5135
Acetone 621 3428 620 5284 612 5479 612 5305

EtOH 661 3882 661 6103 652 5981 645 6474

DMF 630 3395 632 5230 624 6935 622 5336
DMSO 641 3231 643 5368 650 5713 634 5413
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Fig. 3. Normalized UV-Vis absorption and fluorescence emission spectra of compound 3 in
various organic solvents.

Derivative 2 absorbs light at 498-531 nm and exhibits a bathochromic shift of 33 nm
from nonpolar benzene to polar DMSO, while amines 3 and 5 have shorter wavelength
absorption band at 453—-478 nm and shorter bathochromic shift of 18-19 nm.

The non-nitrated pyrrolidine derivative obtained earlier demonstrates absorption in the
most extensive wavelength spectrum (525-558 nm) compared to all other compounds examined
[3]. In the case of the prior, stronger interaction between the donor and the acceptor groups
leads to a lowered electronic transition energy and an increase in the charge transfer once the
photon is absorbed. The hypsochromic shift of the absorption band of compound 2 and the
reduced sensitivity of the absorption maxima to the solvent polarity suggest a decrease in the
ICT nature of the electronic transition. Thus, incorporating an electronegative nitro group into



the molecule leads to competition between this substituent and the molecule’s carbonyl group,
resulting in a new electron density distribution in the ground state.

In comparison to non-nitrated amines, compounds 2-5 exhibit stronger absorption; the
average lge is 4.30 for compounds 2-5, whereas it is around 4.19 for non-nitrated counterpart
compounds. The bathochromic shift of luminescence maxima (from benzene to DMSO) of the
synthesized derivatives is similar to the bathochromic shift of non-nitrated derivatives: 60—
85 nm.

Nitrated compounds 2 and 3 exhibit a shift in absorption maxima towards longer
wavelengths, ranging from 15 nm to 35 nm, compared to their non-nitrated counterparts.
However, their emission maxima display a shift towards shorter wavelengths, ranging from
3nm to 14 nm, in comparison to the luminescence spectra of monosubstituted derivatives.
Consequently, the Stokes shifts of the spectra of nitro derivatives are reduced compared to those
of non-nitrated derivatives.



2. Synthesis and properties of a-aminophosphonates derived from 3-
aminobenzanthrone

a-Aminophosphonates are analogous to amino acids (N-C-POsH2 and N-C-CO:H
structural fragments accordingly) and thus possess a variety of biological activities due to their
ability to inhibit enzymes involved in the metabolism of amino acids — acting as antagonists
[25]. Thus, novel a-aminophosphonates are studied as potential antibiotics [26], antifungal [27]
and chemotherapeutic agents [28], herbicides [29] and neuromodulators [30]. Additionally,
these compounds have the potential to be used as antioxidants [31], sorbents [32], [33],
corrosion inhibitors [34] and lubricating additives [35].

While many derivatives of a-aminophosphonates were obtained for diverse purposes,
up to now, such fluorescent compounds have been scarcely studied, and the research is limited
to benzene, naphthalene, anthracene and pyrene derivatives [36]-[40].

With the above mentioned in mind, it was concluded to be worth synthesizing and
investigating the properties of 3-aminobenzanthrone a-aryl-a-aminophosphonate derivatives.

Synthetically a-aminophosphonates are usually obtained through Kabachnik-Fields
reaction. This is a tricomponent coupling reaction of a carbonyl compound — a ketone or an
aldehyde, an amine and a phosphonate (also referred to as a phosphite) (Scheme 2). Several
modifications of this reaction were introduced since the discovery of this synthetic approach;
among these are catalyzed variations, uncatalyzed ones and those employing dehydrating
agents, ionic liquids and microwave irradiation [41]. Firstly, starting compound 6 was
synthesized by reduction of 3-nitrobenzanthrone with sodium sulfide, which in turn was
obtained by nitration of commercially available benzanthrone as described in previous research
[42]. Then, it was decided on the most convenient and efficient method — a one-pot catalyst and
solvent free one, where dialkyl phosphonate acts as a reactant and as a solvent. At 120 °C, the
reaction yields orange to red compounds in 55-81% yield (Scheme 3). Thus, 22 compounds
were obtained —a small library (Table 3), resulting from the investigation of both the nature of
the aromatic substituent (with electron-accepting and electron-donating groups in various
positions on the benzene ring and other types of substituents, such as 2-thienyl derivatives) on
the alpha carbon, and the influence of phosphonate group substituents (methyl, ethyl, and
isopropyl) on the properties of the new benzanthrone fluorophores.
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Scheme 2. Proposed mechanism of the Kabachnik-Fields reaction [43].
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Scheme 3. Synthesis of benzanthrone a-aminophosphonate derivatives 7—-28.
Table 3

Structures of the obtained compounds 7-28

Ar CoHi- | CoHi- | CoHar | CoHy- | Coblam | Cobam | Coflu ) Cobe
R CeHs- @-Me) | (4-F) | (a-Cl) | (a-Br) (4- (4- (2- | (3-CN- | 2-thienyl
SMe) | OMe) | OMe) | 4-F)
Me | 7 8 o | 10 | 1 | 12| 13| 14| 15 16
Et | 17 | 18 | 19 | 20 | - - | - 22
iPro| 23 | 24 | 25 | - - ~ | e | 27| - 28

FTIR, H-, 3C- and 'P-NMR spectra and mass spectrometric analysis confirm the
chemical structures of prepared compounds. The X-ray crystallographic study of benzanthrone
a-aminophosphonates additionally provided insights into the molecular arrangement and
intermolecular interactions of these compounds in the crystalline state (Figs. 4-7). All
molecular structures possess an asymmetric carbon atom, yet their crystal structures are achiral,
therefore, these compounds represent true racemates. In the crystal structure of compound 17,
strong m-m stacking interactions occur between benzanthrone systems. In contrast, both
compounds 22 and 23 exhibit strong intermolecular bonds of NH---O type in their crystal
structure. Notably, the molecular structure of compound 11 features a strong intramolecular
NH---O hydrogen bond between the amino group and the dimethyl phosphonate, forming an
additional five-membered ring.

Absorbance and emission spectra of compounds 7-17 and 23 were acquired in solvents
of varying polarity to investigate the photophysical properties of the obtained compounds. All
the examined dyes exhibited fluorescence and displayed significant solvatochromic behavior,
emitting light ranging from green in hexane to red in ethanol. No notable impact of substituents
on the phenyl group or the type of aromatic substituent on the a-carbon (phenyl or thienyl), nor
of phosphonate alkyl groups (methyl, ethyl, or isopropyl), was observed on the photophysical
characteristics of the resulting chromophores. The first exception is the slightly elevated molar
attenuation coefficients (4.60 (benzene) and 4.65 (DMSO)) observed in compound 23, which
bears bulkier isopropyl groups, in contrast to compounds 7 (4.10 (benzene) and 4.08 (DMSQ))
and 17 (4.05 (benzene) and 4.03 (DMSQ)), indicating a more pronounced absorption of



electromagnetic radiation. The second one is compound 15, which bears strong electron-
accepting groups, which decrease the extinction coefficients and quantum yields. Using
compound 11 as an example, it is noted that benzanthrone a-aminophosphonates in solutions
display a wide-band absorbance approximately between 458 nmand 500 nm and fluoresce from
534 nm (in hexane) to 636 nm (in ethanol) (Fig. 8), resulting in bathochromic shifts of 42 nm
and 102 nm, respectively. This indicates that the polarity effect of the medium on fluorescence
is more pronounced than on absorption. The highest Stokes shift among the examined dyes,
measuring 4963 cm™, was noted for compound 16 in ethanol. The absorption spectra of
previously investigated benzanthrone amidines fall within the range of 410 nm to 495 nm [15],
[44], having absorption in the shorter wavelength region. In contrast, 3-substituted
benzanthrone amino derivatives demonstrate absorption in the range of 430 nm to 520 nm [2],
[10], having absorption in the longer wavelength region. It appears that the benzanthrone amino
group, when attached to a phosphoryl group (compounds 7-28), exhibits a donating effect
slightly weaker than that of an alkyl amino group yet stronger than an amidino group.

Fig. 4. ORTEP diagram of 11. Crystal Fig. 5. ORTEP diagram of 17. Crystal system:
system: monoclinic. orthorhombic.

Fig. 6. ORTEP diagram of 22. Crystal Fig. 7. ORTEP diagram of 23. Crystal system:
system: monoclinic. triclinic.
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Fig. 8. Normalized UV-Vis absorption and fluorescence emission spectra of compound 11 in
various organic solvents.

Using polarity-sensitive luminescent dyes is becoming more efficient in staining
biological species in confocal laser scanning microscopy. Benzanthrone dyes 12 and 15,
enhanced by attached phosphoryl group lipophilicity, were utilized to bioimage the trematode
Opisthorchis felineus, a parasite that mainly infects the livers of different mammals, including
humans (Fig. 9) [45].

Fig. 9. Adult Opisthorchis felineus stained with the examined dyes: A —12;B — 15.



To evaluate the toxicity of the obtained compounds and the impact of the aromatic
substituent on the a-carbon atom, experiments were conducted on wheat sprout morphology,
electrolyte leakage, malondialdehyde levels, and pigment quantification. Compounds with
identical phosphonate group substituents (R = Me) and various aromatic groups (Ar) were used:
a phenyl group without substituents (7), a phenyl group with a halogen atom, bromine, in the
para position (11), and a thienyl group (16). Overall, benzanthrone a-aminophosphonates
exhibit varying levels of toxic effects — phytotoxicity ranges from 37 % (7) to 83 % (16),
depending on the concentration and the aromatic substituent on the a-carbon atom. The staining
and toxicology of parasitic species were carried out in collaboration with researchers from the
Institute of Life Sciences and Technology at Daugavpils University.

Thermal stability determines whether a compound can withstand the temperature
conditions required for practical use over the long term. This was examined on the example of
compound 17, using differential thermal analysis (DTA) and thermogravimetry (TG) methods.
According to the TG curve, thermal degradation occurs in two primary phases: between 270—
330 °C (resulting in around 20 wt. % loss) and 630950 °C (resulting in approximately 30 wt.
% loss). Overall, the compound under analysis exhibits thermal stability up to roughly 270 °C,
experiencing a5 wt. % loss in initial mass, showing stability comparable to benzanthrone amino
derivatives studied previously. To evaluate the impact of substituents on the thermal stability
of the compounds, it would be worthwhile to continue the study.



3. Synthesis and properties of a-aminophosphonates derived from 1-
aminoanthraquinone

Considering the scarcity of research on fluorescent a-aminophosphonate derivatives, a
decision was made to take a step further and synthesize derivatives of anthraquinone for
comparison with analogous benzanthrone compounds. Anthraquinone compounds are widely
studied for use as fluorescent sensors [46], emitters and cell imaging agents [47], [48]. Some
anthraquinone derivatives possess medicinal properties, including antibiotic, antiparasitic,
insecticidal, fungicidal, and antiviral activities; they can also be used as chemotherapeutic
agents [49], [50]. No anthraquinone a-aminophosphonates have been synthesized yet. The
synthesis (Scheme 4) was carried out under the same conditions as for benzanthrones
(Chapter 2). The structures of synthesized compounds are summarized in Table 4.
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Scheme 4. Synthesis of anthraquinone a-aminophosphonate derivatives 30-52.
Table 4

Structures of the obtained compounds 30-52

Ar CsHa- | CoHa- | CeHa- | CoHa- CoHa- | CoHa- | CoHa- | CoHa- .
R CeHs- @Me) | @-F) | @ch| @Bn (4- (4- (2- | (3-CN- | 2-thienyl
SMe) | OMe) | OMe) | 4-F)
Me 30 31 32 33 34 35 36 37 38 39
Et 40 41 42 43 - - 44 45 - -
i-Pr 46 47 48 49 - - 50 51 - 52

It is observed that in solutions, anthraquinone a-aryl-a-aminophosphonates exhibit
broad band absorbance with maxima at around 465-488 nm showing small bathochromic shift
from benzene to DMSO solution (5—8 nm) in contrast to unsubstituted compound 29, for which
the bathochromic shift of the absorption maximum between solutions in hexane and ethanol is
30 nm. Studied compounds show fluorescence with maxima from 585 nm (EtOAc) to 628 nm
(DMSO0), attaining fluorescence bathochromic shifts of up to 30 nm. The polarity effect of the
medium on fluorescence is much more pronounced than on the absorption. It may be concluded
that the impact of solvent polarity on the absorption and emission wavelength maxima is more
pronounced for benzanthrone compounds. It is also observed that fluorescence quantum yields



are higher for the analogous benzanthrone compounds 11, 12 and 15 (0.10-0.57) compared to
the anthraquinone derivatives 34, 35 and 38 (< 0.01-0.14).

To gain a deeper understanding of the photostability of new dyes, the photofading
behavior of the derived compounds was assessed in ethanol (at a concentration of 10 M). To
determine the effect of the phosphonate group substituent R on the photostability of the
compounds, an experiment was conducted with compounds containing methyl (30), ethyl (40)
and isopropyl groups (46) and the same aromatic substituent (phenyl group) on the a-carbon
atom. The results were compared with the photostability of the starting material, 1-
aminoanthraquinone (29), and the widely used test dye fluorescein (FL) (Fig. 11). Following a
4-hour irradiation period, fluorescein retained 71 % of its initial absorbance, whereas
compound 30 retained only 27 %. Among the obtained compounds, those with ethyl (40) and
isopropyl (46) groups displayed the highest photostability, with a decrease in absorption of
40 %. These findings indicate that the synthesized dyes exhibit greater photostability compared
to the unsubstituted amine 29.
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Fig. 10. Normalized UV-Vis absorption and fluorescence emission spectra of compound 49 in
various organic solvents.

Anthraquinone a-aryl-a-aminophosphonates with an electron-donating group on
benzene ring (4-thiomethyl) 35 and strong electron-withdrawing groups (3-cyano-4-fluoro) 38
were also subjected to testing for Opisthorchis felineus. Based on the initial data, benzanthrone
dyes 12 and 15 with the same substituents, respectively, provided slightly clearer visualization
of the structure and musculature of the parasite (Fig. 12). Consequently, it can be inferred that
benzanthrone dyes 12 and 15 are more effective for visualizing Opisthorchis felineus flukes
than anthraquinone dyes 35 and 38. This can be attributed to a more lipophilic nature of the



latter, which has a significant impact on the visualization of these biological objects. Dye 49
was also used to stain a common parasite of the Eurasian amphibians — Opisthioglyphe ranae
(Fig. 13) [51]. Overall, all tested dyes — 12, 15, 35, 38 and 49 — demonstrated promising initial
outcomes and are applicable for detailed and rapid bioimaging.
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Fig. 11. Normalized absorbance intensities as a function of irradiation time upon 365 nm of
fluoresceine (FL) and compounds 29, 30, 40 and 46.

Fig. 12. Adult Opisthorchis felineus stained with the examined dyes: A — 35;B — 38.



Fig. 13. Adult Opisthioglyphe ranae stained with examined dye 49.



4. Synthesis and properties of 3-thiobenzanthrones

To achieve the objective of the study, following the analysis of the properties of
nitrogen-containing anthrone derivatives, the research was continued by introducing other
heteroatoms into the benzanthrone molecule. Sulfur-containing compounds have garnered
considerable attention within the scientific community. Notably, recent research has focused
on various derivatives, including pyrene sulfides and sulfoxides [52], compounds featuring the
dithiafulvene moiety [53], 1,5-bis-(4-alkylphenylthio)anthraquinone dyes with potential
applications in liquid crystal systems [54], [55], as well as triarylcyclopentadiene compounds
incorporating thiophene rings and dibenzothiophene groups [56]. These and other related
compounds, along with their diverse applications, have been comprehensively reviewed in a
recently published paper [57]. Previously, 3-mercaptobenzanthrone had been documented [58],
and 14H-anthra[2,1,9-mna]thioxanthen-14-one was investigated as a semiconducting
compound [59]. Additionally, benzanthrone compounds based on phenothiazine with thermally
activated delayed fluorescence have been discussed [19]. Benzanthrone compounds featuring
electron-donating substituents such as nitrogen and oxygen have been recorded and
demonstrated to exhibit remarkable luminescent properties [18]. However, due to limited
available data concerning thioalkyl and thiophenyl derivatives of benzanthrone, we have opted
to pursue the synthesis and analysis of benzanthrone compounds incorporating sulfur and
selenium.

Previously, numerous review articles extensively discussed the mechanism and
synthesis of aliphatic and aromatic sulfides via nucleophilic aromatic substitution reactions
[60]-[62]. This study introduces a practical approach to synthesize benzanthrone sulfides 54—
62 (Table5) through nucleophilic aromatic substitution reactions, utilizing 3-
bromobenzanthrone as the principal electrophile and aliphatic thiols with varying steric bulk
and aromatic thiols with electron-donating and electron-accepting groups as nucleophiles.

Br i Se :
* NMP 80 °C “ O
(¢}

54 - 62 Yield: 59-86 % 63 Yield: 60 %

Scheme 5. Synthesis of benzanthrone thio-derivatives 54-62 and structure of phenylselanyl
derivative 63.
Table 5
Summary of the structures of the obtained compounds 54-62.

-(CHy)2-
Ph

CesHa- | CeHas- | CeHa-(4-

CoMs- | (a-Me) | (@-F) | OMe)

R | Me | i-Pr | cyclohexyl | t-Bu

Nr. | 54 55 56 57 58 59 60 61 62




The reactions were conducted under basic conditions (NaOH) in N-methyl-2-
pyrrolidone (NMP) (Scheme 5). Additionally, 3-(phenylselanyl)-7H-benzo[de]anthracen-7-one
(63) was synthesized using the same method as aliphatic and aromatic sulfides, starting from
sodium benzeneselenolate without the presence of a base, following a previously reported
procedure. Theoretically, aliphatic thiols with larger steric bulk would be less reactive due to
steric hindrance; in the case of aromatic thiols, those with electron-donating groups would be
expected to exhibit greater reactivity due to increased nucleophilicity than those with electron-
accepting groups [63], but a correlation between structures of substrates and reactivity has not
been found.

FTIR, 'H- and ¥C-NMR spectra and high-resolution mass spectrometric analysis
confirmed the chemical structures of newly prepared compounds. Like in the crystal structures
of 3-aminobenzanthrones, in the case of 15, there also are mn-n stacking interactions between
benzanthrone systems and hydrogen bonds (Fig. 14).

Fig. 14. Molecular packing in the unit cell of 55 showing the intermolecular shortened
contacts.

Table 6 outlines the photophysical parameters of the thio derivatives with an aliphatic
substituent (R =Me) 54 and an aromatic substituent (R =CesHs-) 59, as well as 3-
(phenylselanyl)benzanthrone 63. The benzanthrone alkyl and aryl sulfides, along with 3-
(phenylselanyl)benzanthrone in solutions, exhibited absorption bands ranging from 403 nm to
448 nm, with a shift towards longer wavelengths of 10 nm to 20 nm between the maxima in
benzene and DMSO. Both alkyl and aryl sulfides emit light upon excitation from approximately



507 nm in benzene to 591 nm in ethanol (Fig. 15). Substituting the sulfur atom with the larger
selenium atom slightly shifts the emission bathochromically and increases the Stokes shifts to
some extent while extinction coefficients and absorption maxima remain largely unchanged.
The highest fluorescence quantum yield for all studied compounds was observed in chloroform.
Specifically, 3-(methylthio)benzanthrone exhibited the highest emission yield (0.31-0.52),
followed by 3-(phenylthio)benzanthrone with slightly lower yields (0.08-0.24), while 3-
(phenylselanyl)benzanthrone had the lowest emission yield (0.001-0.07). This trend is likely
to be due to decreasing efficiency of charge transfer in the sequence.

Table 6
Absorption maxima and logarithmic value of molar absorption coefficient, fluorescence
maxima, Stokes shifts, fluorescence quantum yields (®f) and fluorescence lifetime values (t)
of compounds 54, 59 and 63 in organic solvents (concentration 10~° M)

w| e | Nmoren | B | S | e | o
Benzene 429 (4.18) 508 3625 0.31 35
54 CHCl3 444 (4.16) 533 3761 0.52 10.0
DMF 446 (4.06) 552 4306 0.40 10.7
EtOH 448 (4.15) 587 5286 0.32 10.6
Benzene 413 (4.16) 504 4372 0.08 23
CHCls 421 (4.18) 538 5166 0.24 9.3
5 DMF 417 (4.15) 541 5497 0.14 5.6
EtOH 423 (4.09) 583 6488 0.11 7.1
Benzene 416 (4.14) 510 4431 0.05 1.0
63 CHCl3 423 (4.14) 543 5224 0.07 3.7
DMF 419 (4.11) 562 6073 0.001 -
EtOH 423 (4.04) 595 6834 0.001 -2

2 The value could not be determined due to the low intensity of fluorescence.

Previously analyzed benzanthrone amidines absorb at 410-495 nm [15], [44], while 3-
substituted benzanthrone amino derivatives absorb at 430-520 nm [2], [10]. As for the 3-
methoxy and 3-phenoxy derivatives of benzanthrone, their absorption spectra range from
417 nm to 436 nm [18]. Interestingly, in sulfur and selenium derivatives, both the peaks of
emission and absorption shift towards shorter wavelengths, indicating a slightly weaker
donating effect compared to nitrogen and oxygen-containing species, which is also confirmed
by the Hammett substituent constants, where the value for the amino group (-NH>) is —0.66,
—0.37 for the hydroxyl group (-OH), —0.10 for the thiol group (-SH), and —0.05 for the selenol
group (-SeH) [64]. The ICT character and the nanosecond-scale light emission process of the
dyes are indicative of the fluorescence emission mechanism.
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Fig. 15. Normalized UV-Vis absorption and fluorescence emission spectra of compound 59 in
various organic solvents.



5. Synthesis and properties of 3-alkynylbenzanthrones

Another approach to fluorophore modification, in addition to the previously discussed
methods of introducing functional groups and heteroatoms, is the extension of the conjugated
system within the molecule.

Several theoretical and practical investigations indicate that directly attaching
phenylacetylene groups to luminescent molecules alters their photophysical properties,
enhancing fluorescent characteristics and enabling various applications. These molecules
encompass pyrene [65], carbazole [66], anthraquinone [67], naphthalimide [68], and
quninolylthiazole [69]. Such compounds can be applied in sensor technologies, organic light-
emitting diode production, and fluorescent labeling [70]-[72]. Moreover, studies suggest that
introducing electron-donating or electron-withdrawing groups to the phenyl rings of
phenylacetylene moieties and adjusting the m-conjugation length can modify fluorescence
yields, Stokes shift sizes, and absorption and emission maxima [73]. Consequently, it was
determined to undertake the investigation of previously unexplored benzanthrone alkynes.

As of now, within the realm of palladium-catalyzed reactions, the only documented
methods for synthesizing novel derivatives of benzanthrone are aryl cyanation and Buchwald—
Hartwig amination reactions [19], [74]. The Sonogashira reaction is a cross-coupling reaction
employed for synthesizing alkynes. It entails the reaction of a terminal alkyne with a palladium
catalyst, a copper(l) co-catalyst, and an aryl (or vinyl) halide [75]. These conditions were
utilized for synthesizing compounds 64-68 (Table 7) from 3-bromobenzanthrone (53) in N,N-
dimethylacetamide, with triethylamine serving as a base (Scheme 6). The reaction progresses
through a sequence of stages, commencing with the oxidative addition of the palladium catalyst
to the aryl or vinyl halide, leading to the reductive elimination of the desired alkyne product.
The copper(l) co-catalyst is crucial for facilitating the transmetalation step [76]. To determine
the effect of the nature of the substituent R on the properties of the compounds, synthesis was
carried out using terminal alkynes with electron-donating and electron-withdrawing groups of
varying strength.

In the Sonogashira reaction, the products are formed through the creation of a new C-C
bond between two covalent ligands as a result of reductive elimination. It is known that
reductive elimination occurs slower in electron-rich complexes than in electron-deficient ones
[77]. Consequently, higher reaction yields could be expected with alkynes containing electron-
withdrawing groups; however, no correlation was found between the substrate structures and
the reaction yields.

R
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=
O~ ®
Cr 1) mewman (OF 1)
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53 64 - 69 Yield: 43—89 9%

Scheme 6. Synthesis of benzanthrone alkynyl-derivatives 64—69.



Table 7

Summary of the structures of the obtained compounds 64-69

0
! |
R R
=
Nr. 64 65 66 67 68 69
Table 8

Absorption maxima and logarithmic value of molar absorption coefficient of compounds 64—

69 in organic solvents (concentration 10> M)

Absorption Aaps, nm; (Ige)

Solvent 64 65 67 68 69
Benzene 416 (4.65) | 423 (455) | 427 (451) | 432(4.32) | 423(4.24)
EtOAC 412 (4.68) 416 (4.56) 425 (4.51) 437 (4.29) 419 (4.29)
CHCl; 420 (4.72) | 425(452) | 436(4.46) | 438 (4.49) | 427 (4.22)
Acetone 414 (4.65) 419 (4.55) 432 (4.49) 445 (4.41) 419 (4.27)

DMF 419 (4.71) 423 (4.58) 437 (4.48) 455 (4.54) 422 (4.25)
DMSO 422 (4.68) 435 (4.50) 440 (4.42) 462 (4.55) 424 (4.26)
EtOH 430 (4.25) | 429 (457) | 442(445) | 446 (4.36) | 419 (4.19)

Table 9
Fluorescence maxima and Stokes shifts of compounds 64-69 in organic solvents
(concentration 10° M)

Emission Aem, NM, and Stokes shift, cm

Solvent 64 65 67 68 69
Benzene 463 (2440) | 466 (2181) | 502 (3499) | 530 (4280) | 482 (2894)
CHCI; 462 (2627) | 473 (2897) | 510 (3922) | 576 (5522) | 479 (2990)
EtOAC 479 (2933) 498 (3449) 534 (4209) 574 (5409) 491 (3053)
Acetone 475 (3102) | 492 (3541) | 565 (5449) | 641 (6871) | 488 (3375)

DMF 481 (3076) | 497 (3520) | 553 (4800) | 691 (7506) | 495 (3495)
DMSO 489 (3247) | 506 (3226) | 570 (5183) | 720 (7756) | 494 (3342)

EtOH 515 (3838) | 531 (4478) | 598 (5902) | 701 (8156) | 495 (3664)

All investigated dyes exhibit fluorescence and demonstrate a significant solvatochromic
effect (Tables 8 and 9). Figure 16 represents UV-Vis absorption and fluorescence emission
spectra of compound 66 in various organic solvents. In solutions, benzanthrone alkynes exhibit
two absorption bands around 310-330 nm and 420-450 nm, showing a bathochromic shift of
12-30 nm for the long wavelength absorption band between the maxima in benzene and
DMSO. The impact of the polarity of solvents on fluorescence is more prominent than on
absorbance. Synthesized compounds are fluorescent with emission from 462 nm (64, EtOAc)
to 701 nm (68, EtOH). Obtained compounds display dual solvatochromism — not only emission



peak of each individual compound is influenced by solvent polarity, but a strong correlation
between the electronic nature of substituents and photophysical parameters is evident as well;
electron-withdrawing substituents shift emission hypsochromically and strong electron-
donating substituents — bathochromically in the same solvent (Fig. 17). The electronic
properties of the substituents significantly influence the emission efficiency of the studied
substances. Derivatives with electron-withdrawing groups (64 and 65) have a higher
luminescence quantum yield in ethanol (0.67 and 0.74, respectively) compared with less polar
solvents (0.01-0.41). In contrast, derivatives with donor groups luminesce more intensely in
chloroform than in ethanol. In turn, the presence of a trimethylsilyl group leads to a dramatic
drop in emission efficiency. The alteration of photophysical parameters also has an impact on
Stokes shifts. Specifically, the range of Stokes shifts varies from 2181 cm for compound 65
in a less polar solvent (benzene) to 8156 cm™ for compound 68 in a polar ethanol. Thus, the
presence of an electron-donating substituent leads to a larger Stokes shift.
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Fig. 16. Normalized UV-Vis absorption and fluorescence emission spectra of compound 66 in
various organic solvents.
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Fig. 17. Normalized fluorescence emission spectra of compounds 64—67 in chloroform.

To estimate the photostability of the dyes 64-69, the photofading process of synthesized
derivatives was conducted in ethanol (at a concentration of 10 M) and compared with the
widely used test dye, fluorescein. The results are illustrated in Fig. 18. Following a 4-hour
irradiation period, fluorescein exhibited an absorbance of 71 % of its initial level. Among the
synthesized compounds, derivative 65 with a fluorine atom displayed the highest photostability,
retaining 96 % of its initial absorption. Following closely is compound 64, featuring a formyl
group with a photostability of 82 %. Conversely, the derivative containing a methoxy group,
compound 67, demonstrated the lowest stability, losing more than half of its absorption (57 %)
by the end of the experiment. These findings indicate that three of the synthesized substances —
64, 65, and 69 — exhibit greater photostability than fluorescein.
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Fig. 18. Normalized absorbance intensities as a function of irradiation time upon 365 nm of
fluoresceine (FL) and compounds 64—68.



Given the established nonlinear optical properties of certain benzanthrones and the
understanding that extending =m-conjugation may enhance these properties, both these
benzanthrone alkynes and compounds not covered in the Thesis, specifically, products obtained
in reaction with 4-ethynyl-N,N-dimethylaniline, 1-ethynyl-4-(trifluoromethyl)benzene, 3-
ethynylthiophene and methyl propiolate, are currently being investigated for their nonlinear
optical characteristics.

As a result of the work, the collection of fluorescent compounds of benzanthrone and
anthraquinone was expanded. The Stokes shift dependence on the absorption maximum in
acetone for the compounds studied in the Thesis is shown in Fig. 19. Benzanthrone and
anthraquinone amino derivatives exhibit longer wavelength absorption and emission, allowing
them to be used in microscopy for staining biological objects, as this reduces sample
autofluorescence and achieves increased image contrast. Thioalkyl and thiophenyl substituents
have a weaker electron-donating effect, which increases the required energy for the
benzanthrone's excited state. Although benzanthrone thio derivatives generally have larger
Stokes shifts (from 4089 cm™ to 6052 cm™) than a-aminophosphonates (from 3798 cm to
4170 cm™), their emission wavelength is too short for effective application in confocal laser
scanning microscopy. Additionally, for benzanthrone alkyne derivatives, the absorption and
emission maxima increase with the enhancement of the substituent's electron-donating effect;
however, in contrast to other compounds, as the absorption maximum increases, the Stokes shift
also increases. For example, compound (64) with a strong electron-withdrawing substituent
absorbs light with a maximum at 414 nm, and its Stokes shift is 3102 cm™. In contrast,
compound (68) with a strong electron-donating substituent absorbs light with a maximum at
445 nm, and its Stokes shift is 6871 cm™. In order to reasonably establish the nature of these
relationships, further research is needed.
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Fig. 19. The dependence of the Stokes shift of the compounds studied in this work on the
absorption maximum in acetone. : benzanthrone 3-amino-9-nitro derivatives; red:
benzanthrone a-aminophosphonates; : anthraquinone a-aminophosphonates; purple:
benzanthrone thio derivatives; blue: benzanthrone alkynyl derivatives.



CONCLUSIONS

1. Asaresult of the research, new synthesis methods for benzanthrone and anthraquinone
derivatives were successfully investigated. The range of fluorescent compounds was
expanded with derivatives obtained through nucleophilic aromatic substitution,
Kabachnik-Fields, and Sonogashira reactions. Spectral analysis was performed on the
obtained compounds, and their photophysical properties were studied. Additionally, the
practical application of the new compounds with enhanced properties in microscopy
was demonstrated.

2. Aromatic substitution reaction of 3-bromo-9-nitrobenzanthrone provides substituted 3-
amino-9-nitrobenzanthrones in 48-63 % yield with absorption from 447 nm to 531 nm
and emit light from 570 nm to 650 nm. The reactivity of 3-bromo-9-nitrobenzanhtrone
is enhanced compared to non-nitrated analogues, and higher molar absorption
coefficients render them better candidates for non-linear optics.
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3. Kabachnik-Fields reaction of 3-aminobenzanthrone and 1-aminoanthraquinone
provides fluorescent a-aminophosphonates in 55-89 % yield. The emission band shows
a bathochromic shift from hexane to DMSO; for benzanthrone derivatives, it reaches
100 nm, while for anthraquinone, it is only 40 nm. Fluorescence quantum yields of
benzanthrone a-aminophosphonates are up to 10 times higher, from 0.01 to 0.17 for
anthraquinone derivatives and from 0.1 to 0.56 for benzanthrone derivatives.
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4. Both benzanthrone and anthraquinone o-aminophosphonates (compounds 12, 15, 35,
38, and 49) are suitable for staining and studying biological samples, particularly
parasitic trematodes, using confocal laser scanning microscopy.

5. Aromatic substitution reaction of 3-bromobenzanthrone with thiols provides alkyl and
aryl substituted 3-thiobenzanthrone dyes in 59-86 % yield. Studied compounds exhibit
fluorescence and solvatochromism with quantum yields of up to 52 %, absorption from
403 nm to 448 nm and emit light from 507 nm to 591 nm.
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6. Sonogashira reaction of 3-bromobenzanthrone with terminal alkynes was studied. This
reaction provides substituted 3-alkynylbenzanthrones in 43-89 % vyield with 420-
450 nm long-wave absorption and emits light from 462 nm to 701 nm. Electron-
donating groups on aryl rings of alkynes shift absorption and emission maxima
bathochromically, whereas electron-withdrawing groups — hypsochromically. High
photostability and elongated m-conjugation make them possible candidates for
applications in non-linear optical technologies.
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A small library of new benzanthrone w-aryl-a-aminophosphonates has been synthesized by solvent-free
one-pot reaction of 3-aminobenzanthrone, different aromatic aldehydes and dialkylphosphonates under
Kabachnik-Fields reaction conditions. FTIR, 'H-, *C-, 3'P-NMR spectroscopy, mass spectrometry and X-ray
diffraction crystallographic analysis has confirmed structures of novel dyes. Photophysical properties of

studied «-aminophosphonates have been investigated by means of UV-Vis and fluorescence spectroscopy
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in various organic solvents. Thermogravimetric analysis (DTA and TG) has been used to outline thermal
stability of obtained derivatives. Morphology, electrolyte leakage, MDA and pigment quantification exper-
iments were carried out to determine toxic effect on growth of wheat sprouts.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent compounds have now become of great importance
in industrial and scientific applications. Amidst historically impor-
tant anthraquinone dye family with electron-donor and acceptor
units with underlying internal charge transfer (ICT) fluorescence
mechanism, benzanthrone (7H-benzo[de]anthracen-7-one) deriva-
tives have attained increasing acknowledgment due to palpable
solvatochromic properties: many of these compounds exhibit flu-
orescence emission from green to red (depending on substituents
and environment), as well as substantial Stokes shifts and photo-
stability [1,2]. Recent studies that have been devoted to research of
N-substituted 3-aminobenzanthrone derivatives demonstrated that
these fluorophores can be used in many areas, which include, but
are not limited to, confocal laser scanning microscopy imaging
of various plant species’ callus embryos [3]; parasitic nematodes
and trematodes [4,5]; selective detection of amyloid fibrils of the
lysozyme enzyme [G]; probes for the pH of solutions and metal

* Corresponding author.
E-mail address: armands5maleckis@inbox.lv (A. Majeckis).

https://doi.org/10.1016/j.molstruc.2022.134838
0022-2860/© 2022 Elsevier B.V. All rights reserved.

cations [7,8]; liquid crystal displays [9,10]; organic thin films and
fluorescent polymers [11,12].

«-Aminophosphonates (analogues of amino acids (N-C-CO,H
and N-C-PO3H, structural frames) with the carboxylic group
changed by a phosphonic acid or a homologous group) are widely
studied compounds as these substances poses broad biological ac-
tivity [13]. The frame similarity of «-aminophosphonic acids and
amino acids allows for previous to inhibit several enzymes, as a
rule - those that are involved in the metabolism of amino acids,
that is, acting as antagonists. Moreover, a-aminophosphonates are
an important class of compounds for synthesis of novel potential
antibiotics, herbicides and neuromodulators [14].

Some research has been committed to the study of fluores-
cent properties of some «-aminophosphonates as well. Synthe-
sis and fluorescent properties of «-aminophosphonates obtained
from aromatic amines derived from benzene, naphthalene, an-
thracene and phenanthrene, as well as bis-aminophosphonates
bearing anthracene rings, have been recently reported [15-19].
Pyrene-derived aminophosphonates were found both to be fluores-
cent and cytotoxic for two colon cancer cell lines, while showing
nearly no toxicity towards lymphocytes [20].
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Bearing aforementioned in mind, we have come to a deci-
sion to synthesize and investigate properties of new «-aryl-a-
aminophosphonate derivatives of 3-aminobenzanthrone.

2. Experimental
2.1. Materials and general measurements

3-Aminobenzanthrone was synthesized according to previously
reported procedure via nitration of benzanthrone and subsequent
reduction with sodium sulfide. The rest of the reagents and sol-
vents were obtained commercially and used without any additional
purification [21].

The assessment of the progress of reactions and purity of the
synthesized compounds was performed by TLC on MERCK Silica gel
60 F»s4 plates in benzene/acetonitrile (3:1) as an eluent and visual-
ized under UV light. Melting points were determined on METTLER
TOLEDO™ Melting Point System MP70 apparatus. The identifica-
tion of the chemical bonds was performed by means of Fourier-
transform infrared (FTIR) spectrometry. A Bruker Vertex 70v vac-
uum spectrometer equipped with an attenuated total reflection
(ATR) accessory was used in this study. At least three spectra per
sample were measured with a recording range 400 - 4000 cm™!,
spectral resolution +2 cm~!, in vacuum (2.95 hPa), and the aver-
age spectrum was calculated from the measured spectra. 'H-, 13C-
and 3'P-NMR spectra were recorded on a Bruker Avance 500 MHz
(Bruker Corporation, Billerica, MA, USA) in DMSO-dg at ambient
temperature, using solvent peaks as the internal reference. Chemi-
cal shift (§) values are reported in ppm. LC-MS were recorded with
a Waters Acquity UPLC system equipped with Acquity UPLC BEH
C18 column (1.7 um, 2.1 x 50 mm).

The fluorescence emission spectra were recorded on a FLSP920
(Edinburgh Instruments Ltd, UK) spectrofluorometer in the visible
range 450-800 nm and the absorption spectra were obtained using
the UV-visible spectrophotometer SPECORD® 80 (Analytik Jena AG,
Germany). The spectral properties of the investigated compound
were measured at an ambient temperature in 10 mm quartz cu-
vettes in hexane, benzene, chloroform, ethyl acetate (EtOAc), ace-
tone, ethanol (EtOH), dimethyl sulfoxide (DMSO) and dimethyl-
formamide (DMF) with concentrations 10-5 M. All solvents were
of p.a. or analytical grade. Simultaneous TG-DTA curves were col-
lected using a Exstar6000 TG/DTA (Seiko Instruments Inc., Tokyo,
Japan) 6300 thermal analyzer with a heating rate of 10 K min~! in
temperature interval 30-1000°C with sample mass of 5.108 mg. Ce-
ramic crucibles were used for analysis.

Single crystals of 3a were investigated on a Rigaku, XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystal was kept at
150.0(1) K during data collection. Using Olex2 [22], the struc-
ture was solved with the Superflip [23] structure solution program
using Charge Flipping and refined with the olex2.refine [24] re-
finement package using Gauss-Newton minimization. Diffraction
data of 3g were collected at 173 K on a Bruker-Nonius KappaCCD
diffractometer using MoK, radiation (A = 0.71073 A). The crystal
structure was solved by direct methods and refined by full-matrix
least squares with the help of software package [25]. Diffraction
data of 4a were collected at 140 K on a Rigaku, XtaLAB Synergy,
Dualflex, HyPix diffractometer using CuK, radiation (A = 1.54184
A). The crystal structure was solved by direct methods and refined
by full-matrix least squares with the help of software package [22].
For further details, see crystallographic data deposited at the Cam-
bridge Crystallographic Data Centre as Supplementary Publication
Number CCDC 2218839 (compound 3a), CCDC 2213262 (compound
3g) and CCDC 2213261 (compound 4a). Copies of the data can be
obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK.
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2.2. Synthesis of compounds 2a - 4g

Target compounds were synthesized according to Scheme 1 and
structures of obtained compounds are summarized in Table 1.

2.2.1. General methodology

A 10 mL round-bottom flask with a magnetic stirrer bar is
charged with 490 mg (2 mmol) of 3-aminobenzanthrone, 6 mmol
of an aldehyde and 5 mL of a dialkylphosphonate. Obtained mix-
ture is stirred on an oil bath at 120°C for 1 - 3 hours (progress as-
sessed with TLC). After completion of the reaction, the mixture is
poured into 100 mL of concentrated sodium bicarbonate (NaHCO3)
solution and stirred until solid product is formed. The precipitate
then is filtered, thoroughly washed with water and dried. Purified
by means of multi-solvent recrystallization from xylenes and hex-
ane.

2.2.2. Dimethyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)(phenyl)
methyl)phosphonate (2a)

Red solid. Yield: 74 %. Melting point: 199°C. R = 0.26 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~1: 472, 548, 618, 699,
774, 958, 1019, 1121, 1221, 1269, 1311, 1384, 1461, 1572, 1642
(C=0), 2978 (CH), 3316 (NH). 'H NMR (500 MHz, DMSO-dg) § 9.02
(d, ] = 83 Hz, 1H), 8.70 (d, ] = 7.3 Hz, 1H), 8.47 (d, ] = 8.4 Hz,
1H), 8.40 (d, ] = 8.2 Hz, 1H), 828 (d, J = 7.9 Hz, 1H), 7.88 (t,
J = 7.6 Hz, 1H), 7.77 - 7.70 (m, 3H), 7.46 (t, ] = 7.7 Hz, 1H), 7.38
(t, ] = 7.7 Hz, 2H), 7.30 (t, ] = 7.9 Hz, 2H), 6.94 (d, ] = 8.4 Hz,
1H), 5.57 (dd, J = 24.9, 9.2 Hz, 1H), 3.74 (d, ] = 10.5 Hz, 3H), 3.58
(d, J = 10.4 Hz, 3H). 13C NMR (126 MHz, DMSO-dg) & 183.08 (C=0),
146.35 (d, J = 12.9 Hz, C), 137.17 (C), 136.42 (C), 133.93 (CH), 130.52
(CH), 130.07 (CH), 129.06 (C), 128.79 (CH), 128.77 (CH), 128.40 (C),
128.26 (d, | = 2.8 Hz, CH), 128.20 (C), 128.14 (CH), 127.47 (CH),
126.77 (CH), 125.31 (CH), 123.69 (C), 123.23 (CH), 115.27 (C), 107.32
(CH), 5445 (d, ] = 149.9 Hz, CHP), 54.08 (d, ] = 6.8 Hz, CHj3),
53.83 (d, ] = 4.9 Hz, CH3). 3'P NMR (202 MHz, DMSO-dg) § 23.89.
MS (ES+): m/z calculated for C,gHy,NO4P ([M+H] ") 444.14, found
444.76.

2.2.3. Dimethyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)(p-
tolyl)methyl)phosphonate (2b)

Red solid. Yield: 79 %. Melting point: 160°C. Ry = 0.32 (Ben-
zene[Acetonitrile) (3:1). IR, Amax (KBr) cm~1: 474, 540, 701, 771,
837, 955, 1052, 1182, 1234, 1308, 1385, 1463, 1573, 1642 (C=0),
2956 (CH), 3287 (NH). '"H NMR (500 MHz, DMSO-dg) § 9.00 (dd,
J = 8.5, 1.3 Hz, 1H), 8.69 (dd, ] = 7.4, 1.2 Hz, 1H), 847 (d, ] = 85
Hz, 1H), 8.41 (d, J = 8.2 Hz, 1H), 8.28 (dd, ] = 7.9, 1.5 Hz, 1H),
7.88 (t, ] = 7.8 Hz, 1H), 7.77 - 7.70 (m, 1H), 7.61 (dd, ] = 8.2,
2.1 Hz, 2H), 746 (t, ] = 7.5 Hz, 1H), 7.25 (dd, ] = 9.3, 6.1 Hz,
1H), 718 (d, ] = 7.8 Hz, 2H), 6.92 (d, ] = 8.5 Hz, 1H), 5.50 (dd,
J =246, 9.2 Hz, 1H), 3.74 (d, ] = 10.6 Hz, 3H), 3.58 (d, J = 10.6 Hz,
3H), 2.28 (s, 3H). 3C NMR (126 MHz, DMSO-dg) § 183.08 (C=0),
146.37 (d, J] = 13.0 Hz, C), 137.50 (d, ] = 3.1 Hz, C), 13719 (C),
133.93 (CH), 133.29 (C), 130.48 (CH), 130.05 (CH), 129.38 (d, ] = 2.1
Hz, CH), 129.06 (C), 128.67 (d, ] = 5.4 Hz, CH), 128.39 (C), 128.20
(C), 128.15 (CH), 127.47 (CH), 126.75 (CH), 125.30 (CH), 123.69 (C),
123.22 (CH), 115.20 (C), 107.36 (CH), 54.19 (d, J = 152.3 Hz, CHP),
54.04 (d, ] = 6.9 Hz, CH3), 53.81 (d, J = 7.0 Hz, CH3), 21.18 (Ca;CH3).
31p NMR (202 MHz, DMSO-dg) 8 24.04. MS (ES+): m/z calculated
for Cy7Hp4NO4P ([M+H]*) 458.15, found 458.17.

2.2.4. Dimethyl ((4-fluorophenyl)((7-oxo-7H-benzo[de]anthracen-3-
yl)amino)methyl)phosphonate (2c)

Orange solid. Yield: 77 %. Melting point: 203°C. Ry = 0.30 (Ben-
zene[Acetonitrile) (3:1). IR, Amax (KBr) cm~1: 457, 541, 617, 657,
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Scheme 1. Synthesis of benzanthrone a-aminophosphonates.

Table 1
Summary of structures of obtained compounds.
/R]
H °_ o.
N.__P R,
70
R,H

Me 2a 2b 2c 2d
Et 3a 3b 3c dl
i-Pr 4a 4b 4c 4d

2e 2f 2g
3e 3f 3g
4e - 4g

703, 770, 835, 958, 1036, 1122, 1226, 1310, 1385, 1462, 1509,1575,
1646 (C=0), 2953 (CH), 3310 (NH). 'H NMR (500 MHz, DMSO-dg)
§ 9.01 (dd, J = 8.4, 1.3 Hz, 1H), 8.70 (dd, J = 7.3, 1.2 Hz, 1H), 8.48
(d, ] = 8.5 Hz, 1H), 8.42 (d, ] = 8.2 Hz, 1H), 8.28 (dd, J = 7.9, 1.5
Hz, 1H), 7.89 (t, ] = 8.1 Hz, 1H), 7.84 - 7.77 (m, 2H), 7.77 - 7.71
(m, 1H), 747 (td, ] = 74, 6.9, 1.0 Hz, 1H), 731 (dd, ] = 94, 59
Hz, 1H), 7.23 (t, ] = 8.9 Hz, 2H), 6.95 (d, ] = 8.5 Hz, 1H), 5.62 (dd,
J = 248, 93 Hz, 1H), 3.75 (d, ] = 10.5 Hz, 3H), 3.60 (d, ] = 10.6
Hz, 3H). 3C NMR (126 MHz, DMSO-dg) § 183.09 (C=0), 162.23
(dd, J = 2437, 32 Hz, C), 14624 (d, J = 12.8 Hz, C), 13716 (C),
133.95 (CH), 132.64 (d, ] = 2.7 Hz, C), 130.84 (dd, ] = 8.1, 5.6
Hz, CH), 130.57 (CH), 130.08 (CH), 129.08 (C), 128.41 (C), 128.20
(C), 128.11 (CH), 127.48 (CH), 126.81 (CH), 125.31 (CH), 123.70 (C),
123.25 (CH), 115.63 (dd, J = 21.5, 1.8 Hz, CH), 115.37 (C), 53.64 (d,
J = 153.0 Hz, CHP), 54.13 (d, ] = 6.9 Hz, CHs), 53.85 (d, ] = 7.0
Hz, CH;). 3'P NMR (202 MHz, DMSO-dg) § 23.72 (d, ] = 4.6 Hz).
MS (ES+): m/z calculated for CogH,1 FNO4P ([M+H]*) 462.13, found
462.05.

2.2.5. Dimethyl ((4-methoxyphenyl)((7-oxo-7H-benzo[de]anthracen-3-
yl)amino)methyl)phosphonate (2d)

Orange solid. Yield: 71 %. Melting point: 166°C. Rf = 0.23 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 478, 548, 617, 657,
701, 770, 843, 956, 1028, 1124, 1177, 1232, 1306, 1386, 1463, 1510,
1575, 1645 (C=0), 2956 (CH), 3305 (NH). 'H NMR (500 MHz,
DMSO-dg) & 9.00 (dd, J = 8.4, 1.3 Hz, 1H), 8.69 (dd, J = 74, 1.2
Hz, 1H), 8.47 (d, ] = 8.5 Hz, 1H), 8.41 (d, ] = 8.2 Hz, 1H), 8.28
(dd, ] = 7.9, 1.5 Hz, 1H), 7.87 (t, ] = 7.8 Hz, 1H), 7.77 - 7.70 (m,
1H), 7.70 - 7.63 (m, 2H), 7.46 (t, ] = 7.5 Hz, 1H), 7.24 (dd, | = 9.4,
6.0 Hz, 1H), 7.00 - 6.92 (m, 3H), 5.49 (dd, ] = 24.4, 9.2 Hz, 1H),
3.74 (t, ] = 5.3 Hz, 6H), 3.57 (d, ] = 10.6 Hz, 3H). 13C NMR (126
MHz, DMSO-dg) & 183.08 (C=0), 159.36 (C), 146.39 (d, J = 13.1 Hz,

C), 137.20 (C), 133.93 (CH), 130.49 (CH), 130.04 (CH), 129.99 (CH),
129.05 (C), 128.39 (C), 128.20 (C), 128.15 (CH), 128.03 (C), 127.47
(CH), 126.73 (CH), 125.27 (CH), 123.69 (C), 123.21 (CH), 115.16 (C),
114.23 (d, ] = 1.7 Hz, CH), 107.33 (CH), 55.53 (Ca,OCH3), 53.78 (d,
J = 153.6 Hz, CHP), 53.99 (d, ] = 6.9 Hz, CH3), 53.79 (d, ] = 7.0 Hz,
CH3). 3'P NMR (202 MHz, DMSO-dg) § 24.18. MS (ES+): m/z calcu-
lated for Co7H4NOsP ([M+H]*) 474.15, found 474.67.

2.2.6. Dimethyl ((2-methoxyphenyl)((7-oxo-7H-benzo[de]anthracen-3-
yl)amino)methyl)phosphonate (2e)

Red solid. Yield: 77 %. Melting point: 219°C. Rf = 0.23 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 464, 509, 569, 617,
702, 768, 832, 956, 1042, 1169, 1239, 1305, 1385, 1460, 1571, 1640
(C=0), 2954 (CH), 3325 (NH). '"H NMR (500 MHz, DMSO-dg) §
8.95 (dd, ] = 8.4, 1.3 Hz, 1H), 8.69 (dd, ] = 7.3, 1.2 Hz, 1H), 8.52
(d, ] = 85 Hz, 1H), 840 (d, J] = 8.2 Hz, 1H), 8.27 (dd, ] = 7.9,
1.5 Hz, 1H), 7.88 (t, ] = 7.8 Hz, 1H), 7.81 - 7.70 (m, 2H), 7.50 -
743 (m, 1H), 7.35 - 7.27 (m, 2H), 713 (d, ] = 8.3 Hz, 1H), 6.96 (t,
J = 74 Hz, 1H), 6.75 (d, ] = 8.5 Hz, 1H), 5.64 (dd, ] = 244, 9.3
Hz, 1H), 4.01 (s, 3H), 3.76 (d, ] = 10.6 Hz, 3H), 3.53 (d, ] = 10.6
Hz, 3H). 13C NMR (126 MHz, DMSO-dg) § 183.07 (C=0), 157.25 (d,
J = 6.3 Hz, C), 146.35 (d, ] = 13.0 Hz, C), 137.17 (C), 133.95 (CH),
130.40 (CH), 130.09 (CH), 129.85 (d, ] = 2.5 Hz, CH), 129.38 (d,
J = 4.2 Hz, CH), 129.06 (C), 128.42 (C), 128.38 (CH), 128.20 (C),
127.47 (CH), 126.79 (CH), 125.37 (CH), 124.15 (C), 123.64 (C), 123.21
(CH), 121.13 (d, J = 2.3 Hz, CH), 115.38 (C), 111.62 (CH), 106.28 (CH),
56.56 (Cp:OCH3), 54.00 (d, ] = 6.9 Hz, CH3), 53.91 (d, ] = 7.0 Hz,
CH3), 47.92 (d, ] = 156.4 Hz, CHP). 3'P NMR (202 MHz, DMSO-dg) §
23.85. MS (ES+): m/z calculated for Cy;Hp4NOsP ([M+H]") 474.15,
found 474.78.



A. Majeckis, E. Griskjans, M. Cvetinska et al.

2.2.7. Dimethyl ((4-chlorophenyl)((7-oxo-7H-benzo[de]anthracen-3-
yl)amino)methyl)phosphonate (2f)

Orange solid. Yield: 74 %. Melting point: 164°C. Ry = 0.30 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 457, 560, 618, 704,
770, 826, 956, 1033, 1173, 1219, 1270, 1306, 1385, 1461, 1573, 1643
(C=0), 2956 (CH), 3318 (NH). '"H NMR (500 MHz, DMSO-dg) § 9.01
(dd, J = 8.5, 1.3 Hz, 1H), 8.70 (dd, ] = 7.4, 1.2 Hz, 1H), 8.47 (d,
J = 8.5 Hz, 1H), 8.41 (d, ] = 8.2 Hz, 1H), 8.28 (dd, J = 7.9, 1.5 Hz,
1H), 7.92 - 7.85 (m, 1H), 7.78 (dd, ] = 8.7, 2.2 Hz, 2H), 7.77 - 7.70
(m, 1H), 747 (t, ] = 79 Hz, 3H), 7.33 (dd, ] = 94, 6.0 Hz, 1H),
6.92 (d, ] = 8.5 Hz, 1H), 5.64 (dd, J = 25.1, 9.3 Hz, 1H), 3.76 (d,
J = 10.6 Hz, 3H), 3.62 (d, J] = 10.6 Hz, 3H). 3C NMR (126 MHz,
DMSO0-dg) § 183.09 (C=0), 146.18 (d, ] = 12.9 Hz, C), 13714 (C),
135.62 (C), 133.94 (CH), 132.96 (d, ] = 3.5 Hz, C), 130.63 (d, ] = 5.4
Hz, CH), 130.59 (CH), 130.08 (CH), 129.09 (C), 128.79 (d, ] = 2.0
Hz, CH), 128.41 (C), 128.20 (C), 128.07 (CH), 127.48 (CH), 126.83
(CH), 125.33 (CH), 123.72 (C), 123.25 (CH), 115.46 (C), 107.39 (CH),
54.21 (d, ] = 6.9 Hz, CHs), 53.89 (d, J = 7.0 Hz, CHs3), 53.78 (d,
J = 152.2 Hz, CHP). 3'P NMR (202 MHz, DMSO-dg) § 23.43. MS
(ES+): m/z calculated for CygH1CINO4P ([M+H]™) 478.10, found
478.16.

2.2.8. Dimethyl (((7-o0xo-7H-benzo[de]anthracen-3-yl)amino)
(thiophen-2-yl)methyl)phosphonate (2g)

Red solid. Yield: 67 %. Melting point: 189°C. Rf = 0.28 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 469, 549, 614, 699,
768, 832, 954, 1027, 1165, 1239, 1302, 1385, 1459, 1572, 1643
(C=0), 2956 (CH), 3302 (NH). '"H NMR (500 MHz, DMSO-dg) § 8.98
(d, ] = 8.1 Hz, 1H), 8.69 (dd, J = 7.5, 2.8 Hz, 1H), 8.52 (dd, J = 8.6,
2.9 Hz, 1H), 8.44 (d, ] = 8.2 Hz, 1H), 8.29 (d, ] = 7.9 Hz, 1H), 7.86
(td, J = 8.0, 2.9 Hz, 1H), 7.75 (t, ] = 7.6 Hz, 1H), 7.51 - 7.41 (m,
3H), 7.29 - 7.22 (m, 1H), 714 (dd, J = 8.5, 3.0 Hz, 1H), 7.07 - 7.03
(m, 1H), 5.98 - 5.88 (m, 1H), 3.76 (dd, J = 10.7, 2.9 Hz, 3H), 3.68
(dd, J = 10.5, 3.0 Hz, 3H). 13C NMR (126 MHz, DMSO-dg) § 183.10
(C=0), 146.11 (d, ] = 10.9 Hz, C), 139.14 (C), 137.16 (C), 133.96 (CH),
130.45 (CH), 130.06 (CH), 129.10 (C), 128.41 (C), 128.23 (C), 128.12
(CH), 127.81 (d, J = 6.7 Hz, CH), 127.49 (CH), 127.38 (d, J = 2.1
Hz, CH), 126.83 (CH), 126.59 (d, ] = 2.9 Hz, CH), 125.36 (CH),
123.68 (C), 123.28 (CH), 115.53 (C), 107.46 (CH), 54.24 (d, ] = 6.9
Hz, CH3), 53.99 (d, J = 7.0 Hz, CH3), 50.42 (d, J = 158.7 Hz, CHP).
31p NMR (202 MHz, DMSO-dg) 8 22.40. MS (ES+): m/z calculated
for C4HpoNO4PS ([M+H]*) 450.09, found 450.04.

2.2.9. Diethyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)
(phenyl)methyl)phosphonate (3a)

Orange solid. Yield: 81 %. Melting point: 201°C. Ry = 0.33 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 472, 548, 518, 698,
772, 958, 1020, 1121, 1221, 1269, 1310, 1384, 1461, 1572, 1643
(C=0), 2978 (CH), 3312 (NH). 'H NMR (500 MHz, DMSO-dg) § 8.99
(dd, | = 84, 1.3 Hz, 1H), 8.69 (dd, | = 7.3, 12 Hz, 1H), 8.47 (d,
J = 8.6 Hz, 1H), 8.40 (d, ] = 8.2 Hz, 1H), 8.28 (dd, J = 7.9, 1.5 Hz,
1H), 7.89 (t, J = 7.8 Hz, 1H), 7.77 - 7.70 (m, 3H), 746 (t, ] = 7.5
Hz, 1H), 7.38 (t, ] = 7.5 Hz, 2H), 7.34 - 727 (m, 1H), 7.24 (dd,
J =93, 63 Hz, 1H), 694 (d, J = 8.5 Hz, 1H), 5.48 (dd, ] = 24.6,
9.2 Hz, 1H), 4.17 - 4.07 (m, 2H), 4.04 - 3.92 (m, 1H), 3.89 - 3.77
(m, 1H), 1.20 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H). 3C NMR
(126 MHz, DMSO-dg) & 183.08 (C=0), 146.42 (d, ] = 12.8 Hz, C),
13718 (C), 136.53 (C), 133.93 (CH), 130.37 (CH), 130.06 (CH), 129.05
(C), 128.84 (d, ] = 5.4 Hz, CH), 128.68 (d, ] = 1.9 Hz, CH), 128.39
(C), 128.22 (C), 128.20 (CH), 128.16 (CH), 127.47 (CH), 126.75 (CH),
125.33 (CH), 123.66 (C), 123.22 (CH), 115.19 (C), 107.34 (CH), 63.22
(d, ] = 6.9 Hz, CH;), 63.03 (d, ] = 6.9 Hz, CH,), 54.98 (d, ] = 151.7
Hz, CHP), 16.81 (d, J = 5.2 Hz, CHs), 16.57 (d, ] = 5.5 Hz, CH;).
31p NMR (202 MHz, DMSO-dg) § 21.69. MS (ES+): m/z calculated
for CogHygNO4P ([M+H]+) 472.17, found 472.08.
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2.2.10. Diethyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)(p-tolyl)
methyl)phosphonate (3b)

Red solid. Yield: 78 %. Melting point: 173°C. Ry = 0.27 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 458, 538, 616, 705,
774, 817, 956, 1021, 1117, 1241, 1311, 1385, 1461, 1572, 1642 (C=0),
2979 (CH), 3304 (NH). '"H NMR (500 MHz, DMSO-dg) & 8.98 (dd,
J = 84, 1.3 Hz, 1H), 8.69 (dd, J = 7.3, 1.1 Hz, 1H), 846 (d, ] = 8.5
Hz, 1H), 8.40 (d, ] = 8.1 Hz, 1H), 828 (dd, ] = 7.9, 1.5 Hz, 1H),
7.88 (t, ] = 7.9 Hz, 1H), 7.73 (td, ] = 7.6, 6.8, 1.6 Hz, 1H), 7.61 (dd,
J =82, 21 Hz, 2H), 746 (t, ] = 7.5 Hz, 1H), 7.23 - 7.15 (m, 3H), 6.91
(d, ] = 8.4 Hz, 1H), 5.41 (dd, ] = 244, 9.1 Hz, 1H), 417 - 4.04 (m,
2H), 4.04 - 3.93 (m, 1H), 3.90 - 3.78 (m, 1H), 2.28 (s, 3H), 1.20 (t,
J =70 Hz, 3H), 112 (t, ] = 7.0 Hz, 3H). 3C NMR (126 MHz, DMSO-
dg) 8 183.07 (C=0), 146.45 (d, J = 12.9 Hz, C), 13741 (d, ] = 3.0
Hz, C), 137.20 (C), 133.93 (CH), 133.41 (C), 130.34 (CH), 130.04
(CH), 129.29 (CH), 129.04 (C), 128.73 (d, | = 5.4 Hz, CH), 128.38
(C), 128.22 (C), 128.16 (CH), 127.47 (CH), 126.73 (CH), 125.31 (CH),
123.66 (C), 123.20 (CH), 115.13 (C), 107.36 (CH), 63.17 (d, ] = 6.9 Hz,
CH,), 62.99 (d, ] = 6.9 Hz, CH,), 54.72 (d, ] = 152.4 Hz, CHP), 21.19
(CarCH3), 16.82 (d, J = 5.1 Hz, CH;), 16.62 (d, J = 5.5 Hz, CHj).
31p NMR (202 MHz, DMSO-dg) 8 21.82. MS (ES+): m/z calculated
for CogHygNO4P ([M+H] ™) 486.18, found 486.79.

2.2.11. Diethyl ((4-fluorophenyl)((7-oxo-7H-benzo[de]anthracen-3-yl)
amino )methyl)phosphonate (3c)

Orange solid. Yield: 74 %. Melting point: 185°C. Ry = 0.31 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 459, 542, 619, 707,
776, 956, 1023, 1120, 1160, 1239, 1309, 1384, 1509, 1572, 1640
(C=0), 2983 (CH), 3321 (NH). '"H NMR (500 MHz, DMSO-dg) § 8.99
(dd, J = 8.4, 1.3 Hz, 1H), 8.69 (dd, ] = 7.3, 12 Hz, 1H), 8.47 (d,
J = 8.5 Hz, 1H), 8.40 (d, ] = 8.2 Hz, 1H), 8.28 (dd, J = 7.9, 1.6 Hz,
1H), 7.88 (dd, J = 40.5, 8.1 Hz, 1H), 7.84 - 7.77 (m, 2H), 7.76 - 7.69
(m, 1H), 7.49 - 743 (m, 1H), 7.29 - 7.18 (m, 3H), 6.95 (d, | = 8.8
Hz, 1H), 5.53 (dd, J = 245, 9.3 Hz, 1H), 417 - 4.08 (m, 2H), 4.05
- 3.94 (m, 1H), 3.92 - 3.81 (m, 1H), 119 (t, J = 7.0 Hz, 3H), 111
(t, ] = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-dg) § 183.08 (C=0),
162.22 (dd, J = 243.8, 3.0 Hz, C), 146.32 (d, ] = 12.7 Hz, C), 137.16
(C), 133.92 (CH), 132.77 (d, J = 2.7 Hz, C), 130.90 (dd, J = 8.1, 5.5
Hz, CH), 130.43 (CH), 130.06 (CH), 129.07 (C), 128.41 (C), 128.21
(C), 12811 (CH), 127.47 (CH), 126.77 (CH), 125.31 (CH), 123.68 (C),
123.22 (CH), 115.52 (dd, J = 214, 1.6 Hz, CH), 11530 (C), 107.34
(CH), 63.27 (d, ] = 6.9 Hz, CH,), 63.04 (d, J = 7.0 Hz, CH,), 54.18
(d, J = 152.8 Hz, CHP), 16.80 (d, ] = 5.2 Hz, CH3), 16.60 (d, ] = 5.4
Hz, CH3). 3'P NMR (202 MHz, DMSO-dg) 8 21.52 (d, ] = 4.5 Hz).
MS (ES+): m/z calculated for CogHp5FNO4P ([M+H]*) 490.16, found
490.28.

2.2.12. Diethyl ((2-methoxyphenyl)((7-oxo-7H-benzo[de]anthracen-3-
yl)amino)methyl)phosphonate (3e)

Red solid. Yield: 72 %. Melting point: 202°C. Ry = 0.29 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~1: 482, 570, 618, 656,
702, 775, 837, 947, 1020, 1160, 1217, 1307, 1385, 1463, 1572, 1647
(C=0), 2983 (CH), 3291 (NH). 'H NMR (500 MHz, DMSO-dg) § 8.93
(dd, J = 85, 1.3 Hz, 1H), 8.69 (dd, J] = 7.3, 1.2 Hz, 1H), 8.53 (d,
J = 85 Hz, 1H), 8.40 (d, ] = 8.2 Hz, 1H), 8.27 (dd, J = 8.0, 1.5 Hz,
1H), 7.89 (t, ] = 7.8 Hz, 1H), 7.79 - 7.72 (m, 2H), 747 (t, ] = 75
Hz, 1H), 7.35 - 7.26 (m, 1H), 7.25 (dd, ] = 9.5, 5.8 Hz, 1H), 7.12
(d, J = 8.3 Hz, 1H), 6.95 (t, ] = 7.6 Hz, 1H), 6.75 (d, ] = 8.6 Hz,
1H), 5.58 (dd, | = 24.4, 9.3 Hz, 1H), 419 - 4.08 (m, 2H), 4.00
(s, 3H), 3.97 - 3.87 (m, 1H), 3.82 - 3.70 (m, 1H), 121 (t, J = 71
Hz, 3H), 1.05 (t, ] = 7.1 Hz, 3H). '3C NMR (126 MHz, DMSO-dg) §
183.07 (C=0), 157.31 (d, ] = 6.4 Hz, C), 146.45 (d, ] = 12.9 Hz, C),
137.19, (C) 133.96 (CH), 130.29 (CH), 130.09 (CH), 129.77 (d, ] = 2.4
Hz, CH), 129.32 (d, J = 4.3 Hz, CH), 129.05 (C), 128.42 (C), 128.41
(CH), 128.21 (C), 127.48 (CH), 126.78 (CH), 125.38 (CH), 124.29 (C),
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123.61 (C), 12321 (CH), 121.04 (d, J = 2.5 Hz, CH), 115.31 (C),
11147 (CH), 106.29 (CH), 63.11 (dd, J = 6.9, 3.8 Hz, CH,), 56.47
(CarOCH3), 48.36 (d, ] = 156.3 Hz, CHP), 16.82 (d, J = 5.2 Hz, CH3),
16.49 (d, J = 5.6 Hz, CHs). 3'P NMR (202 MHz, DMSO-dg) 8 21.69.
MS (ES+): m/z calculated for CogHpgNOsP ([M+H]*) 502.18, found
502.86.

2.2.13. Diethyl ((4-chlorophenyl)((7-oxo-7H-benzo[de]anthracen-3-yl)
amino)methyl)phosphonate (3f)

Orange solid. Yield: 77 %. Melting point: 183°C. Rf = 0.34 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 457, 565, 617, 705,
775, 818, 956, 1014, 1092, 1239, 1310, 1384, 1476, 1571, 1642
(C=0), 2980 (CH), 3314 (NH). 'H NMR (500 MHz, DMSO-dg) § 8.98
(dd, ] = 85, 1.3 Hz, 1H), 8.70 (dd, J = 7.3, 1.2 Hz, 1H), 8.46 (d,
J = 85 Hz, 1H), 8.40 (d, ] = 8.2 Hz, 1H), 8.28 (dd, J = 7.9, 1.5 Hz,
1H), 7.88 (t, ] = 7.8 Hz, 1H), 7.78 (dd, ] = 8.7, 2.2 Hz, 2H), 7.75 -
7.71 (m, 1H), 749 - 743 (m, 3H), 7.27 (dd, ] = 94, 6.2 Hz, 1H),
6.92 (d, ] = 8.8 Hz, 1H), 5.54 (dd, ] = 24.8, 9.2 Hz, 1H), 4.19 -
4.07 (m, 2H), 407 - 3.96 (m, 1H), 3.95 - 3.84 (m, 1H), 1.20 (t,
J = 7.0 Hz, 3H), 113 (t, ] = 7.0 Hz, 3H). 3C NMR (126 MHz, DMSO-
dg) § 183.08 (C=0), 146.26 (d, ] = 12.8 Hz, (), 137.14 (C), 135.75
(C), 133.93 (CH), 132.89 (d, ] = 3.5 Hz, C), 130.70 (d, ] = 5.3 Hz,
CH), 130.44 (CH), 130.07 (CH), 129.08 (C), 128.68 (d, ] = 1.9 Hz,
CH), 128.41 (C), 128.22 (C), 128.07 (CH), 127.48 (CH), 126.79 (CH),
125.33 (CH), 123.70 (C), 123.23 (CH), 115.39 (C), 107.40 (CH), 63.37
(d, J = 6.9 Hz, CH,), 63.09 (d, ] = 7.0 Hz, CH,), 54.31 (d, ] = 152.0
Hz, CHP), 16.80 (d, ] = 5.1 Hz, CH3), 16.61 (d, J] = 5.4 Hz, CHj).
31p NMR (202 MHz, DMSO-dg) 8 21.19. MS (ES+): m/z calculated
for CogHp5CINO4P ([M+H]T) 506.13, found 506.13.

2.2.14. Diethyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)
(thiophen-2-yl)methyl)phosphonate (3g)

Red solid. Yield: 67 %. Melting point: 148°C. Rf = 0.34 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~1: 449, 549, 709, 777,
853, 955, 1023, 1119, 1172, 1234, 1310, 1385, 1460, 1574, 1636
(C=0), 2990 (CH), 3281 (NH). 'H NMR (500 MHz, DMSO-dg) § 8.95
(dd, J] = 84, 1.2 Hz, 1H), 8.69 (dd, ] = 74, 11 Hz, 1H), 8.52 (d,
] = 82 Hz, 1H), 8.44 (d, J = 8.1 Hz, 1H), 8.29 (dd, J = 7.9, 1.5 Hz,
1H), 7.87 (t, ] = 7.8 Hz, 1H), 7.75 (t, ] = 7.6 Hz, 1H), 7.50 - 7.42 (m,
3H), 7.19 (dd, J = 9.3, 5.1 Hz, 1H), 713 (d, J = 8.6 Hz, 1H), 7.05 (t,
J =43 Hz, 1H), 5.83 (dd, ] = 24.0, 9.1 Hz, 1H), 421 - 4.03 (m, 3H),
4.03 - 3.92 (m, 1H), 1.18 (q, J = 7.3 Hz, 6H). 13C NMR (126 MHz,
DMSO-dg) § 183.09 (C=0), 146.18 (d, ] = 10.8 Hz, C), 139.27 (C),
137.17 (C), 133.96 (CH), 130.31 (CH), 130.05 (CH), 129.09 (C), 128.39
(C), 128.24 (C), 128.13 (CH), 127.78 (d, ] = 6.7 Hz, CH), 127.49 (CH),
127.32 (d, J = 2.3 Hz, CH), 126.81 (CH), 126.50 (d, J = 3.0 Hz, CH),
125.38 (CH), 123.66 (C), 123.27 (CH), 115.46 (C), 107.51 (CH), 63.44
(d, ] = 6.9 Hz, CH;), 63.23 (d, ] = 7.0 Hz, CH;), 50.93 (d, ] = 158.4
Hz, CHP), 16.81 (d, J = 5.2 Hz, CH;), 16.66 (d, ] = 5.5 Hz, CHs).
31p NMR (202 MHz, DMSO-dg) § 20.18. MS (ES+): m/z calculated
for CogH4NO,4PS ([M-+H]*+) 478.12, found 478.01.

2.2.15. Diisopropyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)
(phenyl)methyl)phosphonate (4a)

Red solid. Yield: 81 %. Melting point: 197°C. Rf = 0.40 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 455, 552, 657, 702,
775, 822, 891, 990, 1105, 1162, 1225, 1307, 1382, 1462, 1518, 1574,
1644 (C=0), 2978 (CH), 3287 (NH). 'H NMR (500 MHz, DMSO-dg)
8 8.96 (dd, ] = 8.4, 1.2 Hz, 1H), 8.69 (dd, J = 7.3, 1.1 Hz, 1H), 8.47
(d, J = 8.5 Hz, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.27 (dd, ] = 8.0, 1.5 Hz,
1H), 7.89 (t, ] = 7.8 Hz, 1H), 7.77 - 7.70 (m, 3H), 7.46 (t, ] = 7.5 Hz,
1H), 7.37 (t, ] = 7.5 Hz, 2H), 7.29 (td, ] = 7.2, 1.6 Hz, 1H), 7.19 (dd,
J =94, 6.3 Hz, 1H), 6.95 (d, ] = 8.5 Hz, 1H), 5.36 (dd, ] = 24.8, 9.3
Hz, 1H), 4.80 - 4.70 (m, 1H), 4.45 (dq, ] = 12.6, 6.3 Hz, 1H), 1.27
(d, J = 6.2 Hz, 3H), 1.22 (d, ] = 6.2 Hz, 3H), 113 (d, ] = 6.2 Hz, 3H),
0.94 (d, ] = 6.2 Hz, 3H). 3C NMR (126 MHz, DMSO-dg) & 183.07
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(C=0), 146,51 (d, J = 13.0 Hz, C), 137.19 (C), 136.66 (C), 133.94
(CH), 130.20 (CH), 130.05 (CH), 129.04 (d, ] = 5.7 Hz, CH), 129.03
(C), 128555 (d, ] = 1.7 Hz, CH), 128.39 (C), 128.23 (C), 128.21 (CH),
12816 (d, J = 2.5 Hz, CH), 127.47 (CH), 126.73 (CH), 125.34 (CH),
123.61 (C), 123.21 (CH), 11511 (C), 107.28 (CH), 71.66 (dd, J = 12.4,
7.2 Hz, OCH(CHs),), 55.46 (d, J = 153.7 Hz, CHP), 24.41 (dd, J = 7.5,
3.2 Hz, CHs), 23.95 (d, ] = 5.1 Hz, CH), 23.53 (d, J = 5.5 Hz, CHy).
31p NMR (202 MHz, DMSO-dg) § 20.12. MS (ES+): m/z calculated
for C3pH3oNO4P ([M+H]+) 500.20, found 500.89.

2.2.16. Diisopropy! (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)(p-
tolyl)methyl)phosphonate (4b)

Red solid. Yield: 79 %. Melting point: 188°C. Rf = 0.36 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 453, 539, 655, 703,
774, 835, 889, 987, 1103, 1222, 1306, 1383, 1461, 1526, 1572, 1644
(C=0), 2974 (CH), 3299 (NH). TH NMR (500 MHz, DMSO-dg) § 8.94
(dd, J = 8.4, 12 Hz, 1H), 8.69 (dd, ] = 7.3, 1.1 Hz, 1H), 8.46 (d,
J = 85 Hz, 1H), 840 (d, ] = 82 Hz, 1H), 8.27 (dd, J = 80, 15
Hz, 1H), 7.88 (t, J = 7.8 Hz, 1H), 7.77 - 7.70 (m, 1H), 7.61 (dd,
J = 82, 2.1 Hz, 2H), 746 (t, ] = 75 Hz, 1H), 717 (d, ] = 8.0 Hz,
2H), 714 (dd, | = 9.2, 6.2 Hz, 1H), 6.92 (d, J = 8.6 Hz, 1H), 5.29
(dd, J = 24.7, 92 Hz, 1H), 4.75 (dq, J = 12.4, 6.2 Hz, 1H), 4.46
(dg, J = 12.7, 6.3 Hz, 1H), 2.27 (s, 3H), 127 (d, J = 6.1 Hz, 3H),
123 (d, J = 62 Hz, 3H), 114 (d, J = 6.1 Hz, 3H), 0.97 (d, J = 6.1
Hz, 3H). 13C NMR (126 MHz, DMSO-dg) § 183.06 (C=0), 146.52 (d,
J = 131 Hz, C), 137.32 (d, ] = 2.9 Hz, C), 137.20 (C), 133.92 (CH),
133.54 (C), 130.16 (CH), 130.03 (CH), 12914 (d, J = 1.7 Hz, CH),
129.02 (C), 128.92 (d, ] = 5.5 Hz, CH), 128.38 (C), 128.23 (C), 128.20
(CH), 127.47 (CH), 126.70 (CH), 125.31 (CH), 123.61 (C), 123.18 (CH),
115.04 (C), 107.29 (CH), 7159 (dd, J = 13.0, 71 Hz, OCH(CH3),),
55.21 (d, | = 154.2 Hz, CHP), 24.42 (dd, J = 6.5, 3.1 Hz, CH3), 23.97
(d, ] = 52 Hz, CH3), 23.61 (d, J = 5.5 Hz, CH3), 2119 (Ca:CHs).
31p NMR (202 MHz, DMSO-dg) 8 20.22. MS (ES+): m/z calculated
for C3;H3,NO4P ([M+H]*+) 514.21, found 514.22.

2.2.17. Diisopropy! ((4-fluorophenyl)((7-oxo-7H-benzo[de]anthracen-
3-yl)amino)methyl)phosphonate (4c)

Red solid. Yield: 74 %. Melting point: 191°C. Ry = 0.34 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 454, 541, 657, 702,
773, 844, 891, 989, 1103, 1161, 1222, 1268, 1308, 1383, 1462, 1509,
1575, 1645 (C=0), 2981 (CH), 3304 (NH). 'H NMR (500 MHz,
DMSO-dg) 8 8.96 (dd, J] = 8.6, 1.2 Hz, 1H), 8.69 (dd, ] = 74, 1.1
Hz, 1H), 8.48 (d, ] = 8.5 Hz, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.28 (dd,
J =79, 1.5 Hz, 1H), 7.88 (t, ] = 7.8 Hz, 1H), 7.84 - 7.77 (m, 2H),
7.77 - 7.70 (m, 1H), 746 (t, ] = 75 Hz, 1H), 7.21 (t, ] = 8.8 Hz,
3H), 6.96 (d, ] = 8.6 Hz, 1H), 5.42 (dd, ] = 24.8, 9.4 Hz, 1H), 4.75
(dq, ] = 12.5, 6.2 Hz, 1H), 4.47 (dq, ] = 12.6, 6.3 Hz, 1H), 1.27 (d,
J = 61 Hz, 3H), 123 (d, J = 6.1 Hz, 3H), 112 (d, ] = 6.2 Hz, 3H),
0.97 (d, J = 6.1 Hz, 3H). 3C NMR (126 MHz, DMSO-dg) § 183.07
(C=0), 162.20 (dd, ] = 243.8, 3.0 Hz, C), 146.42 (d, ] = 12.8 Hz,
C), 13717 (C), 133.94 (CH), 132.93 (d, J = 2.7 Hz, C), 131.09 (dd,
J = 79, 5.7 Hz, CH), 130.29 (CH), 130.05 (CH), 129.05 (C), 128.41
(C), 128.22 (C), 128.17 (CH), 127.47 (CH), 126.75 (CH), 125.31 (CH),
123.64 (C), 123.22 (CH), 115.36 (dd, J = 21.8, 1.3 Hz, CH), 115.21
(C), 107.29 (CH), 71.68 (dd, J = 24.0, 7.1 Hz, OCH(CHs),), 54.62
(d, ] = 154.7 Hz, CHP), 24.39 (dd, J = 9.5, 3.2 Hz, CH3), 23.93 (d,
J = 5.1 Hz, CHs), 23.60 (d, J = 5.3 Hz, CHs). 3P NMR (202 MHz,
DMSO-dg) 6 19.90 (d, J] = 4.2 Hz). MS (ES+): m/z calculated for
C30H29FNO4P ([M+H]*) 518.19, found 518.02.

2.2.18. Diisopropy! ((4-methoxyphenyl)((7-oxo-7H-benzo[de]
anthracen-3-yl)amino)methyl)phosphonate (4d)

Red solid. Yield: 68 %. Melting point: 152°C. Ry = 0.31 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 452, 546, 655, 703,
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773, 837, 890, 985, 1103, 1175, 1222, 1305, 1383, 1461, 1512, 1572,
1641 (C=0), 2976 (CH), 3296 (NH). TH NMR (500 MHz, DMSO-dg)
8 8.95 (dd, J = 8.5, 1.3 Hz, 1H), 8.69 (dd, ] = 7.3, 1.2 Hz, 1H), 8.47
(d, ] = 8.5 Hz, 1H), 8.41 (d, J = 8.3 Hz, 1H), 827 (dd, J = 7.9, 1.5
Hz, 1H), 7.87 (t, ] = 7.8 Hz, 1H), 7.77 - 7.70 (m, 1H), 7.66 (dd,
J = 89, 1.8 Hz, 2H), 746 (t, ] = 7.3 Hz, 1H), 713 (dd, ] = 94,
6.2 Hz, 1H), 6.98 - 6.90 (m, 3H), 5.29 (dd, ] = 24.4, 9.3 Hz, 1H),
474 (dq, ] = 12.5, 63 Hz, 1H), 445 (dq, J = 12.6, 6.2 Hz, 1H),
3.73 (s, 3H), 127 (d, ] = 6.2 Hz, 3H), 123 (d, J = 62 Hz, 3H),
113 (d, ] = 6.2 Hz, 3H), 0.97 (d, ] = 6.2 Hz, 3H). 13C NMR (126
MHz, DMSO-dg) § 183.06 (C=0), 159.29 (d, J = 2.7 Hz, C), 146.56
(d, ] = 131 Hz, C), 137.22 (C), 133.92 (CH), 13026 (d, ] = 5.6
Hz, CH), 130.18 (CH), 130.02 (CH), 129.02 (C), 128.38 (C), 128.34
(C), 128.22 (C), 128.21 (CH), 127.47 (CH), 126.69 (CH), 125.29 (CH),
123.61 (C), 123.18 (CH), 114.98 (C), 113.98 (d, J = 1.4 Hz, CH), 107.28
(CH), 7154 (t, ] = 7.1 Hz, OCH(CHs),), 55.53 (Ca;OCH3), 54.77 (d,
J = 155.4 Hz, CHP), 24.43 (t, ] = 3.5 Hz, CH3), 23.98 (d, ] = 5.1 Hz,
CHs), 23.63 (d, ] = 5.4 Hz, CH;). 3'P NMR (202 MHz, DMSO-dg) &
20.40. MS (ES+): m/z calculated for C3;H3;NOsP ([M+H]*) 530.21,
found 530.26.

2.2.19. Diisopropy! ((2-methoxyphenyl)((7-oxo-7H-benzo[de]
anthracen-3-yl)amino)methyl)phosphonate (4e)

Red solid. Yield: 72 %. Melting point: 201°C. Ry = 0.33 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~!: 557, 621, 706, 780,
990, 1106, 1174, 1235, 1310, 1388, 1463, 1538, 1574, 1648 (C=0),
2977 (CH), 3325 (NH). 'H NMR (500 MHz, DMSO-dg) & 9.00 (d,
J = 83 Hz, 1H), 8.78 (d, J = 7.3 Hz, 1H), 8.62 (d, ] = 8.5 Hz, 1H),
8.49 (d, ] = 8.2 Hz, 1H), 8.37 (dd, ] = 8.0, 1.5 Hz, 1H), 7.98 (t, ] = 7.8
Hz, 1H), 7.88 (dt, ] = 7.8, 2.1 Hz, 1H), 7.86 - 7.79 (m, 1H), 7.55
(t, ] = 7.5 Hz, 1H), 740 (t, ] = 7.8 Hz, 1H), 7.30 (dd, J = 9.6, 5.9
Hz, 1H), 7.20 (d, J = 8.3 Hz, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.86 (d,
J = 8.5 Hz, 1H), 5.60 (dd, ] = 24.7, 9.5 Hz, 1H), 4.91 - 4.80 (m, 1H),
451 - 439 (m, 1H), 4.09 (s, 3H), 1.37 (d, J = 6.2 Hz, 3H), 1.28 (d,
J = 6.2 Hz, 3H), 1.25 (d, ] = 6.2 Hz, 3H), 0.92 (d, J = 6.1 Hz, 3H).
13C NMR (126 MHz, DMSO-dg) 8 183.06 (C=0), 157.36 (d, ] = 6.4
Hz, C), 146.58 (d, ] = 13.1 Hz, C), 137.20 (CH), 133.93 (C), 130.15
(CH), 130.07 (CH), 129.67 (d, ] = 1.6 Hz, CH), 129.35 (d, ] = 4.0 Hz,
CH), 129.03 (C), 128.44 (CH), 128.43 (C), 128.22 (C), 127.47 (CH),
126.74 (CH), 125.36 (CH), 124.49 (C), 123.57 (C), 123.18 (CH), 120.97
(d, J = 2.5 Hz, CH), 115.22 (C), 111.36 (CH), 106.23 (CH), 71.61 (dd,
J = 8.8, 74 Hz, OCH(CHj3);), 56.38 (Ca;OCH3), 48.60 (d, ] = 158.6
Hz, CHP), 24.40 (dd, J = 4.9, 3.3 Hz, CH;), 24.00 (d, J = 4.9 Hz,
CHs), 23.25 (d, ] = 5.6 Hz, CH3). 3'P NMR (202 MHz, DMSO-dg) &
20.35. MS (ES+): m/z calculated for C31H3;NOsP ([M+H]*) 530.21,
found 530.18.

2.2.20. Diisopropyl (((7-oxo-7H-benzo[de]anthracen-3-yl)amino)
(thiophen-2-yl)methyl)phosphonate (4g)

Red solid. Yield: 66 %. Melting point: 141°C. Ry = 0.37 (Ben-
zene/Acetonitrile) (3:1). IR, Amax (KBr) cm~': 474, 557, 656, 703,
774, 837, 892, 998, 1102, 1171, 1232, 1310, 1385, 1462, 1525, 1575,
1644 (C=0), 2978 (CH), 3288 (NH). "H NMR (500 MHz, DMSO-dg)
5891 (dd, | = 8.3, 1.3 Hz, 1H), 8.69 (dd, J = 7.3, 1.1 Hz, 1H), 8.53
(d, J = 8.4 Hz, 1H), 8.44 (d, J = 8.1 Hz, 1H), 8.28 (dd, J = 8.0, 1.5
Hz, 1H), 7.87 (t, J = 7.8 Hz, 1H), 7.79 - 7.72 (m, 1H), 7.50 - 7.42
(m, 3H), 715 (d, ] = 8.6 Hz, 1H), 711 (dd, ] = 9.3, 5.4 Hz, 1H),
7.04 (d, ] = 3.9 Hz, 1H), 5.71 (dd, ] = 244, 92 Hz, 1H), 4.81 -
470 (m, 1H), 4.59 (dq, J = 12.6, 6.3 Hz, 1H), 1.27 (t, ] = 5.8 Hz,
6H), 1.09 (dd, J = 17.1, 6.2 Hz, 6H). 13C NMR (126 MHz, DMSO-
dg) & 183.09 (C=0), 146.22 (d, J = 111 Hz, C), 139.31 (C), 13718
(C), 133.97 (CH), 130.08 (d, J = 9.4 Hz, CH), 129.24 (CH), 129.07
(C), 128. 39( ), 128.26 (C), 128.17 (CH), 127.94 (d, ] = 6.9 Hz, CH),
12749 (CH), 127.21 (d, J = 2.1 Hz, CH), 126.80 (CH), 126.41 (d,
J =18 ]-[z, CH), 125.41 (CH), 123.60 (C), 123.27 (CH), 115.38 (C),
107.48 (CH), 72.04 (d, ] = 7.1 Hz, OCH(CH;),), 71.87 (d, J = 7.3 Hz,
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OCH(CH3),), 51.33 (d, ] = 160.5 Hz, CHP), 24.43 (dd, | = 8.4, 3.1
Hz, CH3), 23.89 (d, ] = 5.2 Hz, CH3), 23.71 (d, ] = 5.4 Hz, CHs).
31p NMR (202 MHz, DMSO-dg) 8 18.63. MS (ES+): m/z calculated
for CgHpgNO4PS ([M+H]*) 506.15, found 506.17.

3. Results and discussion
3.1. Synthesis

Target compounds were synthesized under Kabachnik-Fields
reaction conditions (Scheme 2). Several reviews have described
mechanism and summarized varying methods for this three-
component reaction, including catalyzed and catalyst-free varia-
tions, as well as synthesis with the employment of microwave irra-
diation, ionic liquids and dehydrating agents [27-29]. In the case of
benzanthrone derivatives, we have plumped for the most advanta-
geous approach: reaction of the 3-aminobenzanthrone with appro-
priate aromatic aldehydes in excess and a dialkylphosphonate as
both - reactants and solvents (see Section 2.2.1.). This method is
conditioned by the ease of the subsequent extraction and purifi-
cation of o-aminophosphonates, where excess of an aldehyde and
a dialkylphosphonate is hydrolyzed under moderately basic condi-
tions and a pure compound is obtained through recrystallization.
Consequently, acquiring new benzanthrone «-aminophosphonates
in good yields.

3.2. Structural and spectral characterization

FTIR, 'H-, 13C- and 3'P-NMR spectra and mass spectromet-
ric analysis confirms chemical structures of newly prepared
compounds 2a - 4g.

Obtained infrared spectra show peaks of benzanthrone carbonyl
group (C=0) vibration band around 1636 - 1647 cm~!, a broad
aliphatic carbon-hydrogen (C-H) vibration band around 2953 -
2990 cm~! and broad amino group (NH) band around 3281 -
3321 nm.

Structures of obtained compounds are confirmed by 'H-NMR
spectroscopy, with the corresponding signals of aromatic protons
characteristic for phenyl and thienyl groups and benzanthrone
residue. Signal of the «-carbon hydrogen shows as doublet of
doublets on the account of coupling with phosphorus. Hydrogens
of alkyl groups of the phosphonate moiety appear as separate
multiplets due to their magnetic non-equivalence. In APT NMR
spectra, appropriate peaks of the benzanthrone carbonyl group
carbon at 183 ppm is found. In addition, on account of carbon-
phosphorous coupling and magnetic non-equivalence of carbon
atoms of the phosphonate moiety, appearance of separate doublets
is observed in APT spectra. In 3'P-NMR spectra phosphorous peaks
appears at around 24 - 19 ppm as singlets (decoupled mode) or
as doublets for fluorine containing compounds 2¢, 3¢ and 4c. The
obtained data is in good correlation with the previously reported
NMR results of other «-amino phosphonates and benzanthrone
derivatives [30-35].

Analysis of mass spectra revealed presence of quasimolecular
ions ([M+H]*) for all of the obtained compounds, as well as pres-
ence of the 1-phenylnaphthalene (M = 201) ion peaks, which
is usual for benzanthrone derivatives losing C=0 and groups at-
tached to aromatic system. Peaks of molecular ions of unsubsti-
tuted benzanthrone (M = 230), 3-aminobenzanthrone (M = 245)
and [BA-N=C]* (M = 256), characteristic to other nitrogen con-
taining derivatives of benzanthrone, are also present [7].

3.3. Crystal structure analysis

Figs. 1 and 2 give a perspective view of molecules 3g and
4a respectively with thermal ellipsoids and the atom-numbering
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NHR
0 0 5

+ R,NH P ~—— R P?

Rl)J\H 2 Tyl -HO 0.
RS R3

Scheme 2. Kabachnik-Fields reaction.

Fig. 2. ORTEP diagram for molecule 4a.

scheme followed in the text. Both molecular structures contain an
asymmetric carbon atom (atom C19), however the crystal struc-
tures are achiral (space groups are P1 and P2/c), therefore, these
compounds represent racemates (Table 2). In the crystal structures
there are quite strong intermolecular hydrogen bonds of NH-.-O
type with lengths of 3.046(2) (for 4a) and 2.911(3) A (for 3g).
By means of these bonds centrosymmetric molecular dimers are
formed in the crystals. Fig. 3 shows the molecular dimer for 3g.
It is possible that in the thienyl substituent there has occurred a
static disorder, which is so characteristic of 2-thienyl derivatives
[36]. Therefore, this structure is characterized by higher value of
R-factor and the estimated standard deviations. Fig. 5 gives a per-
spective view of molecule 3a.

In the crystal structure of 4a there are m-m stacking interac-
tions between benzanthrone systems. Fig. 4 illustrates these inter-
actions. The shortest interatomic contact in these interactions is
C11--C16 (Fig. 4) with length of 3.326(2) A. In the 3g structure,
such - interactions are not observed.

3.4. Photophysical properties

For the examination of photophysical properties of newly syn-
thesized compounds, 2a - 2g, 3a and 4a, absorbance and emis-
sion spectra were acquired in solvents of varying polarity, specifi-
cally, in hexane, chloroform, benzene, ethyl acetate, acetone, DMF
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Table 2
Crystal data of the compounds 3a, 3g and 4a.
3a 3g 4a

Empirical formula CogHyNO4P CaH24NO4PS C30H39NO4P
Formula weight 471.50 477.16 499.19
Crystal system orthorhombic monoclinic triclinic
a(A) 15.8586(2) 11.8473(3) 10.7140(4)
b (A) 12.0930(1) 15.5786(5) 11.3082(4)
c(A) 24.0436(3) 12.5066(3) 11.9985(4)
a(°) 90 - 113.362(4)
B () 90 94.648(2) 105.631(3)
y(© 90 - 97.466(3)
V (A3) 4611.03(9) 2300.7(1) 1238.2(1)
z 8 4 2
w (mm-1) 1.354 0.244 1.290
Density (calculated) (g/cm?) 1.3583 1.379 1.340
Space group Pbca P 24/c P1
RIF2>20(F?)] 0.0402 0.0623 0.0448

CCDC deposition number

CCDC 2218839

CCDC 2213262

Fig. 3. ORTEP diagram of molecular dimer of 3g.

Table 3

Absorption maxima of prepared dyes in organic solvents (concentration 10> M).

Absorption A, (Ige) (nm)

2a 2b 2c 2d

Hexane 458 (3.86)

Benzene 470 (4.10) 470 (4.43) 466 (4.05) 470 (4.27)
CH;Cl 478 (4.14) 481 (4.40) 480 (4.02) 481 (4.23)
EtOAc 473 (4.10) 475 (4.37) 472 (4.03) 475 (4.29)
Acetone 482 (4.10) 481 (4.42) 480 (4.06) 483 (4.28)
EtOH 491 (4.04) 493 (4.42) 491 (4.07) 493 (4.22)
DMF 492 (4.10) 494 (4.43) 491 (4.10) 495 (4.30)
DMSO 501 (4.08) 501 (4.46) 497 (4.09) 501 (4.26)

2e 2f 2g 3a 4a
449 (4.12) 458 (323) -

473 (4.21) 466 (4.02) 464 (4.18) 470 (4.05) 473 (4.60)
485 (4.13) 477 (4.08) 473 (4.22) 482 (4.12) 485 (4.61)
477 (3.97) 471 (4.12) 468 (4.22) 474 (4.01) 476 (4.64)
483 (4.13) 478 (4.10) 475 (4.48) 480 (4.09) 485 (4.61)
496 (4.05) 491 (4.05) 484 (4.14) 491 (4.03) 495 (4.64)
491 (4.24) 491 (4.08) 489 (4.22) 494 (4.09) 495 (4.61)
497 (4.12) 500 (4.10) 497 (4.16) 500 (4.03) 502 (4.65)

(N,N-dimethylformamide), DMSO (dimethyl sulfoxide) and EtOH
(ethanol).

All of the studied dyes were found to be fluorescent and show-
ing substantial solvatochromic response, emitting light from green
in hexane to red in ethanol. Observed solvatochromic properties
of these benzanthrone derivatives evinces that underlying mecha-
nism responsible for fluorescence thus is internal charge transfer
(ICT) during excitation from the electron donating amino group to
the electron withdrawing carbonyl group.

Data representing absorption maxima and molar attenuation
coefficients, fluorescence maxima and Stokes shifts are summa-
rized in Tables 3-5. No significant influence of substituents on

Table 4
Fluorescence maxima of prepared dyes in organic solvents (concentration 10> M).

Fluorescence A,ps (nm)

2a 2b 2c 2d 2e 2f 2g 3a 4a

Hexane 520 - - - - - 525 534 -

Benzene 554 559 554 560 572 554 574 555 561
CH;3Cl 586 593 590 594 604 590 590 588 597
EtOAc 571 574 571 575 579 571 571 571 578
Acetone 590 594 592 595 600 592 592 592 597
EtOH 635 638 635 639 640 635 637 636 640
DMF 604 606 605 608 612 603 605 606 607

DMSO 614 618 616 617 622 616 617 616 617
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Table 5

Fig. 5. ORTEP diagram for molecule 3a.

Stokes shift of prepared dyes in organic solvents (concentration 1075 M).
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Stokes shift (cm~1)

2a 2b 2c 2d 2e 2f 2g 3a 4a

Hexane 2603 - - - - - 3224 3107 -

Benzene 3226 3388 3409 3419 3659 3409 4130 3259 3316
CH;3Cl 3856 3927 3884 3955 4062 4015 4192 3740 3868
EtOAc 3629 3631 3673 3661 3693 3718 3854 3584 3707
Acetone 3798 3955 3941 3897 4037 4029 4161 3941 3868
EtOH 4619 4610 4619 4635 4536 4619 4963 4643 4577
DMF 3769 3741 3838 3755 4027 3783 3921 3741 3728
DMSO 3673 3779 3887 3753 4044 3766 3913 3766 3713
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Fig. 6. The UV-Vis absorption and fluorescence emission spectra of compound 3a in various organic solvents.

Fig. 7. Solutions of compound 2g in ultraviolet light in different organic solvents (from left to right: in hexane, chloroform, benzene, ethyl acetate, acetone, DMF, DMSO and

ethanol).

phenyl group or nature of aromatic substituent on «-carbon
(phenyl or thienyl), or phosphonate alkyl groups (methyl, ethyl
or isopropyl) on photophysical properties of the obtained chro-
mophores was found, with the exception of slightly higher molar
attenuation coefficients of compound 4a, bearing bulkier isopropyl
groups, compared to compounds 2a and 3a, thus demonstrating
more intense absorbance of electromagnetic radiation.

On the example of compound 3a (Fig. 6) it is observed that in
solutions benzanthrone «-aminophosphonates exhibit broad band
absorbance around 458 - 500 nm and are fluorescence from 534
nm (hexane) to 636 nm (ethanol) thus attaining bathochromic
shifts of 42 and 102 nm respectively, hence polarity effect of the
medium on fluorescence is more pronounced than on the absorp-
tion. Among studied dyes highest Stokes shift of 4963 cm~! was
observed for the compound 2g (Fig. 7) in ethanol.

Absorption spectra of previously studied benzanthrone
amidines lie between 410 and 495 nm, that is, in the shorter
wave range, while 3-substituted benzanthrone amino derivatives
exhibit absorption in the range of 430 - 520 nm, that is, in the
longer wave range [37,38]. It may be concluded that benzanthrone
amino group attached to a phosphoryl group manifests stronger
donating effect than amidino group, but to a slightly lesser degree
than alkyl amino group.

3.5. Toxicology: methods and evaluation of compounds 2a and 2g

For the evaluation of toxicity of compounds 2a and 2g,
6x10~5 M and 3x10~6 M solutions were prepared (concentrations
were chosen based on previously reported studies on toxicity of
dyes) [39-41]. On account of compound 2g 6x10~> M solution
being too toxic for the analyzed plants to measure pigment con-
centrations, malondialdehyde (MDA) amounts and electrolyte leak-
age, solutions were diluted to concentrations of 1x10~¢ M and
1x1077 M.

It is characteristic of grain crops to grow and develop syn-
chronously throughout orthogenesis and thus wheat sprouts are
used for morphology, physiology and molecular biology research.
Experiments were caried out on organs of etiolated ‘Brencis’ wheat
species’ sprouts — cotyledon and coleoptile. These were measured
in comparison due to cotyledon being the developing and coleop-
tile being the senescent organs of a sprout. All of the results were
obtained from three independent measurements. For all of these
results standard deviation was calculated.

3.5.1. Cultivation and morphology of wheat sprouts
Etiolated seeds of ‘Brencis’ wheat species were germinated in
a climate camera (Sanyo) at 26°C on a moist filter paper in the
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Table 6

Influence of compound 2a and 2g with different concentrations on wheat morphology.
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Cotyledon length (mm)

Coleoptile length (mm)

Phytotoxicity in cotyledon, %  Phytotoxicity in coleoptile, %

Concentration of compound 2a (M) 0 85,80 + 4,42 39,90 + 1,21 - -
3x10°6 67,05 + 3,90 42,45 + 2,04 22 -
6x10-3 54,00 + 2,87 43,25 + 2,27 37 -

Concentration of compound 2g (M) 0 91,27 + 5,48 44,27 +£ 1,75 - -
1x10°7 86,05 + 4,83 36,81 +£ 1,29 6 17
1x10°6 86,80 + 4,40 35,70 + 2,56 5 19
3x10°¢ 30,00 + 2,42 11,40 + 0,91 67 74
6x107> 15,00 + 0,93 7,47 £ 0,52 84 83

Table 7
Influence of compound 2a and 2g with different
wheat sprouts.

concentrations on electrolyte leakage and MDA amount in

Electrolyte leakage (%)

MDA amount (nmol/gxFW)

Cotyledon  Coleoptile  Cotyledon Coleoptile

Concentration of compound 2a (M) 0 25 45,9 16 £ 1,0 19,6 + 0,6 358+ 14
3x10°6 21 £1,0 19+24 346 £59 392+ 17

6x10-3 41 + 6,6 34+08 59,9 £ 0,9 474 £14

Concentration of compound 2g (M) 0 27 £ 1,5 12 £ 0,6 60,6 £56 399 +5,8
1x10°7 24 +£0,7 14 £ 42 63,6 £ 0,5 36,3 +27

1x10°6 21 £ 04 14 +£12 62,4 + 4,7 427 £ 2,6

3x10°6 10 + 1,0 14 £ 0,5 793 £ 5,8 40,7 £ 0,9

\
b

C

Fig. 8. Wheat sprouts cultivated in the presence of compound 2g with different
concentrations: a (0 M), b (6x10-> M), ¢ (3x10-6 M).

course of 24 hours in the absence of light. In 24 hours equally
sprouted seeds were transported to new cuvettes and were cul-
tivated in the absence of light in the climate camera (26°C, 75 %
moisture) as control samples, in the presence of compound 2a
(6x107> M, 3x1076 M) or 2g (6x10> M, 3x1076 M, 1x10°6 M,
1x10~7 M) solutions. For all of the measurements 5 days old
sprouts were used. From each cuvette of differing compound
2a and compound 2g concentrations, 25 average height wheat
sprouts were taken; coleoptiles were separated from cotyledons
and lengths were measured.

3.5.2. Quantification of malondialdehyde

Malondialdehyde amount was determined based on the reac-
tion with thiobarbituric acid. Wheat cotyledons and coleoptiles
were homogenized in 0.1 % trichloroacetic acid solution (1/10) and
centrifuged for 15 minutes (14 000 rpm). Following centrifugation,
to 1 mL of the upper fraction, 2.5 mL of 0.5 % thiobarbituric acid
(dissolved in 20 % trichloroacetic acid) were added and obtained
solution was incubated in hot water (95°C) for 30 minutes. Solu-
tion was then quickly cooled to stop the reaction and centrifuged
for 30 minutes (14 000 rpm).

Optical density of solutions was determined at wavelengths of
532 nm and 600 nm using Cary 50 UV/VIS (Varian) spectropho-
tometer. MDA concentrations were calculated using non-specific

11

adsorption (600 nm) reduction from adsorption wavelength of
532 nm (e = 155 mM~!xcm™1).

3.5.3. Electrolyte leakage measurement

Four cotyledons and coleoptiles per experiment were sub-
merged in 15 mL of deionized water for 24 hours at room temper-
ature, after which initial conductivity was measured (ALL-CHEM-
MISST, AK Kappenberg). Test tubes with samples were then heated
in boiling water for 15 minutes and after cooling to room temper-
ature second measurement of conductivity was performed. Elec-
trolyte leakage (EL) thus calculated as ratio of conductivity before
and after heating (1):

EL — Vbefure heating — VHzO % 100 %,
Vafter heating — VHzO

where EL - electrolyte leakage, %; V - conductivity, uSxcm~1 [42].

3.5.4. Determination of concentrations of chlorophyll a, chlorophyll b
and carotenoids

For the extraction of pigments 80 % aqueous acetone was
used. Magnesium carbonate (MgCO3) was used for acid neutral-
ization and prevention of phaeophytization. 0.2 g plant material
was grinded using scissors, placed in a small pestle with a small
amount of MgCO3;, 1 mL of 80 % acetone and was thoroughly
grinded. Obtained homogenate was then transferred to a test tube,
3 mL of the acetone were added, and the resultant mixture was
left overnight.

Test tubes were centrifuged several times for 10 minutes each
time (7000 rpm). Clear solution was transferred to another test
tube and to the residue 3 mL of the acetone were added. Proce-
dure was repeated 2 - 3 times, until precipitates became colorless.

Optical densities of solutions were determined at wavelengths
of 470 nm, 646 nm and 663 nm using Cary 50 UV/VIS (Varian)
spectrophotometer.

3.5.5. Evaluation

Data representing influence of compound 2a and compound 2g
with different concentrations on length of cotyledons and coleop-
tiles is summarized in Table 6. It is evident that with increase
in concentration of both of these compounds there is substan-
tial delay in growth of cotyledons. At concentration of 6x10~> M
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Table 8
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Influence of compound 2a with different concentrations on concentration of pigments: chlorophyll a, chlorophyll b and carotenoids.

Concentration of compound 2a (M)  Concentration of chlorophyll a (mg/L)

Concentration of chlorophyll b (mg/L)

Concentration of carotenoids (mg/L)

Cotyledon Coleoptile Cotyledon Coleoptile Cotyledon Coleoptile

0 22,7 + 0,46 4,9 + 0,64 5,1 +£0,07 1,6 £ 0,01 5,7 +£ 0,03 0,9 + 0,03

3x10°6 254 + 0,78 4,8 + 0,41 6,7 + 0,28 2,1+ 041 6,3 + 0,03 0,7 + 0,01

6x10°3 26,4 + 0,54 4,6 + 0,23 7,8 £0,22 2,5+ 0,12 6,5 + 0,06 0,8 + 0,01
Table 9

Influence of compound 2g with different concentrations on concentration of pigments: chlorophyll a, chlorophyll b and carotenoids.

Concentration of compound 2g (M)  Concentration of chlorophyll a (mg/L)

Concentration of chlorophyll b (mg/L)

Concentration of carotenoids (mg/L)

Cotyledon Coleoptile Cotyledon Coleoptile Cotyledon Coleoptile
0 149 £ 1,79 1,8 £0,21 3,3 +£0,57 0,9 + 0,09 34 +037 0,3 + 0,02
1x10°7 14,2 + 0,66 2,1+0,16 3,0 £ 0,10 1,0 £ 0,15 3,2 £0,18 0,2 + 0,04
1x10°6 13,6 + 0,47 2,2+ 0,08 2,5+ 0,14 0,7 +£ 0,22 3,0 £0,13 0,3 + 0,01
3x10°6 123 +£031 09+ 0,01 25+012 05+ 0,01 3,5 +0,04 0,1 + 0,01
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Fig. 9. DTA and TG curves of compound 3a.

phytotoxicity reaches 37 % for compound 2a and 83 % for com-
pound 2g. Results indicate that compound 2a (both 3x10-6 M and
6x10-5 M) insignificantly stimulates coleoptile growth, hence toxic
effect is not observed, whilst compound 2g does exhibit phytotoxic
effect on coleoptile development, which increases along with con-
centration of 2g (Fig. 8).

Influence of compounds 2a and 2g on lipid peroxidation prod-
uct MDA amount changes was studied as it is known that MDA
concentration increase is one of indictors of plant cell mem-
brane damage during oxidative stress. Organs of wheat sprouts re-
sponded to stress effects caused both by compound 2a and 2g,
loosing regenerative abilities with increase in concentrations of
studied dyes. Compound 2a (3x10~¢ M and 6x10~5 M) caused
considerable damage to cotyledons and coleoptiles as stipulated by
MDA levels when compared to control samples (Table 7). Mem-
brane stability has decreased as a result of membrane lipid per-
oxidation, which is designated by amplification of passive trans-
port (electrolyte leakage). When compared with control samples,
electrolyte leakage in cotyledons and coleoptiles doubles by influ-

ence of the compound 2a (6x10=> M). While for compound 2g
lower concentrations were used, electrolyte leakage was not sig-
nificantly impacted in coleoptiles and negligibly subsided in cotyle-
dons. Cotyledons are able to develop in the presence of compound
2g (1x10~7 M - 3x10-6 M), despite the fact that MDA amounts in-
crease both in cotyledons and coleoptiles, which suggests passing
oxidative stress. Perhaps, it is due to activity of antioxidant sys-
tem, which is capable to neutralize accumulated MDA, preventing
changes in membrane stability.

Data representing change in concentrations of pigments in
wheat sprouts impacted by studied dyes is summarized in
Table 8 (for 2a) and Table 9 (for 2g). Chlorophyll a and b concen-
trations slightly increase in cotyledons with increasing concentra-
tions (3x107% - 6x10~5) of compound 2a, when compared with
control sample. In coleoptiles chlorophyll a concentrations do not
change significantly, but concentration of chlorophyll b moderately
increases. Compound 2g has somewhat greater impact on decrease
of amounts of chlorophyll a and b in both - cotyledons and coleop-
tiles.
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Wheat produces several compounds that exhibit antioxidant ac-
tivities, among these - carotenoids, which repair damage from the
effects of reactive oxygen substances. Concentration of carotenoids
insignificantly increases in cotyledons along with concentra-
tion of compound 2a. With higher concentrations of compound
2g, concentration of carotenoids slightly decreases in coleop-
tiles and cotyledons, but somewhat increases at concentration of
3x10-6 M.

When comparing toxicity effects of compounds 2a and 2g at
equal concentrations, it may be concluded that compound 2g ex-
hibits greater phytotoxicity and cytotoxicity, which is expressed in
increase of products of oxidative processes and delay in growth
of wheat sprouts. Juxtaposing chemical structures of studied com-
pounds 2a and 2g, one bearing phenyl ring and second - thienyl
ring, it suggests that toxic properties are increased due to presence
of thienyl group.

To determine effect of studied compounds on pigment amount
in sprouts, concentrations of chlorophyll a, chlorophyll b and
carotenoids are calculated according to formulas (1 - 3):

Ca =12.21 x D553 —2.81 x D646 (])

Cb =20.13 x D646 —5.03 x D663 (2)
1000 x D470 — 3.27 x C; — 1000 x G

Coar = 470 a b, (3)

229

where C,, Cp, Cear — concentrations of chlorophyll a, chlorophyll b
and carotenoids (mg/L); Dggs, Dgag, Da7g — Optical densities at 663,
646 and 470 nm respectively.

3.5.6. Thermogravimetric analysis of compound 3a

Thermal  stability = of  obtained  benzanthrone  «-
aminophosphonates was examined on the example of compound
3a, using DTA and TG techniques (Fig. 9). Based on the TG curve,
it is observed that thermal degradation proceeds in two main
steps: at 270 - 330°C (approximately 20 wt. % are lost) and at 630
- 950°C (approximately 30 wt. % are lost), both processes being
exothermic as indicated by DTA curve. Endothermic process with
a peak at 203°C corresponds to melting temperature of the com-
pound 3a. Generally, the analyzed compound is thermally stable
up to about 270°C, at which point 5 % of initial mass is lost, and
is of comparable stability with previously studied benzanthrone
amino derivatives [43].

Conclusions

As a result, a small library of new benzanthrone «-aryl-a-
amino phosphonates was obtained. Synthesized compounds were
found to be fluorescent in solutions with maxima from 520 nm
(hexane) to 640 nm (ethanol), exhibiting solvatochromic proper-
ties with emission of light upon excitation from green to red, at-
taining bathochromic shift of more than 100 nm and Stokes shift
of more than 4900 cm~!. Structures of newly prepared dyes were
confirmed and characterized by means of FTIR, 'H-, 13C-, 3'P-NMR
spectroscopy, mass spectrometry and X-ray diffraction crystallo-
graphic analysis. Experiments — morphology, electrolyte leakage,
MDA and pigment quantification - revealed benzanthrone «-amino
phosphonates to exhibit toxic effect on growth of wheat sprouts
to a varying degree with dependance on concentration and sub-
stituent on «-carbon. Thermogravimetric analysis showed analyzed
compound 3a to be thermally stable up to 270°C.
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ARTICLE INFO ABSTRACT

Keywords:

Anthraquinone
a-aminophosphonates
Kabachnik-Fields reaction
Fluorescence

Confocal microscopy

A small library of new anthraquinone o-aryl-a-aminophosphonates with N-C-P molecular fragment was syn-
thesized under Kabachnik-Fields one-pot solvent-free reaction conditions from 1-aminoanthraquinone. 'H-, B¢,
31p NMR and FTIR spectroscopy and high-resolution accurate mass measurement was employed to confirm
structures of new dyes. The photophysical parameters of the studied a-aminophosphonates have been investi-
gated by means of UV-Vis and fluorescence spectroscopy in organic solvents of varying polarity. Obtained

compounds were found to emit light from 586 nm (EtOAc) to 620 nm (DMSO) with fluorescence bathochromic
shifts reaching up to 30 nm, Stokes shift of 4573 cm™ Tand photostability of up to 60 % of initial intensity upon
photofading for 4 h. a-Aryl-a-aminophosphonate was used for the first time as a dye for rapid bioimaging of
trematode Opisthioglyphe ranae in confocal laser scanning microscopy.

1. Introduction

Organic luminescent materials are of particular interest nowadays
due to their capabilities in various functional applications: sensing,
displays, solar cells, lasers, photocatalysis, photodynamic therapy, bio-
imaging and numerous other practices [1-7]. Long emission wave-
lengths, substantial Stokes shifts and high fluorescence quantum yields
are particularly advantageous attributes for fluorescent dyes: the prop-
erties distinctive of donor-n-acceptor (D-n-A) fluorophores, consisting
of a donor unit, a © linker and an acceptor moiety, have attracted
considerable attention over the past decades [8,9].

Amongst such compounds, anthraquinone derivatives have histori-
cally played a significant role in the development of the dye industry
because of their high stability and durability [10]. Although commonly
anthraquinone compounds are used in vat dyeing processes, a good deal
of other utilizations has also emerged, just some of which include:
emitters for organic light-emitting diodes (OLEDs), chemosensory of
ionic species, cellular imaging and medical sphere (fungicidal, anti-
bacterial, insecticidal, antiparasitic, antiviral and anticancer agents)
[11-16].

* Corresponding author.
E-mail address: armands5maleckis@inbox.lv (A. Maleckis).
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a-Aminophosphonates, being natural amino acid analogues, are able
to inhibit several enzymes, typically involved in the metabolism of
amino acids, that is, acting as antagonists, exhibit a broad range of
biological activity (antifungal, antimicrobial, antiviral, anticancer,
herbicidal and neuromodulatory) [17,18]. Moreover, synthetic a-ami-
nophosphonates have demonstrated promising potential for utilization
as lubricating additives [19], antioxidants [20], sorbents [21-23],
corrosion inhibitors [24], and, therefore, are exhaustively studied
compounds.

A certain amount of research has been devoted to the study of
fluorescent properties of some a-aminophosphonates as well. While
synthesis and fluorescent properties of a-aminophosphonates obtained
from aromatic amines derived from benzene, naphthalene, anthracene,
pyrene, phenanthrene and benzanthrone, as well as bis-
aminophosphonates bearing anthracene rings, have been reported not
long ago, to our knowledge, there is little to no research on employment
of a-aminophosphonates as dyes for bioimaging [25-31].

With all of the above mentioned in mind, we have come to a decision
to provide our knowledge on new a-aryl-a-aminophosphonate de-
rivatives of 1-aminoanthraquinone: synthesis, photophysical properties
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and rapid staining protocol for confocal laser scanning microscopy )
(CLSM) of Opisthioglyphe ranae trematodes. The main novelty of our R @ \‘
work lies in the utilization of these a-aminophosphonates as dyes for 0-P=0
bioimaging, which contributes to the advancement of fluorescent dyes O NH, R o) HN%\RZ
with enhanced capabilities for staining protocols for CLSM. o H o) 120 °C H
O - o OO
079 " RTH  1-3h
2. Experimental R;
[¢] (@]

2.1. Materials and methods

All of the reagents and solvents were obtained commercially and
used without any additional purification.

The assessment of the progress of reactions and purity of the syn-
thesized compounds was performed by TLC on MERCK Silica gel 60 Fas4
plates in benzene/acetonitrile (3:1) as an eluent and visualized under
UV light. Melting points were determined on METTLER TOLEDO™
Melting Point System MP70 apparatus. The IR spectrum was recorded on
a Thermo Scientific Nicolet iS50 Spectrometer (ATR accessory; no. of
scans: 64; resolution: 4; data spacing: 0.482 em ™). 'H-, 13C- and 3'p
NMR spectra were recorded on a Bruker Avance 500 MHz (Bruker
Corporation, Billerica, MA, USA) in DMSO-d at ambient temperature,
using solvent peaks as the internal reference. Chemical shift (5) values
are reported in ppm. High-resolution accurate mass measurements were
performed employing Orbitrap Exploris 120 (Thermo Fischer Scientific)
operating at Full Scan mode at 120,000 resolution.

The fluorescence emission spectra were recorded on a FLSP920
(Edinburgh Instruments Ltd, UK) spectrofluorometer in the visible range
450-800 nm and the absorption spectra were obtained using the
UV-visible spectrophotometer SPECORD® 80 (Analytik Jena AG, Ger-
many). The spectral properties of the investigated compound were
measured at an ambient temperature in quartz cuvettes of 10 mm in
hexane, benzene, chloroform, ethyl acetate (EtOAc), acetone, ethanol
(EtOH), dimethyl sulfoxide (DMSO) and dimethylformamide (DMF)
with concentration of 10™°M. The photofading were carried out in
quartz cells where sample solution (with concentration 10~% M) in
ethanol was irradiated with a UV-lamp (365 nm, maximum power 15 W)
at room temperature. The distance between the cells and the lamp was
10 cm. The bleaching of the dyes at the absorption maximum was
monitored as a function of time every 30 min. All solvents were of p.a. or
analytical grade.

2.1.1. Imaging
Opisthioglyphe ranae was fixed in 70 % ethanol and stored at 4 °C
until use. Ethanol solution of the luminophore 4f with a molar

Scheme 1. Synthesis of anthraquinone a-aryl-a-aminophosphonates.

concentration 10> M was used. The parasite sample was placed in the
luminophore 4f solution for 10 min. Then, the dye was washed out three
times with 70 % ethanol. Further, the sample was placed in etha-
nol-xylene solution (1:1) for 10 min. Finally, the specimens were
mounted on Canada balsam and covered with a coverslip (24 x 24 mm).

CLSM Eclipse Ti-E microscope equipped with digital sight DS-U3
camera; configured with a high speed multiphoton A1R MP confocal
system and motorized stage (Nikon, Japan) was used. CLSM images
were processed by NIS Elements Advanced Research 3.2 64-bit software
(Nikon, Japan). Two lasers 488 nm laser with FITC (500-550 nm) filter
and 638 nm laser with a Cy5 filter (662-737 nm) were used to visualize
the parasite. The registration of the fluorescence signal was done by
internal spectral detector. The start wavelength for registration was
chosen at 20 nm higher than excitation wavelength till the edge of red
visible spectra. No passive cutoff filters were used in the optical path.
Images were acquired as Z stacks with a 2.0 um Z step size.

2.2. Synthesis of compounds 2a-4g

Structures of target compounds are summarized in Table 1 and were
synthesized according to Scheme 1.

2.2.1. General methodology

A 10 mL round-bottom flask with a magnetic stirrer bar was charged
with 446 mg (2 mmol) of 1-aminoanthraquinone, 6 mmol of an aldehyde
and 5 mL of a dialkylphosphonate. Obtained mixture was stirred in an
oil bath at 120 °C for 1-3 h (progress assessed with TLC). After
completion of the reaction, the mixture was poured into 100 mL of
concentrated sodium bicarbonate (NaHCOs3) solution and left stirring
overnight, until solid product was formed. The precipitate then was
filtered, thoroughly washed with water, dried and then purified by
means of multi-solvent recrystallization from xylenes and hexane.
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2.2.2. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)
(phenyDmethyl)phosphonate (2a)

Red solid. Yield: 84 %. Melting point: 210 °C. Ry = 0.45 (Benzene/
Acetonitrile) (3:1). FTIR (neat):

3241, 3080, 2951, 2849, 1666, 1632, 1590, 1500, 1453, 1404, 1360,
1311, 1254, 1165, 1053, 1026, 930, 896, 871, 837, 780, 730, 702, 667,
606, 542, 468. 1H NMR (500 MHz, DMSO-dg) 610.62 (t, J = 8.8 Hz, 1H),
8.30 (d, J = 7.7 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 7.94 (t, J = 7.6 Hz,
1H), 7.87 (t,J =7.6 Hz, 1H), 7.59 (t, J = 8.1 Hz, 1H), 7.55-7.47 (m, 3H),
7.39 (t,J = 7.7 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 5.68 (dd, J = 23.8, 8.6
Hz, 1H), 3.73 (d, J = 10.6 Hz, 3H), 3.57 (d, J = 10.5 Hz, 3H). '*C NMR
(126 MHz, DMSO-dg) & 185.4 (C=0), 183.1 (C=0), 150.5 (C), 150.4
(C), 136.0 (CH), 136.0 (d, J = 2.9 Hz, C), 135.1 (CH), 134.6 (d, J = 5.6
Hz, C), 134.3 (CH), 132.9 (C), 129.0 (d, J = 2.0 Hz, CH), 128.5 (d, J =
2.7 Hz, CH), 128.3 (d, J = 5.3 Hz, CH), 127.2 (CH), 126.8 (CH), 119.8
(CH), 116.8 (CH), 114.1 (C), 54.1 (dd, J = 6.9, 2.4 Hz, NCH), 53.6 (CHz),
52.4 (CH3). *'P NMR (202 MHz, DMSO-dg) § 23.93. HRMS-ESI m/z
found: 422.1150, calculated for [C3HoNOsP + H']: 422.1152.

2.2.3. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (p-
tolyl)methylDphosphonate (2b)

Red solid. Yield: 79 %. Melting point: 174 °C. Ry = 0.45 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3237, 3056, 3019, 2949, 2920, 2848,
1666, 1631, 1577, 1502, 1455, 1405, 1361, 1319, 1256, 1166, 1027,
899, 871, 843, 809, 758, 730, 702, 667, 607, 539, 469, 418. 'H NMR
(500 MHz, DMSO-dg) 5 10.59 (t, J = 8.9 Hz, 1H), 8.30 (d, J = 7.7 Hz,
1H), 8.14(d, J=6.9 Hz, 1H), 7.93 (t,J = 7.6 Hz, 1H), 7.87 (t,J = 7.5 Hz,
1H), 7.59 (t,J = 7.9 Hz, 1H), 7.48 (dd, J = 7.3, 2.1 Hz, 1H), 7.40 (d, J =
7.7 Hz, 2H), 7.30 (d, J = 8.6 Hz, 1H), 7.19 (d, J = 7.7 Hz, 2H), 5.61 (dd,
J = 23.6, 8.5 Hz, 1H), 3.72 (d, J = 10.6 Hz, 3H), 3.57 (d, J = 10.6 Hz,
3H), 2.27 (s, 3H). 1>C NMR (126 MHz, DMSO-dg) 5 185.4 (C=0), 183.1
(C=0), 150.5 (C), 150.4 (C), 137.8 (d, J = 3.0 Hz, C), 136.0 (CH), 135.1
(CH), 134.6 (d, J = 9.7 Hz, C), 134.3 (CH), 132.9 (d, J = 3.0 Hz, C),
132.9 (C), 129.6 (d, J = 2.2 Hz, CH), 128.2 (d, J = 5.3 Hz, CH), 127.2
(CH), 126.8 (CH), 119.9 (CH), 116.7 (CH), 114.0 (C), 54.1 (dd, J = 6.9,
3.1 Hz, NCH), 53.4 (CH3), 52.2 (CH3), 21.2 (CHs). *'P NMR (202 MHz,
DMSO-dg) 6 24.08. HRMS-ESI m/z found: 436.1310, calculated for
[Ca4H2oNOsP + H']: 436.1308.

2.2.4. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (4-
fluorophenyDmethylphosphonate (2c¢)

Red solid. Yield: 82 %. Melting point: 156 °C. Ry = 0.44 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3221, 3193, 2958, 2904, 2854, 1667,
1631, 1589, 1500, 1402, 1359, 1310, 1276, 1251, 1216, 1168, 1019,
876, 828, 754, 730, 701, 661, 605, 582, 557, 513, 468, 410. 'H NMR
(500 MHz, DMSO-de) 6 10.59 (t, J = 8.8 Hz, 1H), 8.28 (dd, J = 7.7, 1.3
Hz, 1H), 8.13 (dd, J = 7.7, 1.5 Hz, 1H), 7.92 (td, J = 7.5, 1.4 Hz, 1H),
7.86 (td, J = 7.5, 1.4 Hz, 1H), 7.62-7.54 (m, 3H), 7.49 (dd, J = 7.3, 1.1
Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 7.23 (t, J = 8.8 Hz, 2H), 5.72 (dd, J =
23.8, 8.6 Hz, 1H), 3.74 (d, J = 10.6 Hz, 3H), 3.60 (d, J = 10.6 Hz, 3H).
13C NMR (126 MHz, DMSO-de) § 185.5 (C=0), 183.0 (C=0), 162.3 (dd,
J = 244.3, 3.2 Hz, C), 150.4 (C), 150.2 (C), 136.1 (CH), 135.0 (CH),
134.6 (C), 134.3 (CH), 132.8 (C), 132.2 (t, J = 2.9 Hz, C), 130.3 (dd, J =
8.3, 5.4 Hz, CH), 127.2 (CH), 126.8 (CH), 119.7 (CH), 116.8 (CH),
115.97 (dd, J = 21.6, 2.0 Hz, CH), 114.2 (C), 54.2 (d, J = 6.9 Hz, NCH),
52.8 (CHs), 51.6 (CHs). *'P NMR (202 MHz, DMSO-dg) & 23.76 (d, J =
4.7 Hz). HRMS-ESI m/z found: 440.1056, calculated for [Co3H19FNOsP
+ H'1: 440.1058.

2.2.5. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)(4-
methoxyphenylmethyl)phosphonate (2d)

Red solid. Yield: 74 %. Melting point: 157 °C. Ry = 0.36 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3232, 3072, 3014, 2957, 2899, 2851,
1667, 1633, 1586, 1503, 1460, 1401, 1358, 1305, 1250, 1165, 1117,
1052, 1017, 871, 827,767, 707, 662, 589, 560, 481. 'H NMR (500 MHz,
DMSO-de) 6 10.57 (t, J = 8.7 Hz, 1H), 8.30 (dd, J = 7.8, 1.3 Hz, 1H),
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8.14 (dd, J = 7.6, 1.4 Hz, 1H), 7.94 (td, J = 7.5, 1.5 Hz, 1H), 7.87 (td, J
= 7.5, 1.4 Hz, 1H), 7.63-7.57 (m, 1H), 7.49 (dd, J = 7.3, 1.0 Hz, 1H),
7.44 (dd, J = 8.8, 2.3 Hz, 2H), 7.32 (d, J = 8.5 Hz, 1H), 6.95 (d, J = 8.7
Hz, 2H), 5.59 (dd, J = 23.3, 8.6 Hz, 1H), 3.56 (d, J = 10.6 Hz, 3H), 3.34
(s, 6H). 13C NMR (126 MHz, DMSO-d) 5 185.4 (C=0), 183.1 (C=0),
159.4 (d, J = 2.7 Hz, G), 150.5 (C), 150.4 (C), 136.0 (CH), 135.1 (CH),
134.6 (d, J = 10.0 Hz, G), 134.3 (CH), 132.9 (C), 129.5 (d, J = 5.4 Hz,
CH), 127.6 (d, J = 3.0 Hz, C), 127.2 (CH), 126.8 (CH), 119.9 (CH), 116.7
(CH), 114.5 (d, J = 1.8 Hz, CH), 114.0 (C), 55.5 (Co,OCH3), 54.0 (t, J =
7.0 Hz, NCH), 53.0 (CHs), 51.8 (CHs). 3P NMR (202 MHz, DMSO-dg) &
24.22. HRMS-ESI m/z found: 452.1259, calculated for [Co4HoNOgP +
H*']: 452.1258.

2.2.6. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)(2-
methoxyphenyDmethyl)phosphonate (2e)

Red solid. Yield: 76 %. Melting point: 192 °C. Ry = 0.40 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3239, 3073, 3009, 2951, 2847, 1668,
1630, 1589, 1490, 1458, 1405, 1361, 1243, 1166, 1020, 900, 874, 831,
757, 731, 702, 665, 600, 566, 530, 477, 419. 'H NMR (500 MHz,
DMSO0-dg) §10.62 (t, J = 8.6 Hz, 1H), 8.29 (d, J = 7.7 Hz, 1H), 8.13 (d, J
=7.6Hz, 1H), 7.93 (t,J =7.6 Hz, 1H), 7.87 (t,J = 7.6 Hz, 1H), 7.62 (t, J
= 8.0 Hz, 1H), 7.48 (dd, J = 7.4, 2.2 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H),
7.32 (t, J = 8.0 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 7.05 (d, J = 8.6 Hz,
1H), 6.96 (t, J = 7.7 Hz, 1H), 5.62 (dd, J = 23.2, 8.5 Hz, 1H), 3.97 (s,
3H), 3.75 (dd, J = 10.7, 2.5 Hz, 3H), 3.53 (dd, J = 10.6, 2.5 Hz, 3H).
13C NMR (126 MHz, DMSO-dg) § 185.3 (C=0), 183.1 (C=0), 157.3 (d,
J=15.9 Hz, C), 150.2 (C), 150.1 (C), 136.3 (CH), 135.1 (CH), 134.6 (d, J
= 4.8 Hz, C), 134.3 (CH), 132.8 (C), 130.0 (d, J = 2.4 Hz, CH), 128.5 (d,
J = 4.6 Hz, CH), 127.2 (CH), 126.8 (CH), 123.7 (d, J = 2.3 Hz, C), 121.3
(d, J= 2.3 Hz, CH), 118.9 (CH), 116.6 (CH), 114.1 (C), 111.9(d,J=1.3
Hz, CH), 56.5 (Ca/OCH3), 54.1 (dd, J = 13.6, 6.9 Hz, NCH), 47.8 (CH3),
46.6 (CHs). P NMR (202 MHz, DMSO-dg) 5 23.80. HRMS-ESI m/z
found: 452.1257, calculated for [Co4H2oNOgP + H']: 452.1258.

2.2.7. Dimethyl ((4-chlorophenyD((9,10-dioxo-9,10-dihydroanthracen-1-
yDamino)methyl)phosphonate (2f)

Red solid. Yield: 77 %. Melting point: 160 °C. Ry = 0.49 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3222, 2953, 2905, 2853, 1667, 1631,
1590, 1486, 1403, 1360, 1276, 1251, 1168, 1063, 1027, 876, 837, 764,
730, 701, 661, 599, 546, 484, 444, 418. 'H NMR (500 MHz, DMSO-dg) &
10.58 (t, J = 8.9 Hz, 1H), 8.30 (dd, J = 7.8, 1.4 Hz, 1H), 8.15 (dd, J =
7.6, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.5 Hz, 1H), 7.88 (td, J = 7.5, 1.4 Hz,
1H), 7.61 (t, J = 8.2 Hz, 1H), 7.56-7.48 (m, 3H), 7.46 (d, J = 8.5 Hz,
2H), 7.28 (d, J = 8.5 Hz, 1H), 5.74 (dd, J = 24.1, 8.5 Hz, 1H), 3.74 (d, J
= 10.6 Hz, 3H), 3.62 (d, J = 10.6 Hz, 3H). *CNMR (126 MHz,
DMSO-dg) § 185.5 (C=0), 183.0 (C=0), 150.3 (C), 150.2 (C), 136.1
(CH), 135.2 (d, J = 3.1 Hz, C), 135.1 (CH), 134.6 (d, J = 2.7 Hz, C),
134.4 (CH), 133.1 (d, J = 3.7 Hz, C), 132.9 (C), 130.1 (d, J = 5.2 Hz,
CH), 129.1 (d, J = 2.2 Hz, CH), 127.2 (CH), 126.8 (CH), 119.7 (CH),
116.9 (CH), 114.2 (C), 54.2 (dd, J = 6.9, 4.4 Hz, NCH), 52.9 (CH3), 51.7
(CH3). *'P NMR (202 MHz, DMSO-ds) § 23.47. HRMS-ESI m/z found:
456.0763, calculated for [Ca3H19CINOsP + H']: 456.0762.

2.2.8. Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)
(thiophen-2-yl)methyDphosphonate (2g)

Red solid. Yield: 71 %. Melting point: 181 °C. Ry = 0.40 (Benzene/
Acetonitrile) (3:1). FTIR (neat): 3239, 3079, 2952, 2850, 1668, 1632,
1591, 1499, 1404, 1358, 1314, 1258, 1164, 1026, 895, 828, 730, 702,
662, 606, 540, 467, 417. 'H NMR (500 MHz, DMSO-dg) § 10.47 (t, J =
8.2 Hz, 1H), 8.27 (dd, J = 7.8, 1.4 Hz, 1H), 8.13 (dd, J = 7.6, 1.4 Hz,
1H), 7.92 (td, J = 7.5, 1.4 Hz, 1H), 7.86 (td, J = 7.5, 1.4 Hz, 1H), 7.65
(dd, J = 8.6, 7.4 Hz, 1H), 7.52 (dd, J = 7.4, 1.1 Hz, 1H), 7.52-7.46 (m,
2H), 7.29-7.24 (m, 1H), 7.04 (dd, J = 5.0, 3.6 Hz, 1H), 6.06 (dd, J =
23.4, 8.8 Hz, 1H), 3.75 (d, J = 10.6 Hz, 3H), 3.66 (d, J = 10.7 Hz, 3H).
13C NMR (126 MHz, DMSO-ds) 5 185.5 (C=0), 183.0 (C=0), 150.3 (C),
150.2 (C), 139.3 (d, J = 2.8 Hz, C), 136.1 (CH), 135.1 (CH), 134.5 (d, J
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= 2.4 Hz, C), 134.4 (CH), 132.9 (C), 127.6 (d, J = 7.5 Hz, CH), 127.5 (d,
J = 2.6 Hz, CH), 127.2 (CH), 126.9 (CH), 126.8 (CH), 119.8 (CH), 117.0
(CH), 114.1 (C), 54.3 (dd, J = 6.9, 4.4 Hz, NCH), 49.8 (CH3), 48.6 (CH3).
SIPNMR (202 MHz, DMSO-dg) 6 22.42. HRMS-ESIm/z found:
428.0714, calculated for [C2H1gNOsPS + H']: 428.0716.

2.2.9. Diethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (phenyl)
methyDphosphonate (3a)

Red solid. Yield: 85 %. Melting point: 107 °C. Ry = 0.45 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3261, 3075, 2988, 2906, 2864, 1668,
1632, 1589, 1500, 1453, 1404, 1359, 1313, 1249, 1162, 1016, 961, 869,
799, 773, 731, 702, 661, 605, 560, 481, 417. 'H NMR (500 MHz,
DMSO-dg) 6 10.67 (t, J = 8.8 Hz, 1H), 8.34 (dd, J = 7.8, 1.4 Hz, 1H),
8.18 (dd, J = 7.6, 1.5 Hz, 1H), 7.98 (td, J = 7.5, 1.5 Hz, 1H), 7.91 (td, J
= 7.5, 1.5 Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.57 (dd, J = 7.8, 2.1 Hz,
2H), 7.52 (dd, J = 7.4, 1.1 Hz, 1H), 7.42 (t, J = 7.6 Hz, 2H), 7.39-7.30
(m, 2H), 5.63 (dd, J = 23.6, 8.6 Hz, 1H), 4.21-4.06 (m, 2H), 4.09-3.98
(m, 1H), 3.95-3.83 (m, 1H), 1.27 (t, J = 7.0 Hz, 3H), 1.16 (t,J = 7.1 Hz,
3H). '*CNMR (126 MHz, DMSO-dg) § 185.3 (C=0), 183.1 (C=0),
150.6 (C), 150.5 (C), 136.2 (d, J = 2.9 Hz, C), 136.0 (CH), 135.1 (CH),
134.6 (d, J = 8.1 Hz, C), 134.3 (CH), 132.9 (C), 129.2 (CH), 128.9 (d, J
= 2.2 Hz, CH), 128.4 (d, J = 5.2 Hz, CH), 127.2 (CH), 126.8 (CH), 119.9
(CH), 116.7 (CH), 114.0 (C), 63.3 (t, J = 6.8 Hz, CHy), 54.2 (NCH), 53.0
(NCH), 16.7 (d, J = 5.4 Hz, CH3), 16.6 (d, J = 5.5 Hz, CHs). 3'P NMR
(202 MHz, DMSO-dg) 6 21.54. HRMS-ESI m/z found: 450.1465, calcu-
lated for [CosH24NOsP + H']: 450.1465.

2.2.10. Diethyl (((9,10-dioxo0-9,10-dihydroanthracen-1-yl)amino) (p-
tolyl)methyDphosphonate (3b)

Red solid. Yield: 89 %. Melting point: 144 °C. Ry = 0.51 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3247, 2983, 2907, 2859, 1661, 1629,
1574,1506, 1404, 1364, 1318, 1254,1209, 1161, 1099, 1011, 953, 872,
802, 732, 708, 662, 609, 559, 512, 414. 'H NMR (500 MHz, DMSO-dg) &
10.59 (t, J = 8.8 Hz, 1H), 8.30 (d, J = 7.7 Hz, 1H), 8.14 (d, J = 7.6 Hz,
1H), 7.94 (t,J = 7.5 Hz, 1H), 7.87 (t,J = 7.5 Hz, 1H), 7.58 (t, J = 7.9 Hz,
1H), 7.48 (d, J = 7.3 Hz, 1H), 7.40 (d, J = 7.7 Hz, 2H), 7.30 (d, J = 8.7
Hz, 1H), 7.18 (d, J = 7.7 Hz, 2H), 5.52 (dd, J = 23.4, 8.5 Hz, 1H), 4.08
(h, J =10.0, 9.4 Hz, 2H), 3.99 (q, J = 7.9 Hz, 1H), 3.85 (q, J = 8.2 Hz,
1H), 2.27 (s, 3H), 1.22 (t, J = 6.8 Hz, 3H), 1.13 (t, J = 6.9 Hz, 3H).
13C NMR (126 MHz, DMSO0-de) § 185.3 (C=0), 183.1 (C=0), 150.6 (C),
150.5 (C), 137.6 (d, J = 3.0 Hz, C), 136.0 (CH), 135.1 (CH), 134.6 (d, J
=12.1 Hz, C), 134.3 (CH), 133.1 (d, J = 3.0 Hz, C), 132.9 (C), 129.5 (d,
J = 1.8 Hz, CH), 128.3 (d, J = 5.3 Hz, CH), 127.2 (CH), 126.8 (CH),
120.0 (CH), 116.6 (CH), 114.0 (C), 63.2 (t, J = 6.5 Hz, CHy), 54.0 (NCH),
52.8 (NCH), 21.2 (Ca,CH3), 16.8 (d, J = 5.3 Hz, CH3), 16.6 (d, J = 5.4
Hz, CHs). 3'P NMR (202 MHz, DMSO-dg) & 21.67. HRMS-ESI m/z found:
464.1623, calculated for [CgHagNOsP + H'1: 464.1621.

2.2.11. Diethyl (((9,10-dioxo0-9,10-dihydroanthracen-1-yl)amino)(4-
fluorophenyl)methyl)phosphonate (3c)

Red solid. Yield: 86 %. Melting point: 154 °C. Ry = 0.52 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3236, 3078, 2985, 2886, 1667, 1632,
1590, 1501, 1404, 1361, 1307, 1277, 1251, 1217, 1165, 1120, 1048,
1010, 969, 943, 873, 844, 785, 729, 701, 664, 606, 560, 506, 421.
'H NMR (500 MHz, DMSO-dg) § 10.60 (t, J = 8.8 Hz, 1H), 8.29 (dd, J =
7.8,1.3 Hz, 1H), 8.13 (dd, J = 7.7, 1.5 Hz, 1H), 7.93 (td, J = 7.5, 1.5 Hz,
1H), 7.86 (td, J = 7.5, 1.4 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.59-7.52
(m, 2H), 7.49 (d, J = 7.3 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 7.22 (t, J =
8.7 Hz, 2H), 5.64 (dd, J = 23.6, 8.5 Hz, 1H), 4.17-4.03 (m, 2H),
4.05-3.95 (m, 1H), 3.94-3.83 (m, 1H), 1.23 (t,J = 7.0 Hz, 3H), 1.14 (t, J
= 7.0 Hz, 3H). '3C NMR (126 MHz, DMSO-d) & 185.4 (C=0), 183.0
(C=0), 162.2 (dd, J = 244.1, 3.2 Hz, C), 150.5 (C), 150.4 (C), 136.0
(CH), 135.1 (CH), 134.6 (d, J = 1.5 Hz, C), 134.3 (CH), 132.8 (C), 132.4
(t, J = 2.8 Hz, C), 130.4 (dd, J = 8.3, 5.3 Hz, CH), 127.2 (CH), 126.8
(CH), 119.8 (CH), 116.6 (CH), 115.8 (dd, J = 21.8, 1.9 Hz, CH), 114.1
(0), 63.4 (dd, J = 6.9, 2.7 Hz, CH3), 53.4 (NCH), 52.2 (NCH), 16.7 (d, J
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= 5.3 Hz, CHjy), 16.6 (d, J = 5.4 Hz, CHs). >'P NMR (202 MHz,
DMSO-ds) 6 21.36 (d, J = 4.6 Hz). HRMS-ESI m/z found: 468.1370,
calculated for [CosHa3sFNOsP + H'1: 468.1371.

2.2.12. Diethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (4-
methoxyphenylDmethyl)phosphonate (3d)

Red solid. Yield: 69 %. Melting point: 127 °C. Ry = 0.42 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3245, 3076, 2982, 2939, 2907, 2841,
1657, 1630, 1575, 1505, 1465, 1404, 1364, 1253, 1211, 1170, 1105,
1014, 952, 872, 829, 801, 761, 733, 708, 662, 590, 559, 460, 413.
1H NMR (500 MHz, DMSO-dg) 6 10.58 (t, J = 8.7 Hz, 1H), 8.29 (dd, J =
7.7,1.3 Hz, 1H), 8.14 (dd, J = 7.8, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.4 Hz,
1H), 7.87 (td, J = 7.5, 1.4 Hz, 1H), 7.59 (dd, J = 8.6, 7.4 Hz, 1H), 7.48
(d, J = 7.4 Hz, 1H), 7.44 (dd, J = 8.8, 2.2 Hz, 2H), 7.32 (d, J = 8.6 Hz,
1H), 6.94 (d, J = 8.7 Hz, 2H), 5.50 (dd, J = 23.1, 8.5 Hz, 1H), 4.15-4.00
(m, 2H), 4.03-3.93 (m, 1H), 3.90-3.78 (m, 1H), 3.72 (s, 3H), 1.22 (t,J =
7.0 Hz, 3H), 1.13 (t, J = 7.0 Hz, 3H). >C NMR (126 MHz, DMSO-dg) &
185.3 (C=0), 183.1 (C=0), 159.4 (d, J = 2.7 Hz, C), 150.6 (C), 150.5
(©), 136.0 (CH), 135.1 (CH), 134.56 (d, J = 12.5 Hz, C), 134.3 (CH),
132.9 (C), 129.6 (d, J = 5.4 Hz, CH), 127.9 (d, J = 3.0 Hz, C), 127.2
(CH), 126.8 (CH), 120.0 (CH), 116.6 (CH), 114.4 (d, J = 1.8 Hz, CH),
113.9(C), 63.2(dd, J=10.1, 6.9 Hz, CH>), 55.5 (C5;OCH3), 53.6 (NCH),
52.4 (NCH), 16.8 (d, J = 5.3 Hz, CH3), 16.6 (d, J = 5.5 Hz, CHg). 'P
NMR (202 MHz, DMSO-dg) 6 21.85. HRMS-ESI m/z found: 480.1571,
calculated for [CogHagNOGP + H']: 480.1571.

2.2.13. Diethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)(2-
methoxyphenyDmethyl)phosphonate (3e)

Red solid. Yield: 77 %. Melting point: 140 °C. Ry = 0.45 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3248, 3069, 2983, 2904, 2838, 2739,
2647, 2603, 1753, 1721, 1667, 1635, 1586, 1491, 1464, 1405, 1359,
1245, 1209, 1163, 1095, 1045, 1013, 966, 871, 828, 796, 763, 732, 704,
666, 604, 568, 529, 492, 448, 418. 'HNMR (500 MHz, DMSO-dg) §
10.62 (t, J = 8.6 Hz, 1H), 8.29 (d, J = 7.7 Hz, 1H), 8.13 (d, J = 7.6 Hz,
1H), 7.93 (t,J = 7.5Hz, 1H), 7.87 (t,J = 7.4 Hz, 1H), 7.62 (t, J = 8.0 Hz,
1H), 7.48 (d, J = 7.3 Hz, 1H), 7.40-7.34 (m, 1H), 7.31 (t, J = 7.8 Hz,
1H), 7.11 (d, J = 8.3 Hz, 1H), 7.03 (d, J = 8.7 Hz, 1H), 6.95 (t, J = 7.5
Hz, 1H), 5.56 (dd, J = 23.2, 8.4 Hz, 1H), 4.16-4.06 (m, 2H), 3.98-3.89
(m, 1H), 3.85-3.73 (m, 1H), 3.33 (s, 2H), 1.92 (s, 1H), 1.23 (t, J = 7.0
Hz, 3H), 1.07 (t, J = 7.0 Hz, 3H). '3C NMR (126 MHz, DMSO-dg) 5 185.2
(C=0), 183.1 (C=0), 157.3 (d, J = 5.9 Hz, C), 150.3 (C), 150.2 (C),
136.3 (CH), 135.1 (CH), 134.6 (d, J = 4.7 Hz, C), 134.3 (CH), 132.8 (C),
129.9 (d, J = 2.6 Hz, CH), 128.4 (d, J = 4.4 Hz, CH), 127.2 (CH), 126.8
(CH), 123.9 (d, J = 2.4 Hz, C), 121.2 (d, J = 2.1 Hz, CH), 118.9 (CH),
116.6 (CH), 114.1 (C), 111.7 (d, J = 1.2 Hz, CH), 63.37 (d, J = 6.9 Hz,
CHy), 63.22 (d, J = 6.9 Hz, CHy), 56.4 (Co,OCH3), 48.2 (NCH), 47.0
(NCH), 16.7 (d, J = 5.3 Hz, CH3), 16.5 (d, J = 5.6 Hz, CH3). >'P NMR
(202 MHz, DMSO-dg) 6 21.44. HRMS-ESI m/z found: 480.1572, calcu-
lated for [CpeHagNOGP + H']: 480.1571.

2.2.14. Diethyl ((4-chlorophenyD ((9,10-dioxo-9,10-dihydroanthracen-1-
yDamino)methylDphosphonate (3f)

Red solid. Yield: 72 %. Melting point: 148 °C. Ry = 0.57 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3232, 3074, 2984, 2905, 1667, 1632,
1589, 1486, 1403, 1360, 1275, 1250, 1165, 1123, 1046, 1009, 957, 872,
829, 785, 754, 730, 702, 664, 603, 556, 505, 444, 414. 'H NMR (500
MHz, DMSO-de) § 10.59 (t, J = 8.9 Hz, 1H), 8.30 (dd, J = 7.8, 1.3 Hz,
1H), 8.15 (dd, J = 7.6, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.5 Hz, 1H), 7.88
(td, J = 7.5, 1.4 Hz, 1H), 7.60 (dd, J = 8.6, 7.4 Hz, 1H), 7.55-7.48 (m,
3H), 7.45 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.6 Hz, 1H), 5.65 (dd, J =
24.0, 8.5 Hz, 1H), 4.18-3.95 (m, 3H), 3.97-3.86 (m, 1H), 1.23 (t, J =
7.0 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H). '3C NMR (126 MHz, DMSO-ds) &
185.5 (C=0), 183.1 (C=0), 150.4 (C), 150.3 (C), 136.1 (CH), 135.4 (d,
J = 3.0 Hz, C), 135.1 (CH), 134.6 (C), 134.4 (CH), 133.0 (d, J = 3.6 Hz,
), 132.9(C), 130.2 (d, J = 5.2 Hz, CH), 129.0 (d, J = 2.2 Hz, CH), 127.2
(CH), 126.8 (CH), 119.8 (CH), 116.8 (CH), 114.2 (C), 63.4 (d, J = 6.4
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Hz, CHy), 53.6 (NCH), 52.4 (NCH), 16.7 (d, J = 5.4 Hz, CH), 16.6 (d, J
= 5.4 Hz, CH3). >'P NMR (202 MHz, DMSO-de) & 21.04. HRMS-ESI m/z
found: 484.1076, calculated for [Co5Ho3CINOsP + H']: 484.1075.

2.2.15. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)
(phenyl)methyDphosphonate (4a)

Red solid. Yield: 84 %. Melting point: 121 °C. Ry = 0.53 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3255, 3064, 3034, 2980, 2926, 2871,
2835, 1669, 1634, 1590, 1502, 1386, 1358, 1315, 1251, 1164, 1100,
975, 896, 829, 797, 752, 731, 700, 661, 595, 565, 539, 508, 477, 414.
1H NMR (500 MHz, DMSO-de) § 10.62 (t, J = 8.8 Hz, 1H), 8.30 (dd, J =
7.8, 1.3 Hz, 1H), 8.14 (dd, J = 7.8, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.4 Hz,
1H), 7.87 (td, J = 7.5, 1.4 Hz, 1H), 7.58 (t, J = 7.9 Hz, 1H), 7.53 (dd, J =
7.7,2.1 Hz, 2H), 7.48 (d, J = 7.3 Hz, 1H), 7.40-7.31 (m, 3H), 7.29 (td, J
= 7.3, 1.6 Hz, 1H), 5.48 (dd, J = 23.7, 8.6 Hz, 1H), 4.65 (dq, J = 12.6,
6.2 Hz, 1H), 4.49 (dq, J = 12.7, 6.3 Hz, 1H), 1.29 (d, J = 6.1 Hz, 3H),
1.23 (d, J = 6.1 Hz, 3H), 1.16 (d, J = 6.2 Hz, 3H), 1.00 (d, J = 6.2 Hz,
3H). 3CNMR (126 MHz, DMSO-de) § 185.3 (C=0), 183.1 (C=0),
150.7 (C), 150.6 (C), 136.4 (d, J = 2.9 Hz, C), 136.0 (CH), 135.1 (CH),
134.6 (d, J = 8.7 Hz, C), 134.3 (CH), 132.9 (C), 128.8 (d, J = 2.1 Hz,
CH), 128.6 (d, J = 5.3 Hz, CH), 128.3 (d, J = 2.6 Hz, CH), 127.2 (CH),
126.8 (CH), 119.9 (CH), 116.6 (CH), 113.9 (C), 71.9 (t, J = 7.6 Hz, CH
(CH3)2), 54.8 (NCH), 53.6 (NCH), 24.3 (d, J = 3.3 Hz, CH3), 24.0 (d, J =
5.0 Hz, CH3), 23.6 (d, J = 5.4 Hz, CHs). >'P NMR (202 MHz, DMSO-ds) 5
19.69. HRMS-ESI m/z found: 478.1777, calculated for [Ca7HogNOsP +
H']: 478.1778.

2.2.16. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (p-
tolyDmethyl)phosphonate (4b)

Red solid. Yield: 77 %. Melting point: 107 °C. Ry = 0.52 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3256, 2979, 2930, 2872, 1668, 1636,
1588, 1505, 1463, 1385, 1357, 1308, 1251, 1169, 1100, 1073, 962, 895,
867, 827, 798, 770, 704, 666, 612, 564, 501, 477, 416. 'H NMR (500
MHz, DMSO-de) 6 10.59 (t, J = 8.8 Hz, 1H), 8.29 (dd, J = 7.8, 1.3 Hz,
1H), 8.14 (dd, J = 7.7, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.5 Hz, 1H), 7.87
(td, J = 7.5, 1.4 Hz, 1H), 7.61-7.54 (m, 1H), 7.47 (d, J = 7.3 Hz, 1H),
7.40 (dd, J = 8.2, 2.2 Hz, 2H), 7.31 (d, J = 8.6 Hz, 1H), 7.17 (d, J = 7.8
Hz, 2H), 5.41 (dd, J = 23.5, 8.6 Hz, 1H), 4.65 (dq, J = 12.7, 6.3 Hz, 1H),
4.50 (dq, J=12.7, 6.3 Hz, 1H), 2.27 (d, J = 1.9 Hz, 3H), 1.29 (d, J = 6.2
Hz, 3H), 1.23 (d, J = 6.2 Hz, 3H), 1.17 (d, J = 6.2 Hz, 3H), 1.03 (d, J =
6.2 Hz, 3H). >CNMR (126 MHz, DMSO-de) § 185.2 (C=0), 183.1
(C=0), 150.8 (C), 150.7 (C), 137.5 (d, J = 3.0 Hz, C), 136.0 (CH), 135.1
(CH), 134.6 (d, J = 12.9 Hz, C), 134.3 (CH), 133.3 (d, J = 3.0 Hz, C),
132.9 (C), 129.4 (d, J = 2.1 Hz, CH), 128.5 (d, J = 5.3 Hz, CH), 127.1
(CH), 126.8 (CH), 120.0 (CH), 116.5 (CH), 113.8 (C), 71.8 (t,J = 6.6 Hz,
CH(CH3)), 54.5 (NCH), 53.3 (NCH), 24.4 (d, J = 3.2 Hz, CH3), 24.0 (d,
J = 5.0 Hz, CHy), 23.7 (d, J = 5.3 Hz, CH), 21.2 (Ca,CH3). *'P NMR
(202 MHz, DMSO-dg) 6 19.80. HRMS-ESI m/z found: 492.1936, calcu-
lated for [CogH3oNOsP + H']: 492.1934.

2.2.17. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (4-
fluorophenyDmethylphosphonate (4c)

Red solid. Yield: 78 %. Melting point: 152 °C. Ry = 0.50 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3255, 2980, 2930, 2836, 1669, 1634,
1589, 1501, 1359, 1312, 1251, 1219, 1163, 1099, 975, 900, 867, 829,
779, 731, 703, 661, 605, 562, 521, 492, 415. 'HNMR (500 MHz,
DMSO-de) §10.59 (t, J = 8.8 Hz, 1H), 8.29 (d, J = 7.7 Hz, 1H), 8.15 (dd,
J=7.6,1.3Hz, 1H), 7.94 (td, J = 7.5, 1.4 Hz, 1H), 7.88 (td, J = 7.5, 1.4
Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 7.58-7.54 (m, 2H), 7.49 (d, J = 7.3 Hz,
1H), 7.32(d, J=8.6 Hz, 1H), 7.21 (t,J = 8.7 Hz, 2H), 5.53 (dd, J = 23.7,
8.6 Hz, 1H), 4.66 (dq, J = 12.7, 6.3 Hz, 1H), 4.52 (dq, J = 12.7, 6.3 Hz,
1H), 1.29 (d, J = 6.1 Hz, 3H), 1.24 (d, J = 6.1 Hz, 3H), 1.17 (d, J = 6.2
Hz, 3H), 1.03 (d, J = 6.2 Hz, 3H). 13C NMR (126 MHz, DMSO-ds) 5 185.3
(C=0), 183.1 (C=0), 162.2 (dd, J = 243.6, 3.0 Hz, C), 150.6 (C), 150.5
(C), 136.1 (CH), 135.1 (CH), 134.6 (d, J = 2.2 Hz, C), 134.3 (CH), 132.9
(0), 132.6 (t,J = 2.7 Hz, C), 130.5 (dd, J = 8.1, 5.5 Hz, CH), 127.2 (CH),
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126.8 (CH), 119.8 (CH), 116.7 (CH), 115.7 (dd, J = 21.5, 1.8 Hz, CH),
114.0 (C), 72.0 (d, J = 7.1 Hz, CH(CH3)»), 54.0 (NCH), 52.7 (NCH), 24.3
(dd, J = 1.9, 1.4 Hz, CHs), 24.0 (d, J = 5.0 Hz, CH3), 23.6 (d, J = 5.2 Hz,
CHs). 3'P NMR (202 MHz, DMSO-de) § 19.46 (d, J = 4.6 Hz). HRMS-
ESIm/z found: 496.1683, calculated for [Cy;H2;FNOsP + H'I:
496.1684.

2.2.18. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)(4-
methoxypheny)methyl)phosphonate (4d)

Red solid. Yield: 78 %. Melting point: 150 °C. Ry = 0.45 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3239, 3081, 2977, 2929, 2836, 1666,
1627, 1593, 1510, 1463, 1413, 1372, 1308, 1267, 1232, 1183, 1106,
1069, 989, 889, 842, 802, 777, 734, 708, 662, 635, 612, 572, 541, 470,
421. 'H NMR (500 MHz, DMSO-dg) 5 10.57 (t, J = 8.7 Hz, 1H), 8.29 (d,
J=7.7 Hz, 1H), 8.14 (dd, J = 7.7, 1.3 Hz, 1H), 7.94 (td, J = 7.5, 1.4 Hz,
1H), 7.87 (td, J = 7.5, 1.2 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.50-7.41
(m, 3H), 7.33 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 5.39 (dd, J =
23.2,8.5Hz, 1H), 4.65 (dq, J = 12.7, 6.3 Hz, 1H), 4.48 (dq, J = 12.6, 6.3
Hz, 1H), 3.72 (s, 3H), 1.29 (d, J = 6.2 Hz, 3H), 1.23 (d, J = 6.2 Hz, 3H),
1.17 (d, J = 6.1 Hz, 3H), 1.02 (d, J = 6.2 Hz, 3H). '3C NMR (126 MHz,
DMSO-dg) § 185.2 (C=0), 183.1 (C=0), 159.3 (d, J = 2.7 Hz, C), 150.8
(©), 150.7 (C), 136.0 (CH), 135.1 (CH), 134.6 (d, J = 13.6 Hz, C), 134.3
(CH), 132.9 (C), 129.7 (d, J = 5.5 Hz, CH), 128.1 (d, J = 2.7 Hz, C),
127.1 (CH), 126.8 (CH), 120.0 (CH), 116.5 (CH), 114.2 (d, J = 1.9 Hz,
CH), 113.8 (C), 71.8 (dd, J = 11.7, 7.1 Hz, CH(CH3)3), 55.5 (CA,OCH3),
54.1 (NCH), 52.9 (NCH), 24.4 (t, J = 2.8 Hz, CH3), 24.0 (d, J = 5.0 Hz,
CHs), 23.7 (d, J = 5.3 Hz, CH3). 31p NMR (202 MHz, DMSO-dg) § 19.99.
HRMS-ESI m/z found: 508.1885, calculated for [CogH3oNOgP + H']:
508.1884.

2.2.19. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino) (2-
methoxyphenyl)methyl)phosphonate (4e)

Red solid. Yield: 80 %. Melting point: 140 °C. Ry = 0.55 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3263, 2977, 2933, 2841, 1666, 1632,
1586, 1490, 1465, 1404, 1362, 1312, 1280, 1246, 1177, 1102, 1070,
974, 895, 831, 803, 762, 732, 706, 666, 606, 569, 531, 503, 415.
'H NMR (500 MHz, DMSO-de) 6 10.61 (t, J = 8.7 Hz, 1H), 8.28 (dd, J =
7.8,1.3 Hz, 1H), 8.13 (dd, J = 7.6, 1.4 Hz, 1H), 7.93 (td, J = 7.6, 1.5 Hz,
1H), 7.86 (td, J = 7.5, 1.4 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.47 (d, J =
7.3 Hz, 1H), 7.41-7.35 (m, 1H), 7.34-7.26 (m, 1H), 7.09 (d, J = 8.3 Hz,
1H), 7.03 (d, J = 8.6 Hz, 1H), 6.95 (t, J = 7.5 Hz, 1H), 5.47 (dd, J = 23.5,
8.4 Hz, 1H), 4.69 (dq, J = 12.4, 6.2 Hz, 1H), 4.40 (dq, J = 12.6, 6.3 Hz,
1H), 3.95 (s, 3H), 1.29 (d, J = 6.1 Hz, 3H), 1.20 (dd, J = 6.2, 4.2 Hz, 6H),
0.91 (d, J = 6.2 Hz, 3H). 13C NMR (126 MHz, DMSO-dg) § 185.2 (C=0),
183.1 (C=0), 157.3 (d, J = 6.1 Hz, C), 150.4 (C), 150.3 (C), 136.4 (CH),
135.1 (CH), 134.6 (d, J = 6.7 Hz, C), 134.3 (CH), 132.8 (C), 129.8 (d, J
= 2.6 Hz, CH), 128.4 (d, J = 4.4 Hz, CH), 127.1 (CH), 126.8 (CH), 124.2
(d, J = 2.2 Hz, C), 121.2 (d, J = 2.4 Hz, CH), 118.8 (CH), 116.5 (CH),
113.9 (C), 111.6 (d, J = 1.3 Hz, CH), 71.9 (dd, J = 33.7, 7.2 Hz, CH
(CHa)3), 56.4 (CA,OCH3), 48.5 (NCH), 47.2 (NCH), 24.3 (dd, J = 12.0,
3.4 Hz, CH3), 24.0 (d, J = 4.9 Hz, CH3), 23.3 (d, J = 5.6 Hz, CHj).
SIPNMR (202 MHz, DMSO-dg) & 19.83. HRMS-ESIm/z found:
508.1885, calculated for [CagH3oNOgP + H']: 508.1884.

2.2.20. Diisopropyl ((4-chlorophenyl)((9,10-dioxo0-9,10-
dihydroanthracen-1-yl)amino)methyl)phosphonate (4f)

Red solid. Yield: 73 %. Melting point: 135 °C. Ry = 0.63 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3242, 3066, 2981, 2934, 2879, 1669,
1636, 1589, 1501, 1385, 1357, 1312, 1275, 1246, 1171, 1142, 1088,
976, 870, 826, 801, 774, 732, 707, 607, 560, 522, 445, 417. 'H NMR
(500 MHz, DMSO-dg) & 10.58 (t, J = 8.9 Hz, 1H), 8.29 (dd, J = 7.8, 1.4
Hz, 1H), 8.15 (dd, J = 7.7, 1.4 Hz, 1H), 7.94 (td, J = 7.6, 1.5 Hz, 1H),
7.88 (td, J=7.5, 1.4 Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 7.53 (dd, J = 6.7,
2.0 Hz, 2H), 7.49 (d, J = 7.3 Hz, 1H), 7.44 (d, J = 8.3 Hz, 2H), 7.30 (d, J
=8.6 Hz, 1H), 5.54 (dd, J = 24.1, 8.5 Hz, 1H), 4.66 (dq, J = 12.6, 6.2 Hz,
1H), 4.54 (dq, J = 12.5, 6.3 Hz, 1H), 1.30 (d, J = 6.2 Hz, 3H), 1.24 (d, J
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Scheme 2. Kabachnik-Fields reaction.

= 6.2 Hz, 3H), 1.18 (d, J = 6.2 Hz, 3H), 1.06 (d, J = 6.1 Hz, 3H).
13C NMR (126 MHz, DMSO-dg) 5 185.4 (C=0), 183.1 (C=0), 150.6 (C),
150.4 (C), 136.1 (CH), 135.6 (d, J = 2.8 Hz, C), 135.1 (CH), 134.6 (C),
134.3 (CH), 132.9 (d, J = 3.6 Hz, G), 132.9 (C), 130.3 (d, J = 5.2 Hz,
CH), 128.8 (d, J = 2.1 Hz, CH), 127.2 (CH), 126.8 (CH), 119.8 (CH),
116.7 (CH), 114.0 (C), 72.1 (t, J = 6.9 Hz, CH(CH3)y), 54.1 (NCH), 52.9
(NCH), 24.3 (t, J = 3.4 Hz, CH3), 24.0 (d, J = 5.0 Hz, CH3), 23.7 (d, J =
5.2 Hz, CHs). 3P NMR (202 MHz, DMSO-dg) 6 19.10. HRMS-ESI m/z
found: 512.1387, calculated for [CoyH27CINOsP + H']: 512.1388.

2.2.21. Diisopropyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)
(thiophen-2-yDmethyl)phosphonate (4g)

Red solid. Yield: 65 %. Melting point: 133 °C. Ry = 0.60 (Benzene/
Acetonitirle) (3:1). FTIR (neat): 3251, 2979, 2930, 2828, 1668, 1635,
1590, 1499, 1469, 1386, 1356, 1318, 1254, 1163, 1101, 1037, 974, 900,
860, 829, 798, 731, 702, 662, 589, 539, 508, 474, 415. 'H NMR (500
MHz, DMSO-dg) 5 10.47 (t, J = 8.3 Hz, 1H), 8.27 (dd, J = 7.7, 1.3 Hz,
1H), 8.15 (dd, J = 7.6, 1.4 Hz, 1H), 7.93 (td, J = 7.5, 1.5 Hz, 1H), 7.88
(td, J=7.5, 1.4 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.52 (dd, J = 8.0, 5.3
Hz, 2H), 7.49-7.44 (m, 1H), 7.28-7.25 (m, 1H), 7.02 (dd, J = 5.1, 3.6
Hz, 1H), 5.87 (dd, J = 23.4, 8.7 Hz, 1H), 4.68 (dq, J = 12.7, 6.3 Hz, 1H),
4.60 (dq, J =12.6, 6.3 Hz, 1H), 1.30 (d, J = 6.2 Hz, 3H), 1.25 (d, J = 6.1
Hz, 3H), 1.18 (d, J = 6.2 Hz, 3H), 1.10 (d, J = 6.1 Hz, 3H). '*CNMR
(126 MHz, DMSO-dg) 6 185.3 (C=0), 183.1 (C=0), 150.6 (C), 150.5
(), 139.7 (d, J = 2.6 Hz, C), 136.1 (CH), 135.1 (CH), 134.5(d, J = 2.6
Hz, C), 134.3 (CH), 132.9 (C), 127.7 (d, J = 7.6 Hz, CH), 127.3 (d, J =
2.4 Hz, CH), 127.2 (CH), 126.8 (CH), 126.6 (d, J = 3.2 Hz, CH), 119.9
(CH), 116.9 (CH), 113.9 (C), 72.2 (d, J = 7.1 Hz, CH(CH3)y), 51.0
(NCH), 49.7 (NCH), 24.4 (d, J = 3.3 Hz, CH3), 23.9 (d, J = 5.0 Hz, CH3),
23.7 (d, J = 5.3 Hz, CHs). 3'P NMR (202 MHz, DMSO-de) & 18.13.
HRMS-ESI m/z found: 484.1344, calculated for [Co5HagNOsPS + H'1:
484.1342.

3. Results and discussion
3.1. Synthesis

Kabachnik-Fields reaction conditions were employed to synthesize
target anthraquinone a-aryl-a-aminophosphonates (Scheme 2). Quite a
few reviews have described underlying mechanism and outlined varying
methods for this three-component reaction, involving catalyst-free and
catalyzed variants, along with the modifications of employment of mi-
crowave irradiation, ionic liquids and dehydrating agents [32,33].

Regarding anthraquinone derivatives, reaction of the 1-aminoan-
thraquinone with appropriate aromatic aldehydes in excess and dia-
lkylphosphonates as both — reactants and solvents, was plumped for as
the most expedient method (see Section 2.2.1.). This approach is
conditioned by the ease of acquiring and purifying these a-amino-
phosphonates, where excess of an aldehyde and a dialkylphosphonate is
hydrolyzed under moderately basic conditions and a pure compound is
obtained via recrystallization. Thus, obtaining a variety of novel
anthraquinone a-aryl-a-aminophosphonates in good yields.

3.2. Structural and spectral characterization

To confirm chemical structures of obtained compounds 2a - 4 g, 'H-,
13¢., 31p NMR and FTIR spectra and mass spectrometric analysis was
carried out.

Structures of newly prepared derivatives were confirmed by 'H NMR
spectroscopy, with the corresponding signals of aromatic protons typical
for anthraquinone residue, as well as phenyl and thienyl groups.
Coupling of hydrogen atoms at position 2 and 4 with hydrogen atom
positioned at third carbon atom of anthraquinone core results in
appearance of corresponding multiplets with similar J values in the
upfield region due to close proximity of amino group, as well as rela-
tively downfield to these, doublets of doublets of hydrogen atoms at
sixth and ninth position and triplets of doublets of hydrogens at posi-
tions seven and eight with essentially the same coupling constants.
Hydrogens of alkyl groups of the phosphonate moiety appear as separate
multiplets on account of their magnetic non-equivalence. Signals of the
a-carbon hydrogens showed as doublet of doublets due to their coupling
with phosphorus nuclei. Deducting these multiplets, it can be concluded
that amino group hydrogen appears at approximately 10.6 ppm as a
triplet. In APT NMR spectra, appropriate number of peaks of quaternary
and tertiary carbon atoms in aromatic region were found. Anthraqui-
none carbonyl group carbons are found at around 183 and 185 ppm.
Moreover, on account of carbon-phosphorous coupling and magnetic
non-equivalence of carbon atoms of the phosphonate moiety, appear-
ance of separate doublets is observed in APT spectra. In 3'P NMR spectra
phosphorous peaks appear at around 18-24 ppm as doublets for fluorine
containing compounds 2c, 3c and 4c, and as singlets for the rest of the
compounds (decoupled mode). The obtained results are in good corre-
lation with the previously reported NMR data of other a-amino phos-
phonates and anthraquinone derivatives [34-38].

Obtained infrared spectra show two stretching vibration peaks of
anthraquinone carbonyl groups (C=0) for each compound at around
1669-1627 cm ™), broad aliphatic and aromatic carbon-hydrogen (C-H)
stretching vibration bands around 3100-2800 cm ™! and broad amino
group (NH) stretching vibration bands around 3263-3321 em™L,

The mass of the synthesized compounds was confirmed to be as
calculated based on the results acquired from the high-resolution mass
spectrometry.

3.3. Photophysical parameters

Amino substituted anthraquinones are important class of dyes with
typical D-A structure [39,40]. For 1-aminoanthraquinone (1a), the ab-
sorption and fluorescence spectra, lifetime and fluorescence quantum
yields, which are strongly affected by the solvent polarity, were
measured in previously reported research [41,42]. An electron donating
substituent normally enhances this ICT character, which may cause a
bathochromic shift of absorption maximum.

For the purpose of examination of photophysical properties of syn-
thesized compounds, UV-Vis absorption and fluorescence emission
spectra in such solvents of varying polarity as benzene, chloroform,
ethyl acetate (EtOAc), acetone, DMF(N,N-dimethylformamide), DMSO
(dimethyl sulfoxide) and ethanol (EtOH) were acquired for compounds
2a, 4a and 4.
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Table 2
Photophysical parameters of prepared dyes in organic solvents (concentrations: 1 x 107> M).

Absorption Ayps (Ige) (nm) Fluorescence ps (nm) Stokes shift (cm™ 1)

2a 4a 4@ 2a 4a 4 2a 4a 4@
Benzene 481 (4.14) 484 (4.16) 482 (3.66) 593 591 591 3927 3741 3826
CH3Cl 484 (4.20) 485 (4.18) 487 (3.57) 595 600 602 3854 3952 3923
EtOAc 479 (4.23) 484 (4.12) 480 (3.67) 586 595 598 3812 3854 4111
Acetone 482 (4.14) 484 (4.10) 481 (3.67) 606 617 614 4245 4454 4503
EtOH 480 (4.13) 484 (4.02) 481 (3.63) 615 615 616 4573 4401 4556
DMF 485 (4.26) 489 (4.08) 488 (3.51) 617 617 614 4411 4242 4205
DMSO 487 (4.19) 492 (4.14) 487 (3.73) 616 617 620 4300 4118 4405
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Fig. 1. The UV-Vis absorption and fluorescence emission spectra of compound 4f in various organic solvents.
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Fig. 2. Normalized absorbance intensities of fluoresceine (FL), 1a and synthesized derivatives 2a, 3a and 4a as a function of irradiation time upon 365
nm excitation.
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Fig. 3. Scheme of the structure of Opisthioglyphe ranae. C.-cirrus, E.B.-excre-
tory bladder, INT.-intestine, O.-ovary, OE-oesophagus, O.S.-oral sucker, PH.-
pharynx, S.-spines, T.-testis, U.W.E.-uterus with eggs, V.-vitellaria, V.S.-
ventral sucker.

Absorption maxima and molar attenuation coefficients, fluorescence
maxima and Stokes shifts data are summarized in Table 2. Synthesized
anthraquinone dyes are fluorescent in solutions, manifesting sol-
vatochromic properties, with emission from yellow in benzene to red in
ethanol. Such solvatochromic response indicates accountable internal
charge transfer (ICT) mechanism of the fluorescence phenomena during
excitation from the electron donating amino group to the electron
withdrawing quinone group.

The influence of phosphonate alkyl groups (methyl, ethyl or iso-
propyl) or substituents on the phenyl group, or the nature of the aro-
matic substituent on a-carbon (phenyl or thienyl) on the photophysical
properties of the obtained dyes was found to be insignificant, as is seen
from Table 2. Although, it must be noted that for compound 4f, with the
chlorine atom in para-position on phenyl ring, lower molar attenuation
coefficients were recorded, which is due to the fact that electromagnetic
radiation is absorbed to a lesser extent and corresponds to the values for
unsubstituted 1-aminoanthraquinone.

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114918

In instance of the studied fluorophores (Fig. 1) it is observed that in
solutions anthraquinone a-aryl-a-aminophosphonates exhibit broad
band absorbance with maxima at around 479-488 nm showing small
bathochromic shift from benzene to DMSO solution (5-8 nm) in contrast
to unsubstituted AAQ, for which the bathochromic shift of the absorp-
tion maximum between solutions in hexane and ethanol is 30 nm [42].

Studied compounds show fluorescence with maxima from 586 nm
(EtOAc) to 620 nm (DMSO) thus attaining fluorescence bathochromic
shifts of up to 30 nm, for 1-aminoanthraquinone this shift is 42 nm
(between benzene and isopropanol solutions). The polarity effect of the
medium on fluorescence is much more pronounced than on the
absorption.

Among studied dyes highest Stokes shift of 4573 cm™ ! was observed
for the compound 2a in ethanol. For 1-aminoanthraquinone Stokes shift
is 4470 cm™ ! (ethanol), thus, the introduction of phosphonate sub-
stituents does not significantly affect the energy loss during absorption
and emission of light.

An essential requirement for the application of dyes is the high
photostability. To acquire a deeper insight into photostability of new
dyes, photofading behavior of obtained derivatives was determined in
ethanol (at concentration 10 M) in comparison with 1-aminoanthra-
quinone and widely used test dye — fluorescein (FL). The experiment
was carried out in quartz cells where sample solution was irradiated
with a UV-lamp (365 nm) at room temperature.

The results are shown in Fig. 2. After irradiation for 4 h, fluorescein
showed an absorbance of 71 % of the initial absorbance, and for 1a, the
absorbance was only 27 % of the initial absorbance.

Of the obtained compounds, the derivatives with ethyl and isopropyl
groups turned out to be the most photostable, in which the decrease in
absorption is 40 %, and the less photostable is the dimethyl derivative
(absorption decrease is 69 %). The data obtained show that the syn-
thesized dyes exhibit higher photostability than the original compound
la.

3.4. Confocal laser scanning microscopy imaging of trematode
Opisthioglyphe ranae

With the help of luminescent dyes, it is becoming increasingly
possible to visualize the biological processes within parasites and to
visualize the interactions between worms and their hosts. In the present
research anthraquinone dye 4f was applied for bioimaging of trematode
Opisthioglyphe ranae, a common parasite of the intestines of amphibians
of Eurasia (Fig. 3).

The body was elongated in oval with broadly round posterior end,
which forms a medial notch. The tegument was covered with regularly
arranged flattened elongated triangle-shaped spines (Fig. 4, A) that
covered almost the whole body.

The circular oral sucker was located on the fore end of the body. The
ventral sucker was located in the slightly above the middle of the body
and it was circular. Prepharynx was narrow and small. The pharynx was
globular, smaller than half of the oral sucker and followed by an elon-
gated oesophagus. The oesophagus was divided into two straight
digestive intestinal caeca, ending behind the testes. Two large, elon-
gated testes were located at the posterior end of the body, one behind the
other in the transverse direction. The rounded shape ovary is located in
first part of the body slightly above the ventral sucker and was placed
between the digestive intestinal caeca closer to the left intestinal branch.
The uterus was long, filled with globular eggs, located between the
digestive intestinal caeca. The eggs had a bright fluorescence in a longer
wavelength spectrum than other organs. The vitellaria was located along
both edges of the body until digestive intestinal caeca, started behind the
pharynx and extended until the end of the body (Fig. 4, B and C).

The anthraquinone dye is applicable for detailed imaging of detailed
imaging the internal and external structure by CLSM. The digestive,
reproductive, and excretory system was clearly visible; however, the dye
did not perform well with muscular tissue, it was difficult to detect the
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Fig. 4. Adult Opisthioglyphe ranae stained with 4f dye. C.-cirrus, E.B.-excretory bladder, INT.-intestine, O.-ovary, OE-oesophagus, O.S.-oral sucker, PH.-pharynx, S.-

spines, T.-testis, U.W.E.-uterus with eggs, V.-vitellaria.
layers and structure of muscles.
4. Conclusions

In summary, a small library of new anthraquinone «a-aryl-a-amino-
phosphonates was obtained. Structures of newly prepared chromo-
phores were confirmed and characterized by means of 1H-, B3¢, 3lp
NMR spectroscopy and high-resolution mass spectrometry. Synthesized
compounds were found to be fluorescent in various solutions with
maxima from 586 nm (EtOAc) to 620 nm (DMSO), showing sol-
vatochromic response to the environment with emission of light upon
excitation from yellow to red, attaining bathochromic shift of 30 nm and
Stokes shift of more than 4570 cm™~!. Photofading behavior of obtained
derivatives was determined in solutions of ethanol in comparison with 1-
aminoanthraquinone and fluorescein, and were found to retain up to 60
% of absorbance intensity after irradiation for 4 h. These photophysical
properties enable to apply newly obtained anthraquinone o-aryl-
a-amino phosphonates as dyes for detailed and rapid bioimaging of
trematode Opisthioglyphe ranae using confocal laser scanning micro-
scopy and visualize its digestive, reproductive and excretory system.
Taking into consideration copious amounts of applications of a-amino-
phosphonates, further research could be aimed at investigation of po-
tential utilization of the synthesized compounds in other areas too. In
addition, as it is the first report of utilization of a-aryl-a-amino-
phosphonates as dyes for CLSM, other fluorophores that are function-
alized with a-aminophosphonate moiety could be analyzed as
prospective dyes in CLSM for not only trematodes, but other organisms
as well.
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Abstract: In the present study, new fluorophores based on disubstituted benzanthrone derivatives
were designed starting from 9-nitro-3-bromobenzanthrone with nucleophilic substitution of the
bromine atom with some secondary cyclic amines. It has been found that this reaction is positively
affected by the presence of a nitro group in comparison with 3-bromobenzanthrone. The new
compounds exhibit intense absorption and pronounced luminescent properties in various organic
solvents. In this regard, their photophysical properties were evaluated with an experimental study of
the solvatochromic behavior of the obtained compounds in various solvents. It has recently been
found that the addition of an electron-withdrawing nitro group to the benzanthrone core increases its
first- and second-order hyperpolarizability. Such dyes can be used in the fabrication of optical limiter
devices. Therefore, the developed fluorescent molecules have a potential prospect for extensive
application in optoelectronics.

Keywords: benzanthrone; heterocycle; substituted amines; nitro derivative; fluorescence; solvatochromism;
crystal structure

1. Introduction

Fluorescence is known as a phenomenon where a substance absorbs light and promptly
emits it at a longer wavelength—the process taking place within nanoseconds. The emit-
ted light has a lower energy compared to the absorbed light, which results in a spectral
shift towards longer wavelengths [1]. There are several characteristics that make an or-
ganic compound a good fluorophore. Such a compound should have a high absorption
coefficient—the more efficiently the molecule can be excited, the brighter the emitted fluo-
rescence [2]. A Stokes shift, the difference between the excitation and emission wavelengths,
should be large enough to minimize reabsorption and maximize sensitivity [3]. An efficient
fluorophore should also have a high quantum yield, indicating that most of the absorbed
energy is converted into emitted light rather than the absorbed energy being transformed
into other competing non-radiative processes and should be photostable so that it will not
degrade or lose its fluorescent properties over time or with repeated exposure to light [4,5].

In the anthrone family of fluorescent dyes, a four-cyclic condensed aromatic ketone,
benzanthrone, has been confirmed to display the excellent above-mentioned characteristics,
which prompts the synthesis of new derivatives and their study [6,7]. Previously, benzan-
throne compounds have found utilization as fluorescent bioimaging probes, which can
aid in the visualization of parasitic trematodes and nematodes [8-10], as well as in the
identification of callus embryos of different plant species through the use of confocal laser
scanning microscopy imaging [11]. Moreover, these substances can be selectively deployed
to identify amyloid fibrils [12,13]. Benzanthrone derivatives also have the potential to
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be utilized in liquid crystal displays [14,15], polymeric materials [16,17] and as probes
to determine the pH levels and presence of cations in solutions [18-20]. These multiple
benefits of these compounds have shown them to be a potential tool for various industries
and research fields.

Previous studies have shown a significant effect of the substituent in the third position
of the aromatic system on the photophysical properties of benzanthrone dyes [21-23].
This is explained by the ability of benzanthrone compounds to form a state based on the
intramolecular charge transfer (ICT) between the electron-donating substituent and the
electron-withdrawing carbonyl moiety, which leads to a significant charge redistribution
upon excitation and, as a consequence, to pronounced fluorosolvatochromism.

The influence of such electron-donating groups as amino, amidino, alkoxy and other
groups is described in the literature, showing the highest ICT character of the first transition
for derivatives with the strongest donor group [22].

Over the last few decades, 3-aminobenzanthrone derivatives (including alkylamines
and imines [6,15,24], amides [25-27], amidines [28] and aminophosphonates [29]) have be-
come the subject of significant attention. Among these many derivatives, substituted 3-
piperazinyl derivatives of benzanthrone [30,31], as well as 3-(4-(diphenylamino)phenyl)ben
zanthrone and perylenediimide-benzanthrone dyads, were recently found to exhibit nonlinear
optical (NLO) properties [32,33], which propels their design and use not only for imaging and
sensing but also for applications in laser technology and optical communications.

In the latest research, it has been found that the introduction of a nitro group at position
9 of the benzanthrone core increases the efficiency of the charge transfer, which results in
a stronger NLO response [33]. Thus, considering all of the information mentioned above,
we have chosen to share our knowledge on previously unreported nitrated benzanthrone
derivatives. In this paper, we detail the synthesis of these newly obtained compounds and
provide a comprehensive comparison of their photophysical properties.

2. Results and Discussion
2.1. Synthesis

The first representative of benzanthrone derivatives with a nitro group and a substi-
tuted amino group (morpholine residue) was previously synthesized and showed interest-
ing optical properties [34]. Therefore, we continued the study of such substances using a
similar synthesis technique to obtain them. The target compounds were synthesized with
the reaction of the nucleophilic aromatic substitution of aryl bromide with an addition—
elimination mechanism in the previously obtained 3-bromo-9-nitrobenzanthrone (1) by
heating with an appropriate heterocyclic secondary amine in 1-methyl-2-pyrrolidone as
a solvent (see Scheme 1). The starting nitro derivative 1 was obtained with nitration of
3-bromobenzanthrone according to the procedure described in [35].

2 3 4 5

Scheme 1. Synthetic route for the preparation of the target substances.
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In contrast to the analogous nucleophilic substitution reaction in 3-bromobenzanthrone,
the bromine atom in nitro derivative 1 is replaced faster and at a lower temperature. This is
obviously due to the strong electron-withdrawing effect of the nitro group, as a result of
which the electron density at the third carbon atom is significantly reduced and the attack
of the nucleophile is facilitated. Therefore, the yields of target products 2-5 are higher than
those of similar derivatives that do not contain a nitro group. The obtained substances are
deeply colored dark red solids and have an intense luminescence in solutions.

2.2. NMR Spectra Analysis

Structures of the obtained compounds were confirmed with 'H and APT NMR spectra
(see Figures S1-510); chemical shifts for tertiary carbon atoms and attached hydrogens
were assigned on the basis of COSY and HSQC spectra (see Figures S11-524, Table 1).

Table 1. 'H and '3C chemical shifts for compounds 2-6 in CDCl;.

8, ppm
3 4 5 6
1 1BC 1Hq 1BC 1Hq 1BC 1 1BC 1Hq 1BC
C-8 9.19,d 123.72 9.21,d 124.07 9.14,d 123.77 9.13,d 123.76 8.67,d 127.97
C-4 8.55,d 131.65 8.65,d 133.24 8.51,dd 131.88 8.48,d 132.21 8.46,d 131.26
C-6 8.75,d 130.86 8.78,d 130.99 8.72,dd 130.81 8.70,d 130.74 8.38,d 129.76
C-10 8.39,d 126.82 8.33,dd 126.42 8.34,dd 126.80 8.31,dd 126.68 7.58, ddd 133.16
C-1 8.38,d 127.46 8.26,d 128.92 8.31,d 127.56 8.27,d 127.70 8.21,d 125.14
C-11 8.30,d 123.94 8.20,d 123.11 8.23,d 123.89 8.20,d 123.76 8.12,d 122.53
C-5 7.76,dd 126.29 7.63,dd 123.72 7.73,dd 126.10 7.71,dd 125.85 7.65,dd 125.49
C-2 7.21,d 115.10 6.83,d 108.86 7.18,d 115.10 7.12,d 114.82 7.06,d 114.88
C-7 182.17 - 182.26 182.30 184.15
C-9 7.38, ddd 127.16

It was of interest to compare the chemical shifts of protons and carbon atoms in
monosubstituted amino derivatives and nitrated amines in order to evaluate the effect of
the nitro group on the NMR spectra of the substances under study.

For comparison, a pair of derivatives with a piperidine residue containing a nitro
group (5) and a previously synthesized non-nitrated derivative (6) were analyzed. In
the example of benzanthrone derivative 5, as indicated by 'H and COSY NMR spectra,
signals of H-C(1) and H-C(2) appear as doublets at 8.27 and 7.12 ppm, respectively, with a
coupling constant of 8 Hz. H-C(4) (doublet at 8.48 ppm) and H-C(6) (doublet at 8.70 ppm)
are not chemically equal, and while the signal of H-C(5) in the TH NMR spectrum shows
up as an apparent triplet, it is in fact a masked doublet of doublets with similar splitting;
COSY NMR spectra confirms coupling of both H-C(4) and H-C(6) with H-C(5). Deshielded
H-C(8), situated next to both the carbonyl group and nitro group, appears as a doublet
downfield at 9.13 ppm. It is observed that there is coupling of H-C(8) with H-C(10), which
is attested with the COSY NMR spectrum and equal ] values of 2.5 Hz. H-C(10) is also split
by neighboring H-C(11) (doublet at 8.20 ppm), which makes H-C(10) appear as a doublet
of doublets. The same patterns are applicable to the rest of the synthesized derivatives 2—4.

Multiplicity and chemical shifts of the obtained compound 5 can be contrasted with
previously reported non-nitrated compound 6. It is noteworthy to mention that, as vali-
dated with HMBC NMR spectra, while H-C(6) is positioned downfield relative to H-C(4)
for compound 5, the opposite is true for non-nitrated compound 6. Moreover, besides
an additional signal of H-C(9), there is a change in relative position and multiplicity for
H-C(10), both of which are masked doublets of doublets of doublets that appear as triplets
in the "H NMR spectrum. Obtained results fully correlate with previous NMR studies of
benzanthrone derivatives [36-38].
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2.3. X-ray Crystallographic Study

Synthesized compound 3 crystallizes from dichloromethane in the form of dark red
crystals, the structure of which was determined in this work with an X-ray diffraction
analysis of single crystals (see Figure 1 and Tables 51-56).

Figure 1. A fragment of molecular packing of 3 showing N-O-:-H-C hydrogen bonds.

Obtained compound 5 crystallizes from toluene in the form of red luminescent crystals,
the structure of which was determined with an X-ray diffraction analysis of single crystals
in this research (see Tables S7-512).

A characteristic feature of the crystal structure of 5 is the fact that there are two inde-
pendent molecules (A and B) in the asymmetric unit (see Figure 2). These molecules are
slightly distinguished by the conformation (the rotation of the piperidine cycles relative to
the benzanthrone systems). The torsion angles of C2-C3-N18-C19 are equal to —16.0(1)
and —20.3(1)° for molecules A and B, respectively. In both molecules, the piperidine cycles
are a chair conformation. The nitro groups of these molecules lie almost in the planes of the
benzanthrone systems.

Figure 2. ORTEP diagrams for the asymmetric unit with the labels of atoms and molecules for
compound 5.

Molecules are connected to each other through weak intermolecular bifurcated hydrogen
bonds of the CH---O type. Oxygen atom O24(A) forms C1(B)-H1(B)---O24(A) and C11(B)-
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H11(B)---024(A) hydrogen bonds with lengths of 3.293(2) and 3.314(2) A (H1(B)---O24(A) = 2.38 A,
C1(B)-H1(B)--024(A) = 160°; H11(B)--O24(A) = 2.41 A, C11(B)-H11(B)---O24(A) = 159°). In turn,
024(B) forms hydrogen bonds C1(A)-H1(A)---O24(B) (with parameters C1(A)---O24(B) = 3.368(2)
A, H1(A)--024(B) = 247 A, C1(A-HI1(A)--024(B) = 157°) and C11(A)-H11(A)---O24(B)
(C11(A)---024(B) = 3242(2) A, H11(A)--O24(B) = 2.32 A, C11(A)-H11(A)---O24(B) = 164°). By
means of these hydrogen bonds, molecular chains (bands) are formed in the crystal structure,
approximately parallel to the crystallographic plane (2 2 1).

In the crystal structure, - stacking interactions between benzanthrone systems are
observed. Due to these interactions, the molecular stacks are formed in the crystal lattice.
The rows of these stacks are arranged parallel to the crystallographic direction [1 1 0].
Each stack contains both molecules A and molecules B. Figure 3 shows such a stack. The
shortest intermolecular atom-atomic contacts in the stacks are C9(A)---C8(B) (3.361(2) A)
and C4(A)---C10(A) (3.431(2) A).

Figure 3. A perspective view of molecular stack with the labels of molecule 5.

2.4. Spectroscopic Properties

The synthesized dyes exhibit pronounced luminescent properties in various organic
solvents. In this regard, the photophysical properties of the obtained derivative were
evaluated, recording the absorption and emission spectra in the seven organic solvents
with a wide range of polarities (see Figures S36-538).

The obtained spectral data are summarized in Tables 2—4 in comparison with the
characteristics of the previously studied unnitrated 3-piperidinobenzanthrone (6) and 3-
pyrrolidinobenzanthrone (7) (see Scheme 2). The photophysical properties of morpholine
derivatives have been analyzed in a recent study [34].

Table 2. Absorption maxima A,ps (Ige¢) of nitrated and non-nitrated amines in various organic solvents.

Aabs max, nm (Ige)
Solvent 3 7 2 4 5 6

Benzene 498 (3.94)  525(4.16) 447 (447) 453 (4.26) 460 (4.55) 447 (4.16)
Chloroform 505 (4.01) 541 (4.21) 449 (456) 462 (426) 474 (4.62) 454 (4.15)
EtOAc 493(392) 527 (4.24) 447 (449) 454 (415) 459 (4.53) 445 (4.13)
Acetone 512 (4.08) 542 (431)  448(4.60) 462 (4.11) 467 (451) 448 (4.12)
EtOH 526(3.97)  542(4.21) 449 (449)  455(3.99) 471 (450) 457 (4.09)
DMF 519 (4.18) 548 (4.35) 460 (4.54) 467 (4.17)  475(450) 448 (4.11)
DMSO 531(4.06) 558 (4.31) 466 (443) 472 (411) 478 (449) 463 (4.11)
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Table 3. Emission maxima Aem, of nitrated and non-nitrated amines in various organic solvents.

Aem Max, nm

Solvent 3 7 2 4 6 5
Benzene 584 577 570 574 582 578
Chloroform 613 602 592 598 617 606
EtOACc 598 593 592 592 602 598
Acetone 621 632 612 612 628 620
EtOH 661 652 652 645 675 661
DMF 630 645 624 622 635 632
DMSO 641 645 650 634 665 643

Table 4. Stokes shifts (in cm™!) of nitrated and non-nitrated amines in various organic solvents.

(Vabs — Vem) (cm~1)

Solvent 3 7 2 4 6 5
Benzene 2957 1716 4564 4653 5189 4438
Chloroform 3489 1873 4827 4923 5819 4596
EtOAc 3562 2112 5380 5135 5861 5064
Acetone 3428 2627 5479 5305 6398 5284
EtOH 3882 3113 5981 6474 7067 6103
DMEF 3395 2744 6935 5336 6573 5230
DMSO 3231 2417 5713 5413 6561 5368

1
R

N._.2
e
-NR'R%:

oG5

Scheme 2. Structure of compounds 6 and 7 with the corresponding substituents R! and R?.

Amines 4 and 5 absorb light at 450-480 nm, while derivative 3 with a pyrrolidine
fragment has a longer wavelength absorption band at 525-560 nm and also exhibits a larger
bathochromic shift from nonpolar benzene to polar DMSO (33 nm) than derivatives 4 and
5 (18-19 nm). The pyrrolidine derivative 7 obtained earlier [39] exhibits absorption in the
longest wavelength range compared to all other studied compounds, both monosubstituted
and disubstituted. It is known that the main process that determines the photophysical
properties in substituted amino derivatives of benzanthrone is the transfer of electron
density from the amino nitrogen to the benzanthrone ring, the degree of which may also
depend on other substituents [21-23].

Obviously, in the case of compound 7, there is a stronger interaction between the
donor and acceptor groups, which leads to a lower electronic transition energy and an
increase in the charge transfer upon absorption of a light quantum. The addition of an
electronegative nitro group to the molecule of compound 3 leads to competition between
this substituent and the carbonyl group of the molecule and, consequently, to a new electron
density distribution in the ground state. The hypsochromic shift of the absorption band in
derivative 3 and the low sensitivity of the absorption maxima to the polarity of the solvent
indicate a decrease in the ICT character of the electronic transition.

Compared to unnitrated amines, compounds 3-5 have more intense absorption. For
the synthesized compounds, the bathochromic shift of luminescence maxima (from ben-
zene to DMSO) is comparable to the bathochromic shift of unnitrated derivatives and is
60-85 nm.
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Nitrated compounds 3 and 5 show a bathochromic shift of absorption maxima by
15-35 nm compared to non-nitrated derivatives 7 and 6, but their emission maxima demon-
strate a hypsochromic shift by 3-14 nm relative to the luminescence spectra of monosubsti-
tuted derivatives. As a result, the Stokes shifts of the spectra of nitro derivatives become
smaller than those of non-nitrated derivatives (see Table 4).

3. Materials and Methods
3.1. Materials and Basic Measurements

All reagents were of an analytical grade (Aldrich Chemical Company, Munich, Ger-
many) and were used as received. The progress of the chemical reactions and the purity
of products were monitored with TLC on silica gel plates (Fluka F60254, 20*10, 0.2 mm,
ready-to-use), using C¢Hg-CH3CN (3:1) as an eluent, and visualization under UV light.
Column chromatography on silica gel was carried out on Merck Kieselgel (230-240 mesh)
with dichloromethane as an eluent. Melting points were determined on an MP70 Melting
Point System apparatus and were not corrected.

1H-, COSY-, APT-, HMBC- and HSQC-NMR spectra were recorded on a Bruker Avance
500 MHz (Bruker Corporation, Billerica, MA, USA) in CDCl; at an ambient temperature,
using solvent peaks as the internal reference. Chemical shift (5) values are reported in
ppm. High-resolution accurate mass measurements were performed employing Orbitrap
Exploris 120 (Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA, USA) operating
at the Full Scan mode at a 120,000 resolution. The IR spectrum was recorded on a Thermo
Scientific Nicolet iS50 Spectrometer (ATR accessory; no. of scans: 64; resolution: 4; data
spacing: 0.482 cm™1).

3.2. Synthesis and Characterization

General Procedure for synthesis of derivatives 2-5:

In a 25 mL round bottom flask, a mixture of 0.3 g (0.8 mmol) of 3-bromo-9-nitrobenzan
throne, 0.5 g of the corresponding heterocycle and 5 mL of 1-methyl-2-pyrrolidone was
heated at 90-100 °C for 2-3 h. After cooling, a mixture of 5 mL of ethanol and 10 mL
of water was added; the precipitate was filtered off and dried. The resulting solid was
dissolved in dichloromethane and purified with column chromatography on silica gel
40/100 as an eluent using toluene.

3-Morpholino-9-nitro-7H-benzo[de]anthracen-7-one (2), Obtained as a red compound in a
58% yield with an m.p. of 229-230 °C. R¢ = 0.63 (eluent C4Hg-CH3CN, v/0 3:1). "H NMR
(500 MHz, CDCl3) §9.19 (d, ] =2.4 Hz, 1H, (8)), 8.75 (d, ] = 7.3 Hz, 1H, (6)), 8.55(d, ] = 8.3 Hz,
1H, (4)), 8.39 (d, ] = 6.8 Hz, 1H, (10)), 8.38 (d, ] = 6.5 Hz, 1H, (1)), 8.30 (d, ] =8.9 Hz, 1H,
(11)), 7.76 (t, ] = 7.8 Hz, 1H, (5)), 7.21 (d, ] = 8.1 Hz, 1H, (2)), 3.98 (t, | = 4.5 Hz, 4H, (2, 6')),
3.21 (t, ] = 4.5 Hz, 4H, (3, 5')). 13C NMR (126 MHz, CDCl;) § 182.17 (C=0), 154.28 (C),
146.61 (C), 141.30 (C), 131.65 (CH, (4)), 130.86 (CH, (6)), 130.46 (C), 129.76 (C), 128.57 (C),
127.88 (C), 127.46 (CH, (1)), 126.82 (CH, (10)), 126.29 (CH, (5), 123.94 (CH, (11)), 123.72 (CH,
(8)), 119.77 (C), 115.10 (CH, (2)), 67.08 (CHy, (2/, 6')), 53.79 (CH,, (3, 5')). FTIR (neat): 655,
649, 709, 744, 756, 768, 794, 804, 833, 872, 903, 925, 945, 954, 979, 1024, 1040, 1052, 1067,
1081, 1092, 1126, 1157, 1179, 1212, 1249, 1278, 1303, 1319, 1361, 1385, 1407, 1439, 1460, 1477,
1506, 1569, 1582, 1595, 1646, 2885, 2991, 3054. ESI-FTMS: calculated for [CyHygN,Oy + H*:
361.1183, found: 361.1181.

9-Nitro-3-(pyrrolidin-1-yl)-7H-benzolde]anthracen-7-one (3), Obtained as a red compound in
a 63% yield with an m.p. of 257-258 °C. Ry = 0.73 (eluent C¢He-CH;3CN, v/v 3:1). H
NMR (500 MHz, CDCl3) § 9.21 (d, ] = 2.6 Hz, 1H, (8)), 8.78 (d, ] = 7.3 Hz, 1H, (6)), 8.65 (d,
J=8.4Hz, 1H, (4)), 8.33 (dd, ] = 8.9, 2.6 Hz, 1H, (10)), 8.26 (d, ] = 8.7 Hz, 1H, (1)), 8.20 (d,
] =89Hz, 1H, (11)), 7.63 (dd, ] = 7.9 Hz, 1H, (5)), 6.83 (d, ] = 8.7 Hz, 1H, (2)), 3.76-3.70
(m, 4H, (2/,5")), 2.09-2.03 (m, 4H, (3/, 4')). 13C NMR (126 MHz, CDCl3) & 133.24 (CH, (4)),
130.99 (CH, (6)), 128.92 (CH, (1)), 126.42 (CH, (10)), 124.07 (CH, (8)), 123.72 (CH, (5)), 123.11
(CH, (11)), 108.86 (CH, (2)), 53.48 (CH, (2/, 5')), 26.10 (CH,, (3, 4')). FTIR (neat): 661, 675,
696,743,761,768, 796, 818, 841, 861, 875, 890, 921, 966, 1007, 1039, 1072, 1100, 1113, 1146,



Molecules 2023, 28,5171

8of11

1169, 1213, 1242, 1266, 1290, 1312, 1344, 1405, 1444, 1497, 1524, 1556, 1567, 1582, 1603, 1644,
2847, 2959, 3083. ESI-FTMS: calculated for [Cy1H16N2O3 + H*]: 345.1234, found: 345.1232.
3-(4-Methylpiperazin-1-yl)-9-nitro-7H-benzo[delanthracen-7-one (4), Obtained as a red com-
pound in a 59% yield with an m.p. of 271-273 °C. Ry = 0.02 (eluent CsHg-CH3CN, /v 3:1).
1H NMR (500 MHz, CDCl3) 5 9.14 (d, ] = 2.5 Hz, 1H, (8)), 8.72 (dd, ] = 7.3, 1.4 Hz, 1H, (6)),
851 (dd, ] = 8.3, 1.4 Hz, 1H, (4)), 8.34 (dd, ] = 8.9, 2.6 Hz, 1H, (10)), 8.31 (d,] = 8.2 Hz, 1H,
(1)),8.23(d, ] =9.0 Hz, 1H, (11)), 7.73 (dd, ] = 8.3, 7.3 Hz, 1H, (5)), 7.18 (d, ] = 8.2 Hz, 1H,
(2)),3.24 (t,] = 4.8 Hz, 4H, CH,), 2.71 (brs, 4H, CHy), 2.40 (s, 3H, CHz). 13C NMR (126 MHz,
CDCl3) 5 182.26 (C=0), 154.66, 146.53, 141.43, 131.88 (CH, (4)), 130.81 (CH, (6)), 130.39,
129.75, 128.52, 127.93, 127.56 (CH, (1)), 126.80 (CH, (10)), 126.10 (CH, (5)), 123.89 (CH, (11)),
123.77 (CH, (8)), 119.33, 115.10 (CH, (2)), 77.28, 77.03, 76.77, 55.26, 53.35, 46.19. FTIR (neat):
402, 479, 505, 596, 654, 699, 749, 777, 828, 889, 925, 956, 1010, 1073, 1141, 1169, 1242, 1287,
1328, 1372, 1453, 1503, 1575, 1651, 2692, 2786, 2833, 2939, 3090. ESI-FTMS: calculated for
[CapH1oN3O5 + H*]: 374.1499, found: 374.1485.
9-Nitro-3-(piperidin-1-yl)-7H-benzoldelanthracen-7-one (5), Obtained as a red compound in
a 60% yield with an m.p. of 251-252 °C. Ry = 0.92 (eluent CsH-CH3CN, v/v 3:1). H
NMR (500 MHz, CDCl3) 6 9.13 (d, | = 2.5 Hz, 1H, (8)), 8.70 (d, ] = 7.3 Hz, 1H, (6)), 8.48
(d,] =83 Hz, 1H, (4)), 8.31 (dd, ] = 8.9, 2.6 Hz, 1H, (10)), 8.27 (d, ] = 8.2 Hz, 1H, (1)), 8.20
(d,] =89 Hz, 1H, (11)), 7.71 (dd, ] = 7.8 Hz, 1H), 7.11 (d, ] = 8.2 Hz, 1H), 3.16 (s, 4H), 1.84
(p, ] =5.6 Hz, 4H), 1.67 (p, ] = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl;) § 182.30 (C=0),
156.09 (C), 146.32 (C), 141.57 (C), 132.21 (CH, (4)), 130.74 (CH, (6)), 130.23 (C), 129.76 (C),
128.44 (C), 128.05 (C), 127.70 (CH, (1)), 126.68 (CH, (10)), 125.85 (CH, (5)), 123.76 (CH, (11)),
123.76 (CH, (8)), 118.54 (C), 114.82 (CH, (2)), 54.93 (CH,, (2, 6')), 26.31 (CH,, (3, 5')), 24.39
(CHy, (4)). FTIR (neat): 406, 452, 478, 530, 586, 619, 666, 697, 743, 774, 824, 888, 921, 952,
989, 1025, 1068, 1128, 1169, 1229, 1273, 1329, 1376, 1440, 1505, 1570, 1645, 2662, 2702, 2738,
2818, 2852, 2919, 3066, 3109, 3997. ESI-FTMS: calculated for [C2,H1gN>O3 + H*]: 359.1390,
found: 359.1381.

3-(Piperidin-1-yl)-7H-benzo[de]anthracen-7-one (6), Obtained from 3-bromobenzanthrone at
120-130 °C for 6-7 h as an orange compound in a 48% yield with an m.p. of 165-166 °C.
Ry = 0.94 (eluent CsHg-CH3CN, v/0 3:1). "H NMR (500 MHz, CDCl3) § 8.67 (d, ] = 7.3 Hz,
1H, (8)), 8.46 (d,] = 8.3 Hz, 1H, (4)),8.38 (d, ] = 7.9 Hz, 1H, (6)), 8.21 (d, ] = 8.1 Hz, 1H, (1)),
8.12(d, ] =8.2Hz, 1H, (11)), 7.65 (dd, ] = 7.8 Hz, 1H, (5)), 7.58 (dd, ] = 7.6 Hz, 1H, (10)), 7.38
(dd, ] =7.5 Hz, 1H, (9)), 7.06 (d, ] = 8.0 Hz, 1H, (2)), 3.05 (brs, 4H, (2/, 6')), 1.79 (p, ] = 5.6 Hz,
4H, (3, 5)), 1.61 (brs, 2H, (4')). 3C NMR (126 MHz, CDCls) § 184.15 (C=0), 153.93 (C),
136.60 (C), 133.16 (CH, (10)), 131.26 (CH, (4)), 130.24 (C), 129.76 (CH, (6)), 129.24 (C), 129.00
(C), 128.35 (C), 127.97 (CH, (8)), 127.16 (CH, (9)), 125.49 (CH, (5)), 125.14 (CH, (1)), 122.53
(CH, (11)), 120.97 (C), 114.88 (CH, (2)), 55.01 (CHy, (2/, 6')), 26.46 (CHa, (3/, 5)), 24.48 (CH,,
(4')). FTIR (neat): 410, 450, 473, 507, 581, 625, 653, 703, 772, 842, 878, 939, 961, 1027, 1060,
1101, 1168, 1206, 1277, 1375, 1463, 1511, 1573, 1643, 2668, 2704, 2737, 2808, 2847, 2930, 3064.
ESI-FTMS: calculated for [CooH19gNO + H*]: 314.1539, found: 314.1530.

3.3. Spectroscopic Measurements

The spectral properties of the investigated compound were measured in benzene
(C¢Hp), chloroform (CHCl3), ethyl acetate (EtOAc), acetone, ethanol (EtOH), dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF) with concentrations of 107> M at an
ambient temperature in 10 mm quartz cuvettes. All solvents were of a p.a. or analytical
grade. The absorption spectra were obtained using the UV-visible spectrophotometer
SPECORD® 80 (Analytik Jena AG, Jena, Germany). The fluorescence emission spectra were
recorded on a FLSP920 (Edinburgh Instruments Ltd., Edinburgh, UK) spectrofluorometer
in the visible range 500-800 nm.

3.4. Single Crystal X-ray Diffraction Analysis

Single crystals of C1H16N2Oj3 (3) were investigated on a Rigaku, XtaLAB Synergy,
Dualflex, HyPix diffractometer. The crystal was kept at 140.0(1) K during data collection.
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Using Olex2 [40], the structure was solved with the ShelXT [41] structure solution program
using Intrinsic Phasing and refined with the olex2.refine [42] refinement package using
Levenberg-Marquardt minimization. Crystal data for 3 are as follows: orthorhombic, space
group Phbca (no. 61), a = 14.4599(2) A, b= 7.1736(2) A, c = 29.6287(6) A, V = 3073.4(1) A3,
Z =8, T =140.0(1) K, W(Cu Ke) = 0.822 mm ™!, Dealc = 1.4884 g/cm?, 19,757 measured
reflections (20 < 160°) and 3342 unique (Rint = 0.0356, Rsjgma = 0.0343) that were used in
all calculations. The final Ry was 0.0430 (I > 20(I)) and wR, was 0.1216 (all data).
Diffraction data of compound 5 were collected at 150 K on a Rigaku, XtaLAB Synergy,
Dualflex, HyPix diffractometer using CuKo radiation (A = 1.54184 A). The crystal structure
was solved with direct methods [43] and refined using Gauss-Newton minimization
with the help of a software package [42]. Crystal data for 5 are as follows: triclinic;
a=9.0593(1), b = 12.1264(2), ¢ = 15.8953(2) A, o = 87.867(1), 3 = 76. 570(1) v =86.651(1)°;
= 1695.05(4) A3, Z = 4, p = 0.766 mm ! and Dcalc = 1.404 g-cm~; space group is P T;
R[FZ > 20(F2)] = 0.0417. For further details, see crystallographic data for 5 deposited at
the Cambridge Crystallographic Data Centre as the Supplementary Publication Number
CCDC 2,233,481. Copies of the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK.

4. Conclusions

In the present research, a synthetic method for preparing new disubstituted hetery-
laminobenzanthrones was implemented from 9-nitro-3-bromobenzanthrone. The synthe-
sized derivatives were obtained with 59-63% yields as crystalline deeply colored substances
with an intense luminescence in organic solvents.

The obtained compounds absorb at 450-560 nm with large extinction coefficients and
emit at 570-660 nm. The results obtained indicate that emission of the aimed derivatives is
sensitive to the solvent polarity showing positive fluorosolvatochromism.

Taking into account the fact that the addition of an electron-withdrawing nitro group
to the benzanthrone molecule increases its first- and second-order hyperpolarizability, it
can be assumed that the developed fluorescent compounds have a potential prospect for
application in optoelectronics.
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ARTICLEINFO ABSTRACT

Keywords: In this paper the synthesis, characterization, and photophysical properties of benzanthrone-derived sulfides are
Benzanthrone: fluorescence discussed. The compounds were synthesized using a practical method of nucleophilic aromatic substitution re-
Sulfides

actions of 3-bromobenzanthrone with thiols. Structural characterization was conducted using nuclear magnetic
resonance (NMR) and Fourier-transform (FTIR) spectroscopy and high-resolution mass spectrometry, confirming
the chemical structures. The crystal structure of a compound was determined via X-ray diffraction, revealing n-t
stacking interactions and intermolecular hydrogen bonding. Photophysical analysis showed solvatochromic ef-
fects (emission of light upon excitation from 507 nm in benzene to 591 nm in ethanol) and attributed fluores-
cence to intramolecular charge transfer. Computational analysis using DFT calculations provided further insights
into the compounds’ properties, including excited state energies and the potential for efficient intersystem
crossing. Overall, the research provides a comprehensive understanding of the newly synthesized benzanthrone
alkyl and aryl sulfides as well as a phenylselanyl derivative. The photophysical properties, charge transfer
characteristics observed in the compounds and the solvatochromic effects exhibited by the compounds suggest
their potential to be utilized for developing sensors for detecting environmental changes, chemical substances or
biological targets.

Solvatochromism: aromatic substitution
DFT calculations

1. Introduction emission wavelengths. It indicates the extent of relaxation that occurs in

the excited state before fluorescence emission. A larger Stokes shift

Fluorescent dyes have gained significant importance in both indus-
trial and scientific domains. The phenomenon of fluorescence arises
from the unique properties of molecules in their excited state, primarily
due to the presence of conjugated pi-systems. The effectiveness of
fluorescence emission is influenced by various factors, such as the mo-
lecular structure and the surrounding solvent environment.

Fluorescent molecules possess several key characteristics that
determine their practicality in various applications. Useful fluorescent
molecules should have a high fluorescence quantum yield, which mea-
sures the efficiency of fluorescence emission compared to other
competing processes [1]. Another important characteristic is the Stokes
shift, which represents the difference between the excitation and

* Corresponding author.
E-mail address: armands5maleckis@inbox.lv (A. Maleckis).

https://doi.org/10.1016/j.dyepig.2023.111599

suggests a higher degree of relaxation and implies a more efficient
fluorescence emission process [2]. Furthermore, the photostability of a
fluorescent organic compound is a pivotal factor to consider. A photo-
stable compound will experience minimal deterioration or loss of fluo-
rescence intensity over time, ensuring accurate and consistent data
acquisition [3]. These features render them valuable for a wide array of
applications.

Benzanthrone derivatives with donor-n-acceptor (D-n-A) architec-
ture, belonging to the anthrone dye family, have garnered significant
interest due to their remarkable luminescent properties. These com-
pounds exhibit exceptional characteristics such as photostability, sig-
nificant Stokes shifts, noticeable solvatochromism, and fluorescence
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emission spanning from green to red, controllable through molecular
substitutions and the properties of the surrounding solvent [4-6]. These
features make them useful in a variety of functional materials. In former
studies it has been shown that benzanthrone derivatives as fluorescent
probes can be used to selectively detect amyloid fibrils of the lysozyme
enzyme [7,8] and enable the diagnosis of plant species’ callus embryos
[9], parasitic trematodes and nematodes through confocal laser scan-
ning microscopy imaging [10-12], sensing of oxygen [13], as well as
probes for the pH of solutions [14] and cations [15]. Utility of benzan-
throne dyes in polymeric materials [16-19] and liquid crystal displays
[20,21], and non-linear properties [22-25] have also been demon-
strated previously.

Sulfur-containing compounds are gaining widespread interest in the
scientific community. For instance, pyrene derivatives of vinyl sulfides
and sulfoxides [26], dithiafulvene moiety containing compounds [27],
rhodamine sulfones as NIR fluorescent probes in biological systems [28],
1,5-bis-(4-alkylphenylthio) anthraquinone dyes with potential for liquid
crystal systems [29,30], triarylcyclopentadiene with thiophene ring and
dibenzothiophene group were used for production of blue OLEDs [31]
and many more such compounds and their applications were compre-
hensively reviewed in recently published paper [32].

While 3-mercaptobenzanthrone [33] was reported previously and
14H-anthra[2,1,9-m,n,a]thioxanthen-14-one was examined as semi-
conducting compound [34], and phenothiazine-based benzanthrone
compounds with thermally activated delayed fluorescence were
described earlier [35], due to the scarcity of available data regarding
thioalkyl and thiophenyl derivatives of benzanthrone, we have made the
decision to undertake the synthesis and analysis of benzanthrone com-
pounds containing sulfur and selenium with the aim to expand the
knowledge base in this area.

2. Experimental
2.1. Materials and general measurements

All of the reagents and solvents were obtained commercially and
used without any additional purification.

The assessment of the progress of reactions and purity of the syn-
thesized compounds was performed by TLC on MERCK Silica gel 60 Fas4
plates in hexane/acetone (3:1) as an eluent and visualized under UV
light. Melting points were determined on METTLER TOLEDO™ Melting
Point System MP70 apparatus. 'H- and APT-NMR spectra were recorded
on a Bruker Avance 500 MHz (Bruker Corporation, Billerica, MA, USA)
in CDCl3 at ambient temperature, using solvent peaks as the internal
reference. Chemical shift (§) values are reported in ppm. High-resolution
accurate mass measurements were performed employing Orbitrap
Exploris 120 (Thermo Fischer Scientific) operating at Full Scan mode at
120,000 resolution.

Single crystals of compound 2b were investigated on a Rigaku, Xta-
LAB Synergy, Dualflex, HyPix diffractometer. The crystal was kept at
150.0(1) K during data collection. Using Olex2 [36], the structure was
solved with the ShelXT [37] structure solution program using Intrinsic
Phasing and refined with the olex2.refine [38] refinement package using
Gauss-Newton minimization.

The spectral properties of the investigated compound were measured
at an ambient temperature in 10 mm quartz cuvettes in hexane, benzene,
chloroform, ethyl acetate (EtOAc), acetone, ethanol (EtOH), dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF) with concentrations
1075 M. All solvents were of p.a. or analytical grade. The fluorescence
emission spectra were recorded on a FLSP920 (Edinburgh Instruments
Ltd, UK) spectrofluorometer in the visible range 450-800 nm and the
absorption spectra were obtained using the UV-visible spectrophotom-
eter SPECORD® 80 (Analytik Jena AG, Germany). PL lifetime mea-
surements were performed with QuantaMaster 40 spectrofluorometer
(Photon Technology International, Inc.) using a 410 nm diode laser
excitation source. Low temperature measurements of Zeonex film
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sample were performed in liquid-nitrogen filled quartz dewar.

Density functional theory (DFT) calculations for ground state ge-
ometry optimization and time-dependent DFT (TD-DFT) calculations for
excited state energies and S; geometries were performed using
Schrodinger Jaguar software package (release 2022-1) [39]. Geometry
optimization and TD-DFT calculations employed PBEO-D3 functional
and 6-31g* basis [40]. Dispersion forces were accounted for using
dispersion correction (D3). Tamm-Dancoff approximation (TDA) was
used for TD-DFT. Ground state geometry was optimized in vacuum,
while conductor-like polarizable continuum model (CPCM) was used to
simulate surrounding medium in TD-DFT calculations [41]. SOC matrix
elements for S;—T, transitions were calculated using Orca program
package [42]. For this SOC-TD-DFT method was employed at
PBEO/ZORA-DEF2-TZVP level.

2.2. Synthesis of compounds 2a — 2e, 3a — 3d and 4a

As mentioned earlier in the introduction, in the context of materials
chemistry, aromatic sulfides serve as valuable building blocks due to
their versatile chemical properties. Numerous review articles have
formerly comprehensively detailed the mechanism and synthesis of
aliphatic and aromatic sulfides through nucleophilic aromatic substi-
tution reactions [43-45]. This study presents a practical method for
synthesizing benzanthrone sulfides through nucleophilic aromatic sub-
stitution reaction by employing 3-bromobenzanthrone as the key elec-
trophile and thiols as nucleophilic sulfur sources, the reactions were
carried out under basic conditions (NaOH) in N-methyl-2-pyrrolidone
(NMP). 3-(Phenylselanyl)-7H-benzo[de]anthracen-7-one (4a) was syn-
thesized in the same fashion as aliphatic and aromatic sulfides from
sodium benzeneselenolate in the absence of base in accordance with the
previously reported procedure [46].

Target compounds were synthesized according to Scheme 1 and
structures of the obtained compounds are summarized in Table 1.

2.3. General methodology

A 25 mL flask was charged with 3-bromobenzanthrone (618 mg, 2
mmol) and NaOH (84 mg, 2,02 mmol). The flask was then evacuated and
filled with argon. NMP and corresponding thiol (2,1 mmol) was added
through septum, followed with heating at 80 °C for 2 h. Upon comple-
tion (TLC control), reaction mixture was poured into water and stirred
for 15 min. Precipitate was then vacuum filtered and dried at room
temperature in desiccator. Finally, product was recrystallized from
chlorobenzene to produce pure compound.

2.3.1. 3-(methylthio)-7H-benzo[de]anthracen-7-one (2a)

Orange solid. Yield: 59%. Melting point: 153 °C. Ry = 0.45 (Hexane/
Acetone; 3:1). IR, Amax (neat) cm™1: 656, 685, 697, 743, 772, 842, 944,
1040, 1051, 1081, 1095, 1124, 1157, 1188, 1215, 1249, 1277, 1303,
1314, 1359, 1381, 1408, 1431, 1460, 1479, 1506, 1568,1580, 1597,
1645, 2990, 3055.'H NMR (500 MHz, CDCl3) 6 8.74 (d, J = 7.3 Hz, 1H),
8.54 (d, J = 8.3 Hz, 1H), 8.45 (d, J = 7.9 Hz, 1H), 8.17 (dd, J=13.1, 8.1
Hz, 2H), 7.74 (t,J = 7.8 Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.50 (t, J = 7.5
Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 2.63 (s, 3H). 1°C NMR (126 MHz,
CDCl3) § 183.53 (C=0), 140.28 (C), 136.11 (C), 133.29 (CH), 130.72
(CH), 130.67 (C), 130.43 (C), 129.98 (CH), 128.82 (C), 128.05 (C),
128.00 (CH), 127.80 (CH), 126.27 (CH), 123.92 (CH), 123.48 (C),
122.61 (CH), 122.17 (CH), 15.50 (CH3). FTMS (ESI) m/z: [M + H]+
calculated for C1gH;208S: 277.0682, found: 277.0680.

2.3.2. 3-(isopropylthio)-7H-benzo[de]anthracen-7-one (2b)

Yellow solid. Yield: 67%. Melting point: 131 °C. Ry = 0.49 (Hexane/
Acetone; 3:1). IR, Amax (neat) em % 697, 752, 776, 805, 840, 879, 902,
931, 944, 956, 1043, 1051, 1070, 1083, 1096, 1156, 1174, 1193, 1210,
1278, 1304, 1320, 1358, 1366, 1383, 1407, 1461, 1479, 1507, 1567,
1581, 1596, 1607, 1646, 2863, 2897, 2913, 2924, 2954, 2973, 3007,
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Scheme 1. Synthesis of reported benzanthrone sulfides.

Table 1
The summary of structures of the obtained compounds.

Compound Structure Yield, %

Compound Structure Yield, %

2a 59

seel

-

2 V\@ o6

o
SN
P
PSS
% O‘OO

)

3067.'H NMR (500 MHz, CDCl3) 5 8.78 (dd, J = 8.4, 1.3 Hz, 1H), 8.71
(dd, J = 7.3, 1.3 Hz, 1H), 8.40 (dd, J = 7.8, 1.5 Hz, 1H), 8.26 (d, J = 7.9
Hz, 1H), 8.20 (d, J = 8.1 Hz, 1H), 7.73 (t, J = 7.7 Hz, 1H), 7.68 (d, J =
7.9 Hz, 1H), 7.67-7.62 (m, 1H), 7.49-7.42 (m, 1H), 3.47 (hept, J = 6.7
Hz, 1H), 1.31 (d, J = 6.7 Hz, 6H). *C NMR (126 MHz, CDCl3) 5 183.67
(C=0), 137.32 (C), 136.00 (C), 133.42 (CH), 133.29 (C), 132.57 (CH),
130.76 (C), 130.15 (CH), 129.84 (CH), 128.98 (C), 128.57 (C), 128.25
(CH), 128.13 (CH), 126.70 (CH), 125.69 (C), 123.71 (CH), 122.93 (CH),
38.89 (CH(CHa3)y), 23.21 (CH(CH3)z). FTMS (ESD) m/z: [M + H]*
calculated for CyoH160S: 305.0995, found: 305.0992.

2.3.3. 3-(cyclohexylthio)-7H-benzo[de]anthracen-7-one (2c)

Yellow solid. Yield: 69%. Melting point: 181 °C. Ry = 0.53 (Hexane/
Acetone; 3:1). IR, Amax (neat) cm™': 686, 698, 748, 769, 803, 819, 835,
943,999, 1026, 1041, 1052, 1082, 1096,1128, 1172, 1198, 1216, 1255,
1279, 1303, 1317, 1357, 1381, 1451, 1479, 1507, 1567, 1580, 1596,
1606, 1646, 2844, 2886, 2927, 2939, 2990, 3053.'H NMR (500 MHz,

CDCl3) §8.74 (d, J = 8.3 Hz, 1H), 8.66 (d, J = 7.2 Hz, 1H), 8.36 (dd, J =
7.9,1.1 Hz, 1H), 8.16 (d, J = 7.9 Hz, 1H), 8.12 (d, J = 8.1 Hz, 1H), 7.69
(t,J = 7.8 Hz, 1H), 7.64-7.56 (m, 2H), 7.41 (t, J = 7.5 Hz, 1H), 3.17 (tt,
J=10.6, 3.7 Hz, 1H), 2.01-1.89 (m, 2H), 1.77-1.67 (m, 2H), 1.58-1.50
(m, 1H), 1.46-1.34 (m, 2H), 1.31-1.14 (m, 3H). *C NMR (126 MHz,
CDCl3) § 183.59 (C=0), 136.92 (C), 135.97 (C), 133.35 (CH), 133.32
(), 132.59 (CH), 130.68 (C), 130.07 (CH), 129.76 (CH), 128.90 (C),
128.51 (C), 128.16 (CH), 128.06 (CH), 126.61 (CH), 125.50 (C), 123.66
(CH), 122.87 (CH), 47.18 (CH), 33.39 (CHy), 26.03 (CHy), 25.74 (CHy).
FTMS (ESI) m/z: [M + H] ™" calculated for Co3H00S: 345.1308, found:
345.1304.

2.3.4. 3-(tert-butylthio)-7H-benzo[de]anthracen-7-one (2d)

Yellow solid. Yield: 70%. Melting point: 163 °C. Ry = 0.54 (Hexane/
Acetone; 3:1). IR, Amax (neat) em™ L 655, 697, 751, 781, 803, 847, 863,
880, 901, 942, 960, 1025, 1040, 1051, 1076, 1092, 1163, 1194, 1205,
1220, 1276, 1304, 1316, 1367, 1383, 1459, 1469, 1503, 1565, 1581,
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1596, 1654, 2862, 2895, 2925, 2957, 2977, 3065.'H NMR (500 MHz,
CDCl3) 5 9.03 (dd, J = 8.4, 1.4 Hz, 1H), 8.67 (dd, J = 7.2, 1.4 Hz, 1H),
8.37 (dd, J = 7.9, 1.5 Hz, 1H), 8.24 (d, J = 7.7 Hz, 1H), 8.18 (d, J = 8.1
Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.72 (dd, J = 8.4, 7.2 Hz, 1H), 7.62
(ddd, J = 8.4, 7.2, 1.5 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 1.24 (s, 9H). °C
NMR (126 MHz, CDCl3) § 183.60 (C=0), 137.53 (CH), 136.29 (C),
135.71 (C), 134.67 (CH), 134.15 (C), 133.41 (CH), 130.97 (C), 130.09
(CH), 128.78 (C), 128.65 (CH), 128.57 (C), 128.10 (CH), 127.92 (C),
126.81 (CH), 123.20 (CH), 123.15 (CH), 48.40 (C(CHs)3), 31.38 (C
(CH3)3). FTMS (ESI) m/z: [M + H] ™ calculated for Co;H1g0S: 319.1151,
found: 319.1149.

2.3.5. 3-(phenethylthio)-7H-benzo[de]anthracen-7-one (2e)

Orange solid. Yield: 86%. Melting point: 180 °C. Ry = 0.43 (Hexane/
Acetone; 3:1). IR, Apax (neat) em b 655, 695, 733, 747, 775, 804, 839,
874, 904, 943, 959, 1029, 1041, 1051, 1081, 1094, 1126, 1166, 1204,
1277, 1305, 1316, 1356, 1380, 1405, 1453, 1478, 1497, 1505, 1564,
1579, 1597, 1641, 2847, 2926, 3030, 3060.'H NMR (500 MHz, CDCl3) 5
8.80 (d, J = 7.2 Hz, 1H), 8.73 (d, J = 8.3 Hz, 1H), 8.50 (d, J = 7.8 Hz,
1H), 8.31 (d, J = 7.9 Hz, 1H), 8.27 (d, J = 8.1 Hz, 1H), 7.80 (t, J = 7.8
Hz, 1H), 7.73 (t, J = 7.5 Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.55 (t, J =
7.5 Hz, 1H), 7.35 (t, J = 7.4 Hz, 2H), 7.32-7.24 (m, 3H), 3.36 (t, J = 7.8
Hz, 2H), 3.06 (t, J = 7.8 Hz, 2H). 13¢ NMR (126 MHz, CDCl3) 5 183.61
(C=0), 139.79 (C), 138.22 (C), 136.04 (C), 133.41 (CH), 131.96 (C),
131.68 (CH), 130.64 (C), 130.17 (CH), 128.98 (C), 128.64 (CH), 128.56
(CH), 128.46 (C), 128.12 (CH), 126.70 (CH), 126.60 (CH), 126.02 (CH),
124.80 (C), 123.84 (CH), 122.82 (CH), 35.33 (CHy), 35.12 (CHy). FTMS
(ESD) m/z: [M + H]' calculated for CysH;g0S: 367.1151, found:
367.1146.

2.3.6. 3-(phenylthio)-7H-benzo[de]anthracen-7-one (3a)

Yellow solid. Yield: 70%. Melting point: 186 °C. Ry = 0.55 (Hexane/
Acetone; 3:1). IR, Amax (neat) em 654, 685, 698, 746, 769, 792, 811,
834, 875, 902, 944, 1018, 1040, 1050, 1079, 1125, 1178,1193, 1209,
1249, 1277, 1303, 1316, 1359, 1380, 1400, 1459, 1477, 1488, 1505,
1567, 1579, 1593, 1646, 1696, 2913, 3053.'H NMR (500 MHz, CDCl3) 6
8.69 (t, J = 6.6 Hz, 2H), 8.39 (d, J = 7.7 Hz, 1H), 8.19 (d, J = 7.9 Hz,
1H), 8.15(d,J=8.0Hz, 1H), 7.71 (t,J = 7.8 Hz, 1H), 7.62 (t,J = 7.4 Hz,
1H), 7.51-7.42 (m, 2H), 7.31-7.23 (m, 5H). '*C NMR (126 MHz, CDCl3)
6 183.56 (C=0), 136.75 (C), 135.84 (C), 134.69 (C), 133.48 (CH),
132.24 (C), 132.15 (CH), 131.28 (CH), 130.79 (C), 130.28 (CH), 130.16
(CH), 129.54 (CH), 129.00 (C), 128.66 (C), 128.43 (CH), 128.16 (CH),
127.57 (CH), 127.09 (CH), 126.40 (C), 123.95 (CH), 122.99 (CH). FTMS
(ESI) m/z: [M + H]" calculated for Cy3H;40S: 339.0838, found:
339.0836.

2.3.7. 3-(p-tolylthio)-7H-benzo[de]anthracen-7-one (3b)

Yellow solid. Yield: 73%. Melting point: 219 °C. Ry = 0.50 (Hexane/
Acetone; 3:1). IR, Amax (neat) em™L: 655, 671, 698, 729, 744, 778, 800,
826, 836, 869, 891, 919, 956, 993, 1023, 1047,1071,1111, 1133, 1170,
1186, 1207, 1229, 1247, 1261, 1274, 1298, 1311, 1333, 1369, 1439,
1448, 1461, 1506, 1521, 1572, 1584, 1600, 1646, 2841, 2859, 2894,
2963, 3079.'H NMR (500 MHz, CDCl3) § 8.69 (dd, J = 10.8, 7.8 Hz, 2H),
8.38 (d, J = 7.9 Hz, 1H), 8.13 (dd, J = 10.4, 8.0 Hz, 2H), 7.71 (t,J = 7.8
Hz, 1H), 7.61 (t, J = 7.7 Hz, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.33 (d, J =
7.9 Hz, 1H), 7.26 (d, J = 7.7 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 2.29 (s,
3H). 13¢ NMR (126 MHz, CDCl3) 6 183.66 (C=0), 138.44 (C), 138.31
(C), 136.00 (C), 133.47 (CH), 132.56 (CH), 131.86 (CH), 131.73 (Q),
130.73 (C), 130.46 (CH), 130.27 (CH), 130.01 (C), 128.99 (C), 128.58
(C), 128.45 (CH), 128.26 (CH), 128.17 (CH), 126.91 (CH), 125.62 (C),
124.00 (CH), 122.90 (CH), 21.21 (CH3). FTMS (ESI) m/z: [M + H]"
calculated for Co4H1608S: 353.0995, found: 353.0993.

2.3.8. 3-((4-methoxyphenyDthio)-7H-benzo[de]anthracen-7-one (3c)
Yellow solid. Yield: 54%. Melting point: 235 °C. Ry = 0.46 (Hexane/
Acetone; 3:1). IR, Amax (neat) cm™': 685, 698, 746, 770, 800, 813, 829,
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875, 901, 944, 988, 1006, 1030, 1049, 1080, 1102, 1125, 1170, 1188,
1209, 1249, 1277, 1290, 1299, 1316, 1360, 1380, 1407, 1451, 1477,
1488, 1506, 1567, 1579, 1589, 1646, 1664, 2840, 2898, 2938, 2960,
3011, 3062, 3077.'H NMR (500 MHz, CDCls) 5 8.83 (d, J = 7.3 Hz, 1H),
8.79 (d, J = 8.3 Hz, 1H), 8.50 (d, J = 7.9 Hz, 1H), 8.23 (dd, J = 8.2, 3.5
Hz, 2H), 7.84 (t, J = 7.8 Hz, 1H), 7.72 (t, ] = 7.6 Hz, 1H), 7.54 (t, J = 7.5
Hz, 1H), 7.51 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 7.9 Hz, 1H), 6.99 (d, J =
8.3 Hz, 2H), 3.88 (s, 3H). '3C NMR (126 MHz, CDCl;) 5 183.71 (C=0),
140.34 (C), 136.13 (C), 135.80 (CH), 133.45 (CH), 131.36 (CH), 130.99
(C), 130.66 (C), 130.27 (CH), 128.99 (C), 128.47 (C), 128.16 (CH),
128.09 (CH), 126.73 (CH), 126.27 (CH), 126.10 (C), 124.77 (C), 124.06
(CH), 122.80 (CH), 122.64 (C), 115.46 (CH), 55.46 (-O-CHs). FTMS
(ESI) m/z: [M + HI]' calculated for CosH;602S: 369.0944, found:
369.0938.

2.3.9. 3-((4-fluorophenyl)thio)-7H-benzo[de]anthracen-7-one (3d)

Yellow solid. Yield: 61%. Melting point: 210 °C. Ry = 0.46 (Hexane/
Acetone; 3:1). IR, Anax (neat) em L 655, 686, 696, 744, 767, 794, 844,
872, 902, 945, 982, 1013, 1050, 1081, 1091, 1126, 1157, 1174, 1217,
1278, 1303, 1319, 1361, 1383, 1461, 1486, 1507, 1568, 1583, 1594,
1645, 3034.'H NMR (500 MHz, CDCl3) § 8.68 (d, J = 7.2 Hz, 1H), 8.63
(d, J= 8.3 Hz, 1H), 8.37 (d, J = 7.8 Hz, 1H), 8.12 (dd, J = 12.3, 7.9 Hz,
2H),7.70 (t, J = 7.8 Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.44 (t, J = 7.5 Hz,
1H), 7.40-7.29 (m, 3H), 6.99 (t, J = 8.4 Hz, 2H). 13C NMR (126 MHz,
CDCl3) 6 183.57 (C=0), 162.69 (d, J = 248.7 Hz, C), 137.59 (C), 135.85
(C), 134.28 (d, J = 8.2 Hz, CH), 133.53 (CH), 131.74 (CH), 130.77 (C),
130.75 (C), 130.33 (CH), 129.04 (C), 129.01 (C), 128.87 (CH), 128.64
(C), 128.43 (CH), 128.20 (CH), 127.08 (CH), 126.12 (C), 123.94 (CH),
122.96 (CH), 116.95 (CH), 116.78 (CH). FTMS (ESI) m/z: [M + H]"
calculated for Cy3H,3FOS: 357.0744, found: 357.0742.

2.3.10. 3-(phenylselanyl)-7H-benzo[de]anthracen-7-one (4a)

Yellow solid. Yield: 60%. Melting point: 190 °C. Ry = 0.47 (Hexane/
Acetone; 3:1). IR, Amax (neat) cm™1: 654, 670, 691, 740, 750, 767, 792,
840, 941, 998, 1022, 1038, 1046, 1064, 1081, 1122, 1170, 1215, 1277,
1304, 1317, 1359, 1382, 1438, 1469, 1476, 1506, 1565, 1581, 1595,
1608, 1646, 2989, 3052.'H NMR (500 MHz, CDCl3) 5 8.69 (d, J = 7.3
Hz, 1H), 8.62 (d, J = 8.3 Hz, 1H), 8.39 (d, J = 7.9 Hz, 1H), 8.15 (dd, J =
8.1, 4.7 Hz, 2H), 7.70 (t, J = 7.8 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.63
(t, J = 7.6 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.43-7.38 (m, 2H),
7.24-7.16 (m, 3H). '3C NMR (126 MHz, CDCls) 5 183.50 (C=0), 135.90
(), 134.41 (C), 134.24 (CH), 133.49 (CH), 133.21 (CH), 132.53 (CH),
130.84 (C), 130.33 (C), 130.26 (CH), 129.68 (CH), 129.03 (C), 128.66
(C), 128.47 (CH), 128.16 (CH), 127.83 (CH), 127.18 (CH), 126.83 (C),
124.04 (CH), 122.99 (CH). FTMS (ESI) m/z: [M + H]" calculated for
Co3H1408Se: 387.0284, found: 387.0283.

3. Results and discussion
3.1. Structural and spectral characterization

'H-, APT-NMR (attached proton test NMR), FTIR spectra and high-
resolution mass spectrometric analysis confirmed chemical structures
of newly prepared compounds.

The collected infrared spectra indicate that the benzanthrone
carbonyl group (C=0) vibration band has peaks ranging from 1645 to
1654 cm ™! and bands of aliphatic and aromatic carbon-hydrogen (C-H)
vibrations around 2840-3100 cm .

The NMR spectroscopy was used to detect the doublets (d), doublets
of doublets (dd), doublets of doublets of doublets (ddd), triplets (t),
triplets of triplets (tt) and multiplets (m) of the aromatic protons (§
9.05-7.05 ppm) that are commonly found in phenyl groups and ben-
zanthrone residue. The APT NMR spectra revealed the characteristic
peaks of the benzanthrone carbonyl group carbon at approximately
183-184 ppm, as well as the peaks of both aromatic and aliphatic carbon
atoms. These results were found to be consistent with previous NMR
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studies on other benzanthrone derivatives [47-50].

The molecular weight of the produced compounds was confirmed to
be as calculated based on the results acquired from the high-resolution
mass spectrometry.

3.2. Crystal structure analysis

Fig. 1 gives a perspective view of molecule 2b respectively with
thermal ellipsoids and the atom-numbering scheme. Table 2 gives the
principal torsion angles characterizing the conformation of the iso-
propylthio group. The values of the C1-C2-C3-S18, C17-C3-S18-C19
and C3-S18-C19-C21 angles close to the flat angle indicate that all
atoms of the molecule (with the exception of C20) lie in the plane of the
benzanthrone system. Table 3 lists the main crystallographic parameters
for the crystals of 2b.

In the crystal structure of 2b there are n-n stacking interactions be-
tween benzanthrone systems. Fig. 2 illustrates these interactions. The
shortest interatomic contact in these interactions is C9---C17 with length
of 3.338(2) A. By means of these interactions the molecules associate
into centrosymmetric dimers in the crystal structure. Among other
shortened contacts, the C21---022 contact with a length of 3.484(2) A
should be distinguished. This contact can be interpreted as a weak
intermolecular hydrogen bond of the CH---O type (see Fig. 2). The angle
of C21-H21b---022 is 155°, the H21b---022 length is equal 2.57 A.

3.3. Photophysical properties

3.3.1. Absorption and emission

To investigate the photophysical properties of newly synthesized
compounds 2a - 2e, 3a — 3d and 4a, absorbance and emission spectra
were acquired in seven solvents with varying polarity, specifically, in
benzene (PhH), chloroform, ethyl acetate (EtOAc), acetone, DMF (N,N-
dimethylformamide), DMSO (dimethyl sulfoxide) and ethanol.

All of the dyes examined in this study exhibited fluorescence and
displayed notable solvatochromic effect (Fig. 3), emitting light that
ranged from blue-green in solvents of lower polarity to orange in higher
polarity solvents. The observed solvatochromic properties of these
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Table 2

Selected torsion angles in 2b.
Angle Value (°)
C1-C2-C3-S18 179.5(1)
C17-C3-S18-C19 —167.9(1)
C3-518-C19-C20 67.7(2)
C3-518-C19-C21 —170.4(2)

benzanthrone derivatives, evident from both — their fluorescence and
absorption spectra in solutions, provide compelling evidence supporting
the notion that their fluorescence originates from the ICT (intra-
molecular charge transfer) mechanism, which occurs during excitation
from the electron-donating thiol group to the electron-withdrawing
carbonyl group.

Table 4 — 6provide a summary of the data for absorption maxima and
molar extinction coefficients, as well as fluorescence maxima and Stokes
shifts.

The benzanthrone alkyl and aryl sulfides, as well as 3-(phenyl-
selanyl)benzanthrone in solutions were observed to have absorption
band in the range of 403-448 nm with a shift towards longer wave-
lengths of 10-20 nm between the maxima in benzene and DMSO. In
comparison to absorption, the influence of solvent polarity on fluores-
cence is more conspicuous. Both alkyl and aryl sulfides emit light upon
excitation from around 507 nm in benzene to 591 nm in ethanol (Fig. 4).
Substitution of sulfur atom with larger — selenium - atom, slightly shifts
emission bathochromically and somewhat increases Stokes shifts, while
extinction coefficients and absorption maxima are practically unaf-
fected. Despite the high electron-donating ability of selenium, its
introduction into the 3rd position of benzanthrone significantly reduces
the emission quantum yields of the compound, especially in polar
solvents.

To better understand how electronic properties of the obtained
compounds respond to changes in solvent polarity, the Lippert-Mataga
plots (Fig. 5) were charted for compounds 2a, 3a and 4a, providing
insights into the molecule-solvent interactions. The relationship be-
tween the Stokes shift of studied molecules’ electronic transition and the
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I
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Fig. 1. ORTEP diagram for molecule 2b.
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Table 3
Crystal data and structure refinement of the compound 2b.

2b

Empirical formula CaoH160S

Formula weight 304.42

Temperature/K 150.0(1)

Crystal system monoclinic

a(A) 8.13153(6)

b (A) 11.23841(8)

cA) 16.13048(13)

a (%) 90

B 92.0316(7)

v () 90

Volume (A% 1473.164(19)

Z 4

p(mm™) 1.923

Density (calculated) (g/cm®) 1.3724

Space group P2y/c

F(000) 643.0

Radiation Cu Ko (% = 1.54184 A)

20 max. for data collection/® 160

Index ranges —-10 <h <10,
~11 <k <14,
-20<1<20

Reflections collected 17,086

Independent reflections

3229 [Rint = 0.0184, Rsigma = 0.0139]

Data/restraints/parameters 3229/0/205

Goodness-of-fit on F? 1.038

Final R indexes [I > 26(D)] R; = 0.0321,
WR; = 0.0911

Final R indexes [all data] R; = 0.0328,
WR; = 0.0921

Largest diff. peak/hole/e A~3 0.23/-0.33

CCDC number 2,261,465

Lippert-Mataga solvent parameter is not a simple, direct proportionality.
This implies that there are more complex interactions between these
molecules and solvents, which may include specific solute-solvent in-
teractions, solvent effects on the molecule’s electronic structure, or even
changes in conformation of molecules. The non-linearity in the plot
could also arise from the presence of multiple electronic transitions
contributing to the observed spectra, each having different sensitivities
to solvent polarity. It may indicate the existence of specific solvent
binding sites or highlight the significance of dipole-dipole, hydrogen
bonding, or other types of interactions.

The absorption spectra of benzanthrone amidines previously exam-
ined exhibit wavelengths ranging from 410 to 495 nm and the
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absorption spectra of 3-substituted benzanthrone amino derivatives fall
within the range of 430-520 nm [51-54]. Regarding the 3-methoxy and
3-phenoxy derivatives of benzanthrone, their absorption spectra range
from 417 to 436 nm [20,55,56]. Notably, the peaks of emission and
absorption are shifted towards shorter wavelengths in sulfur and sele-
nium derivatives, indicating a slightly weaker donating effect compared
to nitrogen and oxygen-containing species. In general, the photophysical
properties of these compounds are similar to those of previously inves-
tigated derivatives of benzanthrone that contain oxygen and nitrogen.

3.3.2. Fluorescence lifetime

For compounds 2a, 3a and 4a PL decays were measured in benzene,
CHCl3, DMF and EtOH solutions (Figs. 6-9). In all cases the obtained
curves can be approximated with a monoexponential decay function,
yielding PL lifetimes in the range of 1.0-10.7 ns (Table 7). The
nanosecond-scale light emission process and calculated radiative rate
constants (k;) on order of 107 s~! are indicative of fluorescence mech-
anism. Interestingly, k, for 2a is about twice higher than for the other
two compounds. This suggests that the attachment of alkylthio fragment
to the benzanthrone core increases the oscillator strength of the emissive
S; excited state, if compared to the structural analogues, which bear
phenylthio and phenylselanyl substituents. In all cases the non-radiative
rate constants (kp,) substantially exceed those of the radiative process, in
accordance with the observed low-to-moderate ®p values. Non-radiative
constants are notably higher for 3a and 4a, suggesting more pronounced
non-emissive excitation relaxation pathways for the respective com-
pounds. Regarding the surrounding medium impact, it is apparent that

Fig. 3. Solutions of compound 2a in ultraviolet light in different organic sol-
vents (from left to right: in benzene, chloroform, EtOAc, acetone, ethanol, DMF
and DMSO).

Fig. 2. Molecular packing in the unit cell of 2b showing the intermolecular shortened contacts.
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Table 4
Absorption maxima of prepared dyes in organic solvents (concentration 10~ M).
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Absorption A,ps (Ige) (nm)

2a 2b 2¢ 2d 2e 3a 3b 3c 3d 4a
Benzene 429 (4.18) 414 (4.01) 416 (3.83) 411 (4.26) 422 (4.42) 413 (4.16) 426 (4.10) 432 (3.90) 418 (4.27) 416 (4.14)
CHCl3 444 (4.16) 420 (4.02) 421 (3.82) 403 (4.30) 430 (4.40) 421 (4.18) 436 (4.04) 447 (3.94) 424 (4.25) 423 (4.14)
EtOAc 431 (4.17) 411 (4.03) 412 (3.81) 406 (4.16) 424 (4.38) 410 (4.14) 423 (4.07) 430 (3.95) 414 (4.25) 412 (4.14)
Acetone 443 (4.19) 413 (3.97) 414 (3.84) 407 (4.27) 430 (4.39) 413 (4.11) 425 (4.04) 438 (3.92) 415 (4.20) 416 (4.16)
DMF 446 (4.06) 422 (3.98) 422 (3.83) 411 (4.27) 445 (4.21) 417 (4.15) 431 (4.02) 443 (3.92) 422 (4.23) 419 (4.11)
DMSO 448 (4.19) 426 (4.00) 425 (3.70) 412 (4.21) 446 (4.06) 420 (4.07) 430 (3.91) 447 (3.92) 424 (4.10) 423 (3.93)
EtOH 448 (4.15) 423 (3.96) 422 (3.79) 405 (4.27) 442 (4.31) 423 (4.09) 442 (4.03) 447 (3.90) 425 (4.21) 423 (4.04)
Table 5
Emission maxima of prepared dyes in organic solvents (concentration 10~> M).
Emission Aep, (nm)
2a 2b 2c 2d 2e 3a 3b 3c 3d 4a
Benzene 508 507 521 503 505 504 523 520 501 510
CHCl3 533 539 544 538 538 538 545 537 533 543
EtOAc 519 518 515 514 518 516 518 517 514 543
Acetone 541 536 538 540 537 533 545 562 538 560
DMF 552 546 548 544 547 541 555 563 543 562
DMSO 565 555 557 553 560 552 563 565 555 569
EtOH 587 584 585 582 586 583 591 573 580 595
Table 6
Stokes shift of prepared dyes in organic solvents (concentration 10> M).
Stokes shift (cm™ 1)
2a 2b 2c 2d 2e 3a 3b 3c 3d 4a
Benzene 3625 4431 4845 4450 3895 4372 4354 3917 3963 4431
CHCl3 3761 5257 5371 6227 4668 5166 4587 3749 4823 5224
EtOAc 3934 5026 4854 5175 4280 5010 4336 3913 4699 5856
Acetone 4089 5556 5567 6052 4634 5451 5181 5037 5509 6181
DMF 4306 5382 5449 5949 4190 5497 5184 4811 5280 6073
DMSO 4622 5456 5576 6189 4564 5694 5494 4672 5567 6066
EtOH 5286 6517 6603 7509 5560 6488 5704 4919 6288 6834
7000
1.0 ——Benzene 1 °
— o RE=09045
.g 0.8 —— Acetone 0.8 g n 6000
X -
SP- —— Chloroform é é . R?=0.7036
D et L]
= 0.6 DMF 06 ° & 5000
] g =
g —DMSO K @ P
S04 Ethanol 04 E 3 ettt e 20,5061
g £ % 4000 . e
=} -
Zz Z &
0.2 02
3000
0.0 KO 0 0 0.05 0.1 0.15 0.2 025 03 0.35
300 400 500 600 700 800 Lippert-Mataga solvent polarity value
Wavelength, nm
Fig. 4. The UV-Vis absorption and fluorescence emission spectra of compound Fig. 5. Stoke shift versus solvent Lippert-Mataga polarity parameter for com-

3a in various organic solvents.

an increase in solvent polarity leads to a slight drop in both k; and ky,
constants. The decrease in non-radiative rate exceeds that of k;, gener-
ally resulting in ®f rise in more polar solvents. The exception is com-
pound 4a, for which an opposite trend is observed, as PL efficiency
dramatically drops.

3.4. Computational analysis

In order to gain a better understanding about the photophysical

pounds 2a (blue), 3a (red) and 4a (green) in selected solvents.

properties of the synthesized compounds a series of DFT calculations
were performed for 2a, 3a and 4a. The optimization of ground-state
geometries yielded structures, where the bonds at sulfur or selenium
atom are located in the plane of benzanthrone ring system, in agreement
with the previously discussed X-ray structure of 2b. The bonds between
benzanthrone and heteroatom are slightly shortened (e.g., 1.77 and
1.78 A for 2a and 3a), indicating a partial delocalization of heteroatom
lone pair electrons in the neighboring electron deficient ring system. The
calculated frontier molecular orbitals of the compounds are presented in
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Fig. 6. Emission decay curves of 2a (a), 3a (b) and 4a (c) measured in CHCl; solution.
(a) (b) (c)
2a (benzene) + 3a(benzene) 4a (benzene)
—fit fit fit
10000
10000 4
2 2
3 10000 4 © (]
1000 4 1000
T T T T T T T 100 T T T L3
0 10 20 30 40 50 €0 0 10 20 30 40 50 60 0 5 10 15 20
Time(ns) Time (ns) Time (ns)
Fig. 7. Emission decay curves of 2a (a), 3a (b) and 4a (c) measured in benzene solution.
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Fig. 8. Emission decay curves of 2a (a) and 3a (b) measured in DMF solution.
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Fig. 9. Emission decay curves of 2a (a) and 3a (b) measured in EtOH solution.

Table 8. Highest occupied molecular orbital (HOMO) predominantly
resides on the sulfur or selenium atoms and on the neighboring benzene
ring. Lowest unoccupied molecular orbital (LUMO), on other hand, is

shifted towards the carbonyl-bearing electron deficient aromatic ring of
benzanthrone. The structural variance in the investigated compounds
shows a little impact on the calculated HOMO and LUMO energy level
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Table 7
Fluorescence quantum yield (®g), PL lifetime values and radiative and non-
radiative rate constants of compounds 2a, 3a and 4a in different polarity
solvents.

Compound Op T, 18 ©? k;,” 1:107 57! Kpr,© 1:107 571
PhH

2a 0.31 3.5 1.35 8.9 19.7
3a 0.08 2.3 118 3.3 38.3
4a 0.05 1.0 1.26 4.5 86.4
CHCl,

2a 0.52 10.0 1.29 5.2 4.8
3a 0.24 9.3 1.23 2.6 8.1
4a 0.07 3.7 1.28 1.9 25.1
DMF

2a 0.40 10.7 1.32 3.7 5.6
3a 0.14 5.6 1.19 2.5 15.4
4a 0.001 4 - - -
EtOH

2a 0.32 10.6 1.35 3.0 6.4
3a 0.11 7.1 1.18 1.5 12.4
4a 0.001 - - - -

# Reduced chi-squared value of PL decay fit.

bk, = Opy/1.

€ Knr = (1-®p)/T.

4 Value could not be determined due to low PL intensity.

values (Table 8), except for the selenium containing compound 4a, for
which a slight destabilization for both frontier orbitals is evident. TD-
DFT calculations were sequentially performed to predict excited state
energy levels. The calculated S; excitation energies (3.00-2.95 eV) and
oscillator strength (f) parameters are fairly similar and compare well
with the experimental measurements. The analysis of natural transition
orbitals (NTOs) (Table 9) reveals that So—S; transition predominantly
involves an electron transfer between HOMO and LUMO orbitals and
thus possess an intramolecular charge transfer (ICT) character. ICT na-
ture of the singlet transition is also evident in the performed sol-
vatochromic simulations. For reference, in solvent series benzene, DCM
and DMSO compound 4a exhibits solvent polarity induced S; level
stabilization with the corresponding values 2.95, 2.92 and 2.90 eV. A
similar trend can be seen in experimental measurements (Fig. 4). The
lowest energy triplet state (T;) is significantly stabilized (by approxi-
mately 1 eV) in relation to S; level. T; state, on the other hand is situated
relatively closely to the lowest energy singlet, suggesting a possible
pathway for efficient intersystem crossing (ISC) process. To closer
investigate the probability of this hypothetical photophysical mecha-
nism the optimization of geometries of S; excited state were performed
for the molecules and the corresponding spin-orbit coupling (SOC)
matrix elements for S;—T; and S;—Tj transitions (<Sy|Hgo|Tn>) were
calculated (Table 8). It can be seen that for 4a a significant increase in
SOC parameter can be observed due to a heavy atom effect, arising from
the presence of selenium [57]. By taking into consideration the fact that
4a exhibits the lowest @ value among the investigated compound se-
ries, it can be proposed that upon the photoexcitation an efficient ISC to
dark triplet states takes place, limiting the light emission efficiency of
the compound. In order to test this assumption and detect possible
triplet state-related emissive processes in more rigid media, a Zeonex

Table 8
Results of DFT calculations (PBEO, 6-31g* theory level).
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film bearing 5 wt% of 4a was prepared. At room temperature conditions
the sample exhibited very weak emission, which showed no increase in
intensity upon a placement under nitrogen atmosphere. Further, the
Zeonex film was cooled to 77 K and time-resolved PL spectra were ac-
quired (Fig. 10). As it can be seen, the sample does not exhibit any
long-lived emissive process, typical for metal-free phosphorescent
compounds, as no PL can be detected in 1000-5000 s interval after the
excitation. Instead, the observed PL can be attributed to fluorescence, as
indicated by the nanosecond scale PL decay of the cooled sample
(Fig. 11). In comparison to the measurements in solvents, the shape of
the PL band in cooled Zeonex film exhibits structured features, associ-
ated with vibrational sublevels of the excited singlet emissive state,
which become apparent due to a restricted thermal motion of the 4a
molecules. Considering theses results, the triplet excited states of the
examined compounds can be considered as non-emissive due to very
efficient non-radiative relaxation processes, which cannot be suppressed
even at low-temperature conditions in rigid polymer host (see Table 10).

It is worth noting that for the optimized S; geometries the thio- or
seleno-substituents change their conformation from being in the plane of
benzanthrone to being perpendicular, indicative of a formation of
twisted intramolecular charge transfer state [58]. However, the energy
difference between planar and twisted states are very small. For
example, the calculated energy difference between these two

Table 9
Calculated HOMO and LUMO wavefunctions for compounds 2a, 3a and 4a.

Compound HOMO LUMO

2a

HOMO, eV LUMO, eV S1," eV (exp.)” fso—s1 T, eV

To," eV S5, eV (exp)’ <8y |Hso|T1>"¢, em ™! <81|Hso|To>"¢, ecm™!

2a —5.78 -2.21
3a -5.77 -2.21
4a —5.72 -2.19

3.00 (2.89) 0.457 2.10
2.99 (3.00) 0.498 2.08
2.95 (2.98) 0.497 2.09

2.93 2.69 (2.44) 13.0 2.3
291 2.46 (2.46) 6.5 1.6
291 2.35(2.43) 36.4 13.4

2 Calculated in benzene.

b Experimentally measured A,ps values.
¢ Calculated at S; geometry.

4 Experimentally measured Aer, values.
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Table 10
Natural transition orbitals (NTOs) of the So—8S1, So—T; and So—Ts transitions for 2a, 3a and 4a. Blue color represents the hole, while red color the particle.
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Fig. 10. Time-resolved PL measurements of a doped Zeonex film containing 5
wt% of compound 4a at 77 K temperature showing PL intensity in 0-15 ps and
1000-5000 ps intervals.

conformations for compound 2a is only 0.001 eV (Fig. 12), meaning that
they both are freely accessible at room temperature conditions.
Considering the fact that the twisted conformations possess very small f
values (e.g., 0.0016 for 2a), but the experimental radiative rates are
relatively high, it can be assumed that the fluorescence in the investi-
gated compounds proceed predominantly from the planar conformation.

4. Conclusions

In conclusion, this paper has discussed the synthesis, characteriza-
tion, and photophysical properties of benzanthrone-derived sulfides.
The compounds were successfully synthesized through a practical

10

Fig. 11. PL decay of a doped Zeonex film containing 5 wt% of compound 4a at
77 K temperature measured at 500 nm (excitation 410 nm).

method of nucleophilic aromatic substitution reactions. Structural
characterization using various spectroscopic techniques confirmed their
chemical structures, and the crystal structure of one compound was
determined through X-ray diffraction, revealing n-m stacking in-
teractions between benzanthrone systems and intermolecular hydrogen
bonds. Photophysical analysis demonstrated solvatochromic effects and
attributed fluorescence to intramolecular charge transfer. Computa-
tional analysis using DFT calculations provided additional insights into
the properties of the compounds including excited state energies and
potential for efficient intersystem crossing. Overall, this research has
provided a comprehensive understanding of the newly synthesized
benzanthrone sulfides and their phenylselanyl derivative. The observed
photophysical properties, charge transfer characteristics and the sol-
vatochromic effects exhibited by the compounds suggest their potential
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Fig. 12. Optimized geometries of two

utility in developing sensors for detecting environmental changes,
chemical substances, or biological targets.
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Abstract: In this research, we explore the synthesis of and characterize x-aminophosphonates de-
rived from anthraquinone and benzanthrone, focusing on their fluorescence properties and potential
applications in confocal laser scanning microscopy (CLSM). The synthesized compounds exhibit
notable solvatochromic behavior, emitting fluorescence from green to red across various solvents.
Spectroscopic analysis, including 'H-, 13C-, and 3'P-NMR, FTIR, and mass spectrometry, confirms the
chemical structures. The compounds’ toxicity is evaluated using etiolated wheat sprouts, revealing
varying degrees of impact on growth and oxidative damage. Furthermore, the study introduces these
a-aminophosphonates for CLSM imaging of the parasitic flatworm Opisthorchis felineus, demonstrat-
ing their potential in visualizing biological specimens. Additionally, an X-ray crystallographic study
of an anthraquinone x-aminophosphonate provides valuable structural insights.

Keywords: fluorescence; solvatochromism; aminophosphonate; benzanthrone; anthraquinone;
Kabachnik-Fields reaction; one-pot reaction; crystal structure; toxicology; confocal laser scanning
microscopy

1. Introduction

Fluorescence is a phenomenon wherein a substance absorbs light and promptly re-
leases it at a longer wavelength, occurring within nanoseconds and resulting in a spectral
shift towards longer wavelengths. An effective organic fluorophore possesses specific
characteristics. A crucial factor is a high absorption coefficient, ensuring efficient molecule
excitation and, consequently, brighter emitted fluorescence. The Stokes shift, representing
the difference between excitation and emission wavelengths, should be sufficiently large to
minimize reabsorption and maximize sensitivity. Additionally, an efficient fluorophore ex-
hibits a high quantum yield, signifying that most absorbed energy is converted into emitted
light rather than being redirected into competing non-radiative processes. Photostability is
equally vital in order to prevent degradation or loss of fluorescent properties over time or
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with repeated exposure to light. These key attributes collectively define an optimal organic
compound for fluorescence applications [1].

In our prior investigation of x-aminophosphonates, we explored derivatives belonging
to the anthrone dye family, specifically focusing on anthraquinone and benzanthrone
derivatives [2,3]. These compounds, characterized by a donor—m—acceptor architecture,
have attracted considerable attention owing to the noteworthy properties mentioned earlier.

While both anthraquinone and benzanthrone derivatives have held a crucial position
in advancing the dye industry and are typically employed in vat dyeing techniques [4,5],
various other applications have arisen. For anthraquinones, these include: serving as emit-
ters in organic light-emitting diodes (OLEDs) [6,7], detecting ionic species in chemosensory
processes [8,9], contributing to cellular imaging [10,11], and finding utility in the medical
field as agents with fungicidal, antibacterial, insecticidal, antiparasitic, antiviral, and anti-
cancer properties [12]. On the other hand, benzanthrones are suited for diverse uses: in
liquid crystal displays [13,14], polymeric materials [15], as probes for the pH of solutions
and cations [16,17], selective detectors of amyloid fibrils of the lysozyme enzyme [18],
and visualization of parasitic trematodes and nematodes through confocal laser scanning
microscopy imaging [19].

a-aminophosphonates, analogues of amino acids, possess the ability to inhibit various
enzymes involved in amino acid metabolism, thus acting as antagonists and displaying a
diverse range of biological activities such as antifungal, antimicrobial, antiviral, anticancer,
herbicidal, and neuromodulatory effects [20,21]. Additionally, these compounds, both
natural and synthetic, have been extensively studied for their potential applications as lu-
bricating additives [22], antioxidants [23], sorbents [24,25], and corrosion inhibitors [26,27].
Furthermore, x-aminophosphonates derived from aromatic amines, including benzene,
naphthalene, anthracene, pyrene, and phenanthrene, as well as bis-aminophosphonates
with anthracene rings, have been explored for their fluorescent properties [28-33].

In our previous research, we have independently explored some benzanthrone and
anthraquinone x-aminophosphonates. The difference between these compounds has not
been explored yet. In this study, we synthesize novel derivatives by utilizing aldehydes
featuring previously unreported substituents and bridge the gap by comparing their
synthesis processes; luminescent properties; toxicological aspects, which have not been
previously analyzed for anthraquinone derivatives; and applicability for confocal laser
scanning microscopy, an aspect overlooked in studies of benzanthrone derivatives. An
X-ray crystallographic study of an anthraquinone x-aminophosphonate, absent in earlier
research, and benzanthrone x-aminophosphonate was performed as well.

2. Results and Discussion
2.1. Synthesis

The synthesis of target compounds was carried out using the Kabachnik-Fields re-
action conditions. Numerous reviews have elucidated the mechanism and summarized
diverse approaches for this three-component reaction [34-37]. These approaches encom-
pass catalyzed and catalyst-free variations, as well as synthesis involving the use of ionic
liquids, dehydrating agents, and microwave irradiation. We utilized our previously out-
lined synthetic procedure wherein an aromatic amine reacts at an elevated temperature
with suitable aromatic aldehyde in excess, employing a dimethylphosphonate as both the
reactant and the solvent. This one-pot, solvent-free approach is also influenced by the
convenience of the subsequent extraction and purification of x-aminophosphonates. An
excess of an aldehyde and a dimethylphosphonate undergo hydrolysis under moderately
basic conditions, leading to the isolation of a pure compound through simple recrystalliza-
tion. Compounds were obtained, on average, in 65% yields. Although the substrate has
no significant impact on the reaction yield, the reaction with 4-bromobenzaldehyde, on
average, yielded more than 70%. In contrast, the reaction with 4-(methylthio)benzaldehyde
resulted in a slightly lower yield of 66%, and the lowest yield of 57% was achieved with
3-cyano-4-fluorophenylbenzaldehyde. Compounds were synthesized according to Figure 1.
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Figure 1. Synthesis of target a-aminophosphonates.

2.2. Spectroscopy
2.2.1. Structure

To validate the chemical structures of the acquired compounds, 1H-, 3C-, 3IP-NMR,
and FTIR spectroscopy, as well as mass spectrometry, were performed.

The obtained infrared spectra showed broad amino group (NH) stretching vibration
bands around 3225-3237 cm ™~ for anthraquinone derivatives and around 3297-3484 cm ™!
for benzanthrone derivatives; two stretching vibration peaks of anthraquinone carbonyl
groups (C=0) and one for benzanthrone carbonyl group at around 1630-1669 cm~?; and
broad aliphatic and aromatic carbon-hydrogen (C-H) stretching vibration bands around
2848-3077 cm ™.

The confirmation of the obtained compounds’ structures was achieved through
"H-NMR spectroscopy. The characteristic signals of aromatic protons were identified.
The a-carbon hydrogen signal manifested as a doublet of doublets, arising from coupling
with phosphorus. Hydrogens within the methyl groups of the phosphonate moiety ap-
peared as distinct multiplets due to their magnetic non-equivalence. In APT NMR spectra,
identifiable peaks of carbonyl group carbons emerged at approximately 184 ppm. Further-
more, the APT spectra exhibited distinct doublets due to carbon—phosphorus coupling and
the magnetic non-equivalence of carbon atoms within the phosphonate moiety. In 3'P-NMR
spectra, phosphorus peaks appeared as singlets at around 23 ppm (decoupled mode) and
as doublets for fluorine-containing compounds 2¢ and 4c. The acquired data align well
with previously reported NMR results for analogous compounds: benzanthrones [38,39],
anthraquinones [40], and «-aminophosphonates [41-43].

The mass of the synthesized compounds, determined through the results obtained
from high-resolution mass spectrometry, was verified to match the calculated values.

2.2.2. Photophysical Properties

To investigate the photophysical characteristics of the synthesized compounds, UV-Vis
absorption and fluorescence emission spectra in solvents of varying polarity (benzene, chlo-
roform, ethyl acetate (EtOAc), acetone, DMF (N,N-dimethylformamide), DMSO (dimethyl
sulfoxide), and ethanol (EtOH)) were acquired.

The examined dyes demonstrated fluorescence and exhibited significant solvatochromic
behavior, emitting light ranging from green in hexane to red in ethanol. The solvatochromic
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properties of these derivatives indicate that the fundamental mechanism governing fluores-
cence was internal charge transfer during excitation, specifically from the electron-donating
amino group to the electron-withdrawing carbonyl groups. Tables 1-3 provide a sum-
mary of data representing absorption maxima, molar attenuation coefficients, fluorescence
maxima, fluorescence quantum yields, and Stokes shifts.

Table 1. Absorption maxima (and extinction coefficients) of synthesized dyes in organic solvents
(concentration: 107> M).

Aabs Max, nm (Ige)

Solvent
2a 2b 2¢ 4a 4b 4c
Hexane 471 (3.99) 475 (3.84) 465 (3.60) 454 (4.35) 457 (4.13) 447 (3.76)
Benzene 478 (4.00) 481 (3.89) 471 (3.87) 465 (4.38) 467 (4.27) 459 (4.00)
Chloroform 480 (3.95) 483 (3.81) 448 (3.95) 476 (4.37) 467 (4.24) 465 (4.00)
EtOAc 477 (4.04) 480 (3.86) 472 (3.83) 470 (4.40) 472 (4.21) 465 (4.00)
Acetone 478 (4.02) 478 (3.85) 472 (3.84) 477 (4.42) 478 (4.26) 476 (4.00)
DMF 481 (4.04) 486 (3.86) 478 (3.83) 490 (4.37) 491 (4.27) 486 (4.04)
DMSO 484 (4.03) 488 (3.88) 479 (3.85) 497 (4.40) 498 (4.25) 491 (4.08)
EtOH 480 (3.92) 478 (3.93) 473 (3.83) 489 (4.23) 488 (4.23) 483 (4.04)
Table 2. Fluorescence maxima (and quantum yields) of synthesized dyes in organic solvents (concen-
tration: 10° M).
Solvent Aem Max, nm
2a 2b 2¢ 4a 4b 4c
Hexane 585 (0.05) - - 516 (0.49) 555 (0.48) 562 (0.08)
Benzene 584 (0.11) 580 (0.17) 572 (0.03) 552 (0.47) 555 (0.57) 542 (0.18)
Chloroform 596 (0.07) 595 (0.09) 550 (0.14) 571 (0.41) 589 (0.48) 574 (0.22)
EtOAc 597 (0.08) 592 (0.07) 582 (0.02) 588 (0.48) 578 (0.53) 566 (0.18)
Acetone 599 (0.01) 604 (0.08) 593 (0.02) 591 (0.43) 597 (0.56) 587 (0.15)
DMF 605 (0.06) 604 (0.03) 606 (0.01) 601 (0.45) 611 (0.48) 610 (0.13)
DMSO 610 (0.04) 617 (0.03) 616 (<0.01) 614 (0.36) 620 (0.42) 619 (0.12)
EtOH 614 (0.02) 628 (0.05) 609 (<0.01) 633 (0.19) 636 (0.23) 629 (0.10)
Table 3. Stokes shift of synthesized dyes in organic solvents (concentration: 10> M).
Solvent Vabs — Vem, cm!
2a 2b 2c 4a 4b 4c
Hexane 4137 - - 2647 3864 4578
Benzene 3797 3549 3749 3389 3395 3336
Chloroform 4055 3897 4140 3495 4435 4084
EtOAc 4214 3941 4004 4270 3885 3838
Acetone 4226 4364 4323 4044 4170 3973
DMF 4261 4020 4419 3769 4000 4183
DMSO 4268 4284 4643 3834 3951 4212

EtOH 4547 4997 4721 4652 4769 4806




Molecules 2024, 29, 1143 50f 19

In solutions, anthraquinone x-aminophosphonates 2a, 2b, and 2¢ exhibit broad band
absorbance around 465-488 nm and fluorescence from 584 nm (benzene) to 628 nm (ethanol)
(Figure 2), whereas benzanthrone x-aminophosphonates 4a, 4b, and 4c absorb around
447-498 nm and fluorescence from 516 nm (hexane) to 636 nm (ethanol) (Figure 3).
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—EtOAc
% —Chloroform
N 0.8 —Acetone 0.8 g
= —DMF i
£ —DMSO g
5 g
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< §
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Figure 2. The UV-Vis absorption and fluorescence emission spectra of compound 2a in various

organic solvents.
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Figure 3. The UV-Vis absorption and fluorescence emission spectra of compound 4a in various

organic solvents.

While extinction coefficients, on average, were slightly higher for benzanthrone com-
pounds than anthraquinone ones with the same substituents on the phenyl ring, fluores-
cence quantum yields were considerably higher, indicating a more efficient conversion
of absorbed photons into emitted fluorescence. Because of the diminished fluorescence
intensity of the examined anthraquinone dyes, the emission spectra exhibited noise. The
polarity effect of the medium on fluorescence was more pronounced than on the absorp-
tion for both substrates. Among the studied dyes, the highest Stokes shift of 4997 cm™?
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was observed for the anthraquinone derivative 2c in ethanol. The introduction of strong
electron-accepting groups (2c and 4c) significantly decreased both the extinction coefficients
and quantum yields. The absorption spectra of the recently examined benzanthrone alkyl
and aryl sulfides spanned from 403 to 448 nm [44], and amidines absorbed in the range
of 410 to 495 nm [45,46], whereas 3-substituted benzanthrone amino derivatives exhibited
absorption between 430 and 520 nm [47]. For 3-amino-9-nitrobenzanthrone derivatives,
absorption occurred in the range of 450 to 560 nm [48]. This suggests that the benzanthrone
amino group, when attached to a phosphoryl group, demonstrates a stronger donating
effect compared to amidino and thiol groups, albeit to a slightly lesser degree than an
alkyl amino group.

The molecular-microscopic solvent polarity parameter (EY) considers the molecular as-
pects of the solvent structure that contribute to its overall polarity. Plots (Figure 4) show how
changes in solvent polarity affected the emission wavelength maxima of compounds 2a
(anthraquinone derivative) and 4a (benzanthrone derivative). As the polarity of the solvent
rose, there was a corresponding lengthening of the emission wavelength. The linear corre-
lation observed between the EY parameter and emission maxima suggests the presence
of general solute—solvent interactions, including H-bonding interactions, in the majority
of solvents. The influence of polarity on the emission wavelength maxima was more
pronounced for compound 4a compared to 2a.

650 | 4. R2=0.9425 .
625 °4a e

 R2=0.9267

[o2)
=
o

Wavelength, nm
[6)] [$)]
a1 N
[e) Q1
Y J
L ]
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N
(6]

500
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Molecular-microscopic solvent function value

Figure 4. Emission wavelength maxima versus molecular-microscopic solvent polarity parameter
(EY) for compounds 2a and 4a in selected solvents; dotted lines represent linearity trend.

2.3. Toxicity Assessment

For the evaluation of the toxicity of compounds 2a and 4a, 6 x 10° M and 3 x 10° M
solutions were prepared. Within 24 h, the etiolated wheat sprouts of the cultivar “Fenomen”
were grown in a dark chamber at a temperature of 26 °C on moist filter paper. Wheat is
a convenient object for research in plant physiology and biochemistry because the devel-
opment of cereals is synchronous throughout ontogeny [49]. The first leaf and coleoptile
were used because the first leaf is a developing organ of wheat, but the coleoptile is a
senescent organ of wheat, and the processes which occur in these organs are different. A
morphology test on filter paper was carried out in plastic dishes with three layers of paper
on the bottom. Each dish contained 5 mL of dye solution or 5 mL of distilled water (control)
and 30 seeds, which were covered by a lid. Dishes containing seeds were incubated for
5 days in a dark chamber at 26 &+ 1 °C. The lengths of the first leaf and coleoptile were
measured in millimeters (mm). Data are presented taking into consideration the standard
error (SE) of three replicates.

The highest concentration of both dyes had a significant toxicological effect on the
growth of the wheat leaves and coleoptiles (Figure 5); thus, an evaluation of the toxicity of
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compounds 2a and 4a on the wheat seedlings was performed using only 3 x 10° M dye
concentration. As a result, the phytotoxicity of the 2a on the first leaf and coleoptile was
higher than that of the 4a (Table 4). We used this method to assess oxidative damage in
wheat grown at lower concentrations as well (Table 5). The MDA levels were raised in the
wheat leaves and coleoptile with both dyes compared to the control. This increase suggests
that the cell membranes in wheat leaves and coleoptiles were experiencing oxidative
damage, leading to lipid peroxidation. Nevertheless, the electrolyte leakage was decreased
in the wheat sprouts. The decrease in electrolyte leakage suggests that the cell membrane’s
integrity was maintained or repaired to some extent, possibly due to the plant’s defense
mechanisms. The increase in MDA levels and the decrease in electrolyte leakage are
indicative of complex cellular responses to oxidative stress due to dye toxicity.

Figure 5. Wheat seedlings cultivated in the presence of dyes 2a and 4a, with concentrations 0 M,
6x1075M,3 x 10° M.

Table 4. Morphology of the wheat sprouts cultivated in the presence of dyes 2a and 4a.

Length of First Leaf Length of Coleoptile Phytotoxicity on the Phytotoxicity on the

(mm) (mm) First Leaf (%) Coleoptile (%)
Control 68.26 34.52 - -
2a (3 x 107 M) 20.52 12.70 70 63
4a (3 x 1076 M) 2424 14.76 64 57

Table 5. Electrolyte leakage and MDA assay of the wheat sprouts cultivated in the presence of dyes
2a and 4a.

Electrolyte Leakage MDA Assay
First Leaf Coleoptile First Leaf Coleoptile
Control 41 15 31.9 15.1
2a (3 x 107° M) 29 23 63.8 409
4a (3 x 107° M) 20 21 67.0 46.5

Both dyes were found to cause significant oxidative damage to wheat seedlings, as
evidenced by elevated levels of malondialdehyde (as the indicator of oxidative stress)
content and electrolyte leakage compared to control wheat sprouts.

The results thus show that the toxic properties of the studied substances differed: the
anthraquinone derivative 2a was more toxic to plants than analogous benzanthrone one 4a.
This may arise from the quinone nature of 2a, which, when reacting with antioxidants,
leads to the release of reactive oxygen species (ROS) [50].
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Similar data were obtained for benzanthrone derivatives with the thiophene and
unsubstituted phenyl group [2].

2.4. Confocal Laser Scanning Microscopy Imaging of Trematode Opisthorchis Felineus

Opisthorchis felineus is a parasitic flatworm, commonly known as the cat liver fluke,
that primarily infects the livers and bile ducts of various mammals, including humans. The
life cycle of O. felineus involves several stages and includes both intermediate and defini-
tive hosts. Adult flukes residing in the bile ducts release eggs, which are then excreted
with the host’s feces. Embryonated eggs release miracidia upon reaching the external
environment. Miracidia penetrate specific freshwater snails (e.g., Radix spp.) for further de-
velopment [51]. Within the snail host, miracidia transform into sporocysts and then rediae,
undergoing asexual reproduction. Cercariae, free-swimming larvae, are released from the
snails. Cercariae infect freshwater fish, the second intermediate hosts [52]. Cercariae encyst
in the muscles of fish, becoming metacercariae, the infective stage for the definitive host.
Definitive hosts, including mammals and humans, become infected by consuming raw or
undercooked fish containing metacercariae [53]. The life cycle is completed when adult
flukes release eggs into the bile ducts, restarting the cycle. Opisthorchis felineus is endemic
in regions around the Baltic Sea, Caspian Sea, and Black Sea [54]. Various estimates suggest
that the current infection rate with these liver flukes potentially affects up to 40 million
people, while a substantial risk group of approximately 600-750 million people exists in
Eurasian countries [55]. These parasites are expanding their colonization into previously
unreported regions in Eurasia [56]. Opisthorchiasis in humans is associated with chronic
liver disease and an increased risk of cholangiocarcinoma [57]. Moreover, O. felineus can
also infect domestic and wild mammals, which serve as reservoir hosts and contribute
to the persistence of the parasite in certain ecosystems [58]. To bring all of this together,
O. felineus poses a significant public health concern. Thus, understanding the life cycle
and epidemiology of O. felineus is crucial for implementing effective control strategies and
public health interventions in endemic areas.

Among the synthesized anthrone-based dyes investigated in this study, four specific
compounds were subjected to testing with Opisthorchis felineus. Two of these compounds,
namely, 4b and 4c, were benzanthrone dyes, which have pronounced lipophilic properties,
while the remaining two, 2b and 2¢, were anthraquinone dyes, exhibiting comparatively
lower hydrophobic characteristics. According to the initial data, 4b and 4c dyes showed the
structure and muscle of the parasite O. felineus slightly more clearly (see Figures 6 and 7).
Thus, it can be concluded that benzanthrone dyes are better for visualizing Opisthorchis
felineus flukes. The obviously hydrophilic nature of the dye has a significant impact on the
visualization of these biological objects. Overall, all tested dyes demonstrated promising
initial outcomes, prompting us to undertake a more comprehensive examination of these
dyes in subsequent studies.

2.5. X-ray Crystallographic Study

Figure 8 shows a perspective view of molecule 2a with thermal ellipsoids, and the
atom-numbering scheme follows in the text. In the molecular structure, the planar an-
thraquinone and phenyl systems form a dihedral angle of 84.3(8)°. The torsion angle of
C1-N11-C12-C19 is equal to 73.2(7)°. The coordination polyhedron of the phosphorus
atom is a tetrahedron in which the central atom (P13) deviates by 0.463(6) A from the plane
of the base (014, O15, O17). The molecular structure is stabilized by a strong intramolecular
hydrogen bond of NH:--O type between the amino group and the quinone oxygen O26;
the parameters of this bond are as follows: N11---O26 = 2.636(7) A, H11---026 = 1.93(6) A,
N11-H11---026 = 146(4)°.
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Figure 6. Adult Opisthorchis felineus stained with the examined dyes: (A)—2b; (B)—2c.

Figure 7. Adult Opisthorchis felineus stained with the examined dyes: (A)—4b; (B)—4c.

The crystal structure of 2a is achiral (space group is P 1); thus, despite the asymmetric
carbon atom (C12), the substance represents a true racemate. A characteristic feature of
the crystal structure of 2a is the fact that there is a strong 7—m stacking interaction between
anthraquinone systems; the shortest intermolecular atom-atomic contact (C9a---C10) is
equal to 3.332(8) A. By means of these interactions, molecular stacks are formed in the
crystal structure along the crystallographic direction [0 1 0] (Figure 9). The amino group
is involved in the strong intramolecular H-bond; therefore, it does not form intermolecu-
lar H-bonds. However, there are carbon atoms with as increased electronegativity; first
of all, these are carbons of methyl groups bonded to oxygen atoms. This is why mod-
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erated intermolecular H-bonds of CH---O type are formed in the crystal structure. The
parameters of these bonds are as follows: C16---O27 = 3.292(9) A, H16B---027 = 2.31 A,
C16-H16B---027 = 178°; C18---O17 = 3.244(9) A, H18A---0O17 = 2.50 A, C16-H16B.--027 =
132°. It is also worth highlighting a rather strong halogen bond between bromine atoms
with a length of 3.449(5) A. Through this bond, the molecules in the crystal structure
combine to form centrosymmetric dimers.

Figure 8. ORTEP diagram with the labels of atoms for 2a.

Figure 9. A fragment of the crystal structure of 2a, showing hydrogen and halogen bonds.
Red—oxygen, blue—nitrogen, orange—phosphorous, brown—bromine. Brown dashed line rep-
resents halogen bond between bromine atoms and blue dotted line represents hydrogen bonding.
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Figure 10 illustrates a perspective view of molecule 4a, with thermal ellipsoids and
the atom-numbering scheme following in the text. A characteristic feature of the crystal
structure is static disorder of the dimethyl phosphonate group: In the crystals, there are
two molecular forms of 4a, which differ in the conformation of the dimethyl phosphonate
group. The occupancy g-factors of these forms are 0.65 and 0.35; Figure 10 shows the form
with the largest g-factor.

Br26

Figure 10. ORTEP diagrams with labels of atoms for 4a. Red—oxygen, blue—nitrogen,
orange—phosphorous, brown—bromine.

The peculiarity of the molecular structure is a fairly strong intramolecular hydro-
gen bond of NH:--O type between the amino group and dimethylphosphonate. The
parameters of this bond are as follows: N18.--O28 = 2.947(4) A, H11.--026 = 2.44(3) A,
N18—H18---028 = 121(3)°. By means of this bond, an additional five-membered cycle is
formed in the structure of 4a molecules (see Figure 11). The H-bond stabilizes the molecular
structure; through it, the oxygen atom 028 is not disordered, unlike the other atoms of the
dimethyl phosphonate group.

The torsion angle of C3—N18—-C19—C20 is equal to —66.8(3)°. In the molecular
structure, the planar benzanthrone and phenyl systems form a dihedral angle of 73.7(3)°.

The crystal structure of 4a is less dense than 2a. The packing index for 4a, calculated
using Kitaigorodsky’s approach [59], is equal to 0.693, while for 2a, it is 0.708. In the
crystal structure 4a, there is no halogen bond; only a weak intermolecular hydrogen
bond of CH.:--O type with a length of 3.263(5) A occurs between the C24—H24 group and
oxygen atom O28. Numerous weak intermolecular CH:--7t interactions are also present, the
strongest of which is C4—H4---C; (H4---Cs = 3.14 A), where C, represents the centroid of the
phenyl ring. Figure 12 shows this interaction along with hydrogen bonds. In addition to 2a,
the crystal structure of 4a is achiral (space group is P2;/c); thus, despite the asymmetric
carbon atom (C19), the substance represents a true racemate.
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Figure 11. H-bond formation and disorder of the dimethyl phosphonate group in 4a. Red—oxygen,
blue—nitrogen, orange—phosphorous, brown—bromine.

Figure 12. A fragment of the crystal structure of 4a, showing hydrogen and C4—H4---7 bonds.
Red—oxygen, blue—nitrogen, orange—phosphorous, brown—bromine.

3. Materials and Methods
3.1. Materials and Measurments

All of the reagents and solvents were obtained commercially and used without any
additional purification. The assessment of the progress of reactions and purity of the
synthesized compounds was performed using TLC on MERCK Silica gel 60 F254 plates,
with hexane/acetone (1:2) as an eluent, and visualized under UV light. Melting points were



Molecules 2024, 29, 1143

13 of 19

determined using a METTLER TOLEDO™ Melting Point System MP70 apparatus. The
IR spectrum was recorded on a Thermo Scientific Nicolet iS50 Spectrometer (ATR accessory;
no. of scans: 64; resolution: 4; data spacing: 0.482 cm ). 1H-, 13C-, and 3'P-NMR
were captured using a Bruker Avance 500 MHz (Bruker Corporation, Billerica, MA, USA)
in CDClj3 at room temperature. Solvent peaks were used as the internal reference. Chemical
shift (5) values are reported in ppm. Accurate high-resolution mass measurements were
conducted using the Orbitrap Exploris 120 (Thermo Fisher Scientific, Waltham, MA, USA),
operating in Full Scan mode at a resolution of 120,000. The FLSP920 spectrofluorometer
(Edinburgh Instruments Ltd., Livingston, UK) captured fluorescence emission spectra
within the visible range of 450-800 nm, while the absorption spectra were acquired using
the UV-visible spectrophotometer SPECORD® 80 (Analytik Jena AG, Jena, Germany).

3.2. Synthesis and Characterization
General procedure for synthesis of derivatives 2a—-2c and 4a—4c:

In a 10 mL round-bottom flask fitted with a magnetic stirrer bar, 2 mmol of an amine,
6 mmol of an aldehyde, and 5 mL of dimethylphosphonate were combined. The mixture
was stirred at 120 °C for 1 to 3 h, with progress monitored using TLC. After the completion
of the reaction, the mixture was poured into 100 mL of concentrated sodium bicarbonate
(NaHCO3) solution and left overnight while being stirred until a solid product was formed.
The precipitate was then filtered, thoroughly washed with water, and dried. Purification of
the product was achieved through multi-solvent recrystallization using xylenes and hexane.
Dimethyl ((4-bromophenyl)((9,10-dioxo0-9,10-dihydroanthracen-1-yl)amino)methyl)phosphonate
(2a) was obtained as an orange compound in a 71% yield with a m.p. of 166 °C. Rf = 0.72
(hexane-acetone, v/v 1:2). TH NMR (500 MHz, Chloroform-d) 6 10.64 (dd, ] = 10.4, 7.4 Hz,
1H, NH), 8.31 (dd, ] = 7.7, 1.6 Hz, 1Hy,), 8.18 (dd, ] = 7.6, 1.6 Hz, 1Hy,), 7.73 (td, ] = 7.5,
1.5 Hz, 1Hy,), 7.68 (td, ] = 7.5, 1.5 Hz, 1Hy,), 7.59 (d, ] = 7.4 Hz, 1Hy,), 7.44 (d, ] = 8.1 Hz,
2Hay), 7.38 (t, ] = 8.0 Hz, 1Ha,), 7.36-7.30 (m, 2Ha,), 6.75 (d, ] = 8.6 Hz, 1Hy,), 4.92 (dd, ] =
24.0,7.3 Hz, 1H, NCH), 3.70 (ddd, J = 18.9, 10.7, 1.4 Hz, 6H, OCHj3). 13C NMR (126 MHz,
Chloroform-d) 5 185.86 (C=0), 183.41 (C=0), 149.92 (d, ] = 13.5 Hz, C), 135.41 (CH), 134.82
(C), 134.67 (C), 134.12 (CH), 134.01 (d, ] = 3.7 Hz, C), 133.44 (CH), 132.98 (C), 132.12 (d, ]
=2.8 Hz, CH), 129.37 (d, ] = 5.2 Hz, CH), 127.13 (CH), 126.85 (CH), 122.46 (d, ] = 4.2 Hz,
C), 118.24 (CH), 117.16 (CH), 114.82 (C), 54.60 (d, ] = 152.5 Hz, NCH), 54.39 (d, ] = 7.2 Hz,
OCH3), 54.09 (d, ] = 7.1 Hz, OCH3). 3'P NMR (202 MHz, Chloroform-d) § 22.38. FTIR (neat):
1631 and 1668 (C=0); 2852, 2905, 2952 and 3067 (CH); 3225 (NH). ESI-FTMS: calculated for
[C23H19BrNOsP]: 500.0257, found: 500.0254.

Dimethyl (((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)(4-(methylthio)phenyl)methyl)phosphonate
(2b) was obtained as an orange compound in 63% yield with a m.p. of 154 °C. Rf = 0.69
(hexane-acetone, v/v 1:2). 'TH NMR (500 MHz, Chloroform-d) 6 10.63 (dd, J = 10.2, 74 Hz, 1H,
NH), 8.31 (dd, ] = 7.6, 1.6 Hz, 1Hy,), 8.18 (dd, ] = 7.6, 1.6 Hz, 1Hy,), 7.72 (td, ] = 7.5, 1.6 Hz,
1Ha,), 7.67 (td, ] = 8.2, 6.7 Hz, 1Hp,), 7.58 (d, ] = 7.4 Hz, 1Hy,), 7.41-7.33 (m, 3Hy,), 7.17 (d,
J = 84 Hz, 2Hy,), 6.80 (d, ] = 8.5 Hz, 1Hy,), 492 (dd, ] = 23.6, 7.5 Hz, 1H, NCH), 3.71 (d, ] =
10.6 Hz, 2H, OCHj), 3.66 (d, ] = 10.7 Hz, 2H, OCHs), 2.39 (s, 3H, SCHs), 1.56 (d, J = 3.5 Hz, 2H,
OCH3). '3C NMR (126 MHz, Chloroform-d) & 185.75 (C=0), 183.49 (C=0), 150.16 (C), 150.06 (C),
138.99 (d, J = 3.8 Hz, C), 135.34 (CH), 134.75 (d, ] = 3.6 Hz, C), 134.09 (CH), 133.36 (CH), 132.99
(C), 131.33 (d, ] = 4.0 Hz, C), 128.14 (d, ] = 5.3 Hz, CH), 127.12 (CH), 126.81 (CH), 126.67 (d,
=2.7 Hz, CH), 118.44 (CH), 117.00 (CH), 114.70 (C), 54.65 (d, ] = 153.0 Hz, NCH), 54.33 (d, ] =
7.1 Hz, OCHjs), 54.05 (d, ] = 7.1 Hz, OCH3), 15.50 (SCH3). 3!P NMR (202 MHz, Chloroform-d) &
22.97. FTIR (neat): 1630 and 1669 (C=0); 2848, 2950, 2998 and 3077 (CH); 3237 (NH). ESI-FTMS:
calculated for [Co4Hp»pSNOsP+H*]: 468.1029, found: 468.1017.

Dimethyl ((3-cyano-4-fluorophenyl)((9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)methyl)phosphonate
(2c) was obtained as an orange solid in a 59% yield with a m.p. of 205 °C. Rf = 0.71 (hexane-
acetone, v/v 1:2). 'H NMR (500 MHz, Chloroform-d) 6 10.63 (dd, ] = 10.7, 7.4 Hz, 1H, NH), 8.31
(d,]=7.6Hz, 1Hay), 820 (d, ] = 7.5 Hz, 1Hy,), 7.78-7.69 (m, 2Hay), 7.69 (¢, ] = 4.0 Hz, 2Ha,),
7.64 (d, ] = 74 Hz, 1H,,), 742 (t, ] = 8.0 Hz, 1Ha,), 7.16 (d, ] = 84 Hz, 1Hy,), 6.68 (d, ] = 8.5
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Hz, 1Hay), 4.95 (dd, ] = 24.3, 7.3 Hz, 1H, NCH), 3.76 (dd, ] = 12.9, 10.8 Hz, 6H, OCHj3). 13C
NMR (126 MHz, Chloroform-d) 6 186.14 (C=0), 183.23 (C=0), 163.94 (d, | = 3.3 Hz, C), 161.85
(C), 14942 (d, ] = 13.4 Hz, C), 135.59 (CH), 135.00 (C), 134.52 (C), 134.30 (dd, ] = 8.5, 4.7 Hz, CH),
134.22 (CH), 133.66 (CH), 132.94 (C), 132.60 (C), 132.46 (d, ] = 5.3 Hz, CH), 127.18 (CH), 126.93
(CH), 117.72 (CH), 117.58 (CH), 117.15 (dd, J = 20.0, 2.5 Hz, CH), 115.13 (C), 113,51 (C), 54.53
(d, ] = 7.2 Hz, OCH3), 54.20 (d, ] = 7.0 Hz, OCHj3), 53.80 (d, ] = 153.0 Hz, NCH). 3!P NMR (202
MHz, Chloroform-d) 6 21.54 (d, ] = 7.4 Hz). FTIR (neat): 1630 and 1667 (C=0); 2236 (C=N); 2857,
2904, 2960 and 3046 (CH); 3235 (NH). ESI-FTMS: calculated for [Cp4HpSNOsP+H*]: 465.1010,
found: 465.0996.

Dimethyl ((4-bromophenyl)((7-oxo-7H-benzo[delanthracen-3-yl)amino)methyl)phosphonate (4a)
was obtained as a red solid in a 75% yield with a m.p. of 207 °C. Rf = 0.68 (hexane-acetone,
v/v 1:2). 'TH NMR (500 MHz, Chloroform-d) 6 8.77 (dd, ] = 7.3, 1.2 Hz, 1HAr), 8.37 (td, ] =
7.9, 1.4 Hz, 2HAr), 8.09 (d, ] = 8.3 Hz, 1H,,), 8.04 (d, ] = 8.2 Hz, 1Ha,), 7.75 (t, ] = 7.8 Hz,
1Ha,), 7.61-7.54 (m, 1Hy,), 7.45 (d, ] = 8.5 Hz, 2H,,), 7.39-7.32 (m, 3Ha,), 642 (d, ] = 8.3
Hz, 1Hy,), 5.87 (dd, ] = 10.5, 6.7 Hz, 1H, NH), 4.93 (dd, J = 24.0, 6.6 Hz, 1H, NCH), 3.77 (d, ]
=10.8 Hz, 3H, OCH3), 3.53 (d, ] = 10.7 Hz, 3H, OCH3). 3C NMR (126 MHz, Chloroform-d)
184.01 (C=0), 143.65 (d, ] = 14.3 Hz, C), 136.80 (C), 133.87 (d, ] = 3.9 Hz, C), 133.25 (CH),
132.22 (d, ] = 2.8 Hz, CH), 130.13 (CH), 129.67 (C), 129.23 (CH), 129.19 (CH), 129.16 (C),
128.75 (C), 127.98 (CH), 126.67 (CH), 126.05 (CH), 125.58 (CH), 123.40 (C), 122.53 (d, ] =
4.2 Hz, C), 122.05 (CH), 117.48 (C), 106.92 (CH), 55.23 (d, J = 151.1 Hz, NCH), 54.28 (d, ]
=7.0 Hz, OCH3), 54.08 (d, J = 7.0 Hz, OCH3). 3'P NMR (202 MHz, Chloroform-d) & 23.60.
FTIR (neat): 1638 (C=0); 2849, 2952 and 3050 (CH); 3401 (NH). ESI-FTMS: calculated for
[Ca6Hp1 BrNO4P-H+]: 520.0318, found: 521.0320.

Dimethyl ((4-(methylthio)phenyl)((7-oxo-7H-benzo[de]anthracen-3-yl)amino)methyl)phosphonate
(4b) was obtained as a red solid in a 68% yield with a m.p. of 123 °C. Rf = 0.77 (hexane-
acetone, v/v 1:2). TH NMR (500 MHz, Chloroform-d) & 8.77 (dd, ] = 7.1, 0.8 Hz, 1Hy,),
8.41-8.35 (m, 2Hy,), 8.10 (d, ] = 8.3 Hz, 1Ha,,), 8.05 (d, ] = 8.2 Hz, 1Hy,), 7.75 (t, ] = 7.8 Hz,
1Ha,), 7.61-7.54 (m, 1H,,), 7.42-7.32 (m, 3Ha,), 7.18 (d, ] = 7.8 Hz, 2Hy,), 6.48 (d, ] = 8.3 Hz,
1Ha,), 5.90 (s, 1H, NH), 4.94 (d, ] = 23.8 Hz, 1H, NCH), 3.76 (d, ] = 10.8 Hz, 3H, OCH3), 3.50
(d,J = 10.6 Hz, 3H, OCHj3), 2.39 (s, 3H, SCH3). 1*C NMR (126 MHz, Chloroform-d) 5 184.04
(C=0), 143.94 (d, J = 14.4 Hz, C), 139.20 (C), 136.89 (C), 133.22 (CH), 131.15 (d, ] = 3.9 Hz, C),
130.10 (CH), 129.64 (C), 129.12 (C), 128.74 (C), 128.02 (CH), 127.97 (d, ] = 1.6 Hz, CH), 126.78
(CH), 126.69 (d, ] = 2.7 Hz, CH), 126.56 (CH), 126.19 (CH), 125.48 (CH), 123.41 (C), 122.02
(CH), 117.20 (C), 106.91 (CH), 55.24 (d, ] = 151.8 Hz, NCH), 54.29 (d, ] = 7.0 Hz, OCHj),
53.97 (d,] = 7.1 Hz, OCHj), 15.46 (SCH3). 3P NMR (202 MHz, Chloroform-d) 5 24.16. FTIR
(neat): 1630 (C=0); 2851, 2914, 2951, 2982 and 3059 (CH); 3484 (NH). ESI-FTMS: calculated
for [CoyHpsNO4PS+H+]: 490.1236, found: 490.1221.

Dimethyl ((3-cyano-4-fluorophenyl)((7-oxo-7H-benzo[de]anthracen-3-yl)amino)methyl)phosphonate
(4c) was obtained as a red solid in a 55% yield with a m.p. of 120 °C. Rf = 0.66 (hexane-
acetone, v/v 1:2). 'H NMR (500 MHz, Chloroform-d) § 8.79 (d, ] = 7.3 Hz, 1Hy,), 8.38 (d,
J=7.9 Hz, 1Hy,), 8.35 (d, ] = 8.3 Hz, 1H,,), 8.10 (d, ] = 8.2 Hz, 1H,,), 8.06 (d, ] = 8.2 Hz,
1Ha,), 7.81-7.70 (m, 2Ha,), 7.60 (t, ] = 7.7 Hz, 1Ha,), 7.38 (t, ] = 7.5 Hz, 1H,,), 7.13-7.05 (m,
2Hj,), 6.36 (d, ] = 8.2 Hz, 1H,,), 5.81 (dd, ] = 10.9, 6.3 Hz, 1H, NH), 4.97 (dd, ] = 24.0, 5.9
Hz, 1H, NCH), 3.80 (d, ] = 10.8 Hz, 3H, OCH3), 3.65 (d, ] = 10.8 Hz, 3H, OCH3). '3C NMR
(126 MHz, Chloroform-d) 5 183.94 (C=0), 161.89 (C), 159.30 (C), 143.01 (d, ] = 13.7 Hz, C),
136.60 (C), 133.98 (dd, J = 8.4, 4.8 Hz, CH), 133.36 (CH), 132.44 (C), 132.43 (d, ] =5.2 Hz,
CH), 130.26 (CH), 129.75 (C), 129.24 (C), 129.05 (CH), 128.83 (C), 128.24 (CH), 128.03 (CH),
126.72 (d, ] = 55.9 Hz, CH), 125.80 (d, ] = 16.5 Hz, CH), 123.42 (C), 122.12 (CH), 118.21 (C),
117.26 (dd, J = 20.0, 2.5 Hz, CH), 113.46 (C), 106.88 (CH), 54.56 (d, ] = 151.5 Hz, NCH), 54.39
(d,] =7.1 Hz, OCHg), 54.21 (d, ] = 7.0 Hz, OCH3). 3P NMR (202 MHz, Chloroform-d) 5 22.74
(d, ] = 5.2 Hz). FTIR (neat): 1648 (C=0); 2236 (C=N); 2851, 2962, 3023 and 3067 (CH); 3297
(NH). ESI-FTMS: calculated for [CoyH0FN,O4P+H+]: 487.1218, found: 487.1200.
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3.3. Toxicology

For toxicological study, ethanol solutions of the obtained compounds 2a and 4a, at
concentrations of 3 x 1073 M, were prepared. Then, 10 mL of this solution was diluted
with water to 500 mL to obtain a finely dispersed suspension with a resulting concentration
of 6 x 107° M. Then, by means of dilution, a suspension with a concentration of 3 x 10 M
was prepared. Within 24 h, the etiolated wheat sprouts of the cultivar “Fenomen” were
grown in a dark chamber at a temperature of 26 °C on moist filter paper. A morphology test
on filter paper was carried out in plastic dishes with three layers of paper on the bottom.
Each dish contained 5 mL of dye solution or 5 mL of distilled water (control) and 30 seeds,
covered by a lid. Dishes containing seeds were incubated for 5 days in a dark chamber
at26 +1°C.

3.3.1. Quantification of Malondialdehyde

The MDA content was determined by the thiobarbituric acid (TBA) reaction as de-
scribed previously by Ali et al., with slight modifications [60]. Wheat germ, the first leaves,
and the coleoptiles were homogenized in 0.1% trichloroacetic acid solution (1/10) and
centrifuged for 15 min (14,000 rpm). After centrifugation, 2.5 mL of 0.5% thiobarbituric
acid (in 20% trichloroacetic acid solution) was added to 1 mL of the upper fraction, and the
solution was incubated in hot water (95 °C) for 30 min. The solution was cooled immedi-
ately to stop the reaction and centrifuged for 30 min (14,000 rpm). The optical density of
the solution was determined at 532 nm and 600 nm wavelengths using a UV /VIS spec-
trophotometer, and the MDA concentration was calculated by subtracting the non-specific
absorbance (600 nm) from the absorbance at a wavelength of 532 nm (e = 155 mMTem™).

3.3.2. Electrolyte Leakage Measurements

The electrolyte leakage was determined as described previously by Guo et al. [61].
Organs of four seedlings (the first leaves, coleoptiles) were immersed in 15 mL deionized
water (24 h, room temperature). After 24 h, the initial conductivity of the wheat germ
organs was determined using a conductometer. The test tubes with the samples were placed
into boiling water for 15 min, and after cooling to room temperature, the conductivity of
the samples was again determined.

3.4. Imaging

Adult Opisthorchis felineus trematodes were collected within the framework of the project
AP05131132, “PCR test for the detection and differential diagnosis of pathogens of opisthorchi-
asis and metorchiasis”. This research was approved by the Animal Ethics Committee of
Veterinary Medicine Faculty of KATU (Ethical approval letter, No: 1, 9 November 2017).

An ethanol solution of the synthesized dyes with a molar concentration of 1074 M
was used for staining of the parasite sample for 10 min. Then, the dye was washed out
three times with 70% ethanol. Further, the sample was placed into ethanol-xylene solution
(1:1) for 10 min. Finally, the specimens were mounted on Canada balsam and covered with
coverslips (24 x 24 mm).

A CLSM Eclipse Ti-E microscope, outfitted with a digital sight DS-U3 camera and
configured with a high-speed multiphoton A1R MP confocal system and motorized stage
(Nikon, Japan) was used. The CLSM images underwent processing using the NIS Elements
Advanced Research 3.2 64-bit software (Nikon, Tokyo, Japan). Two lasers were employed
to visualize the parasite: a 488 nm laser with a FITC filter (500-550 nm) and a 638 nm laser
with a Cy?5 filter (662-737 nm). The fluorescence signal registration was conducted using an
internal spectral detector. The registration process began with a start wavelength set 20 nm
higher than the excitation wavelength, extending to the edge of the red visible spectrum.
No passive cutoff filters were inserted into the optical path. Images were captured as
Z stacks with a 2.0 um Z step size.
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3.5. Single-Crystal X-ray Diffraction Analysis

The studied single crystals were grown from dichloromethane via slow evaporation.
Diffraction data were collected at 160 K on a Rigaku, XtaLAB Synergy, Dualflex, HyPix
diffractometer using monochromated Cu-K« radiation (A = 1.54184 A).

For the compound 2a, the crystal structure was solved using the heavy-atom method [62],
and for the compound 4a, the crystal structure was solved with the SIR2011 [63] structure
solution program using Direct Methods Refined with the ShelXL [64] refinement package and
least squares minimization. All nonhydrogen atoms were refined in anisotropic approximation.
The hydrogen atoms involved in the formation of H-bonds were refined isotopically; all other
H-atoms were refined using a riding model with Uiso(H) = 1.2Ueq(C).

Crystal Data for 2a (Cy3H19BrNOsP; M = 500.27 g/mol): triclinic, space group P 1
(no. 2),a=75626(2) A, b=7.7876(2) A, c = 18.0152(5) A, « = 85.582(2)°, B = 78.626(2)°, v =
85.643(2)°, V = 1035.07(5) A%, Z =2, T = 150.0(3) K, w(CuKa) = 3.759 mm ™1, Dealc = 1.605
g/ cm?, 17,799 reflections measured (20 < 160°), and 4456 unique (Rint = 0.0343, Rsigma =
0.0246) were used in all calculations. The final Ry was 0.0770 (I > 20(I)), and wR; was 0.2016
(all data). For further details, see the crystallographic data for this compound deposited at
the Cambridge Crystallographic Data Centre. Deposition number CCDC 2314862 contains
the supplementary crystallographic data for this paper.

Crystal Data for 4a (CpH21 BrNO4P; M = 520.03 g /mol): monoclinic, space group P2;/c
(no.14), a = 10.8242(3) A, b = 8.2331(3) A, ¢ = 24.9042(5) A, p =93.006(2)°, V = 2216.3(1) A3, Z
=4, T=160.02) K, i(CuKe) = 3.450 mm 1, Dealc = 1.517 g/ cm?, 22,314 reflections measured
(2@ < 160°), and 4782 unique (Rint = 0.0738, Rsigma = 0.0629) were used in all calculations.
The final Ry was 0.0541 (I > 20(I)), and wR, was 0.1480 (all data). For further details, see the
crystallographic data for this compound deposited at the Cambridge Crystallographic Data
Centre. Deposition number (https://www.ccdc.cam.ac.uk/services/structures (accessed
on 6 December 2023)) CCDC 2333330 contains the supplementary crystallographic data for
this paper.

4. Conclusions

In conclusion, this study presents a comprehensive investigation into the synthe-
sis, characterization, and potential applications of x-aminophosphonates derived from
anthraquinone and benzanthrone. The synthesized compounds exhibited notable flu-
orescence properties with solvatochromic behavior, making them suitable for diverse
applications. The spectroscopic analysis confirms the chemical structures, and the com-
pounds’ luminescent properties are thoroughly explored in various solvents. The toxicity
assessment on etiolated wheat sprouts reveals varying degrees of impact on growth and
oxidative damage. Importantly, the research introduces these x-aminophosphonates as
promising candidates for CLSM imaging of the parasitic flatworm Opisthorchis felineus,
showecasing their potential in visualizing biological specimens. The X-ray crystallographic
study of an anthraquinone x-aminophosphonate contributes valuable information regard-
ing the compound’s molecular arrangement and intermolecular interactions. Overall, the
synthesized compounds demonstrate potential for versatile applications, particularly in
the investigation of parasitic organisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29051143 /s1, 1H, APT, 3P NMR, FTIR spectra; FTMS
(ESI) and RSA data [65].
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Abstract

Motivated by the scarcity of prior research, in this study we report the synthesis and pho-
tophysical characteristics of newly obtained benzanthrone ethynyl derivatives. Fourier-
transform infrared spectroscopy, 'H and *C nuclear magnetic resonance spectroscopy and
high-resolution mass spectrometry elucidated the structures of the compounds. To study
photophysical characteristics, absorbance and emission spectra were measured in solvents
with different polarities. Photofading proved high stability of the synthesized compounds
(up to 96% of initial absorption after irradiation for 4 h). The analyzed compounds are
fluorescent (quantum yields from 0.01 to 0.74 in ethanol) with a significant solvatochromic
effect (from 466 nm in benzene to 720 nm in dimethyl sulfoxide). Based on these find-
ings, there is a correlation between the electronic nature of substituents and photophysi-
cal parameters. Hence, these compounds could find applications as probes in fluorescence
microscopy and sensors to detect polarity variations.
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1 Introduction

Fluorescent organic compounds have become an increasingly important class of com-
pounds in recent years, owing to their unique optical properties and their potential appli-
cations in a wide range of fields. Fluorescence is a result of the excited-state properties
of the molecules and is typically attributed to the presence of conjugated pi-systems
within the molecules. The efficiency of fluorescence emission depends on several fac-
tors, including the molecular structure and the solvent environment [1].

A well-designed fluorescent molecule should possess a high fluorescence quantum
yield—a measure of the efficiency of fluorescence emission relative to other competing
pathways [2]. Stokes shift—defined as the difference between the excitation and emis-
sion wavelengths—is another important property that characterizes the fluorescence
emission of a molecule, which reflects the degree of relaxation that occurs in the excited
state before fluorescence emission. A larger Stokes shift indicates a greater degree of
relaxation and can be indicative of a more efficient fluorescence emission process [3, 4].
The photostability of a fluorescent organic compound is also an important considera-
tion; a photostable compound will exhibit minimal degradation or loss of fluorescence
intensity over time, ensuring that accurate and reproducible data can be obtained [5-7].
The spectral properties of a fluorescent compound, including the position and shape of
the fluorescence emission spectrum, can be tailored to suit specific applications. For
example, a red-shifted emission spectrum may be desirable in biological imaging appli-
cations to reduce background fluorescence, while a narrow emission peak may be useful
in sensing applications to improve the specificity of detection [8§—10]. Overall, a com-
plex interplay of molecular structure, solvent environment, and competing decay path-
ways determine the fluorescence properties of organic compounds. By carefully design-
ing and optimizing these properties, fluorescent organic compounds can be tailored to
suit a wide range of scientific and commercial applications.

The optical properties of fluorescent organic compounds make them useful tools in a
variety of scientific applications. As described before, they are commonly used in bio-
logical imaging, where they can be used to visualize specific biological targets with
high spatial and temporal resolution. They are also used as sensing agents, where their
fluorescence can be used to detect the presence of specific chemical species [11-14].
The unique optical properties of fluorescent organic compounds make them also attrac-
tive for a wide range of optoelectronic applications, including OLED displays [15-17],
organic photovoltaics [18-20], nonlinear optical devices [21-26], and ultrafast lasers
[27-29]. Development of new materials and device architectures is likely to expand
even further the potential applications of fluorescent organic compounds.

Benzanthrone derivatives—polycyclic aromatic compounds—as part of anthrone dye
family have gained attention for their excellent abovementioned luminescent proper-
ties: photostability, sizable Stokes shifts, noticeable solvatochromism and tuneable fluo-
rescence emission that ranges from green to red depending on the substituents of the
molecule and solvent properties [30—-32]. These features make them useful in a variety
of technological applications. For example, they can be used as fluorescent probes for
parasitic trematodes and nematodes [33, 34], to diagnose plant species’ callus embryos
using confocal laser scanning microscopy imaging [35], and to detect amyloid fibrils of
the lysozyme enzyme selectively [36—38]. They also have applications in liquid crystal
displays [39, 40], polymeric materials [41], and as probes for the pH of solutions and
cations [42, 43].
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Numerous theoretical and practical studies show that directly attaching phenylacety-
lene groups to luminescent molecules modifies photophysical parameters and improves
fluorescent properties. These molecules include: pyrene, carbazole, anthraquinone,
naphthalimide, and quninolylthiazole [44-48]. Additionally, research suggests that
introducing of electron-donating or electron-withdrawing groups to the phenyl rings
of phenylacetylene groups and adjusting the length of m-conjugation can alter fluo-
rescence yields, the size of Stokes shifts, and absorption and emission maxima [49].
Beyond their impressive fluorescence, phenylacetylene derivatives have potential as
valuable precursors for various other compounds and materials [50, 51]. Given the
results, we have opted to share our knowledge about previously unreported phenylacet-
ylene derivatives of benzanthrone. This report details the synthesis and photophysical
characteristics of obtained compounds.

2 Experimental
2.1 Materials and General Measurements

2-Amino-5-ethynylpyridine was synthesized according to the previously reported pro-
cedure [52]. The rest of reagents and solvents were obtained commercially and used
without any additional purification. The progress of reactions and the assessment of
the purity of the synthesized compounds was performed by TLC on MERCK Silica gel
F254 plates in hexane/chloroform/acetone (4:2:1, volume ratios) system as an eluent
and visualized under UV light.

MP70 Melting Point System apparatus was used for the determination of the melt-
ing points and were uncorrected. 'H- and '>*C-NMR spectra were recorded on a Bruker
Avance 500 MHz (Bruker Corporation, Billerica, MA, USA) at ambient temperature,
using peaks of solvents as the internal reference. Chemical shift (6) values are reported
in ppm. IR spectra were recorded in KBr tablets with a Perkin—Elmer Spectrum BX
FTIR spectrometer (4000-450 cm™!). Wavelengths are given in cm™'. The high-resolu-
tion mass spectrum was recorded on an Agilent 1290 Infinity series UPLC connected
to an Agilent 6230 TOF mass spectrometer.

The fluorescence emission spectra were recorded on a FLSP920 (Edinburgh Instru-
ments Ltd, UK) spectrofluorometer in the visible range 450-800 nm and the absorp-
tion spectra were obtained using the UV-visible spectrophotometer SPECORD® 80
(Analytik Jena AG, Germany). The spectral properties of the investigated compound
were measured at an ambient temperature in 10 mm quartz cuvettes in benzene, chlo-
roform, ethyl acetate (EtOAc), acetone, ethanol (EtOH), dimethyl sulfoxide (DMSO)
and dimethylformamide (DMF) with concentrations of 107> molsL™". All solvents had
a purity of at least 99%. The quantum yields were measured relative to 3-methoxy-
benzanthrone (Qg = 0.56 in acetone) [53]. The photofading were carried out in quartz
cells where sample solution (with concentration 10~* molsL™") in ethanol was irradi-
ated with UV-lamp (365 nm, maximum power 15 W) at room temperature. The dis-
tance between the cells and the lamp was 10 cm. The bleaching of the dyes at the
absorption maximum was monitored as a function of time every 30 min.
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2.2 General Synthesis Methodology for Compounds 2a-2e

3-Bromobenzanthrone (309 mg, 1 mmol), an ethynyl derivative (1.05 mmol), PdCl,(PPh;),
(18 mg, 0.025 mmol) and Cul (4 mg, 0.025 mmol) are placed in a 20 mL round-bottom
flask under argon atmosphere, followed by the addition of 10 mL

of dry N,N-dimethylacetamide (DMAc) and 5 mL of triethylamine (Et;N). The reac-
tion mixture is heated at 80 °C for 1-3 h (TLC control). When the reaction is complete,
the mixture is then poured into 20 mL of water. The resulting precipitate is well mixed for
30 min, filtered and dried. Purified by means of recrystallization from chlorobenzene to
obtain a desired compound.

3 3-((4-Fluorophenyl)Ethynyl)-7 H-benzo[de]Anthracen-7-one (2a)

Bright yellow solid. Yield: 60%. Melting point: 207 °C. R; = 0.70 (hexane/chloroform/
acetone; 4:2:1). IR, 1,,,, (KBr) cm™': 1657 (C=0), 2203 (C=C). 'H NMR (500 MHz,
CDCl,) & 8.72-8.64 (m, 2H, ), 8.40 (d, J=7.8 Hz, 1H,,), 8.27 (d, J=7.7 Hz, 1H,,), 8.19
(d, J=8.1 Hz, 1H,,), 7.80~7.73 (m, 2H,,), 7.64 (t, J=7.6 Hz, 1H,,), 7.60-7.54 (m, 2H,,),
7.47 (t,J=17.5 Hz, 1H,,), 7.05 (t, J=8.4 Hz, 2H,,). >*C NMR (126 MHz, CDCl,) § 183.60
(C=0), 162.90 (d, J=250.8 Hz, C), 135.65 (C), 133.70 (d, J=8.4 Hz, CH), 133.46 (CH),
133.28 (CH), 132.73 (C), 130.92 (C), 130.71 (CH), 130.23 (CH), 128.75 (C), 128.64 (CH),
128.20 (CH), 127.79 (C), 127.20 (CH), 127.16 (C), 123.45 (CH), 123.24 (CH), 123.14 (C),
118.98 (d, J=3.4 Hz, C), 115.94 (d, J=22.1 Hz, CH), 95.88 (C=C), 86.79 (C=C). HRMS
(ESI): m/z calculated for [C,sH;FO+H*] 349.1023, found 349.1031.

4 3-((Trimethylsilyl)Ethynyl)-7 H-benzo[de]Anthracen-7-one (2b)

Light brown solid. Yield: 57%. Melting point: 145 °C. R; = 0.76 (hexane/chloroform/ace-
tone; 4:2:1). IR, 4,,,, (KBr) cm™": 1653 (C=0), 2146 (C=C). 'H NMR (500 MHz, CDCl,)
68.45(dd,J=7.2,14Hz, 1H,,), 8.39 (dd, J=8.3, 1.4 Hz, 1H,,), 8.18 (dd, /=79, 1.5 Hz,
1H,,), 7.95 (d, J=7.8 Hz, 1H,,), 7.90 (d, J=8.1 Hz, 1H,,), 7.55 (t, J=7.7 Hz, 1H,,), 7.51
(d,J=7.7Hz, 1H,,), 7.42 (t1d, J=8.0, 7.6, 1.5 Hz, 1H,,), 7.27 (t, J=7.4 Hz, 1H,,), 0.18 (s,
9 H, Si(CH,);). *C NMR (126 MHz, CDCl,) § 183.33 (C=0), 135.38 (C), 133.22 (CH),
132.70 (C), 130.99 (CH), 130.72 (C), 129.97 (CH), 128.47 (CH), 128.43 (C), 127.97 (CH),
127.41 (C), 127.06 (CH), 123.10 (CH), 123.10 (CH), 122.91 (C), 102.53 (C, C=C), 102.30
(C, C=C), 0.00 (CH;, Si~(CH3);). HRMS (ESI): m/z calculated for [C,,H,;50Si+H"]
327.1200, found 327.1185.

5 4-((7-Oxo-7 H-benzo[de]Anthracen-3-yl)Ethynyl)Benzaldehyde (2c)

Yellow solid. Yield: 43%. Melting point: 237 °C. R; = 0.57 (hexane/chloroform/ace-
tone; 4:2:1). IR, 4,,,, (KBr) cm™": 1656 (C=0) (benzanthrone core), 1698 (C=0) (alde-
hyde), 2120 (C=C). '"H NMR (500 MHz, Acetone-ds) & 10.00 (s, 1H, CHO), 8.86 (d,
J=8.2 Hz, 1H,,), 8.67 (dd, J=7.5, 4.2 Hz, 2H,,), 8.52 (d, J=8.1 Hz, 1H,,), 8.32 (d,
J=8.0 Hz, 1H,,), 8.01 (d, J=7.8 Hz, 1H,,), 7.99-7.90 (m, 3H,,), 7.87 (d, J=7.8 Hz,
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2H,,), 7.77 (t, J=8.0 Hz, 1H,,), 7.57 (t, J=7.6 Hz, 1H,,). HRMS (ESI): m/z calculated for
[C,6H,40,+H*] 359.1067, found 359.1065.

6 3-((4-Methoxyphenyl)Ethynyl)-7 H-benzo[de]Anthracen-7-one (2d)

Bright orange solid. Yield: 89%. Melting point: 241 °C. R; = 0.61 (hexane/chloroform/
acetone; 4:2:1). IR, 4., (KBr) cm™: 1260 (Ar-O-C), 1651 (C=0), 2199 (C=C). 'H
NMR (500 MHz, DMF-d,) 6 9.18 (d, J=8.2 Hz, 1H,,), 9.05 (d, J=7.8 Hz, 1H,,), 8.97 (d,
J=7.2Hz, 1H,,), 8.90 (d, J=8.1 Hz, 1H,,), 8.62 (d, J=7.8 Hz, 1H,,), 8.28 (t, J=7.4 Hz,
2H,,), 8.12 (t, J=7.6 Hz, 1H,,), 7.98 (d, J=8.5 Hz, 2H,,), 7.90 (t, J=7.5 Hz, 1H,,), 7.32
(d, J=8.5 Hz, 2H,,), 3.72 (s, 3 H, CH;). HRMS (ESI): m/z calculated for [C,¢H,c0,+H*]
361.1223, found 361.1209.

7 3-((6-Aminopyridin-3-yl)Ethynyl)-7 H-benzo[de]Anthracen-7-one
(2e)

Orange solid. Yield: 69%. Melting point: 273 °C. R; = 0.75 (acetone). IR, 4, (KBr) cm™":
1652 (C=0), 2196 (C=C), 3453 and 3294 (NH,). '"H NMR (500 MHz, CDCl;) & 8.85
(d, J=7.8 Hz, 2H,,), 8.54 (d, J=7.8 Hz, 1H,,), 8.50-8.44 (m, 2H,,), 8.38 (d, J=8.2 Hz,
1H,,), 7.97-7.89 (m, 2H,,), 7.80 (t, J=7.6 Hz, 1H,,), 7.77-7.71 (m, 1H,,), 7.61 (t,
J=7.5 Hz, 1H,,), 6.58 (d, J=8.4 Hz, 1H,,), 4.72 (s, 2 H, NH,). HRMS (ESI): m/z calcu-
lated for [C,,H,,N,0+H"]347.1179, found 347.1180.

8 Results and Discussion
8.1 Synthesis

Sonogashira coupling reaction, named after the Japanese chemist, Kenkichi Sonogashira,
who first reported the reaction in 1975 is a cross-coupling reaction used to synthesize
alkynes [54]. It involves the reaction between a terminal alkyne with a palladium catalyst,
a copper(I) co-catalyst and an aryl (or vinyl) halide. The reaction proceeds through a series
of steps, starting with oxidative addition of the palladium catalyst to the aryl or vinyl halide
and results in reductive elimination of the desired alkyne product. The copper(I) co-catalyst
plays a key role in facilitating the transmetalation step. The reaction was initially slow and
required high temperatures and pressure. However, over the years, the reaction conditions
were optimized, and various modifications were made to improve its efficiency, selectivity
and scope of the reaction, which allowed for the use of less reactive substrates [55-57].

To date, within the context of palladium-catalysed reactions, to the best of our knowl-
edge the sole documented approaches for the synthesis of novel derivatives of benzanthrone
involved aryl cyanation and Buchwald-Hartwig amination reactions [43, 58]. However, our
group has recently reported a new synthesis strategy for 3-(phenylethynyl)-7 H-benzo[de]
anthracen-7-one [59]. In this research we have decided to explore the scope of these
slightly modified reaction conditions for different alkynes (Table 1) and study effects on
photophysical parameters of substitution nature (Scheme 1).
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Table 1 Structures of

. Structure R Meltin Reaction
synthesized compounds f &

point, °C  yield, %

2a 0.70 207 60
2b 0.76 145 57
2c 0.57 237 43
2d 0.61 241 89
2e 0.75 273 69

O

*Retention factor (hexane/CH;Cl/acetone; 4:2:1)

8.2 Structural and Spectral Characterization

The mass of the synthesized compounds was validated using high-resolution mass spec-
trometry Figures S1-S5 (see Supplementary material).

The confirmation of the structures of the obtained compounds was achieved through
"H-nuclear magnetic resonance (NMR) spectroscopy, which identified the respective dou-
blets (d), triplets (t), and multiplets (m) of aromatic protons (6 9.05-7.05 ppm) typical for
the phenyl groups and benzanthrone residue. In the APT NMR spectra, the relevant peaks
of the benzanthrone carbonyl group carbon at around 183 ppm, peaks of acetylene car-
bon atoms with a chemical shift of approximately 87-103 ppm, and peaks of aromatic and
aliphatic carbon atoms were found Figures S6 — S11 (see Supplementary material). The
obtained data shows a strong correlation with NMR studies previously reported for other
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Scheme 1 Synthesis of benzanthrone ethynyl derivatives

derivatives of benzanthrone [60, 61]. Although, low solubility of certain compounds lim-
ited the acquisition of spectra to only 'H NMR.

The infrared spectra obtained show characteristic peaks corresponding to the benzan-
throne carbonyl group (C=0) vibrations at approximately 1655 cm™, as well as carbon-
carbon triple-bond (C=C) vibrations at around 21202203 cm™', which are typically
observed in alkynes.

8.3 Photophysical Properties

The 3-substituted derivatives of benzanthrones are the most widely utilized luminescent
dyes among their various substituted counterparts. This is attributed to the conjugation
between the substituent in the third position and the carbonyl group, resulting in the for-
mation of intramolecular charge transfer compounds that possess donor-acceptor type
architectures.

To investigate the photophysical characteristics of recently synthesized compounds,
absorbance and emission spectra of 2a—2e were measured in solvents with different polari-
ties, specifically, in benzene, ethyl acetate (EtOAc), chloroform, acetone, N,N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO) and ethanol (EtOH). Tables 2, 3 and 4
display fundamental absorption and fluorescence properties.

All investigated dyes exhibit fluorescence and demonstrate a significant solvatochro-
mic effect. Figure 1 represents UV—Vis absorption and fluorescence emission spectra of
compound 24 in various organic solvents. In solutions, benzanthrone alkynes exhibit two
absorption bands around 310-330 nm and 420-450 nm, showing a bathochromic shift of
12-30 nm for the long wavelength absorption band between the maxima in benzene and
DMSO. The impact of the polarity of solvents on fluorescence is more prominent than on
absorbance. Synthesized compounds are fluorescent with emission from 462 nm (deriva-
tive 2¢, EtOAc) to 701 nm (derivative 2e, EtOH).

Obtained compounds display dual solvatochromism—not only emission peak of each
individual compound is influenced by solvent polarity, but a strong correlation between
electronic nature of substituents and photophysical parameters is evident as well; elec-
tron-withdrawing 4-fluorophenyl substituent shifts emission hypsochromically and
strong electron-donating 6-aminopyridinyl substituent—bathocromically in the same
solvent (Fig. 2). The electronic properties of the substituents significantly influence the
emission efficiency of the studied substances. Derivatives with electron-withdrawing
groups (2a and 2e) have a higher luminescence quantum yield in ethanol compared with
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Table 2 Absorption data of the studied derivatives 2a—2e

Solvent Absorption A, (Ige) (nm)
2a 2b 2¢ 2d 2e

Benzene 423 (4.55) 423 (4.24) 416 (4.65) 427 (4.51) 432 (4.32)
EtOAc 416 (4.56) 419 (4.29) 412 (4.68) 425 (4.51) 437 (4.29)
CHCL, 425 (4.52) 427 (4.22) 420 (4.72) 436 (4.46) 438 (4.49)
Acetone 419 (4.55) 419 (4.27) 414 (4.65) 432 (4.49) 445 (4.41)
DMF 423 (4.58) 422 (4.25) 419 (4.71) 437 (4.48) 455 (4.54)
DMSO 435 (4.50) 424 (4.26) 422 (4.68) 440 (4.42) 462 (4.55)
EtOH 429 (4.57) 419 (4.19) 430 (4.25) 442 (4.45) 446 (4.36)

Table 3 Fluorescence emission data of the studied derivatives 2a—2e

Solvent Fluorescence 4, (Q) (nm)
2a 2b 2¢ 2d 2e

Benzene 466 (0.02) 482 (0.03) 463 (0.02) 502 (0.20) 530 (0.32)
EtOAc 473 (0.05) 479 (0.02) 462 (0.01) 510 (0.25) 576 (0.33)
CHClL, 498 (0.41) 491 (0.09) 479 (0.24) 534 (0.64) 574 (0.40)
Acetone 492 (0.09) 488 (0.04) 475 (0.05) 565 (0.31) 641 (0.19)
DMF 497 (0.12) 495 (0.05) 481 (0.07) 553 (0.30) 691 (0.02)
DMSO 506 (0.20) 494 (0.06) 489 (0.22) 570 (0.27) 720 (0.01)
EtOH 531 (0.74) 495 (0.18) 515 (0.67) 598 (0.20) 701 (0.01)

Table 4 Stokes shifts of the

studied derivatives 2a—2e Solvent Stokes shift (cm™)
2a 2b 2¢ 2d 2e
Benzene 2181 2894 2440 3499 4280
EtOAc 2897 2990 2627 3922 5522
CHCl, 3449 3053 2933 4209 5409
Acetone 3541 3375 3102 5449 6871
DMF 3520 3495 3076 4800 7506
DMSO 3226 3342 3247 5183 7756
EtOH 4478 3664 3838 5902 8156

less polar solvents. In contrast, derivatives with donor groups luminesce more intensely
in chloroform than in ethanol. In turn, the presence of a trimethylsilyl group leads to a
dramatic drop in emission efficiency. The alteration of photophysical parameters also has
an impact on Stokes shifts. Specifically, the range of Stokes shifts varies from 2181 cm
to 1 for compound 2a in a less polar solvent (benzene) to 8156 cm™ for compound 2e
in a polar solvent (ethanol). Thus, the presence of an electron-donating substituent leads
to a larger Stokes shift, as large as in derivatives with thio, amino and amidino groups
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Fig.1 UV-Vis absorption and fluorescence emission spectra of compound 2d in various organic solvents

in the 3rd position of the benzanthrone core [62—-67]. Dual solvatochromic nature and
unique chemical structures of obtained ethynyl derivatives might offer advantages such
as enhanced sensitivity or specific binding capabilities, making them valuable for appli-
cations where detecting subtle polarity variations, such as cellular membrane changes or
environmental conditions, is crucial for diagnostic or research purposes.

The molecular-microscopic solvent polarity parameter (E") considers the molecu-
lar aspects of the solvent structure that contributes to its overall polarity. Plots (Fig. 3)
show how changes in solvent polarity affect the electronic properties of compounds 2a,
2d and 2e. An increase in solvent polarity leads to a redshift (longer wavelength) in the
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Fig.2 Fluorescence emission spectra of compound 2a, 2¢, 2d and 2e in chloroform
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emission as a more polar solvent stabilizes the excited state of the molecule. The linear
correlation between the molecular-microscopic solvent polarity parameter and Stokes
shift indicates the existence of general solute-solvent interactions, along with H-bond-
ing interactions, in the majority of the solvents.

An essential requirement for the application of dyes is high photostability. To acquire
a deeper insight into photostability of new dyes, photofading process of synthesized
derivatives was performed in ethanol (at concentration 10~ molsL™') in comparison
with widely used test dye (fluorescein). The experiment was carried out in quartz cells
where sample solution was irradiated with a UV-lamp (365 nm) at room temperature
(Table 5).

The results are shown in Fig. 4. After irradiation for 4 h, fluorescein showed an
absorbance of 0.71 of the initial absorbance. Out of the obtained compounds, the deriv-
ative with fluorine atom (2a) turned out to be the most photostable, showing 96% of the
initial absorption. The next most stable derivative is the compound 2¢ with a formyl
group (0.82). The least stable substance is the derivative with a methoxy group (24d),
which lost more than half of its absorption (57%) after 4 h of irradiation.

The data show that three of the synthesized substances (2a, 2b and 2c¢) have higher
photostability than fluorescein.

Table 5 Absorbance intensities

of fluoresceine and synthesized Fluorescein 2a b 2 2 2e

Zg:i‘g‘t’;‘;ds 2a-2cupon365nm - pii 26054 27631 1.6571 29489 2.0007 2.0364
30min  2.5944 27616 16512 29323 17710 2.0084
60 min  2.5680 27295 16506 29143 14812 19603
90 min  2.3586 27351 15596 2.8276 12187 1.8817
120 min 2.3413 27210 14919 27515 1.1417 1.6979
150 min 2.2524 26993 13999 2.6323 1.0182 1.5950
180 min  2.2127 26901 13705 2.6148 09959 1.5710
200 min 20572 26860 13481 2.5071 09047 1.5237
240 min  1.8615 26639 12881 24067 0.8662 1.4462
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9 Conclusions

As a result, synthesis and photophysical characteristics of newly obtained benzanthrone
ethynyl derivatives were studied. A set of analytical techniques, such as 'H, '3C NMR
and FTIR spectroscopy, and high-resolution mass spectrometry analysis confirmed the
structures of the new compounds. The photophysical characteristics of the synthesized
compounds were studied by measuring absorbance and emission spectra and quantum
yields in solvents of varying polarities. The findings indicate that the investigated com-
pounds exhibit fluorescence and a significant solvatochromic effect. Furthermore, the
electronic nature of substituents correlates with photophysical parameters. This research
has the potential to be extended by employing other alkynes with electron-donating and
withdrawing groups and study of non-linear optical properties of these compounds.
The photophysical parameters of the newly obtained compounds, including solva-
tochromism, photostability, quantum yields, tunability and large Stokes shifts, indicate
their potential for use in an exceptionally extensive range of scientific and industrial
applications.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10953-024-01363-x.
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