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Streszczenie w jezyku polskim

Trojpierscieniowe zwiazki o charakterze leczniczym majq szerokie zastosowa-
nie w medycynie oraz ziololecznictwie. Gtéwnymi przedstawicielami tej grupy zwiaz-
kéw sa fenotiazyny, dibenzoazepiny, antrony i antrachinony. Cecha charaktery-
styczng ich budowy sa trzy pierScienie- dwa boczne aromatyczne i pierscien srod-
kowy, ktory jest typowym alifatem. Na charakter srodkowego pierscienia majgq wptyw
podstawniki, podwdjne wiazania oraz obecno$¢ w nim heteroatomoéw. Brak doniesien
literaturowych dotyczacych wptywu powyzszych czynnikéw na struktury zwiazkéw

tréjpierscieniowych wplynelo na podjecie pracy dotyczacej tego tematu.

Celem pracy byta analiza zmian geometrii pochodnych fenotiazyn, dibenzoa-
zepin, antrondéw i antrachinonéw oraz 1,8-dihydroksy-9-antronu i 1,8-dihydroksy-9-
antranolu. W tym celu wykorzystujac program Gaussian przeprowadzono optymali-
zacje pochodnych czterech serii zwigzkow. W kazdej serii zbadano wplyw podstaw-
nikow o charakterze elektronodonorowym i elektronoakceptorowym na geometrie
pierscienia srodkowego. Podstawiano pierscient srodkowy oraz boczny pierscien aro-
matyczny. Istotne bylto zbadanie wptywu heteroatomdéw oraz wigzan podwojnych w
centralnym pierscieniu. Parametrem geometrycznym, ktéry w doskonaty sposéb opi-
suje wptyw powyzszych czynnikow na analizowane struktury jest kat pomiedzy
ptaszczyznami dwoch bocznych pierscieni aromatycznych. Im wigksza jest jego war-
tos¢, tym bardziej nieptaski jest zwiazek. Warto zaznaczy¢, ze ze zmianami geometrii
zwiazana jest zmiana aromatycznosci pierscieni a co za tym idzie rOwniez zmiany ge-
stosci elektronowej oraz mobilnos¢ elektronow w wiazaniach. Do zbadania zmian aro-
matycznosci wykorzystano geometryczne parametry aromatycznosci HOMA i HO-
MED. Wykorzystujac program generujacy powierzchnie ACID zwizualizowano ru-
chliwo$¢ chmury elektronowej. Umozliwito to omowienie wptywu podwdjnych wia-
zan oraz obecnosci heteroatomow w srodkowym pierscieniu na zmiany gestosci elek-
tronowej. W celu potwierdzenia wiarygodnosci otrzymanych wynikéw w kazdej serii
zwigzkow poréwnywano je z geometrig zwigzkow krystalicznych z bazy CSD.

Gléwnym celem byto poszukiwanie czynnikdéw, ktoére w znaczacy sposdb zmie-
niajg strukture i tym samym wptywaja takze na wlasciwosci fizykochemiczne. Z wia-
Sciwosciami fizykochemicznymi tacza sie¢ wlasciwosci lecznicze oraz biodostepnosc¢
zwiazku. Znajomos¢ wptywu réznych czynnikdw na geometrie¢ pomoze w projekto-
waniu nowych zwigzkow leczniczych, ktore beda charakteryzowac sie pozadanymi
wlasciwosciami.



The summary in English

Tricyclic compounds of a medicinal nature are widely used in medicine and
herbal medicine. The main representatives of this group of compounds are phenothi-
azines, dibenzoazepines, anthrones and anthraquinones. A characteristic feature of
their structure is three rings-two aromatic side rings and a middle ring, which is a
typical aliphate. The character of the middle ring is influenced by substituents, double
bonds and the presence of heteroatoms in it. The lack of literature reports on the influ-
ence of the above factors on the structures of tricyclic compounds influenced to under-
take work on this topic.

The purpose of the work was to analyze the changes in the geometry of deriva-
tives of phenothiazines, dibenzoazepines, anthrones and anthraquinones, as well as
1,8-dihydroxy-9-anthrone and 1,8-dihydroxy-9-anthranol. For this purpose, using the
Gaussian program, optimization of the derivatives of four series of compounds was
carried out. In each series, the effect of electron donor and electron acceptor substitu-
ents on the geometry of the middle ring was studied. Except the middle ring also the
side aromatic ring was substituted. It was important to study the influence of heteroa-
toms and double bonds in the central ring. The geometrical parameter that perfectly
describes the influence of the above factors on the analyzed structures is the angle be-
tween the planes of two side aromatic rings. A large value of the angle means that the
compound is more non-flat. It is worth noting that associated with changes in geome-
try is a change in the aromaticity of the rings and, consequently, also changes in elec-
tron density and electron mobility in the bonds. The geometric aromaticity parameters
HOMA and HOMED were used to study aromaticity changes. Using the ACID surface
generation program, electron cloud mobility was visualized. This made it possible to
discuss the influence of double bonds and heteroatoms in the middle ring on changes
in electron density. In order to confirm the reliability of the obtained results in each
series of compounds, they were compared with the geometry of crystalline com-
pounds from the CSD database.

The main purpose was to search factors that significantly change the structure
and thus also affect the physicochemical properties. Physicochemical properties are
linked to therapeutic properties and bioavailability of the compounds. Knowledge of
the influence of various factors on geometry will help in the design of new medicinal
compounds that will be characterized by the desired properties.



Wstep

Zwiazki o wlasciwosciach leczniczych nie stanowia jednorodnej grupy chemicznej
lecz charakteryzuja si¢ rozna budowa oraz zawierajq rozne grupy funkcyjne. Rowniez
nie do konica oczywiste jest powigzanie konkretnych wtasciwosci leczniczych z bu-
dowa chemiczng leku. Dlatego tez trudno jest na podstawie wlasciwosci chemicznych
przewidzie¢ wtasciwosci biologiczne i farmaceutyczne. Niemniej jednak prowadzone
sa proby powiazania parametrow strukturalnych oraz wtasciwosci chemicznych i fi-
zycznych zwiazku chemicznego z jego wtasciwosciami biologicznymi i leczniczymi,
przy czym wazny jest juz etap wstepny polegajacy na wyborze odpowiednich para-
metrow fizykochemicznych w celu skorelowania ich z wtasciwosciami biologicznymi
i leczniczymi. Wsréd parametréw fizykochemicznych powszechnie stosowanych na
szczegolna uwage zastuguja takie parametry jak moment dipolowy, polaryzowalnosc¢,
roznica energii HOMO-LUMO, stale opisujace wlasciwosci podstawnikow jak state
Hammeta czy Tafta, hydrofobowos¢, ilos¢ protonodonoroéw i protonoakceptoréw w
czasteczce oraz wiele innych parametrow opisujacych zaréwno wiasciwosci dotyczace
pojedynczych czasteczek jak i zwigzanych z wlasciwosciami makroskopowymi
zwigzku.

Wszystkie parametry fizykochemiczne uzywane do opisu i przewidywania wia-
Sciwosci biologicznych i farmaceutycznych w sposdb oczywisty wiaza sie ze strukturg
zwigzku. Znajomos¢ struktury jest wiec niezbedna nie tylko ze wzgledu na to, Ze nie-
ktore parametry strukturalne sa wprost powigzane z wtasciwosciami biologicznymi,
ale tez dlatego, ze ze struktury zwiazku chemicznego wynikaja parametry fizykoche-
miczne takie, jak na przykiad moment dipolowy. Interpretacja wtasciwosci leczni-
czych zwiazku oraz projektowanie nowych lekéw wymaga wiec znajomosci zaréwno
struktury pojedynczej czasteczki, jak i wzajemnego utozenia czasteczek w sieci krysta-
licznej.

Niektdre sposrod wielu réznorodnych zwiazkéw o charakterze leczniczym zbudo-
wane sa w taki sposdb, iz dwa pierscienie aromatyczne potaczone sg ze soba fragmen-
tami alifatycznymi tworzacymi zamkniety cykl. Tak wiec centralny pierscien alifa-
tyczny skumulowany jest z dwoma pier$cieniami aromatycznymi.

Zwiazki trojpierscieniowe stanowia wazna grupe substancji o charakterze leczni-
czym. Do grupy lekow trdjpierscieniowych naleza dibenzoazepiny o wiasciwosciach
przeciwdepresyjnych [1], fenotiazyny o wtasciwosciach uspokajajacych [2] pochodne
antronow stosowanych jako leki przeciwluszczycowe [3] oraz antrachinony o wtasci-
wosciach przeciwutleniajacych [4] (Rysunek 1). Warto zaznaczy¢, ze antrachinony sa
substancjami pochodzenia naturalnego dzigki czemu zainteresowanie nimi wcigz ro-
$nie. Wspdlna cechg wymienionych zwigzkow sa trzy pierscienie z czego dwa
boczne maja charakter aromatyczny a pierscien srodkowy jest alifatem. Jedna z roz-



nic strukturalnych miedzy wymienionymi grupami zwiazkow jest budowa srodko-
wego pierscienia. Dibenzoazepiny charakteryzuja si¢ siedmiocztonowym srodko-
wym pierscieniem, natomiast fenotiazyny i antrony posiadaja pierscien szescioczto-
nowy. Niektore pochodne dibenzoazepin i fenotiazyn zawieraja w pierscieniu srod-
kowym heteroatom. Struktura sSrodkowego pierscienia, obecnos¢ w nim heteroato-
mow oraz wigzan podwojnych maja znaczacy wptyw na zmiane jego aromatyczno-
Sci.

Celem pracy jest zbadanie wptywu podstawnikdéw w pierscieniu srodkowym i w
pierscieniach bocznych na geometrie calej czasteczki trojpierscieniowych zwigzkéw o
charakterze leczniczym. Podczas doboru podstawnikéw kierowano sig ich wielko-
Scig oraz charakterem chemicznym. Wybrano podstawniki o charakterze elektrono-
donorowym i elektronoakceptorowym oraz o ré6znym rozmiarze aby zbada¢ wptyw
przeszkdd sterycznych. Najwazniejszym etapem w badaniu wptywu podstawnikow
na geometrie analizowanej czasteczki jest znalezienie parametrow geometrycznych
czulych na podstawienie. Jako charakterystyczny parametr strukturalny wybrano kat
pomiedzy dwoma bocznymi pierscieniami- tzw. kat motylkowy. Zauwazono, Ze jest
on bardzo czuly na podstawienie, szczegdlnie na podstawienie w pierscieniu srodko-
wym. Informuje on o nieptaskiej strukturze danego zwiazku. Ze zmiang geometrii
zwigzane sg zmiany aromatycznosci. W zwiagzku z tym w opublikowanych pracach
zbadano wplyw podstawnikéw na zmiane parametru aromatycznosci HOMA [5]
pierscienia sSrodkowego oraz pierscieni bocznych. Zmiany aromatycznosci sa zwia-
zane ze zmianami gestosci elektronowej, zaréwno w punktach krytycznych wigzan,
jak i w pierscieniowych punktach krytycznych. Parametry opisujace zmiany gestosci
elektronowej w punktach krytycznych wyznaczono dla kazdej serii badanych zwiaz-
kow.

Metodyka

W celu zbadania wptywu podstawnikow na geometrie czasteczek dla kazdej serii
zwigzkow zoptymalizowano struktury z podstawnikami o roznej wielkosci i réznym
charakterze chemicznym, przede wszystkim biorac pod uwage ich wlasciwosci elek-
tronodonorowe i elektronoakceptorowe: NO2, CHO, COOH, CHs, CH2CHs, NHz, OH,
Cl, C(CHs)s. Dodatkowo przeanalizowano jak na geometrig¢ badanych zwigzkéw moga
wplywac wigzania podwdjne, heteroatomy w srodkowym pierscieniu oraz obecnos¢
wigzan wodorowych. Aby oceni¢ wplyw powyzszych czynnikow na geometrie calej
czasteczki poszukano parametrow strukturalnych zmieniajacych sie¢ pod wptywem
podstawienia. Wsrod tych parametrow szczegodlnie wazny okazat sie¢ kat pomiedzy
dwoma bocznymi pierécieniami aromatycznymi.



W badaniach pochodnych dibenzoazepin analizowano cztery grupy zwigzkow:
pochodne 5H-dibenzo[b,f]lazepiny, 10,11-dihydro-5H-dibenzo[b,f]lazepiny, 5H-di-
benzo[a,d][7]annulenu, 10,11-dihydro-5H-dibenzo[a,d][7]annulenu (Rysunek 1-a). W
przypadku drugiej serii zwigzkow analizowano pochodne fenotiazyn, 9,10-dihydrian-
tracenu i 9H-tioksantenu (Rysunek 1-b). Kolejna seria zwiazkdéw byly pochodne antro-
now i antrachinonéw (Rysunek 1-c). Ze wzgledu na rownowage keto-enolowa jaka
zachodzi pomiedzy 1,8-dihydroksy-9-antronem a 1,8-dihydroksy-9-antranolem (Ry-
sunek 1-d) analizowano pochodne obu tych zwigzkéw. Dodatkowo dla zwiazkow z
tej serii badano wptyw wigzan wodorowych na geometrie czasteczki. Ze wzgledu na
mozliwy transfer protonu w przypadku serii dibenzoazepin i 1,8-dihydroksy-9-an-
tronu zanalizowano rowniez wszystkie mozliwe tautomery. Na podstawie najnizszej
energii wybrano najbardziej prawdopodobne tautomery i wlasnie dla nich zbadano
wplyw podstawnikow.

Optymalizacja struktury zostata przeprowadzana w fazie gazowej przy uzyciu
programu Gaussian 16 [6] na poziomie DFT-D3 B3LYP/6-311++G** z uwzglednie-
niem dyspersji Grimma [7] w celu prawidlowego odtworzenia wigzant wodorowych.
Dodatnie czestosci otrzymane dla kazdej optymalizowanej struktury potwierdzaty
osiggniecie minimum energetycznego. Dla zoptymalizowanych czasteczek, oprocz
zanalizowania parametréw strukturalnych, wyznaczano parametry dotyczace gesto-
sci elektronowej wykorzystujac metode QTAIM [8]. Do obliczen zwiazanych z ru-
chliwoscia chmury elektronowej wykorzystano program ACID (anisotropy of the
current-induced density) [9]. Aby potwierdzi¢ wyniki otrzymane metodami teore-
tycznymi poréwnywano je z wynikami otrzymanymi dla struktur krystalicznych po-
branych z bazy CSD [10].



10 11
5
N N
H H

5H-dibenzo[b,flazepina 10,11-dihydro-5H-dibenzo[b,flazepina

sOsNsOe

5H-dibenzo[a,d][7]annulen 10,11-dihydro-5H-dibenzola,d][7]annulen

H
b) I I I I ~ | I N I
9,10-dihydroantracen 9H-tioksanten fenotiazyna
<) ‘O r
8a 9a O
10a 4a H
o]
antron antrachinon
H. H H H H
d) o o Mo o o o
8a 9a
10a 4a
1,8-dihydroksy-9-antron 1,8-dihydroksy-9-antranol

Rysunek 1 Badane serie zwiazkow: a- dibenzoazepiny, b- fenotiazyny, c- antron i antrachinon, d- 1,8-
dihydroksy-9-antron i 1,8-dihydroksy-9-anranol



Rezultaty

Geometria badanych zwiazkow

Najbardziej charakterystyczny parametr opisujacy nieplaskosé zwiazkow tréjpier-
Scieniowych to kat a (Rysunek 2). Opisuje on kat pomiedzy dwoma zewnetrznymi
pierscieniami, ktére charakteryzuja si¢ wysoka aromatycznoscia. W kazdej serii zwiaz-
kow kat a zmienia sie w szerokim zakresie: seria dibeznzoazepin - 22-57° [11], fenotia-
zyn - 20-60° [12], antrondw i antrachinonow - 0-41° [13], 1,8-dihydroxy-9-antronui 1,8-
dihydroxy-9-antranolu - 0-52° [14]. Na wartosci kata a ma wpltyw nie tylko charakter
chemiczny danego podstawnika, ale takze jego wielkos¢ i aksjalne lub ekwatorialne
ulozenie w przestrzeni. Najmniejsze wartosci katow a uzyskano dla pochodnych an-
trachinonéw ze wzgledu na obecno$¢ dwdch grup karbonylowych w srodkowym
pierscieniu. Pochodne 1,8-dihydroxy-9-antranolu réwniez charakteryzowaty sie nie-
wielka wartoscig kata a. Najwieksze wartosci kata a w wiekszosci przypadkow otrzy-
mywano dla struktur podstawionych podstawnikiem tert-butylowym, co byto spowo-
dowane jego wielkoscia. Wyjatek stanowita seria zwiazkow dibenzoazepin.
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Rysunek 2 Kat a wyznaczany dla analizowanych serii zwiazkow

W celu zbadania wptywu obecnosci heteroatomu w pierscieniu centralnym na geo-
metrie  5H-dibenzo[b,f]azepiny, 10,11-dihydro-5H-dibenzol[b,f]lazepiny, 5H-di-
benzo[a,d][7]annulenu oraz 10,11-dihydro-5Hdibenzo[a,d][7]annulenu wyznaczono



odleglos¢ atomu azotu i wegla w pozydji 5 od ptaszczyzny A (Rysunek 3). Jest to ko-
lejny istotny parametr, ktdry oprocz kata a opisuje nieptaskos¢ struktury. W tym celu
zoptymalizowano serie pochodnych dibenzoazepin z podstawnikami NO:, CHO,
COOH, CHs, CH2CHs, NH2, OH, Cl, C(CHs)s. Wraz ze wzrostem odlegtosci atomow
C51 N5 od ptaszczyzny A wzrasta wartosc kata a co oznacza, ze struktura analizowa-
nych czasteczek staje si¢ mniej ptaska. Skorelowano réwniez odleglosci atomow wegla
C10 i C11 od plaszczyzny A. Okazalo sig, ze wraz ze wzrostem odleglosci jednego
atomu od ptaszczyzny wzrasta takze odleglos¢ drugiego atomu.

plaszczyzna A

Rysunek 3. Odleglos$¢ atomu azotu i wegla w pozycji 5 od plaszczyzny A.

Dla serii pochodnych antronéw i antrachinonow zbadano réwniez wptyw pod-
stawnikéw elektronodonorowych (NHz) i elektronoakceptorowych (NO:z) w bocznym
pierscieniu aromatycznym. Parametrem, ktdry w jasny sposob opisywat utozenie grup
NH: i NO2 wzgledem podstawianego pierscienia byl kat . Jest to kat pomiedzy ptasz-
czyzna podstawionego pierscienia a plaszczyzng wyznaczong przez trzy atomy pod-
stawnika. Im mniejsza byta warto$¢ kata 3, tym bardziej podstawnik uktadat sie w
pozydji rownoleglej do plaszczyzny podstawianego pierscienia. Grupa nitrowa wy-
chyla si¢ z plaszczyzny pierscienia benzenowego jesli znajduje si¢ w sasiedztwie
grupy ketonowej w srodkowym pierscieniu. Wartos¢ kata a znaczaco maleje, gdy w
sasiedztwie podstawnika nitrowego w pierscieniu aromatycznym nie ma grupy keto-
nowej lub innej grupy nitrowej Grupa nitrowa ma wigkszy rozmiar niz grupa ami-
nowa dlatego czterokrotne podstawienie tymi grupami powoduje utrate plaskiej
struktury przez pierscien a kat f w przypadku podstawienia grupami nitrowymi jest
wiekszy niz w przypadku grup aminowych. Dla pochodnych antronéw i antrachino-
now zbadano rowniez wpltyw wielokrotnego podstawienia bocznego pierscienia na
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dtugosc¢ wigzania C-N taczacego podstawnik z pierscieniem. Wielkokrotne podstawie-
nie pierscienia aromatycznego podstawnikami NHz i NO2 powoduje wydtuzenie wia-
zania C-N. Sasiedztwo grup aminowych i karbonylowych zmniejsza dtugos¢ wigzania
C-N w antronach i antrachinonach. Zauwazono, ze wigzanie C-N wydtuza sig¢ jesli
zwieksza sig ilos¢ podstawnikow.

Aby zbada¢ wptyw heteroatomoéw na geometrie analizowanych zwiazkow, zopty-
malizowano pochodne dibenzoazepin i fenotiazyn z- i bez- heteroatomoéw w srodko-
wym pierscieniu. Obecno$¢ heteroatoméw wplywata na czesciowo aromatyczny cha-
rakter srodkowego pierscienia, co bylo to spowodowane obecnoscia wolnej pary elek-
tronowej na heteroatomach.

Na geometrie zwigzkow trojpierscieniowych znaczacy wpltyw ma obecnos¢ we-
wnatrzczasteczkowych wiazant wodorowych. Taka analize przeprowadzono dla serii
1,8-dihydroxy-9-antronu i 1,8-dihydroxy-9-antranolu. Wraz ze wzrostem ilosci wiazan
wodorowych w pochodnych 1,8-dihydroxy-9-antronu i 1,8-dihydroxy-9-antranolu
zmniejszala si¢ warto$¢ kata a. Wyjatek stanowity zwiazki w formie ketonowej z pod-
stawnikiem t-butylowym oraz karboksylowym i jednym wigzaniem wodorowym.
Odstepstwa te sa spowodowane roznicami w ufozeniu si¢ podstawnikéw w prze-

strzeni.

Aby potwierdzi¢ wiarygodnos¢ przeprowadzonych obliczen teoretycznych w
przypadku kazdej serii zwiazkéw poréwnywano otrzymane wyniki z wynikami
otrzymanymi dla struktur krystalicznych. Eksperymentalne dane strukturalne a w
szczegoOlnosci analizowane parametry geometryczne potwierdzaja wpltyw podstawni-
kéw oraz obecno$¢ heteroatomoéw na strukture srodkowego pierscienia.

Aromatycznosc pierscieni

Ze zmianami geometrii zwigzane sa zmiany aromatycznosci pierscieni. Dla
analizowanych struktur wykorzystywano geometryczny parametr aromatycznosci
HOMA (1) [5] oraz HOMED (2) [15], ktéry uwzglednia siedmiocztonowa budowe

pierscienia oraz heteroatomy w pierscieniach.

HOMA =1-2%(R, - Ry;)’ (1)

Rop- zoptymalizowana dlugos¢ wigzania CC w idealnie aromatycznym ukladzie
réwna 1.388 A

Ri- wyznaczona dlugos¢ wigzania
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a- stata standaryzacji

n- ilos¢ wigzan
2
HOMED = 1—=%(R, — R;)) ()

Rop- zoptymalizowana dtugos¢ wigzania CC w idealnie aromatycznym ukladzie
réwna 1.394 A i zoptymalizowana dtugosé wiazania CN réwna 1.334 A

Ri- wyznaczona dtugosc wigzania

- stata standaryzacji: 5SH-dibenzo[b,f]azepiny dla wigzania CN 84.52 i dla wigzania
CC 80.90, 5H-dibenzo[a,d][7]annulenu dla wigzania CC 80.90, 10,11-dihydro-5H-di-
benzol[b,f]lazepiny dla wiazania CN 73.20 i dla wiazania CC 69.55, 10,11-dihydro-5H-
dibenzo[a,d][7]annulenu dla wigzania CC 69.55
n- ilos¢ wigzan

Zbadano wplyw wiazania podwdjnego oraz heteroatoméw w srodkowym pier-
scieniu na aromatycznos¢ pochodnych 5H-dibenzo[b,f]azepiny, 10,11-dihydro-5H-di-
benzo[b,f]azepiny, 5H-dibenzo[a,d][7]annulenu,10,11-dihydro-5H-dibenzo[a,d][7]an-
nulenu. Podwojne wigzanie w srodkowym pierscieniu powodowato znaczaca deloka-
lizacje elektronéw. Dodatkowo obecnos¢ atomu azotu z wolng para elektronowa w
srodkowym pierscieniu 5H-dibenzo[b,f]azepiny rowniez wplywa na delokalizacje
elektronow co zwieksza parametr aromatycznosci. W strukturze 10,11-dihydro-5H-di-
benzo[a,d]annulenu, ktéra nie zawiera w srodkowym pierscieniu podwdjnego wiaza-
nia i atomu azotu zaobserwowano najmniejszaq warto$¢ parametru HOMED. Na war-
tos¢ parametru aromatycznosci moga takze wptywac wigzania aromatyczne uwspol-
nione z bocznymi pierscieniami aromatycznymi.

Dla wszystkich serii analizowanych zwigzkéw zaobserwowano, ze na wartosc
parametru aromatycznosci ma wptyw charakter elektronoakceptorowy lub elektrono-
donorowy podstawnika oraz jego wielkos¢. Aromatycznos¢ pierscienia centralnego
jest czula nie tylko na podstawienie w pierscieniu srodkowym, ale takze w bocznym
pierscieniu aromatycznym. Dodatkowo podstawienie sSrodkowego pierscienia antro-
now, antrachinonow, 1,8-dihydroksy-9-antronu i 1,8-dihydroksy-9-antranolu za po-
moca Cl, NO:, CHs, OH, NHzi t-but nie wptywa na rozktad gestosci elektronowej bocz-
nych pierscieni aromatycznych a ich wartos¢ parametru HOMA jest taka sama. Bada-
jac aromatycznos¢ centralnego pierscienia w strukturach krystalicznych pochodnych
dibenzoazepin zauwazono, ze moze by¢ ona tatwo modyfikowana nie tylko przez
podstawnik, ale takze otoczenie czasteczki. Struktura z takim samym podstawnikiem
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moze by¢ aromatyczna lub antyaromatyczna w zaleznosci od upakowania w krysz-
tale. Dlatego tez HOMED $rodkowego pierscienia dla 5H-dibenzo[b,f]azepin miescit
sie¢ w szerokim zakresie (0.31-0.82), 5H-dibenzo[a,d][7]anulenu (0.28-0.94), 10,11-dihy-
dro-5H-dibenzo[b,f]azepine (0.03-0.74), 10,11-dihydro-5H-dibenzo[a,d][7]anulen

(-0.08-0.69).

Przeanalizowano rowniez wptyw grup NH: i NO: podstawionych w pierscie-
niu bocznym na aromatycznosc¢ pierscienia centralnego. Najnizsza wartos¢ HOMA w
pierscieniu centralnym zaobserwowano dla czasteczki antronu, ktéra podstawiono
czterema grupami nitrowymi w bocznym pierscieniu. Natomiast najwiekszy wzrost
parametru HOMA dla pierscienia alifatycznego zaobserwowano w przypadku antra-
chinonu, ktéry podstawiono dwoma grupami aminowymi w pozycji para w bocznym
pierscieniu aromatycznym. Na gestos¢ elektrondw w punkcie krytycznym centralnego
pierscienia znaczaco wplywa obecnos¢ grupy ketonowej. Jest to zwiazane z tworze-
niem si¢ wigzant wodorowych miedzy tlenem karbonylowym w srodkowym pierscie-
niu a wodorem podstawnika aminowego w bocznym pierscieniu. Wigksza roznice
wartosci HOMA w poréwnaniu ze strukturg niepodstawiong zaobserwowano dla
struktur antrachinonow z podstawnikami w pierscieniu bocznym niz dla analogicz-

nych antronéw.

Gestosc elektronowa w punkcie krytycznym centralnego pierscienia

Wykorzystujac metode QTAIM (Quantum Theory of Atoms in Molecules) [8] wy-
znaczono gestos¢ elektronowa w punkcie krytycznym pierscienia centralnego (RCP),
energie kinetyczna i potencjalng elektronéw w punkcie krytycznym centralnego pier-
Scienia dla serii fenotiazyn oraz antrondow i antrachinondéw. Zauwazono, ze dla obu
serii powyzsze parametry s bardzo czule na zmiany kata pomiedzy dwoma bocz-
nymi pier$cieniami. Zwiekszenie wartosci kata o wptywato na wzrost gestosci elek-
tronowej i energii potencjalnej elektrondéw w punkcie krytycznym centralnego pier-
Scienia. Odwrotna sytuacja miata miejsce dla energii kinetycznej elektrondw- wraz ze
wzrostem kata o malata wartos$¢ energii kinetycznej elektrondw w punkcie krytycz-
nym srodkowego pierscienia fenotiazyn oraz antronoéw i antrachinonéw.

Skorelowano otrzymane wyniki gestosci elektronowej, energii potencjalnej i kine-
tycznej elektronow z katem a dla pochodnych fenotiazyn (Rysunek 4) jak i 9,10-dihy-
driantracenu i 9H-tioksantenu. Pozwolito to zbada¢ wptyw heteroatomow w pierscie-
niu alifatycznym na wyznaczane parametry gestosci elektronowej w punkcie krytycz-
nym pierscienia. Zaréwno dla pochodnych fenotiazyn jak i 9,10-dihydriantracenu i
9H-tioksantenu korelacje sa rozne i zaleza od obecnosci heteroatomoéw w pierscieniu
alifatycznym (Rysunek 4).
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Rysunek 4 Korelacja parametrow QTAIM w punkcie krytycznym pier§cienia centralnego, gdzie a-
gestosc elektronowa, b- energia kinetyczna, c- energia potencjalna gestosci elektronowej.
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Eliptycznos¢ wiazan w pierscieniu aromatycznym

Eliptycznos¢ wiazania to parametr teorii QTAIM, ktdry informuje o naturze wia-
zania a w szczegolnosci o ksztalcie gestosci elektronowej wigzania taczacego dwa
atomy. Jest ona zdefiniowana wzorem ¢ = (A1/A2 — 1). Okresla stopien preferencyjnego
skupienia tadunku wzgledem orientacji o najmniejszym A. Dla wigzan cylindrycznie
symetrycznych € jest rowne zeru a w przypadku wiazan podwdjnych miedzy atomami
wegla € wynosi okolo 0.74. Eliptycznos$¢ jest takze miara niestabilnosci strukturalnej.
W przypadku wzrostu eliptycznosci wiazanie staje si¢ bardziej niestabilne. Warto za-
znaczy¢, ze zmiana eliptycznosci wigzan w pierscieniu aromatyczny moze by¢ powia-
zana ze zmiang aromatycznosci. Oznacza to, ze mozna wyznaczy¢ parametr aroma-
tycznosci wykorzystujac nie tylko dlugosci wigzan, ale takze ich eliptycznosé. Dosko-
natym przykladem parametru aromatycznosci, w ktérym stosuje sie eliptycznosc wia-
zan jest EL [16].

Na eliptycznos¢ i dtugos¢ wiazan w srodkowym pierScieniu wptywajq podstaw-
niki zaréwno w srodkowym, jak i w bocznym pierscieniu aromatycznym. Wyzna-
czono korelacje miedzy eliptycznoscia wiazan a ich dtugosciami. Dla serii antronéw i
antrachinonéw oraz 1,8-dihydroksy-9-antronu i 1,8-dihydroksy-9-antranolu zaobser-
wowano spadek eliptycznosci wraz ze wzrostem dtugosci wigzania (Rysunek 5). W
korelacjach 1,8-dihydroksy-9-antronu i 1,8-dihydroksy-9-antranolu dla wigzann C-C
znajdujacych sie najblizej grupy ketonowej wydzielono cztery grupy punktow: forme
enolowa, forme ketonowa z dwoma wigzaniami wodorowymi, forme ketonowa z jed-
nym wiazaniem wodorowym i forme keto bez wigzan wodorowych. Zauwazono, ze
najwieksza eliptycznos¢ i tym samym najkrotsze dtugosci wiazan maja struktury w
formie enolowej. Natomiast najnizsze wartosci eliptycznosci i najdiuzsze wiazania
maja zwiazki w formie ketonowej bez wigzan wodorowych. Daje to informacje o tym,

jak wiazania wodorowe wptywaja na nature wigzan w pierscieniu.
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Rysunek 5 Korelacje eliptycznosci z dlugoscia wiazan dla 1,8-dihydroksy-9-antronu i 1,8-dihy-
droksy-9-antranolu gdzie: a- wiazanie C8a-C9, b- wigzanie C9a-C9. Region A stanowi formy eno-
lowe, region B- formy ketonowe z dwoma wiazaniami wodorowymi, region C- formy ketonowe z
jednym wiazaniem wodorowym, region D- formy ketonowe bez wiazan wodorowych

Podobna korelacje wyznaczono dla antronéw i antrachinondéw. Substytucja grup
aminowych w bocznym pierscieniu aromatycznym antronow powoduje wzrost elip-
tycznosci wigekszosci wigzan srodkowego pierscienia. Najwigekszy wpltyw na eliptycz-
nos$¢ wigzan potozonych najblizej pierscienia podstawianego ma wpltyw jednokrotne
podstawienie grupa aminowa. Podobnie jak dla antrondéw, najwigkszy wplyw na elip-
tycznos¢ wigzan w srodkowym pierscieniu antrachinonéw ma podstawienie aminowe
w bocznym pierscieniu. Podstawienie grup nitrowych w bocznym pierscieniu w wiek-

szosci przypadkow rowniez powoduje wzrost eliptycznosci w grupie antronow i an-
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trachinondw. Odstepstwa zaobserwowano dla wigzan srodkowego pierscienia znaj-
dujacych sie najblizej grupy karbonylowej zarowno w antronach jak i antrachinonach.
Brak grupy karbonylowej przy weglu C10 powoduje mniejszy przeptyw gestosci elek-
tronowej miedzy pierscieniem bocznym a pierscieniem srodkowym. Dlatego tez pod-
stawienie pierscienia aromatycznego za pomoca podstawnikow oddajacych i akcep-
tujacych elektrony nie wptywa znaczaco na wiazania sasiadujace z weglem C10. Za-
uwazono, ze substytucja w bocznym pierscieniu antrondéw i antrachinonéw nieznacz-
nie wplywa na wigzania wspdlne dla pierscienia aromatycznego i alifatycznego.
Rézny charakter chemiczny oraz wielkos¢ podstawnikéw w Srodkowym pierscieniu
antronow ma znaczacy wplyw na dtugos¢ i eliptycznos¢ wigzan sasiadujacych z pod-
stawianym atomem wegla.

Lokalna energia jonizacji

Aby okresli¢ obszary zawierajace wysoce reaktywne elektrony w ukfadach 1,8-
dihydroksy-9-antronu i 1,8-dihydroksy-9-antranolu wyznaczono srednie lokalne
energie jonizacji (ALIE-Average Local Ionization Energy) [14]. Jasnoniebieskie obszary
odpowiadaja minimom ALIE na izopowierzchni, wskazujac korzystne miejsca ataku
elektrofilowego. Ciemniejszy niebieski kolor wskazuje stosunkowo niskie wartosci pa-
rametru ALIE, gdzie elektrony maja wysoka reaktywnosé. Podsumowujac otrzymane
wyniki: w strukturach w formie enolowej miejscem ataku elektrofilowego sa atomy
wegla w pierscieniach bocznych, ktére nie sq wspdtdzielone z pierscieniem $rodko-
wym. W przypadku formy enolowej podstawionej atomem wodoru miejscem ataku
elektrofilowego jest takze atom C10 (Rysunek 6). Te same miejsca ataku elektrofilo-
wego staja si¢ mniej wrazliwe w formach keto.

Rysunek 6 Lokalna energia jonizacji dla formy ketonowej i enolowej z atomem wodoru w pozycji
C10.
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Entalpia dysocjacji wigzania

Entalpia dysocjacji wigzania OH (BDE) [17] to jeden z parametréw pomocnych w
przewidywaniu wiasciwosci przeciwutleniajacych substancji. W zwiazku z tym zba-
dano wplyw podstawnikéw na entalpie dysocjacji wigzania OH przy atomie C10 w
1,8-dihydroksy-9-antranolu. Dodatkowo wyznaczono entalpie dysocjacji wiazania
CH przy atomie C10 w 1,8-dihydroksy-9-antronie. Entalpie dysocjacji wigzan badano
dla struktur z jednym i dwoma wewnatrzczasteczkowymi wigzaniami wodorowymi.

Podstawianie srodkowego pierscienia podstawnikiem charakteryzujacym sie wta-
Sciwosciami elektronoakceptorowymi powoduje wzrost BDE (O-H) i BDE(C-H) w
strukturach z dwoma wewnatrzczasteczkowymi wiazaniami wodorowymi. Substytu-
gja tego samego podstawnika do struktur z jednym wigzaniem wodorowym spowo-
dowata niewielki wzrost BDE(O-H) i niewielki spadek BDE(C-H). W zwiazku z tym
obecnos$¢ takiego podstawnika jak NO: wraz z dwoma wiazaniami wodorowymi

wplywa na trudniejsze oderwanie atomu wodoru od grupy OH i CH.

Zbadano rowniez wplyw podstawnika o charakterze elektronodonorowym- NH:
na BDE. Jego substytucja spowodowata niewielki spadek BDE(O-H) w stosunku do
struktury niepodstawionej z jednym oraz dwoma wigzaniami wodorowymi co ozna-
cza, ze fatwiej jest oderwac¢ wodor od grupy OH w strukturze enolowej. W strukturze
w formie ketonowej podstawnik NHz spowodowat niewielki wzrost BDE (C-H) co
wplywa na trudniejsze oderwanie wodoru wzgledem struktury niepodstawione;j.

Wplyw obecnosci wewnatrzczasteczkowych wiazann wodorowych
Analizujac entalpie dysocjacji wiazan O-H i C-H zauwazono, ze na ich wartosci ma
wplyw obecno$¢ wewnatrzczasteczkowych wigzan wodorowych. Struktury z dwoma
wigzaniami wodorowymi majq nizsze wartosci BDE(O-H) i BDE(C-H) co wptywa na
tatwiejsze oderwanie atomu wodoru od OH i CH. Poréwnujac réznice entalpii swo-
bodnej pomiedzy dwoma formami tautomerycznymi zaobserwowano, ze jest ona
wieksza dla struktur zdwoma wigzaniami wodorowymi niz z jednym. Wynika z tego,
ze latwiej przesuna¢ réwnowage w kierunku formy ketonowej w strukturach z

dwoma wewnatrzczasteczkowymi wigzaniami wodorowymi.

Zbadano wplyw ilosci wewnatrzczasteczkowych wigzait wodorowych na energie
w serii zwiazkow 1,8-dihydroksy-9-antronu i 1,8-dihydroksy-9-anranolu (Rysunek 7).
Zwiazki z wewnatrzczasteczkowym wigzaniem wodorowym majq najwyzsza energie
w strukturach w formie ketonowej z dwoma wigzaniami wodorowymi. Energia wia-
zania wodorowego w strukturach ketonowych w wigkszosci przypadkéw wynosi 12
kcal/mol a dla form enolowych 8 kcal/mol. Warto zaznaczy¢, ze na energie we-
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wnatrzczasteczkowego wigzania wodorowego ma wpltyw nie tylko forma tautome-
ryczna, ale takze podstawniki w srodkowym pierscieniu. Energia wigzania wodoro-
wego dla zwigzkow w formie ketonowej z podstawnikami COOH, CHs, Cl i CH.CHs

miesci sie w zakresie 8-19kcal/mol.

y M H H H H .H
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Rysunek 7 Energie struktur z wiazaniem wodorowym podstawionych atomem wodoru w pozycji
C10, gdzie a- forma ketonowa, b- forma enolowa

ACID

Zmiany delokalizacji gestosci elektronowej, ktdre determinuja reaktywnos¢ cza-
steczki a takze jej wlasciwosci fizyczne i chemiczne wplywaja na zmiany aromatycz-
nosci opisywane przez parametry HOMA i HOMED. Doskonata metoda wizualizacji
delokalizacji elektrondw jest anizotropia gestosci indukowanej pradem- ACID [9]. Po-
rownujac struktury z atomem azotu i podwojnym wiazaniem w srodkowym pierscie-
niu do struktur bez azotu i z wigzaniem pojedynczym pozwala na zobrazowanie de-
lokalizacji elektrondw 7 w pierscieniach i okreslenie charakteru wigzan.

Na wygenerowanej powierzchni ACID struktury 5H-dibenzo[b,f]azepiny, ktora w
pierscieniu srodkowym zawiera zaréwno wigzanie podwdjne jak i atom azotu zaob-
serwowano, ze srodkowy pierscien to nierozerwalna ,,obrecz” co oznacza delokalizo-
wanie si¢ elektronow (Rysunek 8). Wptywa to na czesciowo aromatyczny charakter
srodkowego pierscienia. Zastapienie atomu azotu atomem wegla w 5H-di-
benzo[a,d][7]annulenie powstrzymuje delokalizacje elektronow centralnego pierscie-

nia.
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10,11-dihydro-5H-dibenzo[b,flazepina 10,11-dihydro-5H-dibenzola,d][7]lannulen

Rysunek 8 Wyznaczone powierzchnie ACID

Badanie mechanizmu tautomerii keto-enolowej

Poniewaz dla dihydroksyantronow mozliwe jest przeniesienie protonu z grupy
OH do atomu wegla C10, tym samym mozliwe jest wystepowanie dwdch form tauto-
merycznych. Poniewaz rownowaga keto-enolowa zasadniczo zmienia strukture
zwiazku i jego wlasciwosci fizykochemiczne, mozliwos¢ jej wystepowania powinna
by¢ zbadana dla wszystkich substancji o charakterze leczniczym. W reakdji keto-eno-
lowej mozliwe sa dwa mechanizmy transferu protonu i oba zostaty zbadane w niniej-
szej pracy. Pierwsza droga dotyczy wewnatrzczasteczkowego transferu protonu. Z
powodu wygiecia si¢ Srodkowego pierscienia podczas przenoszenia protonu energia
stanu przejSciowego wynosi okoto 105-111 kcal/mol (Rysunek 9) [14]. W drugim me-
chanizmie reakcji wykorzystano czasteczke pirydyny jako nosnik protonu, przez co
reakcja stata si¢ wieloetapowa. Ma to wplyw na zmniejszenie energii stanu przejscio-
wego do 17-23 kcal/mol [14].

Aby zbada¢ wplyw podstawnikéw na transfer protonu w reakgji keto-enolowej dla
obu mechanizmdw reakgji zoptymalizowano stany przejSciowe z réznymi podstawni-
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kami w srodkowym pierscieniu alifatycznym. W przypadku wewnatrzczasteczko-
wego przeniesienia protonu nie zauwazono znaczacych roznic w energii standéw przej-
sciowych w przypadku podstawienia centralnego pierscienia grupami o charakterze
elektronodorowym i elektronoakceptorowym.

a)

111.6 [kcal/mol]

b)

0.0 [kcal/mol] 17.6 [kcal/mol] 8.8 [kcal/mol]

14.8 [kcal/mol] 23.5 [kcal/mol] 9.5 [kcal/mol]

Rysunek 9 Energie stanéw przejsciowych w reakcji keto-enolowej a- z wewnatrzczasteczkowym
przeniesieniem protonu, b- mechanizm reakcji z wykorzystaniem pirydyny jako nosnika protonu.

Druga sciezka przeniesienia protonu ze wzgledu na wieksza ilos¢ etapéw charak-
teryzuje si¢ znacznie mniejszymi energiami stanéw przejsciowych. Pierwszym kro-
kiem reakgdji jest przeniesienie protonu z C10 na atom azotu w czasteczce pirydyny.
Kolejnym etapem jest utworzenie jonu. Czasteczka pirydyny obraca si¢ tak, aby atom
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azotu znajdowat si¢ w poblizu atomu tlenu w srodkowym pierscieniu w wyniku czego
tworzy si¢ wigzanie wodorowe. Aby doszlo do przeniesienia protonu z atomu azotu
w czasteczce pirydyny na tlen w analizowanej strukturze dajac enolowa forme tauto-

meryczng, potrzebna jest niewielka energia swobodna (Rysunek 9).

Rownowaga keto-enolowa to szybka reakcja, ktora czesto silnie faworyzuje jeden
z tautomerdw. Obliczenia wskazuja, ze to forma ketonowa dominuje w mieszaninie w
fazie gazowej. Ze wzgledu na niewielkie energie stanow przejsciowych na sciezce z
udziatem pirydyny ta reakcja przeniesienia protonu jest bardziej prawdopodobna.

Whnioski

Glownym celem pracy bylo wyznaczenie parametréw, ktére w znaczacy spo-
sob odzwierciedlaja zmiany geometryczne analizowanych zwiazkéw co w konse-
kwencji moze mie¢ wptyw na ich wtasciwosci fizykochemiczne. Wtasciwosci fizyko-
chemiczne zwigzkow leczniczych sa zwigzane z ich przyswajalnoscig oraz dziataniem
jako leki. Poniewaz wigkszo$¢ wilasciwosci fizykochemicznych oraz biodostepnos¢
zwiazku wynika z jego struktury molekularnej, znajomos¢ struktury oraz zmian w
geometrii spowodowanych ré6znymi czynnikami moze pozytywnie wplynac¢ na pro-
jektowanie nowych lekow o oczekiwanych witasciwosciach.

Najczulszym parametrem opisujacym geometrie badanych struktur byt kat po-
miedzy dwoma pierscieniami aromatycznymi. Jego warto$¢ zalezata od charakteru
elektronodonorowego lub elektronoakcpetorowego podstawnikow w $rodkowym
pierscieniu alifatycznym. UlozZenie podstawnikéw w przestrzeni réwniez miato
wplyw na geometri¢ badanych zwigzkéw. Energie struktur z podstawnikami ufozo-
nymi ekwatorialnie i aksjalnie byly zblizone. Zmiana wartosci kata a przyczynia si¢
do zmiany konformacji centralnego pierscienia alifatycznego. Gestos¢ elektronowa,
energia kinetyczna i potencjalna elektronéw w RCP s czule na zmiany kata a.

Na warto$¢ kata o wpltyw ma takze obecnos¢ wewnatrzczasteczkowych wiazan
wodorowych w 1,8-dihydroksy-9-antronie oraz 1,8-dihydroksy-9-antranolu. Obec-
nos¢ dwoch wewnatrzczasteczkowych wigzant wodorowych powoduje zmniejszenie
kata motylkowego co jest efektem wyptaszczania sig struktury.

Podstawienie bocznego pierscienia aromatycznego podstawnikami o charakte-
rze elektronodonorowym i elektronoakceptorowym wplyneto na zmiane struktury
centralnego pierscienia a co za tym idzie takze parametru aromatycznosci.

Analizujac seri¢ pochodnych dibenzoazepin zbadano wptyw atomu azotu oraz
podwdjnego wiazania w sSrodkowym pierscieniu na jego aromatycznos¢. Okazato sie,
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ze obecno$¢ atomu azotu i podwojnego wigzania wptywa na delokalizacje elektronéw
w srodkowym pierscieniu zwigkszajac tym samym parametr aromatycznosci
HOMED co doskonale obrazuja wygenerowane powierzchnie ACID.

Kolejnym istotnym parametrem, ktory w doskonaly sposob opisuje geometrie
czasteczki jest odlegtos¢ atomdéw azotu/wegla od plaszczyzny wyznaczonej przez
cztery atomy wegla srodkowego pierscienia uwspolnione z pierscieniami zewnetrz-
nymi. Oprécz podstawnikow w srodkowym pierscieniu na strukture oraz aromatycz-
nos¢ centralnego pierscienia maja wptyw podwojne wigzania oraz heteroatomy. Cze-
sciowo aromatyczny charakter jest zwiazany z obecnoscia wolnej pary elektronowej
na atomie azotu, delokalizacjqa wigzania podwdjnego a takze udziat aromatycznych
elektronéw, ktore pochodza z bocznych pierscieni.

Analizujac wptyw podstawnikow o réznym charakterze chemicznym na wia-
Sciwosci antyoksydacyjne badanych zwiazkdéw stwierdzono, ze najlepszych wiasci-
wosci przeciwutleniajacych mozna spodziewac sie po zwigzku z podstawnikiem NHo.
Dzieki wyznaczeniu energii standw przejsciowych zaobserwowano, Zze zmienia si¢
ona nieznacznie w zaleznosci od podstawnika. Na szybkos¢ reakgji keto-enolowej
istotny wptyw ma wykorzystana sciezka przeniesienia protonu. Z tego wzgledu prze-
miana keto-enolowa zachodzi znacznie szybciej w obecnosci pirydyny jako nosnika
protonu.

Bibliografia

1. Prisinzano, T. E. Medicinal Chemistry: A Molecular and Biochemical Approach.
Third Edition By Thomas Nogrady and Donald F. Weaver. Oxford University Press,
New York. 2005. ISBN 978-0-19-510456 (Paperback). J. Med. Chem. 49, 3428-3428
(2006).

2. Mosnaim, A.D., Ranade, V.V, Wolf, M.E., Puente, J., Valenzuela, A.M., Phenothia-
zinemolecule provides the basic chemical structure for various classes of pharma-
cotherapeutic agents, Am. J. Therapeut. 13 (2006) 261e273

3. Marsden, J. R., Coburn, P. R., Marks, J., Shuster, S. Measurement of the response of
psoriasis to short-term application of anthralin. Br ] Dermatol 109, 209-218 (1983).

4. Rodriguez-Gamboa, T. et al. Anthrone and oxanthrone C,O-diglycosides from Pic-
ramnia teapensis. Phytochemistry (2000) doi:10.1016/S0031-9422(00)00323-X.

5. Krygowski, T. M. Crystallographic Studies of Inter- and Intramolecular Interac-
tions Reflected in Aromatic Character of mt-Electron Systems. Journal of Chemical Infor-
mation and Computer Sciences (1993) doi:10.1021/ci00011a011.

23



6. Frisch, M.J. et al. Gaussian Inc 16, Revision A.03. Wallingford CT. (2016).

7. Grimme, S., Antony, J., Ehrlich, S., Krieg, H. A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 ele-
ments H-Pu. Journal of Chemical Physics (2010) doi:10.1063/1.3382344.

8. Bader, R.F.W. Atoms in Molecules: A Quantum Theory, Oxford University Press,
New York, 1990

9. Herges, R.; Geuenich, D. Delocalization of Electrons in Molecules. J. Phys. Chem. A
2001, 105, 3214-3220

10. Allen, F. H. The Cambridge Structural Database: A quarter of a million crystal
structures and rising. Acta Crystallographica Section B: Structural Science (2002)
doi:10.1107/50108768102003890.

11. Szymanska, M., Majerz, I. Theoretical Study of the Geometry of Dibenzoazepine
Analogues. Molecules 27, 790 (2022).

12. Szymanska, M., Majerz, 1. Geometry and electron density of phenothazines. Jour-
nal of Molecular Structure (2020) doi:10.1016/j.molstruc.2019.127095.

13. Szymanska, M., Majerz, 1. Effect of Substitution of Hydrogen Atoms in the Mole-
cules of Anthrone and Anthraquinone. Molecules (Basel, Switzerland) 26, (2021).

14. Szymanska, M., Majerz, 1. Prototropy, Intramolecular Interactions, Electron Delo-
calization, and Physicochemical Properties of 1,8-dihydroxy-9-anthrone —DFT-D3
Study of Substituent Effects. Molecules 28, 344 (2023).

15. Raczynska, E. D., Hallman, M., Kolczynska, K., Stepniewski, T. M. On the Har-
monic Oscillator Model of Electron Delocalization (HOMED) Index and its Applica-
tion to Heteroatomic m-Electron Systems. Symmetry 2, 1485-1509 (2010).

16. Dominikowska, ]., Palusiak, M. EL: the new aromaticity measure based on one-
electron density function. Structural Chemistry 23, 1173-1183 (2012).

17. Nazarparvar, E., Zahedi, M. & Klein, E. Density functional theory (B3LYP) study
of substituent effects on O-H bond dissociation enthalpies of trans -resveratrol deriv-
atives and the role of intramolecular hydrogen bonds. Journal of Organic Chemistry 77,
10093-10104 (2012).

24



Konferencje

1. Szymanska Malgorzata, Majerz Irena: Teoretyczne badanie struktur pochod-
nych dibenzoazepiny, W: V Ogolnopolska Konferencja Naukowa "Wspolcze-
sne zastosowanie metod analitycznych w farmacji i medycynie". [Online], 27
listopada 2020 r. Ksiazka abstraktéw, 2020, s.37-38

2. Szymanska Matgorzata, Majerz Irena: Theoretical study of monoanthrones,
W: 4th International Wroclaw Scientific Meetings. Wroctaw, 09-10 October
2020 / Kulbacka Julita, Rembiatkowska Nina, Wezgowiec Joanna (red.), 2020,
Wroctaw, Wydawnictwo Naukowe TYGIEL sp. z o.0., 5.239-240, ISBN 978-83-
66489-37-0

3. Polesiak Matgorzata, Majerz Irena: Wykorzystanie metod obliczeniowych do
analizy struktury dikumarolu, W: IV Ogdlnopolska Konferencja Naukowa
"Wspotczesne zastosowanie metod analitycznych w farmacji i medycynie".
Wroctaw, 12 kwietnia 2019 r. Ksigzka abstraktow, 2019, s.[36]

Wykaz publikacji wchodzacych w sktad rozprawy

Szymanska Malgorzata, Majerz Irena: Geometry and electron density of phenotha-
zines, Journal of Molecular Structure, 2020, vol. 1200, art.127095 [15 s.].
DOI:10.1016/j.molstruc.2019.127095

Szymanska Malgorzata, Majerz Irena: Effect of substitution of hydrogen atoms in
the molecules of anthrone and anthraquinone, Molecules, 2021, vol. 26, nr 2, art.502
[23 s.]. DOI:10.3390/molecules26020502

Szymanska Matgorzata, Majerz Irena: Theoretical study of the geometry of dibenzo-
azepine analogues, Molecules, 2022, vol. 27, nr 3, art.790 [23 s.]. DOI:10.3390/molecu-
les27030790

Szymarniska Malgorzata, Majerz Irena: Prototropy, intramolecular interactions, elec-
tron delocalization, and physicochemical properties of 1,8-dihydroxy-9-anthrone -
DFT-D3 study of substituent effects, Molecules, 2023, vol. 28, nr 1, art.344 [24 s.].
DOI:10.3390/molecules28010344

25


http://dx.doi.org/10.1016/j.molstruc.2019.127095
http://dx.doi.org/10.3390/molecules26020502
http://dx.doi.org/10.3390/molecules27030790
http://dx.doi.org/10.3390/molecules27030790
http://dx.doi.org/10.3390/molecules28010344

Journal of Molecular Structure 1200 (2020) 127095

journal homepage: http://www.elsevier.com/locate/molstruc

Contents lists available at ScienceDirect

Journal of Molecular Structure

f
MO ULAR
STRUCTURE

Geometry and electron density of phenothazines )

Matgorzata Szymanska, Irena Majerz’

Check for
updates

Faculty of Pharmacy, Wroclaw Medical University, Borowska 211a, 50-556, Wroclaw, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 5 March 2019

Received in revised form

15 September 2019

Accepted 17 September 2019
Available online 21 September 2019

Keywords:
Phenothiazine
9H-thioxanthene
9,10-dihydroanthracene
Geometry

QTAIM

A systematic theoretical analysis of the structural parameters of 9,10-dihydroanthracene, 9H-thio-
xanthene and phenothiazine was performed at DFT B3LYP/6-311++G**-GD3 level. The main structural
parameter determining the conformation and the electron density at the ring-critical point of the central
ring is the angle between the aromatic rings. Although the axial orientation of the substituent at the
central ring is preferred, both directions of the substituent are characterized by similar energy and can be
realized in the solid state.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Phenothiazine derivatives play an important role in many areas
of medicine since they have an affinity for many receptors, enzymes
and proteins [1—4]. Because phenothiazine derivatives take part in
a wide variety of biological processes and are characterized by low
toxicity, they are commonly used as popular medicines to treat a
wide variety of diseases. Currently about 150 derivatives of phe-
nothiazines are used in medicine and efforts are constantly being
made to produce new derivatives.

Phenothiazine derivatives have antipsychotic [1,5—10], sedative
[8], antihistamine [8], antidepressant [11], antiemetic [8], antibac-
terial [2,8], anesthetic [8], analgesic [8], anti-migraine [8,12],
spasmolytic [8], anti-schizophrenic [8,10,13,14], and anticancer ef-
fects [15—19]. They are also used in the treatment of Alzheimer’s
disease [3,20]. Phenothiazines have properties that modify multi-
drug resistance (MDR), which is especially significant in anti-
cancer therapy [15,21,22].

The antipsychotic effect of phenothiazines is related to their
affinity to dopaminergic and serotoninergic receptors
[1,5,7—10,23]. Blockage of dopaminergic receptors also affects anti-
schizophrenic activity [8,13,14]. Many of the phenothiazine de-
rivatives have an affinity for adrenergic receptors, which may also
affect the anti-schizophrenic effect [8,10] Phenothiazine derivatives
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have antiallergic, antiemetic and sedative effects due to the fact
that they are histamine-receptor antagonists [8]. Chlorpromazine
blocks peripheral adrenergic receptors and acts on the smooth
muscles of the arterial walls, which affects the expansion of blood
vessels [24]. Phenothiazine derivatives are antagonists of calmod-
ulin, which is a protein involved in cell proliferation [4,25]. In view
of the fact that phenothiazines are P-glycoprotein inhibitors, they
also find applications in the modification of multi-drug resistance
[15,21]. Phenothiazines are inhibitors of the butyrylcholinesterase
enzyme that catalyzes dissociation of acetylcholine and is impor-
tant in the treatment of Alzheimer’s [20].

Phenothiazines are a group of neuroleptics with a tricyclic
structure where two rings of benzene are connected by nitrogen
and sulphur atoms. To the nitrogen atom a carbon chain containing
a tertiary amine is attached. The affinity of phenothiazine de-
rivatives to many biological structures is possible due to their
unique conformation [26]. The structure of phenothiazines is not
planar. It takes the form of a “butterfly” and the angle between the
side aromatic rings can be different [10,26—31]. The structure of
phenothiazine is presented in Scheme 1.

Modification of phenothiazine to obtain new derivatives con-
sists of introducing of a new aminoalkyl chain in the N10 position
[11,13] and this change can provide both electrostatic and hydro-
phobic interactions with the receptor. Positively charged nitrogen
may bind to the anionic shape of the receptor and the end of the
aminoalkyl chain may have hydrophobic interactions with the non-
polar regions of the inside channel wall near of the anionic site [8].
The length of the carbon chain affects the conformation and the
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Scheme 1. Molecular structure of phenothiazine.

volume of the molecule. According to Darvesh [32], phenothiazine
derivatives that have 5 or more carbon atoms in the N10 position
inhibit butyrylcholinesterase enzyme without inhibiting acetyl-
cholinesterase. It is similar when the substituent is a cyclic ring
with 6 or more carbon atoms. Derivatives with a cyclic ring having 6
or more carbon atoms inhibit only butyrylcholinesterase enzyme
[32]. The active site volume in acetylcholinesterase is smaller than
in butyrylcholinesterase enzyme [20]. The presence of an addi-
tional substituent in the C2 position is not obligatory. However, it
increases the antipsychotic activity. These substituents increase the
lipophilicity of the molecules, making phenothiazines more easily
cross the blood-brain barrier [33] and have a positive effect on
antibacterial activity [8].

The structure of phenothiazine has a big influence on the anti-
tumor effect, which is related to the affinity to calmodulin. Com-
pounds that inhibit calmodulin have two aromatic rings and chain
with an amine group. It is suggested that the structure of the
molecule plays an important role in the interaction with this pro-
tein. The N10 aminoalkyl chain plays a significant role in anticancer
treatment. Its length determines the strength of action of the drug,
while the nature of the substituent in the C2 position determines
the way in which the tumor line works with a drug [34].

Some authors [10,13,23,35] connect the affinity of phenothia-
zines for dopaminergic and histamine receptors with their similar
structure to the structure of dopamine and histamine [10,13,23,35]
Feinberg et al. [14] suggested that van der Waals interactions be-
tween the side chain and the C2 substituent might explain the
ability of phenotiazines to adopt a dopamine-like conformation
[14].

The spatial structure of the molecule plays an important role
[7,13,36] Sungwoon Choi et al. [7], suggested that the particular
mesoridazine enantiomers may have different pharmacodynamic,
pharmacokinetic and toxicological properties. The stereochemistry
of sulfoxide played a dominant role in structure-activity relation-
ships [7]. These observations indicate also the stereospecificity of
phenothiazine derivatives.

The non-planar structure of phenothiazines is associated with
the direction of the electron pair on the nitrogen atom. Despite the
fact that, according to many authors [11,20,37], there is no direct
correlation between the dihedral angle and the phenothiazines’
properties [11,20,37] the non-planar structure seems to be indis-
pensable for neuroleptic action [11].

In this work we have undertaken a systematic theoretical study
to analyze the structural parameters of phenothiazine (Scheme 2).
The most characteristic is the angle between the side benzene-ring
planes o determined as the angle between the side aromatic ring

plane including all the carbon atoms belonging to the side benzene
ring. Independent of the substituent in the side benzene ring, the
deviation from the benzene ring plane is not higher than 0.0154 A.
The second structural parameter important for the phenothiazine
pharmaceutical activity is the angle between the planes containing
four carbon atoms of the central aliphatic ring and the plane
formed by the nitrogen and two carbon o, atoms. Also the direction
of the N-R bond against the plane o, seems to be important for the
pharmaceutical properties of phenothiazine (a3).

Taking into account the importance of the molecular volume
and the role of heteroatoms, we have investigated the influence
of the heteroatoms in the phenothiazine central ring, and
compared a series of phenothiazine, 9H-thioxanthene and 9,10-
dihydroanthracene. To investigate the influence of possible con-
formations of the aliphatic chain linked to the central ring, the
derivatives of 9H-thioxanthene and 9,10-dihydroanthracene with a
different conformation of the substituents at the central ring have
been optimized.

Systematic study of the structural parameters in Scheme 3 is
connected with the optimization of the structures with the sub-
stituents with electron-donor and electron-withdrawing proper-
ties connected to the aliphatic carbon joining the benzene rings
(the nitrogen atom for phenothiazine). In the case of phenothiazine,
besides the typical substituents, the molecules used as popular
drugs have also been optimized. Because it can be expected that the
change of the angle between the aromatic rings should be con-
nected with the change of the electron density, we have used the
QTAIM method to perform systematic investigation of the electron
density.

2. Computational details

The investigated molecules were optimized using a Gaussian 16
package [38] at DFT B3LYP/6-311++G** level [39,40], which
included Grimme dispersion [41]. To check that the resultant ge-
ometry reached the energy minimum, vibrational frequencies were
calculated. The wave function evaluated for the optimized mole-
cules was used as the input to the AIMALL program [42].

3. Results
3.1. Geometry of investigated compounds

The angles most characteristic for the investigated molecules:
a4, 0y and o3 presented in Fig. 2 are collected in Table 1. The but-
terfly angle a4 is very sensitive to the substituent connected to the
carbon or nitrogen atom located between the benzene rings and
changes in the range of 20—60°.

The o, and a3 angles change in a similar range. The o and o
angles are related with a common relationship that includes all the
investigated compounds, regardless of the presence of heteroatoms
in the central ring: oy=0.83690; + 2.6839 (R?=0.8947). This
correlation shows that mutual location of the side benzene rings is
connected with the change of geometry of the central ring. To
compare the optimized and X-ray structures, this same correlation
has been split into three groups to present the comparison in more
detail (Fig. 1).

For 9,10-dihydroanthracene the o4 and o, angles for X-ray
structures follow the correlation for the optimized molecules. For
9H-thioxanthene the only structure with a tertbutyl substituent in
CSD is far from the correlation line for the optimized molecules. In
the case of phenothiazines the compounds with very low and very
high o1 do not follow the correlation so it can be used to predict the
dy values for the compounds with o in the range of 25—40°. The
packing of molecules in the crystal structure of 10H-phenothiazine
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(PHESAZ01) [6] is determined by the N—H-~S interaction of 2.618 A.
10-ethylphenothiazine crystallizes in Pna2; (NEPTAZ) [43], Pbca
(NEPTAZO01) [44] and Pna2; (NEPTAZ02) [45] groups and the
polymorphism is an evidence of flexibility of the phenothiazine
aliphatic ring. In the crystal cell of 10-[2-(1-methylpiperidin-2-yl)
ethyl]-2-methylsulfanyl-phenothiazine (TORDAZ) [46], two mole-
cules with different geometry are present.

A substituent linked to the carbon atom of the central ring of
9,10-dihydroanthracene or 9H-thioxanthene can be located equa-
torially or axially against the ring. Also, for phenothiazine de-
rivatives, the direction of the N-R bond to the central ring can be
different. To check a preferable substituent location, for the model
compounds the geometry with axial and equatorial locations of the
substituents has been optimized and the geometrical parameters
for 9,10-dihydroanthracenes and 9H-thioxanthenes have been
compared in Table 2.

According to the energy change connected with the reor-
ientation of the substituent from equatorial to axial orientation, for
the majority of the compounds in Table 2 the preferred orientation
of the substituent linked to the aliphatic carbon atom between the
benzene rings is axial. The small energy connected with reor-
ientation of the substituent suggests that every direction of the
substituent against the central plane is possible. The energy dif-
ference between the equatorial and axial structure is especially low
when the butterfly angle is small. It suggests that reorientation of
the substituent is easier for the flat structures. Reorientation of the
substituent from axial to equatorial orientation influences the ge-
ometry of 9,10-dihydroanthracene and 9H-thioxanthene so the a4
and ay angles change but are still related according to the general
correlation common for all compounds. The changes of o and a;
angle upon the substituent reorientation are related and can be
expressed as: Aoy = 0.8857Aa4 - 0.1043 (R% = 0.8771).

In the case of phenothiazine derivatives the typical angle be-
tween the N-R bond and the plane determined by four benzene
carbons of the central ring (a3) is in the range of 70—90° including
the drug molecules with big substituents at the nitrogen. Among
the drug molecules only N,N-dimethyl-3-(phenothiazin-10-yl)-
propan-1-amine is characterized by the equatorial location of the
substituent at the nitrogen so it can be expected that the axial
substituent is typical for drug phenothiazines. Common correla-
tions for the compounds with simple substituents at the central

ring and the drug molecules are evidence that substitution at the
side benzene ring is not essential for the main geometrical pa-
rameters of the phenothiazine drugs.

Substitution of the central ring of 9,10-dihydroanthracene, 9H-
thioxanthene and phenothiazine can change the butterfly angle
and, as a consequence, other molecular angles. Despite the sensi-
tivity of the angles, the bond lengths of the investigated com-
pounds do not depend on the substitution and changes of the
molecular conformation. The only change of the bond lengths can
be seen for 9,10-dihydroanthracene and 9H-thioxanthene. The
bonds common for the central ring and the benzene rings are
elongated with the butterfly-angle increase, but the change is
limited from 1399 to 1409 A (CC 0.000301 + 1.3916,
R®=0.8533). Analogous changes for phenothiazine derivatives
with a bulky substituent at the nitrogen atom are irregular.

3.2. Comparison of the optimized and X-ray structure

The optimized structure is very useful for investigation of the
ideal structural parameters characterizing the single molecule in a
vacuum. Besides the effects of substituents which influence the
molecular bond lengths and angles, packing of the molecules in the
crystal can also significantly change the molecular geometry. To
check whether the molecules in the crystal meet the correlations
found for the single molecules in a vacuum, Table 3 compares the
a1, o2 and o3 angles for the optimized molecules and analogous
molecules in a crystal retrieved from CSD [47].

An axial location of similar substituents is typical for pheno-
thiazine derivatives. Despite the fact that, according to the energy
difference, the substituent at the central ring should be axially
located, in the case of 9,10-dihydroanthracene and 9H-thio-
xanthene, in the crystal structure the methyl and tert-butyl sub-
stituents are close to being parallel to the central ring.

3.3. Electron density at central ring-critical point

Substitution of the central ring of phenothiazine, 9,10-
dihydroanthracene and 9H-thioxanthene changes the interplanar
angles but does not influence the bond lengths so it can be expected
that the electron densities characterizing the chemical bonds are
insensitive to the substituent at the central ring. In any case, the
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Table 1
Geometrical parameters of the investigated compounds. ¢4, o, and o3 angles according to Scheme 2. The compounds in Table 1 are arranged in ascending order relative to
butterfly angle a;.

Compound name o 2 o3 Structure
9,10-dihydroacridine 25.616 21.867 82.863
SN
N =
H
9-ethyl-9,10-dihydroanthracene 26.345 22.663 18.762 CH,
= 2 ‘
N > 4
1-[10-[3-(4-methylpiperazin-1-yl)propyl|phenothiazin-2-yl] butan-1-one 26.83 25.58 77.857 (\ _CHy
N
|
/N\/

9-ethyl-9H-thioxanthene 27.276 26.763 16.06 CH,
8
o S
10-ethylphenothiazine 27.705 25.748 76.58 rCH3
N
(T T
= S [
10-[3-(4-methylpiperazin-1-yl)propyl]-2-(trifluoromethyl) phenothiazine 28.207 26.871 76.964 HyC /ﬁ
N
L
j\ o
. d
L™
SN
1-[10-[3-[4-(2-hydroxyethyl)piperazin-1-yl]propyl]phenothiazin-2-yl]ethanone 28.262 27.057 76.667 (\N ~_OH
|
/N\/
I
N Il
=8 | \ CH,
=5 s
9-nitro-9H-thioxanthene 28.276 28.767 8.138 -
O§N+,O
o8
= S
2-[4-[3-[2-(trifluoromethyl)phenothiazin-10-yl]propyl]|piperazin-1-yl]ethanol 28.545 27.173 77.033 (\N/\/OH
|
/N\/
S
" ¥ = F
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Compound name oq oo o3 Structure
10-[3-(4-hydroxypiperidin-1-yl)propyl]phenothiazine-2-carbonitrile 28.597 27.337 76.423 //\]/QH
/N\/
H N
= | & ‘ X &
x 5 =
10H-pyrido[3,2-b] [1,4]benzothiazine 28.75 26.596 85.672 H
N N
T 1)
oy s o
2-[4-[3-(2-chlorophenothiazin-10-yl)propyl]piperazin-1-yl]ethanol 29.268 27.324 76.734 HO
IN/\|
IVN
N cl
LT
F vy
N,N-dimethyl-10-[3-(4-methylpiperazin-1-yl)propyl] phenothiazine-2-sulfonamide 29.317 27.501 76.964 HiC
N/\
L
(0]
N \\s//\ _CHs
CLX
CH
s x 3
2-chloro-10-[3-(4-methylpiperazin-1-yl)propyl] phenothiazine 29.33 27.414 76.541 HC. -
™
A
N cl
999
s N
10-[3-(4-methylpiperazin-1-yl)propyl]phenothiazine 29.462 27.607 76.399 . CHy
@
(\/ N\/
e | N ‘ o
™ s =
9-nitro-9,10-dihydroanthracene 29.839 25.374 9.585 -
Ox, £ 0
N
= =
N S R
9-nitro-9,10-dihydroanthracene 29.850 25.389 9.563 N
0§N+,o
= 4
= =
9,10-dihydroanthracene-9-carbaldehyde 30.595 25.86 9.256 o
.

(continued on next page)
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Table 1 (continued )

Compound name o1 oo o3 Structure
10H-phenothiazine 30.997 30.063 87.113 H
N
‘ =
& s
9,10-dihydroanthracene-9-carboxylic acid 31.529 25.618 13.505 o) OH
[
(T T 1
B SN
N,N-dimethyl-3-(phenothiazin-10-yl)-propan-1-amine 31.792 27.542 39.194 CH,
|
N
HyC”
(Y 1]
s 2
9-chloro-9H-thioxanthene 32.161 31.666 4.685 al
o8
5 s
2-ethylsulfanyl-10-[3-(4-methylpiperazin-1-yl)propyl] phenothiazine 32.74 29.974 75.858 ‘/\N/CHS
s T LW o
N
2% S S
™ x 4
9-methyl-9,10-dihydroanthracene 34.491 29.771 8.762 CH
Y =z
b R
9-ethyl-9H-thioxanthene 34.974 36.305 83.97 CH,
o8
= S
9-chloro-9,10-dihydroanthracene 35.27 28.961 6.456 al
R
P
9,10-dihydroanthracen-9-ol 35.549 29.538 72.674 OH
b o
P AN
9-nitro-9H-thioxanthene 36.055 35.734 1.864
(@] § x +5O
o8
£ S
9-tert-butyl-9,10-dihydroanthracene 36.686 28.74 15.408 CH,
HaC CH,
e g
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Table 1 (continued )

Compound name ol oo o3 Structure
9H-thioxanthene-9-carboxylic acid 36.701 31.857 10.282 o OH
P
o8
\
S
9-tert-butyl-9H-thioxanthene 36.794 32.358 13.418
9,10-dihydroanthracen-9-ol 37.053 33.181 2.249 OH
B 7
4 AN
9H-thioxanthene-9-ol 37.113 37.531 2.445 OH
o8
. S
5,10-dihydrobenzo[g]quinoline 37.143 30.306 N
"1 1)
e =
9-methyl-9H-thioxanthene 37.222 35.972 3.212 CH,
o8
= S
9H-thioxanthene-9-amine 37373 37.298 3.373 NH,
o8
= S
10-Methylphenothiazine 37.861 35.618 76.49 CHj,
|
N
L
= s N
9H-thioxanthene-9-carbaldehyde 38.262 37.07 76.047
10-[2-(1-methylpiperidin-2-yl)ethyl]-2-methylsulfonyl-phenothiazine 38.45 37.216 73.702

N /CH3

0
! %
/\S/ y

(continued on next page)
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Table 1 (continued )

Compound name o1 oo o3 Structure
9H-thioxanthene-9-carbaldehyde 38.509 37.757 2.829
=
T
9,10-dihydroanthracene-9-amine 38.841 33.903 0.613 NH,
(T L
= P
9,10-dihydroanthracene 39.036 32.238 =
09
Phenothiazine-10-carbaldehyde 39.445 37.283 49.023 o
N
N
[ T 11
e s N
(2R)-3-(2-methoxyphenothiazin-10-yl)-N,N,2-trimethyl-propan-1-amine 40.304 36.874 69.037 CHs
|
N
" TCHs
CH3
N (o]
= s =
(2S)—N,N,2-Trimethyl-3-(phenothiazin-10-yl)-propan-1-amine 40.37 37.096 68.605 CHs
|
N
TN
"CHj
N
g s =
N,N-dimethyl-3-[2-(trifluoromethyl)phenothiazin-10-yl] propan-1-amine 40.438 37.401 70.153 CH,
|
N
HyC”
F F
N
.r | =
s ™
10-[2-(1-methylpiperidin-2-yl)ethyl]-2-methylsulfinyl phenothiazine 40.493 37.626 72.369 \
N
~E0
i
N S
-2 | | i (o
N s =
3-(2-chlorophenothiazin-10-yl)-N,N-dimethyl-propan-1-amine 40.862 375 70.176 CH,
|
N
Hie”

N\/ cl
|
S\
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Table 1 (continued )

Compound name ol oo o3 Structure
10-[2-(1-methylpiperidin-2-yl)ethyl]-2-methylsulfanyl-phenothiazine 41.225 37.737 71.447
N
HyC”
s
N S
PeP
L % L
9H-thioxanthene-9-ol 41.236 38.457 82.2 OH
Q\s
9-chloro-9,10-dihydroanthracene 42.059 38.164 82.034 al
N
/
Phenothiazine-10-carboxylic acid 43,129 39.63 41.061
O.._ -OH
T
N
CE ;©
L s S
10-tert-butyl-phenothiazine 43.269 38.508 33.613 CHs
H30+CH3
N
@ @
o = S
9H-thioxanthene 43.527 40417
o8
R
S
9,10-dihydroanthracene-9-carboxylic acid 43.597 38.748 81.454 o) OH
N
RS =
9H-thioxanthene-9-amine 45.593 41914 87.341 NH,
~ 1
\ s
9,10-dihydroanthracene-9-carbaldehyde 45.803 39.714 87.477 o
72
RN
S
9-methyl-9,10-dihydroanthracene 46.543 38.497 84.326 CHs
) =
/ \

(continued on next page)
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Table 1 (continued )

Compound name o1 oo o3 Structure
9H-thioxanthene-9-carboxylic acid 47.963 46.497 89.697 o OH
S
o8
\\
S
9,10-dihydroanthracene-9-amine 48.048 40.938 83.102 NH.
= =
7 i
9-chloro-9H-thioxanthene 48.557 46.937 88.623 cl
o8
% S
9-methyl-9H-thioxanthene 48.787 44,69 89.153 CH,
o8
\ S
9-ethyl-9,10-dihydroanthracene 51.81 41.778 89.404 CHs
~ o
= NS
9-tert-butyl-9,10-dihydroanthracene 55.366 45.547 78.938 CH,
HaC CHs
X S
S .
9-tert-butyl-9H-thioxanthene 57.182 50.538 76.215 CH,
H,C CH,
o8
S
S

QTAIM parameters [54] of the central-ring-critical point located in
the center of the aliphatic ring are sensitive to the heteroatoms and
strongly depend on the butterfly ring. Fig. 2 presents the correla-
tions of main electron-density parameters for the central-ring-
critical points.

Besides the electron density at the ring-critical point (RCP), a
very illustrative parameter delivered by QTAIM theory is the po-
tential (V(r)) and kinetic (G(r)) energy of the electrons at the critical
point [55,56]. Potential energy is connected with the pressure
exerted on the electrons at the RCP by other electrons. Kinetic en-
ergy is related to the pressure exerted by the electrons at the RCP on
other electrons and illustrates the mobility of the electrons at the
RCP. According to the correlations in Fig. 2, bending of the central
ring causes an increase of the electron density at the RCP and the
electrons at RCP become more mobile and influenced by the
pressure of other electrons. When the correlations of the butterfly
angle with other geometrical parameters of the investigated mol-
ecules were common for 9,10-dihydroanthracene, 9H-thioxanthene
and phenothiazine, the correlations of electron density and kinetic
and potential energy of the electrons at the RCP are different and
dependent on the heteroatoms in the central ring. The slope of the

correlation lines shows that the electron-density parameters are
more sensitive to the geometry changes in the case of phenothia-
zine derivatives than 9,10-dihydroanthracene and 9H-
thioxanthene.

4. Conclusions

The angle between the aromatic ring of 9,10-dihydroanthracene,
9H-thioxanthene and phenothiazine (butterfly angle) is the main
structural parameter determining the conformation of the central
ring. The substituent at the central ring of 9,10-dihydroanthracene
and 9H-thioxanthene at the nitrogen atom of phenothiazine can be
directed axially or equatorially and both directions are character-
ized by similar energy and can be realized in the solid state. Cor-
relation of o and a; angles causes a change of the butterfly angle to
result in a change of the conformation of the central ring of 9,10-
dihydroanthracene, 9H-thioxanthene and phenothiazine. The
electron density and potential and kinetic energy of the electrons at
the central-ring-critical point are sensitive to the butterfly angle
and the ring heteroatoms.
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Fig. 1. Correlation of o and o, angles for 9,10-dihydroanthracene (a), 9H-thioxanthene (b) and phenothiazine (c). Red points — X-ray structure.
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Fig. 2. Correlations of QTAIM parameters at the ring-critical point in the central ring of 9,10-dihydroanthracene (blue), 9H-thioxanthene (grey) and phenothiazine (red). a -electron
density, b — kinetic energy, c — potential energy of electron density.
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Table 2

Geometrical parameters for the optimized structures with axial and equatorial location of the substituents for 9,10-dihydroanthracene and 9H-thioxanthene derivatives and
energy difference between the structure with equatorial and axial substituent orientation.

Compound name axial equatorial AE [kcal/mol]
o1 o2 a3 o1 o2 a3
9-nitro-9,10-dihydroanthracene 29.85 25.389 9.563
9,10-dihydroanthracen-9-ol 37.053 33.181 2.249 35.549 29.538 72.674 -0.89
9-methyl-9,10-dihydroanthracene 34.491 29.771 8.762 46.543 38.497 84.326 1.87
9,10-dihydroanthracene-9-carbaldehyde 30.595 25.86 9.256 45.803 39.714 87.477 6.16
9-chloro-9,10-dihydroanthracene 35.27 28.961 6.456 42.059 38.164 82.034 4,78
9,10-dihydroanthracene-9-carboxylic acid 31.529 25.618 13.505 43.597 38.748 81.454 3.97
9-ethyl-9,10-dihydroanthracene 26.345 22.663 18.762 51.81 41.778 89.404 4.05
9,10-dihydroanthracene-9-amine 38.841 33.903 0.613 48.048 40.938 83.102 2.34
9-nitro-9,10-dihydroanthracene 29.839 25374 9.585
9-tert-butyl-9,10-dihydroanthracene 36.686 28.74 15.408 55.366 45.547 78.938 11.24
9H-thioxanthene-9-carbaldehyde 38.509 37.757 2.829 38.262 37.07 76.047 2.64
9-chloro-9H-thioxanthene 32.161 31.666 4.685 48.557 46.937 88.623 4.1
9H-thioxanthene-9-carboxylic acid 36.701 31.857 10.282 47.963 46.497 89.697 0.9
9-ethyl-9H-thioxanthene 27.276 26.763 16.06 34974 36.305 83.97 4.34
9H-thioxanthene-9-amine 37.373 37.298 3.373 45.593 41914 87.341 0.7
9-nitro-9H-thioxanthene 36.055 35.734 1.864 28.276 28.767 8.138 -0.12
9H-thioxanthene-9-ol 37.113 37.531 2445 41.236 38.457 822 0.38
9-tert-butyl-9H-thioxanthene 36.794 32.358 13.418 57.182 50.538 76.215 9.61
9-methyl-9H-thioxanthene 37.222 35.972 3.212 48.787 44.69 89.153 1.67

Table 3

Comparison of a4, o, and o3 angles for optimized compounds with axial (upper) and equatorial (down) substituent location the angles for the crystal structure.

Compound name/REFCODE o dy o3
9,10-dihydroanthracene 39.036 32.238 71.318

2.393
DITBOX [48] 35.355(161) 31.336(405) 70.195(2244)

3.465(2318)
DITBOXO01 [49] 35.452(121) 30.963(243) 71.206(1641)

0.599(1934)
9-methyl-9,10-dihydroanthracene 46.543 38.497 84.326
9-methyl-9,10-dihydroanthracene 34.491 29.771 8.762
YAKGOG [50] 34.969(89) 29.677(189) 8.929(146)
9-tert-butyl-9H-thioxanthene 57.182 50.538 76.215
9-tert-butyl-9H-thioxanthene 36.794 32.358 13.418
TBTXAN [51] 40.282 31.275 15.127
10H-phenothiazine 30.997 30.063 87.113
PHESAZO01 [6] 21.493(6) 23.401(27) 84.406(14)
10-Methylphenothiazine 37.861 35.618 76.49
MPHTAZ10 [52] 36.337 34.15 79.758
MPHTAZ11 [53] 36.643(70) 35.561(193) 79.049(116)
MPHTAZ12 [45] 36.890(197) 35.579(501) 80.476(313)
10-ethylphenothiazine 27.705 25.748 76.58
NEPTAZ [43] 45.02 39.05 75.543
NEPTAZO1 [44] 43.278(44) 38.184(128) 76.496(77)
NEPTAZ02 [45] 45.117(171) 39.470(357) 75.085(244)
10-[2-(1-methylpiperidin-2-yl)ethyl]-2-methylsulfanyl-phenothiazine 41.225 37.737 71.447
TORDAZ [46] 45.622 38.839 73.665

34.156 33.315 72.396
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Abstract: The geometry of anthrone and anthraquinone—natural substances of plant origin—was
investigated under the substitution of hydrogen atoms in side aromatic ring and, for anthrone,
also in the central ring. A significant influence of substitution on geometry expressed by the angle
between the side rings was shown. The geometry changes are connected with the changes of electron
density and aromaticity of the anthrone and anthraquinone rings. The flexibility of the investigated
compounds was confirmed by comparison of the optimized molecules and the molecules in the
crystal state where the packing forces can influence the molecular geometry.

Keywords: anthrone; anthraquinone; aromaticity; QTAIM

1. Introduction

Anthrones are compounds of natural origin extracted from plants. The broad spectrum
of biological and medical properties [1,2] means that interest in monoanthrones has not
diminished over the years. Monoanthrones have antimicrobial [3], cytotoxic [4], anti-
HIV [4], antifungal [5], antiviral [6], phototoxic [7,8], antioxidant [9,10], anticancer [11,12],
and anti-inflammatory [13] properties. Anthraquinones have antifungal [1], cytotoxic [4],
anti-HIV [4], antioxidant [1], antibacterial, antiviral, and antitumor [6,14] properties.

Anthrones and anthraquinones are tricyclic compounds (Scheme 1). Two side rings
have an aromatic character, while the central ring is aliphatic. The aliphatic character of
the central ring affects the non-planar structure of anthrones. It can be expected that the
oxygen atom substituted to the central ring flattens the molecule.

10a 4a 10a 4a

Scheme 1. Molecular structure and atom numbering of anthrone and anthraquinone.

In the literature, there is a lot of information linking the physical and pharmaceutical
properties of anthrones and anthraquinones with substituents of the aliphatic and aromatic
ring and molecular geometry. According to Gow-Chin Yen [10], there is a relationship
between the presence of the ketone groups in the central ring and substitution of the lateral
aromatic rings and the antioxidant properties of anthrones. The antioxidant with one
ketone group at the central ring showed the strongest antioxidant activity. The antioxidant
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activity of numerous compounds results from the presence of the OH group. Moreover,
unsubstituted anthraquinone showed the least antioxidant properties. Kamei [15], who
studied the effect of anthraquinones on inhibiting cell growth, came to similar conclusions.
It turned out that the presence of OH groups attached to lateral aromatic rings can have
a significant impact on the antitumor properties of the tested compounds. The activity
of anthrones is influenced not only by the number of the OH groups in the aromatic
rings, but also by their location. According to Cai [16], ortho-dihydroxy substitution in
the anthraquinone molecule significantly increases the scavenging effect. Markovi¢ [17]
performed an analysis of the bond dissociation enthalpy (BDE) for all OH sites of emodin.
In his opinion, a significant role in antioxidant properties is played by the OH group
substituted to the third carbon atom [17] (Scheme 1).

The physicochemical properties and reactivity of the cyclohexa-2,5-dienone analogs
with the heteroatom in the ring indicate a partially aromatic nature of the ring [18]. In the
case of anthrone, the partially aromatic character of the central ring can be additionally
influenced by the presence of side aromatic rings with mobile 7t electrons. It has been
evidenced that the enol form present in anthrone stabilizes the aromaticity of the rings [19]
and high 7r-electron delocalization in the condensed rings suggests that the central ring
in anthrone and anthraquinone may change aromaticity under the influence of electron
density change in the molecule caused by the presence of substituents.

For a better understanding of the therapeutic and physicochemical properties and
mechanism of action of anthrones and anthraquinones, it is necessary to perform an analysis
of the geometry of the single molecule and its electronic structure. In this work, we have
undertaken a systematic theoretical study to analyse the structural parameters of anthrones
and anthraquinones under substitution with electron donating and electron withdrawing
groups. The electron donating the NH; group characterized by the strongest donating
properties (o, = —0.66) was chosen. (The substituent constant oy, is a measure of the total
polar effect exerted by substituent in para position. It is positive for electron withdrawing
and negative for electron donating substituent.) Similarly, the electron withdrawing NO,
group has the strongest electron withdrawing properties (op = 0.77) among the substituents.
Because it can be expected that a substituent attached to the aromatic ring can affect the
geometry of the investigated molecules, a systematic study of the structural parameters
under substitution was performed. By single and multiple substitutions in the aromatic
ring of each of these groups, a systematic study of the effect of donating or withdrawing
the charge to the ring was carried out.

The main structural parameter for anthrones and anthraquinones is the alpha angle
(Scheme 2) between two planes formed by four atoms of the middle ring. To investigate the
influence of substitution on the geometry of the anthrone, the structures with NO,, CHO,
COOH, CH3, CH,CHj3, NH,, OH, Cl, and C(CHj3)s3 substituents in the central ring were also
optimized. An additional group of the compounds used in the analysis are the structures
delivered from the Cambridge Structural Database (CSD) [20], which were optimized and
compared with the X-ray structures. The difference between the solid state structure and
the optimal structure shows how much changes in the environment of a molecule can affect
its geometry. The structures of anthrones and anthraquinones with electron-donor and
electron-withdrawing substituents at the aromatic side ring were optimized (Scheme 3).
The aliphatic character of the central ring of anthrones and anthraquinones determines the
non-planarity of the molecules.

The presence of two ketone groups in the aliphatic ring causes its flattening, which,
together with the aromatic CC bonds common with the aromatic side rings, can influence
the aliphatic character of the central ring. It can be assumed that the flattening of the
central ring is related to changes in the electron density. To characterize these changes,
the QTAIM (quantum theory of atom in molecule) [21] method was used, which enables
the description of the electron density both in the centre of the molecule ring and on the
aromatic chemical bonds. Because it can be assumed that the electron density in the middle
ring is sensitive to substitution, the electron density parameters for the central ring critical
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point were correlated with the o angle. As the changes in geometry are related to changes
in the electron density, and these in turn are related to changes in aromaticity, for all rings in
the investigated compounds, the aromaticity was characterized using the HOMA (harmonic

T
o]

oscillator model of aromaticity) [22].
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Scheme 3. (a) Anthrone structures with the substituents with electron-donor properties, (b) anthrone structures with
substituents with electron-withdrawing, (c) anthraquinone structures with substituents with electron-donor properties, and
(d) anthraquinone structures with substituents with electron-withdrawing.
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Computational Details

The investigated molecules were optimized using a Gaussian 16 package [23] at DFT-
D3 B3LYP/6-311++G** level [24,25], which included Grimme dispersion [26]. To check
that the resultant geometry reached the energy minimum, vibrational frequencies were
calculated. The wave function evaluated for the optimized molecules was used as the input
to the AIMALL program [21].

2. Results
2.1. Geometry of Investigated Compounds

The main geometric parameter for the studied molecules—the angle a—is presented in
Scheme 2 and collected in Table S1 (Supplementary Materials). The o angle is very sensitive
to the substitution in the aliphatic and aromatic ring and changes from 0 to 41°. The values
of the « angle for optimized anthrone and anthraquinone molecules as well as for the
structures in the crystal are collected in Table 1. The « angle is more sensitive to substitution
in the anthrone central ring and is affected not only by the character of the substituent, but
also by its size and axial or equatorial orientation. Most of the computed structures have
a substituent in the axial position. The exception is 10-amino-10H-anthracen-9-one, for
which the structure with the axial substituent, as well as 10-tert-butyl-10H-anthracen-9-one,
could not be obtained. For two 10-t-butyl-9,10-dihydro-9-anthracenone structures, the
difference between the « angle for the axial and equatorial substituent location is 13.321°.
In the 10-methyl-10H-anthracen-9-one structure taken from the CSD database [27], the
slope angle for the methyl substituent and for the hydrogen atom in relation to the plane of
the middle ring is very similar. Therefore, it cannot be clearly stated that it is a structure
with a substituent in the axial or equatorial position. More limited changes of the  angle
are observed for structures with substituents in the side ring. Minimal changes of the «
angle were obtained for anthraquinone structures with substituents in the benzene ring.
It is interesting to note the multiple substitution of the aromatic ring with electron-donor
and electron-withdrawing substituents because of the steric hindrances between adjacent
groups causes bending of the substituted ring. To better understand how substituents with
electron-donor and electron-withdrawing properties are arranged against the ring plane,
the (3 angle between the plane of the substituted ring and the substituent plane (Scheme 4)
was determined (Table 2). Substitution of the amino group next to the ketone group causes
formation of weak hydrogen bonds (H- - - O 1.87-1.89 A), which reduces the f angle. Close
location of the amino groups causes an increase of the 3 angle, which is associated with
the steric hindrance. It is known that the nitro group tends to be located in the plane of the
aromatic ring to which the group is substituted. Substitution to the anthrone side ring of a
nitro group located next to the ketone group of the middle ring causes the nitro group to
swing out the plane of the benzene ring and the 3 angle increases. The 3 angle decreases by
about 30° when the nitro group is not close to the ketone or another nitro group. The nitro
groups are larger than the amino groups; therefore, substitution of four nitro groups to the
aromatic ring causes the ring to become non-planar and the 3 angles for the substituted
groups to be larger than in the case of amino substitution. Another interesting feature of the
structures substituted with many amino and nitro groups is elongation of the C-N bond
linking the substituent with the aromatic ring. The close location of amino and carbonyl
groups reduces the length of the C-N bond in both anthrones and anthraquinones. The
bond is more elongated if the number of substituents increases and the elongation is more
significant for amino groups substituted to anthrones when, for the substitution with the
nitro group, the elongation of the C-N bond is more significant for anthraquinones.
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Table 1. o angle defined according to Scheme 2 for the investigated compounds. Angles for the optimized compounds

(upper) and the angles for the crystal structure (lower).

Name o [°] Structure
i
PN N PN
1 10H-anthracen-9-one 0.023 - - ;I‘ g A - s N
| | I |
o T T TN
i
S g ) \ ~ /4\ .
g - ~ - ~ ’/ -~ ~ \\
I | I
2 anthracene-9,10-dione 0.003 | :I I| I
1
~ . ’I I\\ . / /\/
> Ny y e ~ ;\‘/,.»"'
@]
3 1-(3-chloro-4-methylphenyl)-3-(10-0x0-9,10- 18.346
dihydroanthracen-9-yl)pyrrolidine-2,5-dione 14.252 [28]
4 Methyl (R)-2-((4-fluorophenyl)(10-0x0-9,10- 18.715
dihydroanthracen-9-yl)methyl)acrylate 25.727 [29]
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Table 1. Cont.

Name x[°] Structure
‘\\C}//’;.,O = ,1}\\ g
| :{
B b,
g R
5 10-((15,25)-1-(4-Bromophenyl)-2-methyl-3- 21.432 N L N
oxobutyl)anthracen-9(10H)-one 18.895 [29] PRl P P
] | I 1
]
B R T i
o}
Y
q \\/ %\
S Eia
g [; }
! i
b b \\\’ B ’1)/‘
6 9-Oxo-10-diphenylphosphinoylanthracen 23705 o -
o phenylphosphinoy cene 26.869 [30]
7 (5)-10-(1-(4-Chlorophenyl)-3- 23.330
oxobutyl)anthracen-9(10H)-one 23.095 [31]
8 10-methyl-10H-anthracen-9-one 16.168

4.920 [27]
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Table 1. Cont.

Name o [°] Structure
’O‘
. 21.684
9 10-Isopropyl-9,10-dihydro-9-anthracenone 22,692 [27]
~ \"‘\ ~
10 10-tert-butyl-10H-anthracen-9-one (axial 28.177 J
position) 26.680 [27] NN NTS

1 1,8-dihydroxy-10-(1-hydroxy-1,2- 19.281

dihydronaphthalen-2-yl)anthracen-9(10H)-one 19.764 [32]
1 10-(6,7-dibromo-1-hydroxy-5,8-dimethyl-1,2- 25.498 H

dihydronaphthalen-2-yl)anthracen-9(10H)-one 25.296 [32] ’
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Name « [°] Structure
H
A N
0 0~ ‘T
[/:’f\ N RPN
| :[ | .‘]
1 I | 1
NN N
\C\// / \\“V -
10-(6,7-difluoro-1-hydroxy-1,2- 10547 ] H
13 dihydronaphthalen-2-yl)-1,8- 18 50'5 [32] O
dihydroxyanthracen-9(10H)-one ’ f T(:H H
L\'\ A
N
| |
A
~ N
\[/
\O
/I‘/‘/ ~ ‘I~ /'4 \‘~. .‘;‘/ \\I
14 10-carbaldehyde-10H-anthracen-9-one 15.369 " | L ,:
I N
\‘\-‘..;:O
15 10-chloro-10H-anthracen-9-one 14.876
16 9-oxo-10H-anthracene-10-carboxylic acid 15.617
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Table 1. Cont.
Name a[°] Structure
‘O‘
N
17 10-ethyl-10H-anthracen-9-one 22.978
L
~ <, >~ P = % ot 2
I/ \I I/ \I
18 10-amino-10H-anthracen-9-one 28.192 : : : :
\:\\ \’// \_‘\ ',/‘L\\\\////'
NH,
ﬁ
PN AN
| 1 1 1
19 10-nitro-10H-anthracen-9-one 16.168 : : : :
NG~ oS
NO,
20 10-hydroxy-10H-anthracen-9-one 15.267
1 10-tert-butyl-10H-anthracen-9-one 41.498

(equatorial position)
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Table 1. Cont.

Name o [] Structure
“O‘ NH,
P TN i,
22 1-amino-10H-anthracen-9-one 7.569 ", Ny WL A
I I |
| | I |
‘\ ,\ I\ /I
R S
ﬁ NH»
23 1,4-diamino-10H-anthracen-9-one 4.074 ‘
NH»,
0 NH,
e, L e, S
|/ ) \I b I; . ) \I
24 1,2,4-triamino-10H-anthracen-9-one 2.752 {: :Jr J: ; }(
-\\\:,/f/ ~ oSy V;,,.,,
NH»
NH»,
‘ ‘ NH,
25 1,2,3 A-tetraamino-10H-anthracen-9-one 0.357
NH,
NH,
O‘ NH,
N - TN PN
| N - -
26 1-aminoanthracene-9,10-dione 0.008 {: I I ] }
| | |
S S \\\_\\,;;'
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Name a[°] Structure
o) NH,
\l I/ - ) ;I
27 1,4-diaminoanthracene-9,10-dione 0.094 J : :
0 NH,
‘o‘ NH,
28 1,3 4-triaminoanthracene-9,10-dione 0.269 ‘
‘ ‘ NH,
o} NH,
(@]
29 1,2,3,4-tetraaminoanthracene-9,10-dione 0.053
30 1-nitro-10H-anthracen-9-one 16.812
31 1,4-dinitro-10H-anthracen-9-one 16.22
32 1,2,4-trinitro-10H-anthracen-9-one 3.137
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Table 1. Cont.

Name a[°] Structure

33 1,2,3 4-tetranitro-10H-anthracen-9-one 17.452
34 1-nitroanthracene-9,10-dione 6.528
35 1,4-dinitroanthracene-9,10-dione 1.008
(@]
’O‘ NO,
36 1,3 ,4-trinitroanthracene-9,10-dione 14.116 ‘
‘ ’ NO,
o} NO,

37 1,2,3 4-tetranitroanthracene-9,10-dione 1.305
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Table 2. 3 angle and C-N bond length for substituents in the aromatic side ring.

The Number of the Carbon Atom

Single Substitution

Double Substitution

Triple Substitution

Quadruple Substitution

Molecule - " . o
to Which Substituent Is Attached 3 Angle[°] C-N Bond Length [A] 3 Angle[°] C-N Bond Length [A] {3 Angle[°’] C-N Bond Length[A] 3 Angle[°] C-N Bond Length [A]

N 1 8.287 1.361 18.275 1.369 41.642 1.388 48.021 1.398
?m rone 2 — — — — 48.465 1.410 52.29 1.415
with amino 3 — — — — — — 45.828 1.408
substituents 4 - - 43.760 1.415 42.485 1.412 46.847 1.414
Anth 1 65.671 1.486 69.204 1.486 72.621 1.493 69.097 1.494
ww rone 2 — — — — 33.269 1.485 53.625 1.488
s% ' nitro 3 — — — — — — 53.408 1.488
substituents 4 — — 34.192 1.482 38.135 1.486 58.199 1.486
Anthracui 1 0.588 1.358 11.006 1.362 8.797 1.361 33.212 1.370
nt rams.sosm 2 — — — — — — 49.769 1.410
s:m amno 3 — — — — 43.815 1.394 50.137 1.402
substifuerts 4 — — 11.072 1.362 41.063 1.382 43.981 1.388
A 1 70.053 1.486 70.416 1.487 73.663 1.488 67.81 1.494
Anthraquinone 2 — — — — — — 55.286 1.490
sn%. nitro 3 — — — — 34506 1.487 55.309 1.489
substituents 4 — - 70.271 1.487 73.092 1.493 67.802 1.493
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Scheme 4. Definition of the 3 angle.

It is characteristic that the carbonyl group substituted in the central ring of the anthrone
causes significant flattening of the molecule compared with 9,10-dihydroanthracene, inves-
tigated previously, for which the « angle is 39.036° [33]. The aliphatic ring of anthraquinone
is planar with an « angle of 0.003°. The « angle is very sensitive to substitution, especially
in the anthrone central ring, but also to the substitution in the aromatic side ring. Changes
of the o angle are more prominent for anthrone than for anthraquinone. Substitution of the
side ring with an NH; and NO; group influences the « angle, and these changes are more
significant for the NO; group and for anthrone compared with anthraquinone. Multiple
substitution of the aromatic ring is connected with twisting of the substituent group against
the aromatic ring and elongation of the C-N bond length between the aromatic ring and the
substituent. Comparison of the « angle for the optimized molecule and the same molecule
in crystal (Table 1) confirms the flexibility of this angle, which can be changed as a result
of packing in the crystal lattice. For 10-methyl-9,10-dihydro-9-anthracenone, the angle of
16.168° for the optimized molecule changes by up to 4.92°.

2.2. Electron Density at Central-Ring-Critical Point

In the frame of quantum theory of atoms in molecules (QTAIM), the molecule is
treated as electron density, o(r), characterized by a system of critical points (CP) for which
the gradient of the electron density vanishes. Diagonalization of the Hessian of electron
density gives non-zero eigenvalues and their number and the sum of their signs describes
a characteristic of the critical point. The maximum of g(r) represents the nucleus when the
minimum of ¢o(r) corresponds to the cage critical point. The bond critical point (BCP) and
ring critical point (RCP) are the saddle points of the electron density. The gradient path of
electron density linking the atoms located at its maximum is a chemical bond with a BCP
at the minimum along the bond path and maximum along the directions perpendicular
to the bond path [34]. From the BCP, two gradient paths extend to the atoms linked by
the chemical bond. Except for the chemical bond, depending on the BCP parameters,
the gradient path is also important for an interaction between two atoms [35,36]. The
quantitative description of the molecule is connected with the analysis of the topological
parameters of critical points [37].

Changes of the molecular geometry are usually reflected in the changes of electron
density. Looking at the geometric changes of the investigated anthrone and anthraquinone
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molecules, it can be expected that the significant changes of electron density will be related
to the central aliphatic ring, especially to the ring-critical point (RCP) of the aliphatic ring,
and can be correlated with the « angle. The aromaticity of a ring may be related to its
electron density. It has been shown that the parameters used in the QTAIM theory to
describe the electron density, such as electron density and potential and kinetic energy at
the critical point of the ring, can be used as parameters describing the aromaticity of the
ring [38].

Electron density at the critical point of the central ring (o(r)), potential-energy density
(V(r)), and kinetic-energy density (G(r)) for the electrons at the critical point of the central
ring have been correlated with the o ring, and is presented in Figure 1. The substitution
of both the central-aliphatic and side-aromatic ring affects the o angle. Therefore, it is
interesting to determine the relationship between the electron density of the central-ring-
critical point (RCP) and the o angle. The potential energy density (V(r)) is affected by
the pressure exerted on the electrons at the RCP by other electrons. In contrast, kinetic
energy density (G(r)) is related to the pressure exerted by the electrons in the RCP on other
electrons [39]. The QTAIM parameters for the RCP located in the centre of the aliphatic ring
are the most sensitive to the substituent in the central ring and strongly depend on the «
angle. For most investigated structures, an increase in the o angle causes an increase in the
electron density at the RCP for the aliphatic ring. The value of the potential energy density
of electrons at the ring-critical point for the central ring decreases as the value of the « angle
for the above-mentioned structures increases, while the kinetic energy density of electrons
at the critical point of the central ring increases as the value of the & angle increases. Similar
correlations were obtained in a previous work [33], where the effect of substituents on
the o angle of phenothiazine, 9H-thioxanthene, and 9,10-dihydroanthracene derivatives
was studied. No correlation was found for the QTAIM parameters of the RCP and the «
angle for anthraquinones with a substituent in the side ring. This is most likely due to the
bending of the substituted aromatic ring.

The correlations in Figure 1 show that the electron density as well as potential and
kinetic-energy density at the RCP of the aliphatic ring are sensitive to the « angle. The
planarity of the anthrone molecule is connected with the decreasing of the electron density
and mobility of the electrons at the RCP when, for nonplanar compounds, the electron
density and mobility of electrons are higher. The reverse tendency is observed for potential-
energy density at the RCP. The general correlation of the QTAIM parameters can be split
into categories corresponding to individual compounds. The most sensitive to the o angle
are the QTAIM parameters for the aliphatic RCP for the anthrones substituted in the
aliphatic ring when substitution of the side ring causes only limited changes of the electron
density at the aliphatic RCP. Substitution of the anthraquinone side ring does not influence
the electron density of the central ring.
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Figure 1. Correlations of quantum theory of atoms in molecules (QTAIM) parameters at the ring-
critical point of the central ring. A-electron density, b-kinetic-energy density, c-potential-energy
density, where blue-structures from the Cambridge Structural Database (CSD); red-anthrones with a
substituent in the central ring, grey anthrones with substituent NO, and NHj, yellow-anthraquinones
with substituent NO, and NHj, and green-optimized experimental structures from CSD.

2.3. Bond Ellipticity

Other fragments of the molecule sensitive to changes in flatness of the central aliphatic
ring are the C-C bonds common for the aliphatic and aromatic ring. Participation in
the aromatic ring is connected with the increasing of electron density compared with a
typical aliphatic bond. Ellipticity of the electron density at the bond-critical point (BCP)
gives information about the m-nature of the C—C bond. It is not possible to characterize the
heteroatom—carbon bonding the measure of the r-nature—because of the free electron pair
on the heteroatom [40], although ellipticity changes for the C=O bond are noticeable. The
ellipticity and the length of the C—C bonds in the central ring are affected by substituents
in both the middle and the side-aromatic ring. In order to better understand the change of
ellipticity of the aliphatic ring under substitution, the ellipticity was compared with these
for the unsubstituted structures.

Symmetrical substituents in the central ring cause the same changes in ellipticity and
length in the bonds C8a—C10a and C4a—C9a, C8a-C9 and C9-C9a, and C10a—C10 and
C10-C4a (atom numbering according to Scheme 1) relative to the unsubstituted molecule.

The highest ellipticity suggesting the r-nature of the bonds was observed for the
bonds C8a-C10a and C4a-C9a, with lengths in the range of 1.38-1.44 A. The C10a-C10 and
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C10-C4a bonds are characterized by the lowest ellipticity and the lengths within the range
of 1.46-1.54 A typical for single bonds.

Substitution of the amino groups in the aromatic side ring of anthrones causes an
increase of ellipticity for most bonds. The exceptions are the C10a-C10 and C10-C4a bonds
with a single amino substitution. This substitution has the greatest effect on the ellipticity of
the bonds located closer to the substituted side ring (i.e., C10-C4a, C4a—C9a, and C9-C9a).
A particularly large increase of ellipticity is observed for the C9—C9a bond.

Amino groups substituted in the anthraquinone side ring also cause an increase of the
ellipticity for most bonds. Only for the C8a—C10a bond is the ellipticity very close to the
ellipticity for the same bond in the unsubstituted molecule. However, a single substitution
of the amino group in anthraquinones caused a slight decrease of ellipticity of the C10-C4a
bond. As with anthrones, amino substitution has the greatest effect on the ellipticity of the
bonds closer to the substituted side ring. The largest increase in ellipticity is observed for
the C9—C9a bond.

Substitution of nitro groups in anthrones causes an increase of the ellipticity of the
C8a—C9, C8a—C10a, C10a—C10, and C10-C4a bonds. In the case of the C4a—C9a bond,
an increase of ellipticity occurs for one and disubstituted structures. On the other hand,
substitution with nitro groups of the side ring causes a decrease of the ellipticity of the
C9-C9a bond. The greatest changes in ellipticity relative to the unsubstituted molecule
were observed for the C9-C9a bond.

The substitution of nitro groups in anthraquinones causes an increase of the ellipticity
of the C8a—C9, C8a—C10a, C10a—C10, and C4a—C9a bonds. For the C10-C4a and C9-C9a
bonds, ellipticity decreased. In this case, substitution also has the most significant effect on
change of the C9-C9a bond ellipticity relative to the unsubstituted structure.

Substitution with amino and nitro groups influences the geometry of anthrones and
anthraquinones, so a correlation of ellipticity of electron density at BCP and bond lengths
can be expected. Correlations of the bond length and ellipticity for the central-ring bonds
with the correlation lines are presented in Figure 2. The best fit was obtained for the
C9-C9a bond. For bonds C8a-C10a and C4a—C9a, no correlation was found. For the
C9=0 bond, three trend lines were drawn: for structures with substituents NH, and
NO; and for structures with substituents in the middle ring. The same was done with
regard to the C10=0 bond. The C8a-C9 bond for anthrones substituted with the NHj
group in the side ring was not included in the trend line. A lack of oxygen at C10 carbon
results in less electron-density flow between the side, substituted aromatic rings and the
central-aliphatic ring in anthrone. Therefore, substitution of the anthrone lateral ring with
electron-donor and electron-withdrawing substituents slightly affects the C10a—C10 and
C10-C4a bonds. In addition, the different nature and size of substituents in the central
ring has a significant impact on the ellipticity and length of the C10a-C10 and C10-C4a
bonds. The trend line for the C10a—C10 and C10-C4a bonds was determined on the basis of
anthraquinones with NH; and NO, substituents in the side-aromatic ring and two anthrone
structures with a substituent in the central-aliphatic ring (NH; and C(CHj3)3). The changes
of ellipticity confirm that substitution of the side ring of anthrones and anthraquinones
does not significantly influence the bonds common for the aliphatic and aromatic ring.
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Figure 2. Correlations between ellipticity and bond length of the central aliphatic ring, (a)—C8a—C9 bond, (b)—C9-C9a
bond, (¢)—C10a—C10 bond, (d)—C10-C4a bond, (e)—C9=0 bond, and (f)—C10=0 bond, where red-anthrones with a
substituent in the central ring, blue-anthrones with a substituent NH,, green-anthrones with a substituent NO,, yellow-
anthraquinones with a substituent NH;, and orange-anthraquinones with a substituent NO,. The C8a—-C9 bond for
anthrones substituted with the NH; group in the side ring was not included in the trend line.

2.4. Harmonic Oscillator Model of Aromaticity

In order to study the effect of substituents on ring aromaticity, the HOMA geometric
index was proposed [22]. For the benzene aromatic ring, the HOMA index is equal to 1; for
cyclohexane, it is zero; and for the antiaromatic ring, it is negative.

n
HOMA =1—a/nY_ (Ropt — Rij)* (1)
i=1

Ropr—the optimized CC bond length of a perfectly aromatic system and equals 1.388 A
Rj—determined bond length
a—standardization constant of 257.7
n—number of bonds

The HOMA parameters for the investigated compounds are shown in Figures 3 and 4
and the correlation of HOMA with « angle is shown in Figure 5. Analogous calculations
of the aromaticity of the anthrone rings confirmed the aliphatic character of the central
ring [19].
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Figure 3. Harmonic oscillator model of aromaticity (HOMA) parameters for anthrone structures with a substituent in the

side aromatic ring and in the central aliphatic ring.
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Figure 5. Correlations between HOMA parameters for the central ring and « angle: yellow-anthraquinones with a

substituent NH; and NO,, red-anthrones with a substituent in the central ring, and grey-anthrones with a substituent NH,

and NO; in the side ring.

Of particular interest is the influence of substituents in the lateral aromatic ring on the
aromaticity, not only of the aliphatic ring, but also on the aromaticity of the second, unsub-
stituted aromatic ring. This phenomenon was observed for all investigated compounds.
The lowest HOMA value in the central ring was observed for the anthrone molecule substi-
tuted with four nitro groups in the aromatic side ring. The largest increase of the HOMA
index for the central ring of anthraquinone was observed in the case of substitution of the
aromatic side ring with two amino groups in para position. Electron density at the RCP
of the central ring is significantly affected by the presence of the C=0. This is due to the
formation of weak hydrogen bonds (H--- O =1.85 A) between the carbonyl oxygen and
the hydrogen of the amine substituent closest to the middle ring. Greater changes of the
HOMA value relative to the unsubstituted structure were observed for the structures with
substituents in the side ring of anthraquinones than for anthrones.

Changes of the HOMA values under substitution show that aromaticity of the side
rings is influenced by donor and acceptor properties of the substituents as well as the
size of the substituent. Substitution of the middle ring with Cl, NO,, CHs, OH, NH,, and
C(CH3)3 does not influence the electron-density distribution in the aromatic rings, and the
HOMA value for both aromatic side rings is the same.

A correlation between the HOMA parameter and the o angle was determined (Figure 5).
For both anthrones with a substituent in the middle ring and anthrones with NO; and NHj
substituents in the central ring, the HOMA value decreases as the alpha angle increases.
When the alpha angle is low, the molecule is flat and the electron density in the central
ring increases. Because, in anthraquinones, multiple substitution of the aromatic ring
with electron-donor and electron-withdrawing substituents causes the substituted ring to
be bend, no correlation between the HOMA parameter and the « angle was found. The
value of the HOMA parameter of the central aliphatic ring shifts towards aromaticity after
substitution of the side ring with an electron-donating substituent, while substitution of
the side ring with an electron-withdrawing group causes a shift of the HOMA parameter
value towards anti-aromaticity.

The demonstrated effect of the substitution, and especially the substitution in the
central ring of anthrones, on changes in aromaticity and the correlated changes in geometry
expressed by the « angle, shows the flexibility of the central ring. Consequently, a substitu-
tion can significantly change the geometry of the molecule and its properties. One of the
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most important problems with anthrone is the balance between the ketone and hydroxyl
forms. As this equilibrium is known to depend on many structural factors, changes in
the aromaticity of the rings, and the environment of the molecule [19,41], it is expected
that a change in the aromaticity of the rings will affect the keto-enol equilibrium. This is
especially important for compounds with therapeutic properties; therefore, based on the
known structure, theoretical studies of the keto-enol equilibrium for compounds used as
drugs should be carried out.

3. Conclusions

The change of the angle between the anthrone aromatic rings is associated with
the change in electron density at the RCP of the central ring. The value of the HOMA
parameter of the central aliphatic ring shifts towards aromaticity after substitution of the
side ring with an electron-donating substituent, while substitution of the side ring with
an electron-withdrawing group causes a shift of the HOMA parameter value towards
anti-aromaticity. Aromaticity of the anthrone rings is affected by the electron-donating
and electron-withdrawing properties and the size of the substituent linked to the aromatic
side ring as well as to the central aliphatic ring. Substituents in the anthrone aromatic ring
affect the geometry and electronic structure of the central ring. Substitution in the central
ring has the greatest impact on the structure of the entire molecule.

Supplementary Materials: The following are available online, Table S1: Bond length and ellipticity
for the central ring of the optimized compounds.
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Abstract: The geometry of dibenzoazepine analogues—typical multifunctional drugs—was investi-
gated to find the geometrical parameters sensitive to the substitution of the central seven-membered
ring. Exploration of the crystal structure database (CSD) shows that the geometrical parameter sensi-
tive to the substitution of the carbon atom distance of the central ring not included in the aromatic
rings to the plane through the carbon atoms common for the central ring and the aromatic side rings.
Presence of the double bond in the central ring was reflected in its partial aromaticity expressed by
the HOMED parameter. Some derivatives of 5H-dibenzol[b,f]azepine with flat conformation of the
central ring are characterized by mobility of the electron density comparable to the mobility in the
aromatic side rings. Influence of the surrounding on the investigated compounds was confirmed
by comparison of the optimized molecules and the molecules in the crystal state where the packing
forces can influence the molecular geometry.

Keywords: 5H-dibenzolb,f]azepine; 10,11-dihydro-5H-dibenzo[b,flazepine; 5H-dibenzo[a,d][7]annulene;
10,11-dihydro-5H-dibenzola,d][7]annulene; molecular structure; aromaticity

1. Introduction

The subject of this work are the compounds presented in Scheme 1. Their common
feature is the central seven-membered ring with which two benzene rings are accumulated.
The conformation of the middle ring is closely related to the presence of a double bond
and the presence of a nitrogen or carbon atom in the 5-position. This group of compounds
is important because many derivatives are used as medicaments. In a previous work we
studied the geometrical and electronic structure of phenothiazines [1]—neuroleptic drugs
acting as dopamine blocker. Phenothiazines are tricyclic compounds. Two side rings are
aromatic, and the middle ring is aliphatic. It was important to investigate the effect of the
substituents in the middle ring on the structure of the phenothiazines. In this work, we
investigate similar tricyclic compounds, but the middle ring is seven-membered, which
influences its antidepressant properties [2]. The first effective drug for such ailments was
imipramine [3]. Thanks to the interest in this group of compounds, further 10,11-dihydro-
5H-dibenzolb,f]azepine derivatives were created [4-6] expecting them to be drugs as well.
Navdeep Kaur synthesized a series of 10,11-dihydro-5H-dibenzol[b,f]azepine hydroxamates,
which may have a positive effect on the treatment of cognitive vascular disorders [4].
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Scheme 1. Structure of the investigated compounds: 5H-dibenzo[b,flazepine (a), 10,11-
dihydro-5H-dibenzo[b,flazepine (b), 5H-dibenzola,d][7]annulene (c), 10,11-dihydro-5H-
dibenzo[a,d][7]annulene (d).

Another important drug belonging to dibenzazepines is carbamazepine. Carba-
mazepine has anti-epileptic properties [7,8] and additionally relieves the pain [9]. It is used
in the treatment of neuroleptic malignant syndrome [10]. Ruaa Wassim prepared a series
of 1,2,3-triazole derivatives basing on N-acetyl-5H-dibenzo[b,f]azepine-5-carboxamide.
One of these compounds showed an excellent activity against P. aeruginoa [11]. Kumar
Honnaiah prepared a series of 5H-dibenzo[b,f]azepine derivatives to evaluate the structure-
antioxidant activity relationship [12,13]. Promising results were obtained with 10-methoxy-
5H-dibenz[b,f]lazepine. The presence of the electron donating group OCHj3 and the NH
group in the middle ring may contribute to better antioxidant activity [12,13]. The deriva-
tive of 10,11-dihydro-5H-dibenzo[a,d][7]annulene is an antidepressant amineptine [14].
The interest in the derivatives of 10,11-dihydro-5H-dibenzola,d][7]annulene is quite large,
as evidenced by numerous publications on the synthesis of new derivatives [15-18].

The last group of compounds which is worth attention are 5H-dibenzo[a,d][7]annulene
derivatives with cytotoxic [19], antioxidant [20] and antimicrobial [21] properties. Kopanski
confirmed effects of long-term treatment of rats with antidepressants on adrenergic-receptor
sensitivity in cerebral cortex [22]. He observed that the sulfur or oxygen atom at the 10-
position of dibenzocycloheptadienes (dibenzoazepine derivative) decreased the ability to
induce down-regulation of the adrenergic receptor. He also noted that the effects of the
drug were significantly influenced by changes in the chain substituted at the 5-position [22].

Because physicochemical and pharmaceutical properties as well as the mechanism
of drug action in organisms are related to the molecular structure [12,13,23], we have
undertaken a systematic theoretical study to analyze the structural parameters of 5H-
dibenzo[b,f]azepine, 10,11-dihydro-5H-dibenzo[b,f]azepine, 5H-dibenzol[a,d][7]annulene
and 10,11-dihydro-5H-dibenzo[a,d][7]annulene (Scheme 1). In the first step of the research,
an analysis of the compounds available in the CSD crystallographic database [24] has
been carried out. This analysis allowed for the determination of geometric parameters
that change under substitution. The second step is comparison of the optimized structure
with the experimental X-ray structure to check if the packing of the molecule in crystal
can change the geometry of the molecule significantly. If so, it can be expected that also
other factors resulting from the influence of the environment on the molecular geometry
should be taken into account during the analysis of the environment of the drug in the
living organism.
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2. Computational Details

Geometries of the investigated compounds were retrieved from the 5.41 version of the
CSD [24] with the updates in 2020. The search was performed without restrictions and gave
228 hits with 326 structures for 5H-dibenzo[b,f]lazepine, 90 hits (126 structures) for 10,11-
dihydro-5H-dibenzo[b,f]azepine, 428 hits (807 structures) for 5H-dibenzo[a,d][7]annulene
and 277 hits (399 structures) for 10,11-dihydro-5H-dibenzo[a,d][7]annulene.

The investigated molecules were optimized using a Gaussian 16 package [25] at DFT-
D3 B3LYP/6-311++G** level [26,27], with including Grimme dispersion [28]. DFT/B3LYP
affords the best quality to predict the structure of organic compounds [29,30]. To check
that the resultant geometry reached the energy minimum, vibrational frequencies were
calculated. To visualize delocalization of electrons ACID program was used [31]. NBO
analysis was performed using the ADF program [32-34].

3. Results and Discussion
3.1. Geometry of the Investigated Compounds

For 5H-dibenzol[b,f]lazepine and 5H-dibenzol[a,d][7]annulene structures intramolecular
proton transfer is possible [35,36]. For this purpose, the structures in Table 1 have been
optimized. In order to decide which isomer 1 of 5H-dibenzo[b,f]azepine and 5H-dibenzo
[a,d][7]annulene can exists in the investigated compounds, the energy of the isomers have
been compared. The lowest energy structure indicates that, for the investigated compound,
the isomer of the lowest energy is of a typical structure and the energy difference confirms
that other isomers are not possible.

Table 1. Relative energies (AE in kcal X mol—1) for 5H-dibenzo[b,f]lazepine and 5H-
dibenzo[a,d][7]annulene isomers.

Tautomer AE [kcal, mol—1]
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Table 1. Cont.

Tautomer AE [kcal, mol—1]
H  H
5H-dibenzo[a,d][7]annulene / —
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¢ / N
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The analysis of geometry of the investigated compounds should result from the indi-
cation of a geometric parameters that are sensitive to substitution and potential geometry
changes in different environment of the molecule. Scheme 2 shows the geometric param-
eters which seem to be the most sensitive to substitution of the analyzed compounds, as
follows: the o and 3 angle (both angles are between the shaded planes), the distances of
the carbons and the heteroatom from the A plane defined by the carbons in the plane of the
central ring shared with the aromatic rings and the C10-C11 bond length.

AT

d)

Scheme 2. Geometric parameters for the analyzed compounds. « angle (a),  angle (b) (both angles
are defined between the shaded planes). The A plane is defined by 4 carbon atoms in common with
the side aromatic rings (c) (for clarity aromatic rings are not included), C10-C11 bond length (d).
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The results of the exploration of the CSD crystallographic base in relation to the
above-mentioned geometric parameters are summarized in Table 2. The o angle for all
the analyzed compounds does not reflect changes in geometry, because it changes slightly
from 0 to 8 degrees for the analyzed compounds.

Table 2. Analyzed geometrical parameters for the investigated compounds.

Name Minimum Maximum Mean  Variance Std.  Mean. Median
Dev Dev
« angle
5H-dibenzol[b,f]azepine 6.478 76.212 55.102 47.040 6.859  3.706 54.891
5H-dibenzo[a,d][7]annulene 1.196 72.078 54.257 192.096 13.860  9.081 58.611
10,11-dihydro-5H-dibenzo[b,f]azepine 7.035 82.424 53.577 180.502 13435 9.313 57.400
10,11-dihydro-5H-dibenzo[a,d][7]annulene 5.028 83.931 59.767 206.198 1436 11258  60.169
1,82 angle

5H-dibenzol[b,f]azepine 0.183 8.312 3.155 1.975 1.405 1.053 3.135
5H-dibenzol[b,f]lazepine 0.273 9.489 3.117 2.428 1.558 1.178 3.107
5H-dibenzo[a,d][7]annulene 0.041 15.744 3.399 3.374 1.837  1.428 3.202
5H-dibenzola,d][7]annulene 0.044 11.373 3.449 3.161 1.778 1.41 3.251

10,11-dihydro-5H-dibenzo[b,f]azepine 0.416 19.911 3.094 6.373 2.525 1.627 242
10,11-dihydro-5H-dibenzo[b,f]azepine 0.441 15.258 2.967 5.078 2.253 1.508 2.266
10,11-dihydro-5H-dibenzola,d][7]annulene 0.136 12.738 3.433 4.439 2.107 1.608 3.062
10,11-dihydro-5H-dibenzola,d][7]annulene 0.072 12.512 3.21 4.658 2.158 1.636 2.736

Distance to the C12,C13,C14,C15 plane
5H-dibenzolb,f]azepine C10 0.004 0.884 0.537 0.008 0.087  0.056 0.527
5H-dibenzol[b,f]lazepine C11 0.028 0.864 0.536 0.007 0.087  0.054 0.534
5H-dibenzo[b,f]azepine N 0.105 0.833 0.626 0.006 0.077  0.037 0.629
5H-dibenzo[a,d][7]annulene C10 0.002 1.003 0.525 0.025 0.158 0.114 0.556
5H-dibenzo[a,d][7]annulene C11 0.003 0.891 0.523 0.024 0.156 0.112 0.550
5H-dibenzo[a,d][7]annulene C5 0.005 0.818 0.632 0.025 0.158  0.101 0.677
10,11-dihydro-5H-dibenzo[b,flazepine C10 0.000 0.873 0.532 0.034 0.184  0.125 0.587
10,11-dihydro-5H-dibenzo[b,f]azepine C11 0.015 0.980 0.554 0.103 0.32 0.295 0.514
10,11-dihydro-5H-dibenzo[b,flazepine N 0.015 1.008 0.611 0.100 0316  0.294 0.698
10,11-dihydro-5H-dibenzola,d][7]annulene C10 0.003 1.247 0.642 0.111 0.333  0.296 0.727
10,11-dihydro-5H-dibenzo[a,d][7]annulene C11 0.001 1.235 0.693 0.098 0.314 0.268 0.806
10,11-dihydro-5H-dibenzol[a,d][7]annulene C5 0.011 0.930 0.627 0.035 0.186  0.137 0.644
C10C11 bond length

5H-dibenzol[b,f]azepine C10=C11 1.240 1.473 1.35 0.001 0.034  0.023 1.341
5H-dibenzo[a,d][7]annulene C10=C11 1.252 1.499 1.371 0.002 0.044  0.040 1.348
10,11-dihydro-5H-dibenzolb,flazepine C10-C11 1.332 1.606 1.519 0.001 0.038  0.022 1.524
10,11-dihydro-5H-dibenzo[a,d][7]annulene 1.299 1711 1.524 0.002 0041 002 1526

C10-C11

It can be expected that the C10C11 bond length should be typical for single or double

CC bond. The data in Table 1 show that, depending on the substitution, the C10C11 bond
can change in relatively wide range. In general, this bond is longer for azepine than for
annulene derivatives.

The histograms of the « angle performed for the compounds found in the CSD
crystallographic database, as follows: 5H-dibenzo[b,f]azepine, 5H-dibenzo[a,d][7]annulene
10,11-dihydro-5H-dibenzo[b,f]azepine and 10,11-dihydro-5H-dibenzo[a,d][7]annulene are
presented in Figure 1. The « angle covers a wide range of variation. For each group
of compounds, the most frequent value can be detected except for 10,11-dihydro-5H-
dibenzo[a,d][7]annulene. The x angle could be used as the parameter which describes
nonplanarity of the central ring of the investigated compounds, but analysis of Table 2
suggests that the best geometrical parameters illustrating nonplanarity of the central ring
are the distances of N, C5, C10 and C11 to the plane formed by the carbon atoms common
with the aromatic rings (Scheme 2c).
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a)

According to the results in Table 2, the distances of the carbon and nitrogen atoms of
the middle ring to the plane formed by the carbon atoms of the central ring shared with the
aromatic rings vary widely. It is characteristic that very often the distance of these atoms
from the plane is close to zero, which proves that the central ring becomes flat. Linear
correlations between the distances of the C10 and C11 atoms from the A plane confirm
the potential flattening of the middle ring. For 5H-dibenzo[b,f]azepine there is a straight
line described by the following equation: y = 0.9217x + 0.0416, R? = 0.8544. The mutual
correlations of the distances from the plane of atoms C10 and N as well as C11 and N are
described by a third-order polynomial, as follows: y = 5.5627x> — 7.5677x? + 3.822x — 0.2636,
R? =0.6713 and y = 5.0552x% — 6.9641x? + 3.6504x — 0.2673, R? = 0.6732, respectively. These
correlations indicate that the shortening of the distances of the C10 and C11 atoms to the
plane is coordinated, but not always associated with the placement of the nitrogen atom in
the A plane.
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Figure 1. Cont.
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Figure 1. Histogram for the « angle of 5H-dibenzol[b,f]azepine (a), 5H-dibenzola,d][7]annulene (b),
10,11-dihydro-5H-dibenzo[b,f]azepine (c) and 10,11-dihydro-5H-dibenzo[a,d][7]annulene (d).

Similar correlations exist for 5H-dibenzo[a,d][7]annulene. The correlation between
the distance of C10 and C11 to the A plane is as follows: y = 0.9408x + 0.0291, R2 = 0.9067;
the distance of C10 and C5 as well as C11 and C5 are as follows: y = 0.8678x — 0.0228,
R? = 0.7506 and y = 0.8693x — 0.0258, R? = 0.7716, respectively.

While for 5H-dibenzo[a,d][7]azepine and 5H-dibenzo[a,d][7]annulene the distances
of the carbon atoms to the A plane are similar, replacing of the double bond with a single
one in 10,11-dihydro-5H-dibenzo[b,f]azepine leads to a difference in both distances. The
replacement of the double bond with a single in 10,11-dihydro-5H-dibenzo[b,flazepine
causes that the correlation between the distance of C10 and C11 to the A plane can be
detected for compounds with substituents at C10 and C11 atoms, while it is very weak for
other compounds (Figure 2a). Differentiation of the C10 and C11 distance to the A plane
results in different correlation lines for the distances for the N and C atoms. Additionally,
the correlation of the longer C distance splits into correlation for substituted C10(C11) and
unsubstituted. Correlation for shorter C distance to the A plane is not a straight line. The
correlations in Figure 2 express irregular changes of C10, C11 and C5 distance to the A
plane. For 10,11-dihydro-5H-dibenzola,d][7]annulene analogous correlations are not seen.



Molecules 2022, 27, 790

8 of 23

y =0.8828x + 0.0858
R2=0.7251

o
o0
1

e
(=)
1

L)

Distance of C10 to the A plane
=} =}
o S
1 1
&
>
o

0 02 04 0.6 0.8 1 12
Distance of C11 to the A plane

b) 12
11 y=0.6398x +0.5388 o o
R?=0.869 = B &p 1.0037x + 0.042
_ . ,»___.‘-‘.:‘o..t- R2=0.822
£08 - e S
. B °
f I °
= o° ey
S06d o .
';) L I
; ©
E 0.4 -
02 -
0 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1

Distance of N to the A plane

Figure 2. Correlation for 10,11-dihydro-5H-dibenzo[b,f][7]azepine. (a) Correlation of C10 and C11
distance to the A plane: gray—azepines with substituents in C10 and C11 positions, orange—azepines
without substituents in C10 and C11 positions. (b) The distance of C10 and C11 to N5 of the A plane:
blue and gray—azepines without substituents in C10 and C11 positions, yellow—azepines with
substituents in C10 and C11 positions for 10,11-dihydro-5H-dibenzo[b,f][7]azepine.

To investigate the influence of substitution on the geometry of the 5H-dibenzo[b,f]azepine,
10,11-dihydro-5H-dibenzo[b,flazepine, 5H-dibenzo[a,d][7]annulene and 10,11-dihydro-5H-
dibenzo[a,d][7]annulene, the structures with CH3z, CH,CH3, C(CH3)3, CHO, COOH, NO,,
NH;, OH and Cl substituents in the central ring at the 5-position have been optimized. The
values of « angle for the optimized structures change from 22 to 57° (Table 3). An important
parameter which, apart from the « angle, describes the non-planar structure of the molecule
is the distance of the carbon and nitrogen atoms to the A plane. For this purpose, the o
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angle for the optimized compounds has been correlated with the distance of the C5 and
N5 to the A plane (Figure 3). As the distance of the C5 and N5 atoms from the A plane
increases, the « angle also increases and therefore flatness of the middle ring decreases. The
shortest distance is observed for the nitrogen atom in 10,11-dihydro-5H-dibenzo[b,f]azepine
without a substituent, which is also connected with the lowest o angle.
a) b)
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Figure 3. Correlation of the distance of the C5 or N5 atom from the A plane on the « angle on for:
5H-dibenzol[b,f]azepine (a), 5H-dibenzo[a,d][7]annulene (b), 10,11-dihydro-5H-dibenzo[b,f]lazepine
(c), 10,11-dihydro-5H-dibenzola,d][7]annulene (d).
Table 3. Geometry parameters for optimized structures.
5H-dibenzo[b,flazepine 5H-dibenzola,d][7]annulene
a substituent in : -
the 5-position N C10C11 distances of Aﬁhe]:;c;ms from the N C10C11 distances of Aﬁhe]g;t;ms from the
bond length c10 11 N5 bond length C10 11 c5
unsubstituted 45 37 1345 0.442 0.442 0511 5679 1351 0527 0527 0.688
CH; 50.49 1.349 0.449 0.449 0.592 51.23 1.349 0.439 0.439 0.636
CH,CHj3; 51.46 1.349 0.452 0.456 0.605 51.41 1.349 0.440 0.436 0.640
C(CHj)3 52.89 1.349 0.498 0.498 0.606 46.15 1.346 0.380 0.380 0.576
CHO 50.80 1.348 0.480 0.483 0.587 54.38 1.350 0.493 0.500 0.662
COOH 52.73 1.350 0.489 0.504 0.612 55.35 1.350 0.512 0.514 0.666
NO, 50.42 1.351 0.476 0.476 0.582 52.08 1.350 0.494 0.494 0.614
NH, 52.45 1.350 0.450 0.447 0.653
OH 53.35 1.352 0.466 0.466 0.659
Cl 47.70 1.348 0.440 0.440 0.564
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Table 3. Cont.

10,11-dihydro-5H-dibenzo[b,flazepine

10,11-dihydro-5H-dibenzo[a,d][7]lannulene

a substituent in ; B
the 5-position N C10C11 distances of th;l:;%ms from the A C10C11 distances of Athe]g;oems from the
bond length C10 Cl1 N5 bond length C10 11 cs
unsubstituted 5, gy 1.544 0.464 0.470 0003 5590 1.538 0.891 0213 0.614
CHj 51.82 1.534 0.885 0.143 0.523 43.34 1.534 0.759 0.046 0.480
CH,CHj3; 51.79 1.536 0.856 0.151 0.534 51.59 1.536 0.838 0.125 0.571
C(CH3)3 56.55 1.536 0.232 0.911 0.582 41.90 1.529 0.698 0.053 0.481
CHO 54.37 1.537 0.211 0.901 0.558 49.30 1.535 0.082 0.828 0.542
COOH 57.06 1.539 0.911 0.271 0.597 53.88 1.536 0.180 0.876 0.585
NO, 53.94 1.539 0.897 0.227 0.551 50.59 1.535 0.858 0.155 0.530
NH, 44.95 1.535 0.774 0.022 0.498
OH 51.59 1.536 0.838 0.125 0.571
Cl 45.09 1.534 0.812 0.047 0.463

The distance of C10 and C11 to the A plane formed by the carbon atoms of the central
ring common to aromatic rings has also been examined. The distances of C10 and C11 to
the A plane are similar for both 5H-dibenzo[b,f]azepine and 5H-dibenzo[a,d][7]annulene

derivatives.

a)

10 to the A plane

ol
-

Distance of €

The analogous linear correlations exist for 5H-dibenzol[b,f]azepine
y = 1.0838x — 0.0361, R2 = 0.9538, while for 5H-dibenzo[a,d][7]annulene y =1.0255x — 0.0116,
R? = 0.9964 (Figure 4). The C10 and C11 distances to the A plane for 10,11-dihydro-5H-
dibenzo[b,f]azepine and 10,11-dihydro-5H-dibenzo[a,d]annulene do not correlate with the
o angle.
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Figure 4. Correlation of C10 and C11 distance to the A plane for 5H-dibenzolb,f]azepine (a), 5H-
dibenzo[a,d][7]annulenne (b).

Despite sensitivity of the x angle to substitution of the investigated compounds,
the C10C11 bond length changes slightly. The length of the C10C11 double bond in 5H-
dibenzo[b,f]azepine and 5H-dibenzo[a,d][7]annulene changes from 1.345 A to 1.352 A.
Larger differences from 1.529 A to 1.544 A are observed for the single C10C11 bond in 10,11-
dihydro-5H-dibenzolb,f]azepine and 10,11-dihydro-5H-dibenzo[a,d][7]annulene. In most
cases the presence of nitrogen at the 5-position does not affect the length of the C10C11.

All analyzed changes in geometry indicate that the central ring in the investigated
compounds is very flexible and may change the geometry from typical for completely
aliphatic rings to almost flat. Changes in the geometry of the central ring result from
its substitution. It can be also possible that the geometry changes can be caused by the
environment of the molecule.

In order to study the influence of the environment, optimization of substituted
structures of 5H-dibenzo[b,f]azepine, 10,11-dihydro-5H-dibenzo[b,f]azepine, 5H-dibenzo
[a,d][7]annulene and 10,11-dihydro-5H-dibenzo[a,d][7]annulene has been carried out in
solvents with different electric permittivity. The influence of the solvent on the o« angle and
the C10-C11 bond length has not been observed.

The structures of 5H-dibenz[b,f]lazepine-5-carboxamide (carbamazepines) taken from
the crystallographic database have been collected in Table 4. It is worth noting that carba-
mazepine has five polymorphs relating to the conformation of the middle ring, which is
the reason for the differences in geometry [45]. The data in Table 4 have been compared
with the optimized structure. The length of the C10C11 bond for the optimized molecule
(1.350 A) is very close to the median length of the same bond in the crystal structures.
Similar results have been obtained for the distances of the C10 and C11 atoms from the A
plane and for the optimized structure it is 0.491 and 0.506, respectively. For polymorphs
it ranges between 0.347 and 0.650 for C10 and 0.395-0.570 for C11. Despite the fact that
carbamazepine has a double C10C11 bond, the distances of C10 and C11 atoms from the A
plane are different, which means that they do not lie in the same plane.
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Table 4. Geometry parameters for carbamazepine structures from CSD crystal database.

Bond Length Distance C10 Distance C11

Refcode. C10-C11 to the A Plane to the A Plane R-factor T Space Group
CBMZPNO1 [37] 1.330 0.543 0.514 3.5 rt P21/c
CBMZPNO2 [38] 1.325 0.515 0.556 8.4 rt P21/n
CBMZPNO3 [39] 1.3456 0.549 0.540 6.9 rt R-3
CBMZPN10 [40] 1.331 0.520 0.546 3.9 rt P21/n
CBMZPNI11 [41] 1.337 0.528 0.536 5.06 158 P-1
CBMZPN12 [42] 1.340 0.492 0.469 3.57 158 C2/c
CBMZPN13 [43] 1.376 0.547 0.531 17.96 160 P-1
CBMZPN14 [44] 1.336 0.543 0.518 4.04 rt P21/n
CBMZPN16 [45] 1.347 0.505 0.571 4.5 123 Pbca
CBMZPN17 [46] 1.350 0.542 0.509 4 rt P21/n
CBMZPNI18 [46] 1.352 0.543 0.510 1.08 100 P21/n
CBMZPN19 [46] 1.352 0.543 0.510 0 P21/n
CBMZPN20 [47] 1.333 0.539 0.527 3.95 rt P21
CBMZPN21 [48] 1.353 0.545 0.509 6.79 100 P21/n
CBMZPN22 [48] 1.351 0.543 0.510 4.07 100 P21/n
CBMZPN23 [48] 1.352 0.545 0.512 24 100 P21/n
CBMZPN27 [49] 1.344 0.511 0.543 4.26 183 P21/n
CBMZPN28 [50] 1.243 0.650 0.514 25.45 rt P21/n
CBMZPN29 [50] 1.344 0.430 0.490 40.54 rt P21/n
CBMZPN30 [50] 1.260 0.451 0.452 36.9 rt P21/n
CBMZPN31 [51] 1.396 0.483 0.545 19.21 rt P21/n
CBMZPN32 [52] 1.338 0.347 0.395 43.85 rt P21/n

3.2. Aromaticity of the Central Ring of Investigated Compounds

Aromaticity is a phenomenon of the conjugated cyclic system of double bonds that
shows delocalization of the 7t electrons. Such a system significantly modifies the chem-
ical properties of the substances [53,54]. To determine the aromaticity of the rings of
a chemical compound the Hiickel’s rule is used. According to this rule, aromaticity
is a property of conjugated, planar, cyclic compounds with 4n + 2 m-electrons where
n is a natural number. Taking into account this rule, we have the following: for 5H-
dibenzo[b,f]azepine the number of 7 electrons is 16 = 14 from 7(C=C) bonds + 2 from N
lone pair; for 5H-dibenzo[a,d][7]annulene: 14 = 7 from (C=C) bonds; for 10,11-dihydro-5H-
dibenzolb,f]azepine: 14 = 12 from 6(C=C) bonds + 2 from N lone pair; for 10,11-dihydro-5H-
dibenzola,d][7]annulene: 12 = from 6(C=C) bonds. According to the Hiickel’s rule, aromatic
compounds are: 5H-dibenzo[a,d][7]annulene and 10,11-dihydro-5H-dibenzo[b,f]azepine so
the central ring for some of the investigated compounds must be almost flat if the term of
planarity can be fulfilled. Because of the presence of the double bond in the central ring
as well as the bonds common with the aromatic ring, conjugation of double bonds can be
discussed. For 5H-dibenzo[b,f]azepine the lone pairs of the nitrogen atom may contribute
to an increase in the aromaticity of the middle ring.

To describe and quantify aromaticity, many parameters resulting from geometry and
physicochemical properties can be used [55-60]. The simplest and the most convenient
to use, especially for large series of tested compounds, is the HOMA parameter basing
on the bond length in the ring. For the benzene aromatic ring the HOMA index is equal
to 1; for cyclohexane it is zero, for antiaromatic ring it is negative [61]. For compounds
with heteroatoms in central ring, HOMED parameter is used, for which procedure, from a
mathematical point of view, is the same as for HOMA, and CN parameter is included [35].

n
HOMED =1 — &/n ) (Ropt — Ryj)? @
i=1

Ropr—the optimized CC bond length of a perfectly aromatic system and equals 1.394
A and the optimized CN bond length equals 1.334 A
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Rj—determined bond length

a—standardization constant: 5H-dibenzo[b,f]azepine for CN bond 84.52 and for CC
bond 80.90, 5H-dibenzo[a,d][7]annulene for CC bond 80.90, 10,11-dihydro-5H-dibenzo[b,f]
azepine for CN bond 73.20 and for CC bond 69.55, 10,11-dihydro-5H-dibenzo[a,d][7]annulene
for CC bond 69.55

n—number of bonds

Figure 5 shows histograms of the HOMED values for the middle ring of 5H-dibenzol[b,f]
azepine, 10,11-dihydro-5H-dibenzo[b,f]lazepine, 5H-dibenzo[a,d][7]annulene, 10,11-dihydro-
5H-dibenzo[a,d][7]annulene taken from the database. According to the HOMED value
for the central ring of 5H-dibenzol[b,f]lazepine and 5H-dibenzo[a,d][7]annulene the ring is
aromatic. The middle ring of 10,11-dihydro-5H-dibenzolb,f]azepine and 10,11-dihydro-5H-
dibenzola,d][7]annulene is less aromatic and the most frequent HOMED value is higher for
10,11-dihydro-5H-dibenzolb,f]azepine than for 10,11-dihydro-5H-dibenzola,d][7]annulene.
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Figure 5. Cont.
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Figure 5. Histogram for the HOMED value for the middle ring of 5H-dibenzo[b,f]azepine (a),
5H-dibenzol[a,d][7]annulene (b) 10,11-dihydro-5H-dibenzo[b,f]lazepine (c) and 10,11-dihydro-5H-
dibenzo[a,d][7]annulene (d). Compound structures are taken from CSD crystal database.

Comparison of the HOMED values for the derivatives of the investigated compounds
listed in the CSD crystallographic database shows how much the aromaticity of the central
ring depends on the substitution on the side rings and on the substituents in the central ring.
While the HOMED value for the middle ring calculated for the optimized unsubstituted
compound is 0.6876, substitution in both the middle ring and the side rings can lead
to significant aromaticity changes. The highest HOMED value for the central ring of
YIJPEM [62] is 0.8217, so this ring can be considered aromatic. The aromaticity of the
central ring disappears in the case of HEMRIB [63] for which the HOMED value is —0.2506.
In Figure 6 are presented the 5H-dibenzo[b,f]azepine derivatives with the highest and the
lowest HOMED values for the middle ring.
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Figure 6. 5H-dibenzo[b,f]azepine derivatives with the highest and the lowest HOMED values for
the middle ring: YIJPEM [62] (0.8217) (a), VEJZUI [64] (0.7934) (b), YIFCUM [65] (—0.1731) (c),
HEMRIB [63] (—0.2506) (d). In parentheses are given the HOMED values for the middle ring.

The examples of 5H-dibenzo[b,f]azepine derivatives in Figure 6 with different HOMED
values for the middle ring illustrate how the aromaticity of the central ring can be easily
modified by the substituent and the environment of the molecule. This is especially true
when comparing VE]JZUI and HEMRIB. Despite the same substituent at the nitrogen atom,
the middle ring can be aromatic or anti-aromatic depending on the surroundings of the
molecule caused by crystal packing.

3.3. Delocalization of Electrons

The changes in aromaticity described by the HOMED parameter are closely related
to the changes in the delocalization of the electron density which determines reactivity of
the molecule and many other physical and chemical properties. A method to visualize
the electron delocalization used in this work is ACID (anisotropy of the current-induced
density) [31]. Delocalization of 7 electrons of the aromatic ring and the double bond is
significant when comparing to delocalization of the single bond electrons, and this method
allows indication of the bond character [66]. The ACID surfaces for the optimized structures
of the investigated compounds are presented in Figure 7.
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Figure 7. ACID surfaces for the optimized 5H-dibenzo[b,flazepine (0.6876) (a), 5H-
dibenzo[a,d][7]annulene (0.5448) (b), 10,11-dihydro-5H-dibenzo[b,flazepine (0.4295) (c), 10,11-
dihydro-5H-dibenzo[a,d][7]annulene (0.1863) (d). In parentheses are given the HOMED values
for the middle ring.

For the optimized compounds with double bond in the central ring, delocalization of
the electrons is significant. The lone pair of the nitrogen in 5H-dibenzo[b,f]azepine partici-
pates in the mobility of the electrons of the central ring, so it has partially aromatic character
expressed by the HOMED value of 0.6876. If nitrogen has been replaced by carbon, the lack
of the lone electron pair prevents electron delocalization in 5H-dibenzo[a,d][7]annulene.

In Figure 8 are presented ACID surfaces for selected 5H-dibenzo[b,f]azepine deriva-
tives. Because the HOMED values for the central ring can be higher than for the unsub-
stituted compound, delocalization of the electrons in the central ring can be similar to the
aromatic side rings. For the antiaromatic central ring cumulated with two aromatic rings
and with one double bond, antiaromaticity is expressed with breaking the continuity of
electron delocalization at the aliphatic C-C bonds.
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Figure 8. ACID surfaces for selected 5H-dibenzo[b,flazepine derivatives with different aromaticity of
the middle ring. The HOMED value for VUBCAW [67] is 0.7816 (a), for CBMZPN32 [52] —0.0896 (b),
for TAZRAOOQ1 [68] 0.6732 (c) and for HEMRIB [63] —0.2506 (d).

Replacing of the double bond in the middle ring with a single one caused the central
ring to express less aromaticity. Substitution of the compound can cause the HOMED
value for the middle ring to be higher than for a typical unsubstituted ring (Figure 9).
Relatively high HOMED value and electron delocalization is connected with the presence
of the lone pairs on the nitrogen atom and the aromatic bonds common for the central and
the side ring.

Figure 9. ACID surfaces for selected 10,11-dihydro-5H-dibenzo[b,flazepine derivatives with dif-
ferent aromaticity of the central ring: GEXMAAO1 [69] (0.7355) (a), RONRAQ [70] (0.7088) (b),
GEXMAA [71] (0.6981) (c), TEVKUC [72] (0.6269) (d). In parentheses are given the HOMED values
for the middle ring.
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Replacing of the nitrogen atom in the middle ring with a carbon atom reduces aromatic-
ity and related electron delocalization comparing to the azepine. Nevertheless, appropriate
substitution can change the nature of the central ring and the ring is not typically aliphatic
(Figure 10). In order for the central ring to become typically aliphatic, it is necessary to
replace the nitrogen with a carbon and replacing the double bond with a single bond.

Figure 10. ACID surfaces for selected 5H-dibenzola,d][7]annulene derivatives with different aro-
maticity of the central ring: XOHXIC [73] (0.9363) (a), XOHXOI [73] (0.9201) (b), XOHXEY [73] (0.9169)
(c), RULROI [74] (0.8818) (d). In parentheses are given the HOMED values for the middle ring.

3.4. NBO Analysis

Investigation of the chemical bond, especially the bonds in aromatic molecules, has a
very long tradition. A particular chemical bond can be illustrated by molecular orbitals. To
construct the molecular orbital representing the chemical bond, the natural atomic orbitals
are transformed to natural atomic hybrid and finally to natural localized molecular orbitals
(NLMO) which are close to molecular orbitals [75]. Natural localized molecular orbitals
(NLMO) are traditionally used in chemistry to present the distribution of electron density
in bonds linking atoms as well as in the lone pairs [76]. Detailed analysis of NLMO delivers
information on participation of the atoms included in the bond, bond polarization, orbital
occupancy and delocalization [77].

To explain the source of the partially aromatic character of the central rings of 5H-
dibenzo[b,flazepine and 5H-dibenzola,d][7]annulene the NLMO orbitals of this ring have
been analyzed. In Figure 11 are shown the orbitals representing the double bond, the lone
pair of the nitrogen atom and the aromatic bond common with the side ring. For a typical
chemical bond, the localization is close to 100% and the occupancy is close to 2. One of the
double bonds of 5H-dibenzo[b,f]azepine is localized and fully occupied (99.3329%, 1.9867).
Occupancy of the second bond is 1.8823 when for the single bond it should be close to
2. Localization is 94.0865%, which is far off the normal localization of about 100%. The
atoms next to the double bond also contribute to this bond, and their participation in the
orbital is 1.3930%. It is characteristic that for 5H-dibenzo[a,d][7]annulene that localization,
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occupancy and participation of the neighboring atoms in the NLMO of the double bond is
93.5957%, 1.8733 and 1.563%, respectively.

a)

d e
) : h D
b 'L J [ ;I i J !
Figure 11. NLMO double bond molecular orbitals for optimized structure of 5H-

dibenzola,d][7]annulene (a,b), lone pair on nitrogen atom orbitals for 10,11-dihydro-5H-
dibenzol[b,f]azepine (c) and aromatic bond in 5H-dibenzo[a,d][7]annulene (d,e).

The free electron pair on the nitrogen atom is also delocalized. For 5H-dibenzo[b,{][7]
azepina, its location is 89.3911%, occupancy is 1.7909 and the participation of neighboring
atoms is 1.192 and 0.822%, respectively. Free pair delocalization is more pronounced for
10,11-dihydro-5H-dibenzo[b,f]azepine.

Another source of delocalized electrons in the central ring are aromatic bonds in
common with the side rings. During the NBO analysis, the aromatic side bond has been
divided into one localized and fully occupied orbital and another with a location of ap-
proximately 79% and an occupancy of approximately 1.6000. The source of the partially
aromatic character of the central rings of the investigated compounds is the delocalization
of the free electron pair on the nitrogen atom, the delocalization of the double bond and the
participation of aromatic electrons coming from the side rings.

4. Conclusions

The geometrical parameters that best describe the nonplanarity of the central ring
of the investigated compounds are the distances of the C10, C11, and N (C) atoms in the
5-position from the A plane formed by carbon atoms common to the plane of the central
ring and aromatic rings.

Although the central ring in 5H-dibenzol[b,f]azepine and 5H-dibenzo[a,d][7]annulene
is not a typical aromatic ring, both the HOMED values and ACID diagrams indicate aro-
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maticity of this ring for 5H-dibenzo[b flazepine and a significant participation of aromaticity
in the case of 5H-dibenzola,d][7]annulene. The source of the partially aromatic character of
the central rings of the investigated compounds is the delocalization of the free electron
pair on the nitrogen atom, the delocalization of the double bond and the participation of
aromatic electrons coming from the side rings.
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Abstract: 1,8-dihydroxy-9-anthrone are tricyclic compounds with a ketone group in the middle ring
and two hydroxyl groups substituted in the side-aromatic rings what results in formation of two
intramolecular hydrogen bonds in which the oxygen atom from the ketone group is the proton
acceptor. 1,8-dihydroxy-9-anthrones in which intramolecular proton transfer between C10 and
CO in the middle ring occurs, can exist in a tautomeric keto-enol equilibrium. For anthralin, the
most important representative of this group, this equilibrium has been studied previously, but it
has not been studied for its derivatives. Substituents in the middle ring change the geometry of
1,8-dihydroxy-9-anthrones so they are also expected to affect the keto-enol equilibrium. It is also
important to study the effect of intramolecular hydrogen bonds on the structure of both tautomeric
forms. It was found that the nature of the substituent in the middle ring could affect the antioxidant
properties of the investigated compound.

Keywords: 1,8-dihydroxy-9-anthrones; keto-enol equilibrium; QTAIM; aromaticity

1. Introduction

In the previous work [1], we studied the influence of substituent on the structure of
anthrones and anthraquinones-tricyclic compounds with a wide importance in biological
processes. The change of the angle between the anthrone aromatic rings is associated with
the change in electron density at the ring critical point of the central ring.

An important group of anthrone derivatives are 1,8-dihydroxy-9-anthrones with
substituents in the 1 and 8 position (Scheme 1). Anthralin, the popular drug from the
1,8-dihydroxy-9-anthrones group, has two hydroxyl groups at position 1 and 8 on either
side of the ketone group located at position 9 (Scheme 1) and is used primarily in the
treatment of psoriasis [2]. In the ketone form, it is stabilized by hydrogen bonds which are
formed between the OH groups and the ketone oxygen [3]. For this reason, according to
Hellier et al. [4], anthraline exists in its entirety in the ketone form [4]. The release of the
hydrogen atom from the C10 position initiates the formation of free radicals, and although
it may have an effect on skin irritation, it can be important in the mechanism of action
of the drug [3,5]. Anthralin reduction power can be directly modified by changes in the
structure [6]. For this reason, scientists are looking for new analogues substituted at the
C10 position, which will prove to be more effective and, additionally, will not have side
effects [5,7].

Intramolecular interactions of polycyclic compounds affect their structure [8-10]. The
structure of a compound is related to the pharmacological activity; therefore, it is important
to understand the effects of substituents, intramolecular hydrogen bonds, and keto-enol
equilibrium on the structures of 1,8-dihydroxy-9-anthrone derivatives.

Two side rings of the 1,8-dihydroxy-9-anthrones derivatives are aromatic. The central
ring in the lowest-energy ketone structure contains one CH, group, which influences the
aliphatic character of the ring. However, the remaining fragment of the central ring further
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delocalized as a result of 7t-7t cross conjugation [11] and affects the cross delocalization of
the other rings. The sensitivity of the middle ring to substitution can shift the character
of the middle ring toward aromaticity, which can be affected by its non-planarity [1]. The
presence of a ketone group in the middle ring and two adjacent OH groups in the side
aromatic rings at the 1 and 8 positions causes the hydrogen atoms to form intramolecular
hydrogen bonds. Migration of the proton between these ketone and hydroxyl group results
in formation of tautomers [12-15]. Compounds, in which the intramolecular proton transfer
takes place, are important in medicine and pharmacy and designing new drugs [16-19].

OH O‘ OH
8a Oa

10a 4a

5 -

Scheme 1. Molecular structure and atom numbering of 1,8-dihydroxy-9-anthrones.

Keto-enol equilibrium can exist in 1,8-dihydroxy-9-anthrones through to a single
proton transfer from C10 to CO in the middle ring (Scheme 2). According to Marrero-
Carballo et al. [15], for proton transfer to occur the central ring must be twisted into
a boat-like conformation. This equilibrium is influenced by the solvents in which the
substance is dissolved [13,20,21], the substituents [21-24], and the temperature [21]. Baba
and Takemura [13] studied the keto-enol equilibrium between anthrone and anthranol-1 in
isooctane using the spectrophotometric method. After dropping the anthrone in isooctane,
no changes in the spectrum were observed even after two days. The reaction was much
faster in the presence of a small amount of triethylamine, which is basic in nature [13].
Using computational methods, Marrero-Carballo et al. [15] compared the activation energy
of intramolecular proton transfer in the chrysophanol molecule with the proton transfer to
the pyridine molecule. They found that, in the case of intramolecular proton transfer in the
anthrone molecule, the activation energy is much greater than in the case of proton transfer
to the pyridine molecule. The higher activation energy is related to the deformation of the
central ring in the anthrone molecule [15].

Scheme 2. The keto-enol equilibrium in 1,8-dihydroxy-9-anthrone.

Laurella et al. [21] studied the effects of substituents on the keto-enol balance of f3-
ketoamides. They found that electron-withdrawing properties of chlorine atom causes an
equilibrium shift towards the enol form, while methoxy groups that donate the electrons
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increases the content of the keto form. Additionally, they noticed that the equilibrium
was also influenced by the position of the substituent, which is related to intramolecular
hydrogen bonds in the molecule [21].

It is important to study the antioxidant properties of the analyzed compounds. Antiox-
idants have the ability to neutralize the harmful effects of free radicals. One of the methods
of predicting the antioxidant properties is the determination of the enthalpy of the OH
bond dissociation (BDE) and so the nature of the substituents in the ring affects the BDE
value [25]. In the enol form, dissociation of the O-H bond at C9 is probable, which may
have a positive effect on antioxidant properties. According to Lucarini et al. [26], electron-
positive substituents decrease the BDE of O-H, while electron withdrawing substituents
increase the BDE of O-H value relatively to unsubstituted phenol [26].

This work is a continuation of our previous [1] work in which we studied the influ-
ence of substituents on the structure of anthrones and anthraquinones and an analysis of
50 optimized compounds was performed. The substituents used in that work were dif-
fered in size, electron donating and electron accepting properties: NO,, CHO, COOH, CHj,
CH,CHj3;, NH,, OH, Cl, C(CHj3)3. In this work, each structure with a specific substituent has
been optimized in the ketone form and in the enol form and the energy difference between
them has been calculated. The lowest energy has been obtained for the keto structure with
two hydrogen bonds and has been used as the reference energy. The electron density of the
middle ring is sensitive to substitution as mentioned in the previous work [1,27] so also
in this work it is used as a measure of substituent influence and aromaticity of the central
ring. The process of intramolecular proton transfer is responsible for acid-base regulation
in the cell or for enzymatic reactions, so it is important to study the effect of substituents on
this reaction [12,15]. Moreover, the intramolecular hydrogen bonds have an influence on
the geometry investigated compounds. If the substituents and hydrogen bonds affect the
structure, then it is important to study their effect on the keto-enol equilibrium, which is
the aim of the research undertaken.

Computational Details

Optimization of the 1,8-dihydroxy-9-anthrone derivatives was performed with a Gaus-
sian 16 package [28] at DFT-D3 B3LYP/6-311++G** level [29,30]. Grimme dispersion [31]
was included to reproduce correctly the hydrogen bond in the investigated molecules.
Vibrational frequencies were calculated to confirm that the optimized molecule reached the
minimum of energy. QTAIM parameters were calculated with the AIMALL program [32]
using the wave function for the optimized molecule.

2. Results
2.1. 1,8-Dihydroxy-9-anthrone Tautomers

To investigate the tautomeric preference, the Gibbs energy of different isomers in ke-
tone form for four different substituents NH,, NO,, OH, and H has been compared (Table 1).
There are six possible different tautomeric structures of the ketone form (Scheme 3). For
NH;, NO;, H, and OH substituted structures, five isomers with different energies have
been obtained. In all cases, the K3 isomer converges to the K6 isomer, which is confirmed
by the C9-O (1.261 A), C9-C9a (1.462 A), 4a-9a (1.412 A), and 8a-10a (1.412 A) bond lengths
equal and respectively identical as these bond length for the K6 tautomer. The lowest
value of the Gibbs energy for the K6 isomer has been obtained. Isomers with relative Gibbs
energies higher than 10 kcal/mol can be neglected in the isomeric mixture owing to their
exceptionally low percentage contents (<5 ppm). The smallest differences in Gibbs energy
of 10 kcal/mol is obtained between isomers of NH, and OH substituted structures. In all
cases, the  angle is the greatest for the lowest energy structures. The HOMA values in the
side rings of the preferred isomeric forms are always close to 1.
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Table 1. G at 298 K, « and HOMA parameter for optimized isomers.

X Isomer AG [kcal/mol] ot HOMA (A) HOMA (B) HOMA (O)
E 13.8 0.23 0.6188 0.6666 0.5957
K1 9.1 0.03 0.7927 0.6583 —0.7815
K2 10.7 0.01 0.7769 0.7006 —0.8107
H K3 0.0 6.73 0.9053 —0.7159 0.9053
K4 124 0.01 0.8550 0.4044 —0.5983
K5 10.2 0.01 0.8602 0.3176 —0.5043
K6 0.0 6.72 0.9053 —0.7159 0.9053
E 10.3 3.51 0.6190 0.6178 0.5807
K1 49 3.04 0.7994 0.5773 —0.7667
K2 5.6 2.79 0.7766 0.6521 —0.7804
NH, K3 0.0 12.01 0.9095 —0.9130 0.9098
K4 7.3 3.04 0.8480 0.3583 —0.5692
K5 6.1 4.29 0.8600 0.2443 —0.5002
K6 0.0 12.02 0.9019 —1.0218 0.9019
E 16.8 0.88 0.6223 0.6518 0.6053
K1 13.0 0.73 0.7967 0.6358 —0.7255
K2 12.9 2.53 0.7760 0.6861 —0.7420
NO, K3 0.0 14.93 0.9176 —0.6255 0.9176
K4 14.0 3.21 0.8446 0.4079 —0.4888
K5 13.8 0.80 0.8556 0.3158 —0.4320
K6 0.0 14.97 0.9176 —0.6255 0.9176
E 10.8 2.71 0.6159 0.6807 0.6067
K1 6.4 1.95 0.8110 0.6111 —0.7856
K2 7.6 0.89 0.7945 0.6725 —0.8222
OH K3 0.0 13.81 0.9074 —0.9632 0.9074
K4 9.3 0.81 0.8660 0.3664 —0.6312
K5 7.5 1.53 0.8723 0.2799 —0.5133
K6 0.0 13.83 0.9074 —0.9632 0.9074

2.2. Crystal Structures

It can be expected that the tautomerism of dihydroxyantrone will be reflected in the
structures of compounds deposited in the CSD database [33]. Since the structure of the
model compounds is known [34], the analysis of the bond lengths in the 1,8-dihydroxy-
9-anthrone derivatives in the crystalline state should allow to indicate which tautomer is
realized in the crystal of individual derivatives. Table S1 summarizes the C-C bond lengths
for the 1,8-dihydroxy-9-anthrone derivatives present in the CSD database. The table also
includes CO bond lengths, HOC angles, and torsion angles allowing for the indication of
proton deviation from the plane defined by the system of intramolecular hydrogen bonds
typical of 1,8-dihydroxy-9-anthrones. The geometrical parameters should indicate which
tautomeric forms are realized in the crystalline state.
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Scheme 3. Tautomeric equilibrium in 1,8-dihydroxy-9-anthrone.

The analysis of the CO bond system allows for a preliminary indication of the tau-
tomeric form present in the crystal structures. In the structures K1, K2, and K3, the double
bond of CO occurs in the side ring. The comparison of CO bonds in Table S1 clearly shows
that all solid state structures can be of the K4, K5, or K6 type, in which the CO double bond
connects oxygen to the central ring. According to the model structures (Scheme 3), individ-
ual tautomeric forms should differ from each other in the arrangement of single and double
bonds. The analysis of the CC bond lengths in the 1,8-dihydroxy-9-anthrone rings allows
for the unequivocal elimination of the K5 tautomer, because all C3-C4 bonds are longer
than those typical for benzene and are typical single bond. Since all the C2-C3 lengths in
the analyzed compounds are shorter than the length typical for benzene (1.399) and the
C1-C9a bond length is also shortened for a number of compounds, it can be considered that
this structure is typical for solid-state 1,8-dihydroxy-9-anthrones. The analysis of C4a-C9a
and C8a-C10a bond lengths indicates their shortening below the value typical for benzene
in some dihydroxyantrone derivatives, which proves the possibility of the presence of the
K6 tautomeric structure, characterized by the lowest energy. The linkage lengths of the
dihydroxyanntron derivatives therefore indicate the possible presence of the K6 tautomer,
with the K4 tautomer being more likely. However, the precision in determining the bond
length should be taken into account. The comparison of the bond lengths in the central
ring clearly shows that the K6 isomer dominates in the 1,8-dihydroxy-9-anthrone crystals.
The shortest bonds, similar in length to benzene, are the bonds 4a-9a and 8a-10a.

It is a noteworthy fact that, in some structures, the protons of the hydroxyl groups remain
unconnected with the carbonyl oxygen of the middle ring (BOLPEX [35], CARMYC11 [36],
DHANQUO03 [37], DHANQU04 [37], DHANQUOS [37], JUKREM [38], PIRFIH [39], QEGXUYV [40],
VURHEYV [41]), as confirmed by the values of the torsion angles in Table S1. The deviation
of the proton from the plane convenient for the formation of intramolecular hydrogen
bonds is due to the participation of the oxygen atoms in other interactions resulting from
intermolecular interactions in the crystal.

2.3. Geometry of the Investigated Compounds

The « angles and relative energies for the optimized structures with different sub-
stituents are collected in Table 2. The lowest energy structure in the ketone form has been
obtained for the K6 tautomer and remaining discussions in the study apply only to it. The
Ea structure represents the enol form with one hydrogen bond and Eb with two hydrogen
bonds. The Ka structure represents ketone form without hydrogen bonds, Kb with one
hydrogen bond, and Kc with two hydrogen bonds. As in the previous works [1,27], the
angle between the planes of the two side aromatic rings has been used as a measure of the
substituent influence on the geometry of the ring system (Scheme 4. Depending on the
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character of the substituent and its size as well as the presence of hydrogen bonds, the o
angle changes from 0 to 52°. The H---O distance in the hydrogen bonds is close to 1.7 A.
Molecules in the ketone form, without hydrogen bonds, are characterized by the highest
o angle. The angle decreases with the increasing number of the hydrogen bonds in the
molecule. Deviations for this rule were observed for the structures of 9K6c, 9K6b and 5Kéb,
5Ké6a. This is due to the different orientation of the substituent in the molecule. The o
angle in the enol form is smaller than in the ketone form. The substituent always causes an
increase of the « angle in the keto and enol form relatively to the unsubstituted molecule.
The highest values of the « angle in keto form has been obtained for structure 4K6a and in
enol form for the structure 4Ea. Both structures have a tertbutyl substituent so the increase
of the « angle is connected with steric interaction of a bulky substituent.

Table 2. AG at 298 K, « and HOMA parameter for optimized structures of enol and ketone forms.
Angle defined according to Scheme 1. For each substituent, the lowest energy has been obtained for
the structure in the keto form with two hydrogen bonds.

X Isomer AG [kcal/mol] ot HOMA (A) HOMO (B) HOMA (C)
1Ea 21.8 0.45 0.6129 0.6307 0.6091
1Eb 13.8 0.23 0.6188 0.6666 0.5957
H 1K6a 24.6 28.08 0.9567 —1.3219 0.9567
1K6b 12.1 13.70 0.9300 —0.9360 0.9181
1Ké6c 0.0 6.72 0.9053 —0.7159 0.9053
2Ea 18.8 3.74 0.6088 0.5888 0.5984
2Eb 10.3 3.51 0.6190 0.6178 0.5807
NH; 2K6a 27.2 40.59 0.9629 —1.6549 0.9629
2K6b 16.2 31.66 0.9385 —1.2796 0.9229
2K6¢ 0.0 12.02 0.9019 —1.0218 0.9019
3Ea 19.7 4.28 0.6036 0.6265 0.6220
3Eb 10.8 2.71 0.6159 0.6622 0.6252
OH 3K6a 23.6 28.70 0.9583 —1.5692 0.9583
3K6b 11.5 17.62 0.9329 —1.2003 0.9196
3Keéc 0.0 13.83 0.9074 —0.9632 0.9074
4Ea 24.5 22.57 0.5724 0.5100 0.5744
4Eb 17.2 21.17 0.5649 0.5301 0.5467
t—Bu 4K6a 21.0 52.00 0.9593 —2.1410 0.9595
4K6b 10.9 46.08 0.9314 —1.7695 0.9175
4K6¢ 0.0 41.59 0.8914 —1.5024 0.8914
5Ea 23.7 3.72 0.5849 0.5661 0.5549
5Eb 154 3.38 0.5854 0.6003 0.5647
Et 5K6a 27.9 26.53 0.9549 —1.6922 0.9549
5K6b 18.8 36.69 0.9332 —1.4496 0.9248

5Keéc 0.0 20.80 0.9083 —0.8027 0.9098
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Table 2. Cont.
X Isomer AG [kcal/mol] ot HOMA (A) HOMO (B) HOMA (C)
6Ea 23.2 0.96 0.6067 0.5682 0.5523
6Eb 15.1 0.51 0.6066 0.5918 0.5384
Me 6K6a 27.5 38.32 0.9599 —1.6960 0.9599
6K6b 16.1 28.47 0.9305 —1.3403 0.9194
6K6c 0.0 15.00 0.9097 —0.8068 0.9097
7Ea 22.8 0.68 0.5990 0.5854 0.5947
7Eb 14.9 0.43 0.6077 0.6258 0.5854
Cl 7K6a 27.0 30.39 0.9585 —1.5386 0.9585
7K6b 11.3 20.47 0.9409 —0.7715 0.9275
7K6¢ 0.0 17.12 0.9156 —0.5278 0.9156
8Ea 21.9 6.80 0.6396 0.5081 0.6384
8Eb 15.0 497 0.6224 0.5379 0.6198
CHO 8K6a 234 27.59 0.9567 —1.3638 0.9567
8K6b 11.4 16.99 0.9324 —1.0007 0.9207
8K6c 0.0 12.14 0.9088 —0.7817 0.9088
9Ea 19.0 1.87 0.6211 0.6045 0.6146
9Eb 11.8 1.45 0.6161 0.6361 0.6585
COOH 9Ké6a 25.8 30.29 0.9600 —1.6422 0.9621
9K6b 7.9 15.43 0.9315 —1.0756 0.9169
9Ke6c 0.0 17.85 0.9209 —0.8243 0.9209
10Ea 23.8 0.74 0.6304 0.6163 0.6264
10Eb 16.8 0.88 0.6223 0.6518 0.6053
NO; 10K6a 23.3 26.59 0.9620 —1.2132 0.9699
10K6b 11.3 18.68 0.9451 —0.8550 0.9309
10K6c¢ 0.0 14.97 0.9176 —0.6255 0.9176

Scheme 4. Definition of the « angle for 1,8-dihydroxy-9-anthrones as the angle between the side
rings planes.

Table 2 shows the energy differences between the keto and enol form. For each
substituent, the lowest energy has been obtained for the structure in the keto form with
two hydrogen bonds.

In order to better understand the influence of substituents and hydrogen bonds on the
aromaticity of the ring, the HOMA index was determined [42]. For the benzene aromatic
ring, the HOMA index is equal to 1, HOMA=0 for the hypothetical structure of 1,3,5-
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cyclohexatriene with the reference C-C and C=C bonds of buta-1,3-diene [42]; and for the
antiaromatic ring, it is negative.

_q_ X 2
HOMA =1 . Y (R, —R) (1)

R,—the optimized CC bond length of a perfectly aromatic system equal to 1.388 A.
R;j—determined bond length.

n—standardization constant of 257.7.

n—number of bonds.

The determined HOMA parameters for every ring of the investigated molecules are
presented in Table 2. Additionally, as it was done in the previous work [1], to show the
dependence of the particular geometry on the electron density, the value of the HOMA
parameter of the middle ring has been correlated with the « angle. In the previous work [1],
we determined the HOMA parameter for anthrones and anthraquinones with the same
substituents in the middle ring. All compounds, irrespective of the nature of the substituent
in the middle ring, which have OH groups in the side rings which do not form hydrogen
bonds with the adjacent carbonyl group (enones), are characterized by the lowest value of
the HOMA parameter for the middle ring. For the compounds investigated in this work
the HOMA values for the middle ring are lower, if the OH groups in the aromatic side
rings are not present. The presence of one or two hydrogen bonds in ketone form shifts
the HOMA value of the middle ring towards higher aromaticity. The highest values of
HOMA have been observed for all structures in the enol form with two hydrogen bonds.
The electron density of the middle ring is related to the « angle and both parameters can
be correlated (Figure 1). In Figure 1, the E and K6 structures have been used according
to Scheme 3. As the HOMA shifts towards higher aromaticity, the « angle decreases and
hence the molecule flattens out. Similar conclusions were obtained in the previous work [1].
The highest values of the alpha angle for the enol form were obtained for structures with a
bulky tert-butyl substituent.

10
. vy =-0.0047x + 0.6124
05 R2=0.4395
00 |
505 ¢ . y = 0.0009x- 0.0972x + 0.7734
5 .0 oy ® R2=0.8311
Ay A ¥, @
) B &.’_ ',
-15 F+ .® - * ™
B L 3L, a
=i ey
L J
-25 L ! ' L L
0 10 20 30 40 50 60
a [°]

Figure 1. Correlations between the HOMA parameter for the central ring and « angle: yellow—enols,
blue—ketones.

According to O$miatowski et al. [34], aromaticity and high m-electron delocalization in
the whole system in the enol form plays an important role and determines the tautomeric
preference of monohydroxyarenes. Nevertheless, high electron delocalization and stability
in individual rings of the condensed systems also affect tautomeric equilibrium in the
gas phase. The high HOMA in the side rings of the compounds affects the shift of the
tautomeric equilibrium toward the ketone form.



Molecules 2023, 28, 344

9 of 24

(a ©

3

0.25

02

Ellipticity

w

—

0.05

0

2.4. Electron Density and Ellipticity at Bond Critical Point

The ellipticity of the electron density at the bond critical point (BCP) gives information
about the nature of the C-C bond. A correlation between ellipticity and bond length for
C8a-C9 and C9a-C9 has been found (Figure 2). The ellipticity and the length of the C-C
bond in the middle ring is influenced by the form of the molecule is in and the number of
the hydrogen bonds. No effect of the substituent on ellipticity and bond length has been
noted. The highest ellipticity is observed for bonds in enol form. Suitable bond length
of the C8a-C9 bond is in the range of 1.406-1.419 A. The length of the C9a-C9 bond is in
a slightly larger range of 1.405-1.424 A. The smallest ellipticity and the highest C8a-C9
and C9a-C9 bond lengths are characteristic for the structures in the ketone form without
intramolecular hydrogen bonds. The bond lengths of C8a-C9 and C9a-C9 have also been
correlated with electron density at the BCP and the obtained correlation equations are:
y = —2.1207x + 2.0518, R? = 0.9986; y = —2.2251x + 2.0799, R? = 0.9971.

A

(b) 0.3

y=8.1013x>-25.273x + 19.78 0.25 . s‘l.':&.& v =7.9037x2 - 24.763x + 19.457
R?=0.9915 / R?=0.9909
02 g

0.05 D

Ellipticity
&1

1.4 1.42

0

1.44 1.46 1.48 1.5 1.52 14 1.42 1.44 1.46 1.48 15 1.52

Bond length [A] Bondlength [A]

Figure 2. Correlations between ellipticity and bond length for (a)—C8a-C9 bond, (b)—C9a-C9 bond.
Region A—enol, B—ketone form with two hydrogen bonds, C—ketone form with one hydrogen
bond, D—ketone form without hydrogen bonds.

2.5. Selected Bands in the Theoretical IR Spectra of Dihydroanthrones

To study the effect of the substituent on the IR spectra, vibrational frequencies have
been calculated for the favored structure in ketone form. In Table 3, the bands characteristic
for C=0 and OH groups are collected. For the NO, substituent, the strongest vasOH band
is observed at 3399 cm~!. This band repeats at a similar wavenumber for other substituents.
Similar wavenumber repetition is observed for the vibration of vCO and $0OH and the
bands are located close to 1636 and 1670 cm ™. For the structure with the NH, substituent,
the vibration of vCO; 50H; 6CH (C3, C4, C5, C6, C10) are observed at 1333 cm™~!, which is
not observed for other substituents.

Table 3. Selected bands without a scaling factor for the optimized dihydroanthrones. Only the
favored keto form (K6) with different substituents has been included.

Substituent

Wavenumber [cm—1] Int. [km/mol] Description

NO,

1381

109.2 vCO; d0OH; 6CH; vCN; vNO; vCC

1399

189.7 vCO; 50OH; 6CH; vCN; vNO; vCC

1519

230.8 vCO; 50OH; 5CH (side rings); vCC

1636

144.5 vCO; 60OH; 6CH; vCC

1670

261.2 vCO; 60H; 6CH; vCC

3399

520.1 vasOH

3427

50.2 vsOH
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Table 3. Cont.

Substituent Wavenumber [ecm—1] Int. [km/mol] Description
t-Bu 1502 213.1 vCO; 50H; 6CH; vCC (rings)
1634 286.5 vCO; 60OH; vCC (rings); 6CH (rings)
1662 193.3 vCO; 60H; vCC (rings); 8CH (rings)
3386 436.3 vasOH
3415 67.5 vsOH
COOH 1394 144.3 vCO; 0OH; 6CH; vCC
1518 213.9 vCO; 60H; 6CH; vCC
1635 186.8 vCO; 50OH; 6CH; vCC
1669 236.9 vCO; d0OH; 6CH; vCC
3389 561.5 vasOH
3418 51.6 vsOH
CHj 1389 96.2 vCO; 60H; 6CH; vCC (rings)
1515 236.5 vCO; 60OH; 5CH (rings); vCC (rings)
1633 254.5 vCO; 50OH; 6CH (rings); vCC (rings)
1668 192.3 vCO; 50OH; 5CH (rings); vCC (rings)
3372 601.1 vasOH
3403 45.1 vsOH
CHO 1514 209.6 vCO; 50OH; 5CH (side rings); vCC
1629 2794 vCO; 60OH; 6CH (side rings); vCC
1667 224.9 vCO; 60OH; 5CH (side rings); vCC
3381 574.2 vasOH
3411 46.4 vsOH
Cl 1395 118.7 vCO; 60H; 6CH (C2, C7); vCC
1517 237.3 vCO; 50OH; 5CH (side rings); vCC
1634 171.1 vCO; 60H; 6CH (C3, C4, C5, C6); vCC
1669 231.5 vCO; 50OH; 5CH (side rings); vCC
3381 504.5 vasOH
3417 49.1 vsOH
Et 1391 109.6 vCO; 50OH; 5CH (C2, C7); vCC (rings)
1514 223.9 vCO; 60OH; 6CH; vCO; vCC (rings)
1633 264.5 vCO; 50H; 6CH (C3, C4, C5, C6); vCC (rings)
1666 193.6 vCO; 50OH; 5CH (C2, C4, C5, C7); vCC (rings)
3377 559.1 vasOH
3407 51.4 vsOH
OH 1391 129.5 vCO; 50OH; 5CH (C2, C7, C10); vCC (rings)
1511 269.6 vCO; 60OH; 6CH (rings); vCC
1633 205.3 vCO; 5OH (side rings); 5CH (C3, C4, C5, C6); vCC
1668 200.7 vCO; 60OH (side rings); SCH (C2, C4, C5, C7); vCC
3377 586.9 vasOH

3407 45.7 vsOH
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Table 3. Cont.

Substituent Wavenumber [cm—1] Int. [km/mol] Description

NH; 1333 101.7 vCO; 60OH; 5CH (C3, C4, C5, C6, C10); SNH; vCC
1510 2449 vCO; 60OH; 5CH; 8NH; vCC; vCN
1635 252.2 vCO; 60H; 6CH; 6NH; vCC
1666 207.2 vCO; 0OH; 6CH; 6NH; vCC
3372 VasOH
3402 vsOH

H 1387 106.5 vCO; 60H; 5CH (C2, C7, C10); vCC
1518 2449 vCO; 50H; 6CH; vCC
1633 2422 vCO; 60H; 6CH; vCC
1668 188.4 vCO; 60OH; 5CH (C2, C4, C5, C7); vCC
3690 657.3 VasOH
3401 40.7 vsOH

2.6. Dipole Moment, Average Local lonization Energy, and Electrostatic Potential

The dipole moment of the molecule provides important information about its structure.
Table 4 shows the dipole moments of enol and ketone form with two hydrogen bonds. The
dipole moments are in the range of 0.78-2.84 D. The highest value is obtained for the 9Eb
structure. The COOH group significantly increases the polarity of the molecules. However,
with the increase of the non-polar carbon chain, the polarity of the molecules decreases
which can be observed in the structure with a tertbutyl substituted. Only in some cases (-Cl,
CHO, NO, substituents), the effect of the form of the compound on the dipole moment is
observed. For the compounds with other substituents the values of the dipole moment in
keto and enol form are very similar.

Table 4. Dipol Moment, Average Local Ionization Energy, Electrostatic Potential of enol and ketone
form with two hydrogen bonds.

X Isomer Dipol Moment [D] ALIE ESP

1Eb 1.79

1K6c 1.76
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Table 4. Cont.

X Isomer Dipol Moment [D] ALIE ESP

2Eb 1.80
NH,

2K6¢ 1.74

3Eb 1.33
OH

3K6c 1.13

3Eb 1.33
t-Bu

3Keéc 1.13
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Table 4. Cont.

X Isomer Dipol Moment [D] ALIE ESP

4Eb 1.73

Et
4K6¢ 1.76
6Eb 1.76

Me
6K6¢ 1.76
7Eb 1.95

Cl

7K6c 1.41
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Table 4. Cont.

X Isomer Dipol Moment [D] ALIE ESP

8Eb 2.90
CHO

8K6c 0.78

9Eb 2.84

COOH

9K6c 241

10Eb 2.66
NO,

10K6c 1.54
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Average local ionization energy (ALIE) is a function to reveal regions containing
highly reactive electrons in chemical system. The surface used for presentation of the local
ionization energy is plotted on p = 0.0005 a.u. isosurface. Light blue spheres correspond
to ALIE minima on the isosurface, revealing favorable sites of electrophilic attack. Darker
blue color reveals relatively low ALIE regions. In this region, the electrons have relatively
high reactivity.

In the structure of the hydrogen-substituted enol form, electrophilic attack is possible
on C10 and on carbon atoms in the side rings, which are not common with the middle
ring. In the enol form, the C10 atom is not subject to electrophilic attack. The electron
donor substituent in the 2Eb structure directs the electrophilic attack to the side ring atoms
that are not in common with the middle ring. In the ketone form 2Kéc, the electrophilic
attack is directed at the NH, substituent. The OH substituent in the 3Eb structure revealed
a favorable site of electrophilic attack on the carbon atoms of the side rings, which are
not shared with the middle ring. In the enol structure, the site of electrophilic attack is
the carbon atoms in the side rings that are not shared with the central ring. The site of
electrophilic attack becomes less sensitive in the keto structure.

Electrostatic potential (ESP) is popular to visualize the electrostatic nature of molecules.
It gives information about the chemical reactivity of a molecule indicating positively and
negatively charged fragments of the molecule. For the structures in Table 4, the blue surface
corresponds to minimal and red to maximal value of ESP.

For the enol form, the minimum of ESP is located at the oxygen atom not accepting the
proton what is connected with the oxygen lone pairs. In the ketone forms, the minimum
of ESP is distributed on the oxygen atoms in the side rings OH groups at the and at CO
in the middle ring. In addition, the minimum of ESP is observed on COOH, NO;, and Cl
substituents and on the oxygen from CHO group. In the enol form, the maximum of ESP is
accumulated on one of the hydrogen atoms in the OH group at the side ring.

2.7. Prototropy

Structures with OH and CHO substituents have labile protons, as they move around
the molecule, can form a combination of different types of prototropic transformations [43].
Figure 3 shows all possible prototropic forms for OH-substituted 1,8-dihydroxy-9-anthrone.
Five prototropic forms are obtained for the OH substituent and one for the CHO substituent
(Figure 4). AE values, which are calculated relative to the isomer with the lowest energy,
are placed under the structures. The highest energy for the OH substituent is obtained for
the 3K5-C9a4aH structure, with a single bond between the C9a-C4a atoms. The most close
in energy to the 3K6c structure is 3K6-C23H, which has a single bond between C2-C3 atoms.
The only one prototropic transformation that has been obtained for the CHO substituent is
very close energetically to the 8K6¢ structure (AE = 2.2 kcal/mol).

2.8. Antioxidant Activities

An important parameter for predicting antioxidant properties is the bond dissociation
enthalpy (BDE) of the OH bond at C9 in enol form. The BDE of OH has been determined
using the calculated total enthalpies (2). Additionally, BDE for C-H at C10 in keto form has
been determined (3).

BDE(O — H) = H(enolO) — H(H') + H(enolOH) )

AH = BDE(C — H) — BDE(O — H) ®)
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Figure 3. Possible prototropic forms for OH-substituted anthrone.

Investigation of the Substituents Effect on BDE (O-H) and BDE (C-H)

Table 5 shows the thermodynamic data for the tautomerization reaction. BDE values
are given for C-H at C10 in keto form and O-H bond at C9 in the enol form. Structures with
two and one intramolecular hydrogen bond have been considered. The low BDE(O-H)
ensures easier detachment of hydrogen from the hydroxyl group. A low BDE(C-H) causes
that the hydrogen attached to the C10 is easily removed by radicals [12]. A strongly
electron-withdrawing substituent in the central ring like NO, causes a significant increase
of BDE(O-H) and BDE(C-H) in a structure with two intramolecular hydrogen bonds com-
paring to the unsubstituted structure. In structure with NO, and one hydrogen bond slight
increase of BDE(O-H) has been observed as well as a slight decrease of BDE(C-H) compar-
ing to the unsubstituted structure. This means that the presence of the NO, substituent
and two intramolecular hydrogen bonds makes more difficult detaching the hydrogen
atom from the OH and CH group. The electron donating substituent (NH;) causes a slight
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decrease in the BDE(O-H) value relatively to the unsubstituted molecule in structures with
two and one intramolecular hydrogen bond. Thus, it is easier to detach the hydrogen
from the OH group at C9 in enol form relatively to the unsubstituted structure. However,
according to Korth and Mulder, a low BDE(O-H) alone does not make a compound a good
antioxidant [12]. The opposite situation has been observed for BDE(C-H). The NH;, group
caused a slight increase in the BDE(C-H) which means that it is more difficult to detach the
hydrogen atom relatively to the unsubstituted structure. Similar BDE(O-H) results were
obtained by Lucarini and Pedulli [26].

(a)

O/H“"o”"n\o O/HM‘O|‘:'H\0
Jy I !

3K6¢ 3K6-C23H 3K6-C9H
0.0 kcal/mol 7.6 kcal/mol 16.7 kcal/mol
H. H H. H H._ H
o~ o~ \\o o ““~o"’ \\o o ‘~o"’ \\o
| ! !
3K6-C4adH 3K6-C9alH 3K6-C9adaH
24.7 kcal/mol 27.4 kcal/mol 30.3 kcal/mol
(b) H. H H. H
o ol So o~ '"-o"" o
e
0 HO
SKé6¢ 8K6-OH
0.0 kcal/mol 2.2 kcal/mol

Figure 4. Prototropic tautomers and AE at 298 K: (a)—OH substituent, (b)—CHO substituent.
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Table 5. Enthalpy (AH) and Free Energy (AG) at 298 K for Tautomerization and the Bond Dissociation
Enthalpy, BDE, in the enones (C-H) and in the enols (O-H). Structures without substituents are

marked gray.
AH [kcal/mol]  AG [kcal/mol] TAS BDE(C-H) BDE(O-H)
10K6c = 10Eb —-17.3 —16.8 —7.82 x 10* 79.0 96.3
Ké6c = 4Eb —18.2 —17.2 —1.61 x 10% 59.8 78.0
9K6¢ = 9Eb —-12.0 —11.8 —2.94 x 10* 69.2 81.1
6K6c = 6Eb —17.1 —15.1 —3.18 x 10° 61.8 78.9
8K6¢ = 8Eb —154 —-15.0 —6.81 x 10* 65.5 80.9
7K6c = 7Eb —15.9 —14.9 —1.58 x 10% 64.0 79.9
5K6¢ = 5Eb —16.7 —15.4 —2.15 x 10° 62.6 79.4
3K6c = 3Eb —11.9 —10.8 -1.73 x 10% 65.6 775
2K6c = 2Eb —-7.0 —-5.6 —2.11 x 10° 68.7 75.6
1K6c = 1Eb —14.6 —13.8 —1.27 x 10% 65.6 80.1
10K6b = 10Ea —-129 —-125 —5.57 x 10* 76.0 88.9
4K6b = 4Ea —14.8 —13.6 —1.89 x 10° 69.7 84.5
9K6b = 9Ea —11.5 —-11.2 —528 x 10* 76.7 88.2
6K6b = 6Ea —-93 —7.1 —3.51 x 10° 76.4 85.7
8K6b = 8Ea —-10.6 —-104 —2.90 x 10* 78.4 89.0
7K6b = 7Ea —12.1 —11.4 —1.04 x 10° 74.8 86.8
5K6b = 5Ea —6.1 —4.9 —1.83 x 10° 80.2 86.3
3K6b = 3Ea —8.7 —8.1 —1.01 x 10° 75.7 84.4
2K6b = 2Ea —4.1 —2.7 —2.25 x 10° 78.5 82.6
1K6b < 1Ea —10.1 —9.8 —5.64 x 10* 76.9 87.0

2.9. Hydrogen Bonds

Due to the presence of intramolecular hydrogen bonds, it is important to study their
influence on the antioxidant potential and the tautomeric balance. In the conducted analysis,
it is noticed that the BDE(O-H) and BDE(C-H) values are lower for the structures with two
hydrogen bonds than with one hydrogen bond. Therefore, the presence of two hydrogen
bonds increases the antioxidant properties of the compounds.

Hydrogen bonds have a significant impact on the enthalpy difference between ketone
and enol structure. The free enthalpy difference between the ketone and enol form is
greater for structures with two hydrogen bonds than for structures with one hydrogen
bond. This means that two intramolecular hydrogen bonds have a greater effect on shifting
the equilibrium towards the ketone form than the presence of one hydrogen bond.

To better illustrate the differences in energy associated with the presence of hydro-
gen bonds, Scheme 5 shows a cycle of changes in energy for 1,8-dihydroxy-9-anthrone.
When, in ketone form, the hydrogens of the OH groups in the side aromatic rings are
directed towards the center ring, hydrogen bonds are formed. The energy differences
between 1K6a=1K6b, 1K6b=1Ké6c, and 1Ea=1ED are the hydrogen bond energies. Higher
intramolecular hydrogen bond energy is observed for structures in the ketone form with
two intramolecular hydrogen bonds.

The energy of intramolecular hydrogen bonds is influenced by the substituents in the
middle ring. For most compounds in the ketone form, the hydrogen bond energy is close
to 12 kcal/mol. Form compounds in the enol form it is 8 kcal/mol. The exceptions are the
compounds in the ketone form with COOH, CH3, Cl, and CH,CH3 substituents, in which
the energies of the hydrogen bond are within the range of 8-19 kcal/mol.
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Scheme 5. Energy differences [kcal/mol] between the structures of the unsubstituted 1,8-dihydroxy-
9-anthrone.

2.10. Influence of the Substituent on the Transition State

To better understand the proton transfer between the ketone and enol form, the most
probably transition state has been optimized. According to Rubén Marrero-Carballo et al. [15],
proton transfer in the ketone form occurs from the methyl group in the middle ring to the
oxygen in the carbonyl group to form the enol form. In the current work, the same proton
pathway has been used but the effect of three different substituents in the middle ring on
the transition state geometry and energy has additionally been investigated. Substituents
that accept electrons from the middle ring or donate them to the ring have been chosen.

All substituents have subtle effects on the transition state energies (Table 6). The
differences in the transition state energies of the hydrogen atom-substituted structure and
the NO, group-substituted structure are very similar. Despite the difference in the nature
of the selected substituents, no direct interactions between the traveling proton and the
substituents are observed.

Table 6. Energies at 298 K for optimized structures of the transition state, the reactants, and products
for 1,8-dihydroxy-9-anthrone with different substituents.

AE [kcal/mol]
Substituent Reactant Transition State Product
H 0 111.793 14.828
OH 0 105.881 12.503
NH, 0 95.353 7.501
NO, 0 111.648 17.800

For every transition state, the hydrogen bonds between the OH groups at the side rings
and the CO group in the middle ring are broken. In the case of NH; and OH substituents,
the hydrogens from the side OH groups are directed toward each other (Figure 5). Only in
the case of the NO; substituent, both hydrogens from the OH groups face one direction.
This is most likely due to the mesomeric effect of the NO, group. In addition, the angle
of the CO bond to the plane of the central ring constructed with four carbon atoms in
common with the side aromatic rings has been investigated. The smallest angle is for the
structure with the NO, substituent, which pulls electrons out of the ring. On the other
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hand, the highest angle has been obtained when the substituent is the NH; group, which is
an electron donor.

Figure 5. Transition state for 1,8-dihydroxy-9-anthrone without substituent—(a), with OH
substituent—(b), with NH,—(c), and with NO,—(d).

2.11. Transition State for the Keto-Enol Reaction with Pyridine

Another proton transfer pathway has been carried out with the help of a pyridine
molecule as a carrier [15] for the keto-enol reaction of 1,8-dihydroxy-9-anthrone substituted
with NO,, OH, and H (Table 7). The lowest energy has been obtained for the initial state-
pyridine with a substituted anthralin structure in the ketone form K + Pyr. In the first step,
the proton from C10 is transferred to the nitrogen atom in the pyridine molecule. AG for the
NO, substituent is 17.60 kcal /mol and for the OH substituent AG is equal to 17.34 kcal /mol.
The lowest transition state energy TS1 of 8.37 kcal/mol has been obtained for the hydrogen
atom substituted structure. The next step on the reaction progress is the formation of the
INT1 ion. The nitrogen in the pyridine moves toward the oxygen in the middle ring of
the substituted anthralin to form a hydrogen bond. This results in the formation of an ion
pair (INT2). In order for the protonated pyridine to release a proton into oxygen yielding
the enol form E + Pyr, a low free energy is needed. In the case of the NO, substituent,
the AG is 13.93 kcal/mol, in the case of the OH group it is only 3.74 kcal/mol and for the
H substituent-10.18 kcal /mol. For a better illustration of the reaction pathway involving
pyridine, are provided figures showing each step of the reaction (Figure 6).

Table 7. Relative enthalpies, entropies, and Gibbs energies (kcal/mol) at 298 K for the station-
ary points involved in the pirydyne catalyzed tautomeric reaction of antralin with two different
substituent (in gas phase).

Substituent Compound AG [kcal/mol] AH [kcal/mol] TAS
NO, K+ Pyr 0.00 0.00 0.00
TS1 17.60 15.75 —1.85
INT1 8.83 5.42 —3.41
INT2 14.77 12.91 —1.86
TS2 23.52 19.98 —3.54

E + Pyr 9.59 11.08 1.49
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(b)

AG |keal/mol]

Table 7. Cont.

Substituent Compound AG [kcal/mol] AH [kcal/mol] TAS
OH K + Pyr 0.00 0.00 0.00
TS1 17.34 15.48 —1.86
INT1 14.38 11.73 —2.65
INT2 5.59 5.02 —0.57
TS2 6.93 6.07 —0.86

E + Pyr 3.19 5.13 1.94

H K+ Pyr 0.00 0.00 0.00
TS1 8.37 7.89 —0.48
INT1 19.34 17.04 —2.30
INT2 10.86 10.68 —0.18

TS2 17.60 17.60 0.00

E + Pyr 7.42 10.08 2.66

Ts2
235
Isl
176
INT2.
- 14.8
i " E+Pyr
; UNT 20
i 8.8
K+Pyr!
0.0

Reaction progress

K+Pyr TS1 INT1

INT2 TS2 E+Pyr

Figure 6. Steps of proton transfer reaction involving pyridine for 1,8-dihydroxy-9-anthrone with NO,
substituent, (a)—Reaction progress AG [kcal/mol] at 298 K, (b)—optimized structures.
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2.12. Theoretical Reaction Rate Constants

The rate constants in Table 8 illustrate how slow the conversion of the keto form to
the enol form in 1,8-dihydroxy-9-anthrone molecules is. Comparison of the rate constants
for the keto-enol reaction in substituted 1,8-dihydroxy-9-anthrones indicates that this
reaction is not sensitive to substitution, except for the substitution of the NH, group, which
accelerates the investigated reaction.

Table 8. Thermodynamic parameters for the keto-enol reaction of 1,8-dihydroxy-9-anthrone.

Substituent A+H° (298 K) [kcal/mol] A+G° (298 K) [kcal/mol] k (298 K)
H —14.58 —~13.78 3.13 x 107%
NH, —6.96 —5.64 4.85 x 10754
NO, —17.32 —16.83 8.49 x 1070
OH —11.92 —-10.83 1.21 x 10761

The addition of pyridine changes the reaction mechanism, making it a two-stage
process, with the second stage clearly faster. In the case of both stages of the reaction,
the effect of the substituent on the reaction rate is visible (Table 9), which is particularly
evident in the case of the second stage of the reaction of the OH-substituted 1,8-dihydroxy-
9-anthrone.

Table 9. Thermodynamic parameters for the keto-enol reaction of 1,8-dihydroxy-9-anthrone with
participation of pyridine.

ArH; (298 K) ArG; (298 K)

ArH, (298 K) ArG, (298 K)

Substituent [keal/mol] [kcal/mol] ky (298) [kcal/mol] [keal/mol] k; (298 K)
H —17.04 —19.34 1.42 x 1072 0.59 3.44 7.09 x 107
NO, —5.43 —-8.83 7.80 x 101 1.83 5.19 2.38 x 10°
OH —11.73 —14.38 1.21 x 10° —-0.11 2.41 3.66 x 10

3. Conclusions

The lowest energy structure is the K6 tautomer, which represents the ketone form.

The intramolecular hydrogen bond affects the geometry of 1,8-dihydroxy-9-anthrone.
The changes of the « angle, which is the angle between the planes of the side rings, and
so representing the general shape of 1,8-dihydroxy-9-anthrone, is sensitive to the OHO
hydrogen bonds.

The electronodonor and electronoacceptor properties of the substituent in the middle
ring as well as the presence of intramolecular hydrogen bonds affects the antioxidant
properties of 1,8-dihydroxy-9-anthrone. The greatest decrease in BDE(O-H) has been
obtained for the structure with the NH; substituent in the middle ring. Therefore, this
compound can be expected to have the highest antioxidant properties.

The energy of the transition state in the keto-enol reaction in 1,8-dihydroxy-9-anthrone
is unsensitive to the properties of the substituents in the central ring.

Taking into account the AH and the HOMA of the side aromatic rings, the preferred
structure is the ketone form regardless the nature of the substituent in the middle ring of
1,8-dihydroxy-9-anthrone.

The keto-enol transformation in 1,8-dihydroxy-9-anthrone is significantly faster in the
presence of pyridine.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28010344 /51, Table S1: Bond lengths in crystal structures
of 1,8-dihydroxy-9-anthrone derivatives.
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