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Streszczenie rozprawy w jezyku polskim

Wykorzystanie metod in silico stanowi obecnie integralng czes¢ badan prowadzonych
nad substancjami waznymi biologicznie. Postep technologiczny zwigkszajacy moc
obliczeniowgq i dokladno$¢ stosowanych modeli pozwala na przyspieszenie pracy i
zmniejszenie kosztow. W rozprawie opisano wyniki badan nad wystepujacymi
naturalnie pochodnymi ugrupowania podwdjnego antronu. Zwiazki posiadajace to
ugrupowanie charakteryzujaq si¢ licznymi wlasciwosciami farmakologicznymi i
znajduja zastosowanie w farmacji i medycynie. Skupiono si¢ na czasteczkach
hiperycyny, sennidyn oraz fagopiryn znajdujacymi si¢ w roslinach z rodzaju
Hypericum, Senna i Fagopyrum. Analiza struktury przestrzennej i elektronowej



wykazata, ze czasteczki te sa wrazliwe na wewnatrzczasteczkowe oddziatywania
wystepujace pomiedzy podstawnikami obecnymi w ich ukladzie policyklicznym.
Wykazano, ze obecne w tych zwigzkach ugrupowanie podwojnego antronu
charakteryzuje si¢ znacznym odchyleniem od ptaskosci. W przypadku hiperycyny i
fagopiryn analiza oddziatywan w ich czasteczkach przeprowadzona z
wykorzystaniem metod QTAIM i NCI wykazata obecnos¢ sprzezonego ukltadu
wigzant wodorowych OHO. Ze wzgledu na obecnos¢ podstawnikéw piperydyny i
pirolidyny w czasteczkach fagopiryn zaobserwowano dodatkowo mozliwos¢
utworzenia wewnatrzczasteczkowych oddzialywan o charakterze wigzania
wodorowego OHN z atomem azotu. Podstawienie policyklicznego uktadu pierscieni
i wystepowanie wewnatrzczasteczkowych oddzialywan ma wpltyw na gestos¢
elektronowa w czasteczce hiperycyny i fagopiryn. W celu zbadania delokalizacji
gestosci elektronowej w ich ukladzie policyklicznym postuzono sie analiza
aromatycznosci wedtug przy uzyciu parametréow HOMA oraz NICS i analizg
ruchliwosci elektrondw z wykorzystaniem programu ACID. Wykazano, ze w
czasteczce hiperycyny ma miejsce petna delokalizacja gestosci elektronowej w
obszarze catego ugrupowania antronowego. Analiza konformacyjna przeprowadzona
dla czasteczek fagopiryn i sennidyn pozwolita na okreslenie struktur reprezentujacych
minima energetyczne. Na ich podstawie zaproponowano mozliwe konformacje
obecne w materiale roslinnym. W przypadku fagopiryn energetycznie preferowane sa
konformery zawierajace najwieksza liczbe wewnatrzczasteczkowych wiazan
wodorowych OHO i OHN. W przypadku struktur sennidyn analiza konformacyjna
oparta o rotacje ugrupowan antronowych sugeruje wystepowanie licznych
konformeréw charakteryzujacych si¢ obecnoscig wiazann wodorowych OHO. Analiza
pojedynczego wiazania C-C, taczacego ugrupowania antronowe w czasteczkach
sennidyn wykazata jego obnizona energie, w zwiazku z czym wiazanie to jest fatwe
do zerwania. Dodatkowo analiza ruchliwosci elektronéw z wykorzystaniem
programu ACID wykazuje ich zmniejszona ruchliwo$¢ w obszarze tego wigzania.
Wyniki te wyjasniaja preferencyjny rozpad czasteczek sennidyn na monoantrony w
ukfadzie pokarmowym. Otrzymane wyniki moga stanowi¢ pomoc w badaniach nad
czasteczkami zawierajacymi ugrupowanie podwdjnego antronu i ich zastosowaniu w
farmacji i medycynie.

Summary in English

The use of in silico methods is now an integral part of research on biologically
important substances. Technological progress increasing the computing power and
accuracy of the models used allows for speeding up work and reducing costs. The
thesis describes the results of research on naturally occurring derivatives of the double
anthrone group. Compounds containing this moiety are characterized by numerous
pharmacological properties and are used in pharmacy and medicine. The focus was
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on hypericin, sennidin and fagopyrin molecules found in plants of the genus
Hypericum, Senna and Fagopyrum. The analysis of the spatial and electronic structure
of compounds with this group has shown that these molecules are sensitive to
intramolecular interactions occurring between the substituents present in their
polycyclic system. It was shown that the double anthrone moiety present in these
compounds is characterized by a significant deviation from flatness. In the case of
hypericin and fagopyrins, the analysis of interactions in their molecules using the
QTAIM and NCI methods showed the presence of a conjugated system of OHO
hydrogen bonds. Due to the presence of piperidine and pyrrolidine substituents in the
fagopyrine molecules, the possibility of creating intramolecular interactions of the
OHN hydrogen bond with the nitrogen atom was additionally observed. The
substitution of the polycyclic ring system and the occurrence of intramolecular
interactions affect the electron density in the molecule of hypericin and fagopyrins.
They have numerous pharmacological properties and are used in pharmacy and
medicine. The focus was on hypericin, sennidin and fagopyrin molecules found in
plants of the genus Hypericum, Senna and Fagopyrum. In order to study the
delocalization of the electron density in their polycyclic system, the analysis of
aromaticity using the HOMA and NICS parameters and the analysis of electron
mobility using the ACID program were used. It was shown that in the hypericin
molecule there is a complete delocalization of the electron density in the area of the
entire anthrone group. Conformational analysis of fagopyrins and sennidins allowed
to determine structures representing energy minima. On their basis, possible
conformations present in the plant material were proposed. In the case of fagopyrins,
conformers containing the largest number of intramolecular hydrogen bonds OHO
and OHN are energetically preferred. In the case of sennidine structures,
conformational analysis based on the rotation of anthrone groups suggests the
presence of numerous conformers characterized by the presence of OHO hydrogen
bonds. The analysis of the single C-C bond connecting the anthrone groups in
sennidine molecules showed its reduced energy, therefore this bond is easy to break.
In addition, the analysis of electron mobility using the ACID program shows their
reduced mobility in the area of this bond. These results explain the preferential
breakdown of sennidine molecules into monoanthrones in the digestive system. The
obtained results may be helpful in research on molecules containing a double anthrone
group and their application in pharmacy and medicine.

Wprowadzenie

Ugrupowanie podwdjnego antronu wystepuje w przyrodzie w wielu
zwiazkach biologicznie czynnych. Rosliny z rodzaju Hypericum, Senna i Fagopyrum
zawieraja odpowiednio hiperycyne, sennidyny i fagopiryny. Znajduja one
zastosowanie w leczeniu schorzen i w projektowaniu nowych terapii celowanych!
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Hiperycyna wykazuje wlasciwosci przeciwnowotworowe, przeciwbakteryjne,
przeciwzapalne oraz posiada tagodne wiasciwosci przeciwdepresyjne.' Jej struktura
molekularna zawiera silny chromofor i podczas wzbudzenia promieniowaniem
elektromagnetycznym z zakresu widzialnego wykazuje intensywna, czerwona
fluorescencje. Niewielkie przesunigcie Stokesa i mozliwos¢ wzbudzenia tej czasteczki
swiatlem widzialnym pozwala na bezpieczne wykorzystanie hiperycyny w terapii
fotodynamicznej.>” Dodatkowo ze wzgledu na selektywnos¢ wzgledem
zdegenerowanych tkanek i wlasciwosci farmakokinetyczne stanowi ona jeden z
lepszych generatoréw reaktywnych form tlenu w komorce nowotworowej prowadzac
do jej apoptozy, jednoczesnie omijajac zdrowe komorki.”

Podobne wlasciwosci wynikajace ze struktury molekularnej i elektronowej
majq czasteczki fagopiryn.® Popularnym materialem rodlinnym zawierajacym te
substancje jest kasza gryczana. Struktura fagopiryn, w odréznieniu od hiperycyny,
zawiera podstawniki piperydynowe i pirolidynowe. Po wzbudzeniu czasteczki
tagopiryn oddaja zgromadzong energie czasteczce tlenu, dzigki czemu produkowane
sg reaktywne formy tlenu zdolne do niszczenia komorek.’ Pozwala to na potencjalne
wykorzystanie fagopiryn w terapii fotodynamicznej. Fototoksycznos¢ fagopiryn jest
na tyle duza, ze zwierzeta karmione pasza bogata w Fagopyrum moga by¢ uczulone na
swiatlo.12 Tak jak w przypadku wyciagu z dziurawca, stanowigcego surowiec
roslinny do ekstrakcji hiperycyny, nie jest zalecane spozycie roslin z rodzaju
Fagopyrum w czasie duzej ekspozycji na swiatlo stoneczne.

Kolejna grupa zwiazkow zawierajacych ugrupowanie podwdjnego antronu sa
sennidyny. Naturalnie wystepuja one w formie czterech glikozyddw, oznaczanych
odpowiednio jako sennozydy A-D.-'® W odroéznieniu od hiperycyny i fagopiryn,
sennozydy iich aglikonowe formy — sennidyny zawieraja pojedyncze wigzanie taczace
dwa ugrupowania monoantronu. Dzigki takiej strukturze mozliwa jest rotacja
czasteczki wokot osi tego wigzania i tworzenie wewnatrzczasteczkowych odziatywan,
ktore wptywaja na strukture elektronowa sennidyn, a przez to na ich wlasciwosci
fizykochemiczne i farmakologiczne. Lis¢ senesu stanowiacy preparat farmaceutyczny
zawierajacy sennozydy i sennidyny wykazuje dziatanie przeczyszczajace i przeciw
zaparciom.'”!® Stosowany jest u pacjentow poddanych terapii opiatami. Dodatkowa
cecha sennidyn jest ich selektywnos¢ wobec zdegenerowanych tkanek, co po raz
kolejny w przypadku pochodnych podwdjnego antronu, pozwala na wykorzystanie
ich do bioobrazowania i w terapiach celowanych, miedzy innymi w leczeniu

miokardii.1®20

Duza liczba zastosowan zwiazkow zawierajacych ugrupowanie podwojnego
antronu wynika z ich specyficznych wlasciwosci fizykochemicznych, a te z kolei sa
uwarunkowane ich struktura przestrzenna i elektronowa. Nowoczesne projektowanie



lekow oraz poszukiwanie potencjalnych wlasciwosci farmakologicznych opieraja sie
na wykorzystaniu metod obliczeniowych, ktore stanowia pomoc we wstepnym
okreslaniu wlasciwosci znanych lekéw oraz przesiewowym testowaniu nowych
pochodnych. Dzigki wykorzystaniu metod teoretycznych mozliwe jest projektowanie
nowych molekul, syntez oraz okreslanie wlasciwosci fizykochemicznych lekow na
postawie symulacji ich budowy, oddzialywann wewnatrzczasteczkowych i
oddziatywania z rozpuszczalnikiem. Wykorzystanie metod obliczeniowych wiaze sie
ze zmniejszeniem kosztow badan, co ma znaczenie w przypadku pracy z lekami
wykazujacymi niskg termo- i fotostabilnos¢. W przypadku lekow roslinnych, do
ktorych naleza preparaty zawierajace ugrupowanie podwojnego antronu
dodatkowym atutem metod obliczeniowych jest oszczednos¢ czasu i odczynnikow
uzywanych w czesto wieloetapowym procesie ekstrakcji.

W pracach wchodzacych w zakres niniejszej rozprawy skupiono si¢ na analizie
struktury przestrzennej i elektronowej, analizie konformacyjnej, wyznaczeniu
podstawowych parametrow badanych pochodnych takich jak aromatycznosc,
anizotropia tadunku, dysocjacja wiazania, okreslenie parametrow wigzan
wodorowych, okreslenie oddziatywan o charakterze niekowalencyjnym oraz
symulacji widm IR i UV-Vis wybranych pochodnych podwdjnego antronu. Dane
prezentowane w pracach stanowig pomoc w badaniach nad zwigzkami o
ugrupowaniu podwojnego antronu i ich potencjalnym zastosowaniem w farmacji i
medycynie.
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Rysunek 1 Struktura (1) ugrupowania podwdjnego antronu w czqsteczkach fagopiryn i hiperycyny, (2) sennidyny A, (3)
sennidyny B, (4) sennidyny C, (5) sennidyny D



Cel pracy

Celem pracy bylo wykorzystanie metod obliczeniowych do okre$lenia
struktury przestrzennej i elektronowej, okreslenia parametréw fizykochemicznych,
oddzialywan wewnatrzczasteczkowych oraz symulaca widm IR i UV-Vis w
czasteczkach pochodzenia naturalnego zawierajacych ugrupowanie podwdjnego
antronu — hiperycyny, sennidyn oraz fagopiryn.

Metodyka

Wyznaczenie struktury przestrzennej i analiza konformacyjna zostaty
wykonane przy uzyciu oprogramowania Gaussian 16%. Struktury optymalizowano do
minimoéw lokalnych, prowadzac za kazdym razem obliczenia czestosci. Optymalizacje
czasteczek prowadzono z wykorzystaniem metody B3LYP/6-311++G(d,p) =z
uwzglednieniem  dyspersji Grimmea - GD3?2 Do obliczen efektow
rozpuszczalnikowych wykorzystano wbudowany w oprogramowanie Gaussian
model PCM.2! Analize QTAIM (Quantum Theory of Atoms In Molecules)
przeprowadzono z wykorzystaniem oprogramowania AIMALL.? Analize
oddzialywan o charakterze niekowalencyjnym wykonano przy uzyciu modelu NCI
(Non-Covalent Interactions).?* Analize anizotropii tadunku w czasteczce wykonano
przy uzyciu programu ACID.? Aromatycznos¢ wyznaczono w oparciu o parametr
HOMAZ? oraz NICS,” wykorzystujac w tym celu dane wyjsciowe z oprogramowania
Gaussian 16 oraz AROMA?Z. Analize widm elektronowych prowadzono =z
wykorzystaniem oprogramowania ADF.?

Wyniki
Hiperycyna

Z budowy przestrzennej i elektronowej czasteczki bezposrednio wynikaja jej
wlasciwosci fizykochemiczne i farmakologiczne. Interesujacym aspektem budowy
czasteczki hiperycyny jest jej oSmiopierscieniowa struktura podwdjnego antronu
stanowigca rdzen czasteczki. Czasteczka hiperycyny zawiera dwie grupy
karbonylowe, sze$¢ grup hydroksylowych i dwie grupy metylowe lezace w
niewielkiej odleglosci od siebie, co umozliwia wystepowanie szeregu
wewnatrzczasteczkowych oddziatywan. Oddzialywania te moga wplywad¢ na
policykliczny rdzen podwodjnego antronu, zmieniajac jego budowe i przez to
warunkujac specyficzne wlasciwosci i zastosowanie czasteczki. Dla czasteczki



hiperycyny zbadano aromatycznos¢ poszczegdlnych pierScieni oraz jej gestosc
elektronowa.®® Wstepnym etapem pracy byla optymalizacja struktury pozwalajaca
ustali¢ jej budowe przestrzenng i wewnatrzczasteczkowe oddziatywania. Nastepnie
optymalizujac odpowiednie struktury wyjasniono wplyw poszczegdlnych
podstawnikdéw na budowe hiperycyny.

Rysunek 2 Oznaczenia pierscieni (A-H) oraz atoméw wegla (1-14d) w czqsteczce hiperycyny

W przypadku policyklicznego rdzenia hiperycyny waznym zagadnieniem jest jego
aromatycznos¢. Zgodnie z regula Clara stanowiaca podstawe do okreslania
aromatycznosci pierScieni w zwiazkach policyklicznych mozliwe jest otrzymanie
czterech struktur stanowiacych izomery czasteczki hiperycyny. Reprezentuja one
rozna lokalizacje pierscieni aromatycznych w czasteczce (Rysunek 3).

(1) HO o] HO (2) HO o] HO

Rysunek 3 (1-4) Izomery hiperycyny



Zgodnie z wymieniona regula izomer posiadajacy najwieksza ilo$¢ sekstetow -
elektronowych, inaczej okreslanych jako pierscienie aromatyczne, jest energetycznie
uprzywilejowany. Mozna zatem spodziewac si¢ jego wystepowania w warunkach
naturalnych. Zgodnie ze schematem zamieszczonym na Rysunku 3 struktura trzecia
(c), charakteryzujaca si¢ wystepowaniem szesciu pierscieni aromatycznych zawiera
najwieksza liczbe sekstetow elektronowych i to ona powinna by¢ preferowana w
zwigzkach pochodzenia naturalnego. Pierscienie ,puste” oznaczone jako B i G,
zlokalizowane zgodnie ze schematem zamieszczonym na Rysunku 2 wplywaja na
strukture czasteczki oddalajac ja od ptaskosci.

Kolejnym czynnikiem majacym wplyw na strukture hiperycyny sa podstawniki
hydroksylowe i karbonylowe. W czasteczce hiperycyny mozna wyrdézni¢ dwa
obszary. Obszar ,zatoki” odnoszacy si¢ do dwdch grup hydroksylowych znajdujacych
si¢ na atomach wegla numer 3 i 4 (Rysunek 2) oraz obszar , antronowy” tworzacy
uklad dwoch grup hydroksylowych sasiadujacych ze srodkowa grupa karbonylowa.
Bliskie potozenie podstawnikéw w obu przypadkach pozwala na tworzenie wigzan
wodorowych zaréwno w ukladzie antronowym, jak i w obszarze zatoki. Silne
wiazania wodorowe moga wplywac stabilizujaco na policykliczny uklad w czasteczce

hiperycyny.

Kolejnym czynnikiem ksztattujacym strukture przestrzenna hiperycyny sa
potozone blisko siebie, przy atomach wegla 10 i 11, grupy metylowe. Bliskie
sasiedztwo tych podstawnikéw moze generowa¢ zawade steryczng i wplywad
deformujaco na centralny uklad policykliczny. Jak wiec widaé w czasteczce
hiperycyny istnieje wiele czynnikow wplywajacych potencjalnie na odchylenie od
struktury planarnej, co ma znaczenie z punktu widzenia projektowania oddziatywan
z biatkami oraz wlasciwosci spektroskopowych w terapii fotodynamicznej.

W celu wyznaczenia oddzialywan wewnatrzczasteczkowych w czasteczce
hiperycyny postuzono si¢ metodg NCI* oraz QTAIM?3!.
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Rysunek 4 Model NCI wygenerowany dla czqsteczki hiperycyny. Niebieskie powierzchnie odpowiadajq oddziatywaniom
przyciggajacym, czerwone — odpychajgcym, a zielone oddziatywaniom o charakterze dyspersyjnym

Charakterystycznym dla czasteczki hiperycyny jest wielkokrotne podstawienie
grupami hydroksylowymi, karbonylowymi oraz metylowymi. Powierzchnie o
kolorze fioletowym wskazuja na wystepowanie silnego wigzania wodorowego.
Mozna zaobserwowac obecnos¢ tych oddziatywan zaréwno w obszarze zatoki jak i w
obszarze antronowym, charakterystycznym dla ugrupowania podwojnego antronu
jak i monoantronow. Obliczenia NCI oraz QTAIM przeprowadzone dla czasteczki
hiprycyny wskazuja, ze uklad wiazan wodorowych w obszarze antronowym jest
energetycznie preferowany. Optymalizacja czasteczki z rozerwanym wigzaniem
wodorowym w obszarze antronowym prowadzi do powrotu do sprzezonego uktadu
wigzant wodorowych w przypadku wszystkich mozliwych kombinacji tych grup.
Sprzezony uklad wiazan wodorowych w obszarze antronowym dziala zatem
stabilizujaco na czasteczke hiperycyny.

Kolejnym interesujacym oddziatywaniem jest wigzanie wodorowe obecne w
obszarze zatoki. Z wartosci statych dysocjacji grup hydroksylowych w czasteczce
hiperycyny wynika, ze grupy hydroksylowe w obszarze zatoki dysocjuja fatwiej od
grup zlokalizowanych w obszarze antronowym. Sugeruje to wystepowanie w tym
obszarze stabszego wigzania wodorowego.

Kolejnym oddzialywaniem w czasteczce hiperycyny jest oddzialywanie
pomiedzy grupami metylowymi. Z metody NCI wynika, ze oddzialywania te maja
charakter nie odpychajacy, a raczej dyspersyjny.
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Oddziatywania w czasteczce hiperycyny scharakteryzowano rowniez metoda
QTAIM.

i) &

Rysunek 5 Analiza QTAIM czqsteczki hiperycyny

Na rysunku 5 przedstawiono czasteczke hiperycyny wraz charakterystycznymi
punktami krytycznymi. Zielone punkty odpowiadaja punktom krytycznym
pierscieni, a fioletowe punktom krytycznym wiazan. Strzatkami oznaczono $ciezki
pochodzace od wiazan wodorowych w obszarze antronowym oraz obszarze zatoki.

Najbardziej charakterystycznym elementem budowy czasteczki hiperycyny
jest centralny uktad policykliczny oraz wplyw oddziatywan
wewnatrzczasteczkowych na jego strukture. Do opisu struktury czasteczki
hiperycyny wyznaczono katy pomiedzy plaszczyznami przechodzacymi przez jej
pierscienie. Zgodnie ze schematem zamieszczonym na Rysunku 2 pierscienie te
zostaly oznaczone literami A-F. Wyznaczono wartosci katow dla wzajemnie
przecinajacych si¢ ptaszczyzn, przechodzacych przez pierscienie w parach A-C, D-E
oraz F-H. W przypadku hiperycyny wynosza one odpowiednio: 13.334, 10.140 i
12.363°. Dla niepodstawionego uktadu policyklicznego 7,14-dihydrofenantro[1,10,9,8-
opqra]-perylenu, zwanego dalej celem uproszczenia pochodna fenantroperylenu, katy
te wynosza odpowiednio 17.678, 11.594 i 17.732°. Rdznice w wymienionych
parametrach dla czasteczki hiperycyny oraz niepodstawionej czasteczki pochodnej
fenantroperylenu wynikaja wprost z obecnosci podstawnikéw. W celu zbadania
wplywu poszczegdlnych podstawnikéw na policykliczny uktad hiperycyny
zoptymalizowano podstawione pochodne pokazane na Rysunku 6.
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Rysunek 6 Wpltyw podstawnikéw na strukture policykliczng czgsteczki hiperycyny
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Podstawienie pochodnej fenantroperylenu pojedyncza grupa metylowa powoduje
deformacje centralnego ukladu pierscieni. Podstawienie drugiej grupy metylowej
wplywa na poglebienie tej deformacji. Mozna zauwazy¢, ze podstawniki metylowe
znajdujace si¢ przy atomach wegla C10 i C11 oddalaja uklad policykliczny od
struktury planarnej. Odwrotny efekt mozna zaobserwowa¢ w przypadku
podstawienia grupa karbonylowa w pozycji C7 i C14. Podstawienie pojedyncza grupa
karbonylowa zmienia oddzialywania w uktadzie policyklicznym i przybliza strukture
do formy planarnej. Podstawienie dwiema grupami karbonylowymi daje catkowicie
plaska strukture policykliczng. Dodatkowo mozna zaobserwowaé wpltyw
stabilizujacy obecnosci podstawnikéw hydroksylowych w obszarze antronowym.
Tworza one wigzania wodorowe z tlenem karbonylowym stabilizujac ugrupowanie
antronowe, jednak to podstawienie grupa karbonylowa jest gléwnym czynnikiem
sprawiajacym, ze struktura pochodnej fenantroperylenu staje si¢ ptaska. Zupetnie
odwrotny efekt daje natomiast utworzenie wigzania wodorowego w obszarze zatoki.
Oddzialywania pomiedzy zlokalizowanymi w tym obszarze grupami
hydroksylowymi maja wptyw deformujacy na strukture policykliczna.

Duza liczba podstawnikow w czasteczce hiperycyny determinuje ksztatt tej czasteczki.
Obecnosc¢ podstawnikow zaréwno deformujacych centralny uktad policykliczny, jak i
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zwiekszajacych planarnos¢ sprawia, ze struktura przestrzenna i elektronowa
hiperycyny stanowi istotne zagadnienie z punktu widzenia jej wlasciwosci. Tak duza
liczba wewnatrzczasteczkowych oddziatywan silnie wptywa na gestos¢ elektronowa
W czasteczce oraz aromatycznos¢ pierscieni zlokalizowanych w centralnej czesci
czasteczki hiperycyny. W przypadku zwiazkéw policyklicznych dobrym parametrem
informujacym o lokalizacji gestosci elektronowej jest parametr opisujacy
aromatycznos¢ pierscieni. W celu zbadania wptywu podstawnikdéw na aromatycznos¢
poszczegdlnych pierscieni w czasteczce hiperycyny postuzono sie parametrami
aromatycznosci HOMA oraz NICS. Dla zoptymalizowanych pochodnych
fenantroperylenu wyznaczono wartosci HOMA (Rysunek 6), zgodnie z Réwnaniem 1.

2
HOMA = 1 = =31, (Ropt — Ryj) @

W rownaniu tym Rj oznacza dtugosé wybranego wigzania C-C, Ropt dlugos¢ wiazania
referencyjnego C-C w czasteczce benzenu (1.388 A), n - liczbe wigzari w badanym
pierécieniu oraz o - statq normalizujacg (257.7 A2). Wartoé¢ HOMA = 1 odpowiada w
pelni aromatycznej czasteczce benzenu, natomiast HOMA = 0 oznacza brak
aromatycznosci w badanym pierscieniu. Ze wzgledu na pewna symetrycznos¢ uktadu
policyklicznego w hiperycynie jej pierscienie aromatyczne zostaly podzielone na
odpowiednie grupy. Pierscienie A, C, F i H zgodnie z Rysunkiem 2 charakteryzuja sie
najwigkszymi wartosciami parametru HOMA (Rysunek 6). Parametr HOMA dla
pierscieni D oraz E dla wybranych pochodnych przyjmuje wartosci rowne w
przyblizeniu 0.5. Ze wzgledu na duze deformacje w pierscieniach B oraz G
wyznaczony dla nich parametr HOMA przyjmuje wartosci ujemne. Obecnos¢
podstawnikéw metylowych powoduje spadek aromatycznosci w sasiednich
pierscieniach. Podstawniki karbonylowe zwigkszaja planarnos¢ struktury
podwyzszajac aromatycznos$¢ sasiednich pierscieni. Podstawniki hydroksylowe,
tworzace wigzania wodorowe z grupami karbonylowymi zmniejszaja aromatycznosc¢
zewnetrznych pierscieni A, C, F, H, jednoczesnie zwiekszajac aromatycznos¢ w
srodkowych pierscieniach B i G. Obecnos¢ grup hydroksylowych w obszarze zatoki
powoduje zmniejszenie aromatycznosci w sasiednich pierscieniach.

Strukturalne kryterium aromatyczosci HOMA zostalo dodatkowo zestawione z
kryterium magnetycznym aromatycznosci NICS (ang. Nucleus Independent Chemical
Shift). Kryterium to jest oparte o obliczenia widm NMR badanych czasteczek.
Catkowite wartosci stalych ekranowania w srodku badanych pierscieni odpowiadaja
ich aromatycznosci, przy czym im bardziej ujemna wartos¢ przesunie¢ chemicznych
(NICS), tym wyzsza aromatycznos¢ badanego pierscienia. Na Rysunku 7
przedstawiono wartosci kryterium NICS hiperycyny w funkci potozenia w
czasteczce. W tym celu postuzono sie¢ metoda SCAN z wykorzystaniem programu
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Aroma. Skany zostaly wykonane wzdluz osi oznaczonych jako x1-x3 i yl-y5, w
zakresie odlegtosci 0-8 A, w przedziale 0.1 A.
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Rysunek 7 Aromatycznos¢ czqsteczki hiperycyny wedtug kryterium NICS

Analiza NICS hiperycyny jest zgodna z wynikami otrzymanymi za pomoca kryterium
strukturalnego aromatycznosci HOMA. W miare zblizania si¢ do s$rodka
zewnetrznych pierscieni A, C, F, H silnie ros$nie aromatycznos¢. Pierscienie D oraz E
charakteryzuja si¢ umiarkowang aromatycznoscia, a B oraz G najnizsza, przy czym
wszystkie pierscienie w hiperycynie posiadaja ujemna warto$¢ parametru NICS.
Oznacza to, ze wedlug tego kryterium uktad policykliczny moze wykazywac
delokalizacje fadunku w calym obszarze i brak w nim obecnosci pierscieni pustych,
charakteryzujacych sie brakiem aromatycznosci lub antyaromatycznoscia. Tak jak w
przypadku kryterium HOMA zbadano roéwniez aromatycznos$é¢ poszczegolnych
pierscieni pochodnych fenantroperylenu w ujeciu parametru NICS. Wartosci
otrzymane dla obu metod zestawiono ze soba na wykresie zamieszczonym na

Rysunku 8.
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Rysunek 8 Korelacje parametrow aromatycznosci HOMA oraz NICS dla pierscieni w badanych pochodnych fenantroperylenu

Oba modele wskazuja na aromatycznos¢ zewnetrznych pierscieni A, C, F, H. W
przypadku pierscieni D oraz E model NICS wskazuje na niewielka aromatycznos¢. W
przypadku wigkszosci badanych pierscieni B i G model NICS wskazuje na brak
aromatycznosci. W ujeciu parametru HOMA pierscienie B i G na skutek podstawienia
zyskuja na aromatycznosci zmieniajac swoje wartosci HOMA z ujemnych na dodatnie.
Zgodnos¢ kryterium strukturalnego i magnetycznego aromatycznosci w czasteczce
hiperycyny wskazuje na delokalizacje elektronéw w calym obszarze czasteczki, co
oznacza, ze W ujeciu gestosci elektronowej struktura hiperycyny nie stanowi
odseparowanych od siebie dwoch czasteczek monoantronu, a o$miopierscieniowa
strukture, w ktorej przeptyw ladunku moze odbywac si¢ w calym jej obszarze. W
ogllnym ujeciu w niepodstawionym ukladzie policyklicznym aromatycznosc jest
koncentrowana w zewnetrznych pierscieniach A, C, F, H. Dodanie podstawnikow
metylowych oraz grup hydroksylowych w obszarze zatoki zmniejsza aromatycznos¢
w czasteczce, natomiast podstawienie grupami karbonylowymi oraz hydroksylowymi
w obszarze antronowym powoduje zwigkszenie aromatyczosci w czasteczce

hiperycyny.

W celu potwierdzenia delokalizacji elektrondéw w czasteczce hiperycyny
postuzono sie¢ modelem ACID (Anisotropy of the Current-Induced Density), ktory
obrazuje przeptyw ladunku w obrebie czasteczek. Na Rysunku 9 przedstawiono
powierzchnie wygenerowane za pomocg modelu ACID dla wybranych pochodnych
fenantroperylenu, w tym hiperycyny.

16



Rysunek 9 Powierzchnie ACID wygenerowane dla (1) 7,14-dihydrofenantro-[1,10,9,8-opqralperylenu, (2) fenantroperylen-
14-onu (3) fenantroperylen-7,14-dionu, (4) 1,13-dihydroksyfenantroperylen-14-onu, (5) 1,6,8,13-
tetrahydroksyfenantroperylen-7,14-dionu oraz (6) hiperycyny

Delokalizacja elektronéw w czasteczce odpowiada za jej wlasciwosci i
reaktywnos¢. Wszystkie struktury zamieszczone na Rysunku 9 charakteryzuja sie
pelna delokalizacja gestosci elektronowej w obszarze podwodjnego antronu. Tylko w
przypadku braku podstawienia grupa karbonylowa mozna zaobserwowac obecnos¢
pierscieni pustych, co jak wskazano wczesniej ma zwigzek ze zmniejszeniem
aromatycznosci w tym obszarze. W przypadku czasteczki hiperycyny mozna
zaobserwowac pelng delokalizacje tadunku, co wyjasnia wlasciwosci spektroskopowe
tej molekuly i warunkuje jej zastosowanie w terapii fotodynamicznej. Powyzsze dane
otrzymane dla pochodnych podwdjnego antronu jak i samej czasteczki hiperycyny
stanowia pomoc w projektowaniu nowych zastosowan tych substancji w farmacji i
medycynie oraz poszukiwaniu nowych pochodnych zawierajacych ugrupowanie
podwodjnego antronu.

Sennidyny

Ugrupowanie podwdjnego antronu wystepuje w przyrodzie w wielu
organizmach. Jednymi z nich sa rosliny z rodzaju Senna. W przypadku sennidyn i ich
form glikozydowych - sennozyddéw, ugrupowanie podwdjnego antronu w
czasteczkach charakteryzuje si¢ mozliwoscia rotacji wzgledem wiazania C-C
taczacego ugrupowania pojedynczego antronu. Z przegladu literatury wynika'ze nie
przeprowadzono dotychczas badan dotyczacych struktury przestrzennej i
elektronowej sennidyn w aspekcie wewnatrzczasteczkowych oddziatywan oraz
mozliwej rotacji wzgledem faczacego antrony wigzania C-C. Doniesienia o rozpadzie
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sennidyn w obrebie uktadu pokarmowego na pojedyncze czasteczki monoantronow?®
odpowiedzialnych za efekt farmakologiczny wzmagaja potrzebe zbadania natury
oddziatywan w tych zwiazkach.

Istniejg cztery odmiany sennidyn oznaczone jako sennidyna A-D (Rysunek 1).
W czasteczkach sennidyn, tak jak w przypadku hiperycyny, mozna wyszczegolni¢
obszar antronowy, na ktory skladaja si¢ dwie grupy hydroksylowe zdolne do
tworzenia wigzania wodorowego z grupa karbonylowgq oraz obszar zatoki, w ktérym
moga wystepowac grupy karboksylowe i metoksylowe. Podstawniki w regionie
zatoki réznicujg sennidyny na sennidyne A — czasteczke zawierajaca w obszarze zatoki
dwie grupy karboksylowe i sennidyne C — czasteczke z jedna grupa karboksylowa i
jedna grupa metoksylowa. Dodatkowo ze wzgledu na obecno$¢ wigzania C10(sp3)-
C10’(sp3), ktére faczy ze soba dwa ugrupowania antronowe mozliwe jest
wystepowanie konfiguracji RR oraz RS. Sennidyna A stanowi konfiguracje RR
czasteczki zawierajacej w obszarze zatoki dwie grupy karboksylowe, a sennidyna B
stanowi konfikuracje RS czasteczki zawierajacej dwie grupy karboksylowe.
Analogicznie sennidyna C stanowi czasteczke o konfiguracji RR, zawierajaca w
obszarze zatoki jedna grupe karboksylowg i jedna grupe metoksylows, a sennidyna D
stanowi czasteczke o konfiguracji RS z jedng grupa karboksylowa i jedna grupa
metoksylowa w obszarze zatoki. Obecno$¢ pojedynczego wiazania C-C, spajajacego
czasteczke umozliwia wzajemna rotacje ugrupowan antronowych. Ze wzgledu na
obecnos¢ licznych podstawnikéw zdolnych to tworzenia wewnatrzczasteczkowych
oddzialywan interesujacym zagadnieniem jest analiza konformacyjna czasteczek
sennidyn w oparciu o ich rotacje.

W wyniku przeprowadzonej analizy konformacyjnej czasteczek sennidyn
otrzymano dwadziescia jeden struktur odpowiadajacych lokalnym minimom
energetycznym. Zoptymalizowane struktury sennidyn A-D, wraz z odpowiadajacymi
im wzglednymi warto$ciami energii zestawiono na Rysunkach 10-13.
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Rysunek 10 Konformery sennidyny A
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5.8 kcal‘mol-

5.5 kcal-mol-

Rysunek 11 Konformery senidyny B
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Rysunek 12 Konformery senidyny C
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0.0 kcal-mol-!

0.1 kcal'mol-!

12.1 kcal-mol-!

0.3 kcal-mol-!

Rysunek 13 Konformery senidyny D

Czasteczka sennidyny A charakteryzuje sie¢ wystepowaniem szesciu konformerow.
Struktura A1 odpowiada minimum energetycznemu. Maksymalna réznica pomiedzy
otrzymanymi konformerami wynosi 14.9 kcal/mol. W przypadku struktury
odpowiadajacej minimum energetycznemu nie zaobserwowano
wewnatrzczasteczkowych oddziatywan poza obszarem antronowym, (roéwnolegtle
ulozenie) a ugrupowania antronowe wykazuja konformacje gauche. Konformer
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charakteryzujacy sie¢ najwyzsza energia (A6) odpowiada konformacji anti. W tej
konformacji podstawniki karboksylowe z obszaru zatoki znajduja si¢ w bliskim
polozeniu, a ugrupowania antronowe s od siebie maksymalnie oddalone. W
konformerach odpowiadajacych posrednim wartosciom energii obecne sa
oddzialywania wewnatrzczasteczkowe podstawnikdéw wystepujacych w obszarze
zatoki z podstawnikami z obszaru antronowego. Struktura A4 wskazuje na mozliwe
wystepowanie ukltadu wigzart wodorowych OHO, w ktdérych protony skierowane sa
do tlenu karbonylowego.

Dla czasteczki sennidyny B otrzymano cztery konformery roznigce sie
wartosciami energii w zakresie 5.8 kcal/mol. Struktura odpowiadajaca minimum
energetycznemu nie zawiera wewnatrzczasteczkowych wigzan wodorowych z
grupami karboksylowymi, a ugrupowania antronowe nie leza rownolegle. Rotacja
grupy karboksylowej powoduje zmianeg energii o 0.07 kcal/mol (struktura B2), a dalszy
obrot czasteczki daje konformery nie rozniace sie istotnie energia.

Dla struktury sennidyny C otrzymano szes¢ konformerdéw. Minimum
energetyczne (Cl) reprezentowane przez konformacje gauche nie wykazuje
oddzialywan w obszarze zatoki. Obrét czasteczki i zmiana energii o 1.5 kcal/mol daje
konformer charakteryzujacy si¢ wystgpowaniem oddzialywan pomiedzy
podstawnikami zatoki. Dalszy obrdét czasteczki powoduje powstanie wielu
oddziatywan o charakterze wigzann wodorowych OHO, przy czym konformer o
najwyzszej energii rézni si¢ o niewielka warto$¢ 5.9 kcal/mol od konformeru o
najnizszej energii. W przypadku struktury C4 wystepuje uklad wiazann wodorowych
OHO, w ktérych protony z grup hydroksylowych skierowane sg do tlenu
karbonylowego znajdujacego sie w obszarze antronowym.

W przypadku sennidyny D otrzymano pie¢ konformerow rdzniacych sie
energia maksymalnie o 12.1 kcal/mol. Minimum energetyczne reprezentuje struktura
D1. Konformer w konfiguracji gauche w przeciwienistwie do sennidyn A-C prezentuje
oddzialywanie pomiedzy podstawnikiem znajdujacym si¢ w obszarze zatoki i
podstawnikiem z obszaru antronowego. Grupa metoksylowa skierowana do tlenu
karbonylowego tworzy dwa wiazania wodorowe OHO. W przypadku dalszego
obrotu czasteczki wzgledem wigzania C-C taczacego dwa ugrupowania antronowe
wystepuja konformery réznigce si¢ o niewielka wartos¢ energii. Struktury D2 i D3
roznia sie¢ energetycznie od minimum o odpowiednio 0.1 i 0.3 kcal/mol. Niewielkie
roznice energii w przypadku tych struktur moga oznaczac, ze czasteczka sennidyny
D moze naturalnie wystepowac w tych konformacjach.

Ze wzgledu na naturalne pochodzenie sennidyn ich czasteczki znajduja si¢ w
materiale roslinnym giéwnie w formie glikozydowej. Z obecnego przegladu literatury
wynika'®, ze nie sa dostepne struktury krystaliczne czystych sennidyn. W celu
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sprawdzenia zgodnosci wynikdéw obliczen ze strukturami fizycznymi postuzono sie
strukturg krystaliczna 1,1’,8,8 -tetrahydroksydiantronu®. Zestawienie struktury
krystalicznej z obliczong zamieszczono na Rysunku 14.

Struktura krystaliczna Struktura obliczona

Rysunek 14 Struktura krystaliczna i obliczona ugrupowania podwdjnego antronu

Celem zbadania zmian geometrii konformeréw sennidyn, podobnie jak w
przypadku hiperycyny, postuzono si¢ wartosciami katéw miedzyplaszczyznowych
wyznaczonych dla wybranych pierscieni w ugrupowaniu antronowym. Analizowano
katy pomiedzy ptaszczyznami pierscieni oznaczonych jako A-C oraz F-H (Rysunek
14). Katy miedzyptaszczyznowe dla struktury krystalicznej wynosza odpowiednio A-
C: 17.302, F-H: 13.309°, a dla struktury obliczonej 11.947 i 11.947°. W przypadku
struktury Al (Rysunek 10) kat pomiedzy plaszczyznami A-C wynosi 17.700 stopni, co
jest warto$cigq zblizong do obserwowanej w strukturze krystalicznej. W przypadku
struktury oznaczonej jako A3 kat ten przyjmuje wartos¢ 11.944°. Dla tej struktury
mozna zaobserwowac¢ utworzenie wewnatrzczasteczkowych wigzan wodorowych
OHO, taczacych oba ugrupowania antronowe w czasteczce. Wystepowanie tych
oddziatywan zmienia wartos¢ kata miedzyplaszczyznowego A-C o 5.756°, tym
samym zmieniajac strukture przestrzenna czasteczki.

Wiazania wodorowe w czasteczkach sennidyn moga zosta¢ przypisane do
dwoch grup. Pierwsza grupa odpowiada wigzaniom znajdujacym si¢ w obszarze
antronowym. Te wiazania OHO skierowane do grupy karbonylowej charakteryzuja
sig, dla wszystkich otrzymanych konformeréw sennidyn, zbliZonymi parametrami
geometrycznymi. Odlegtos¢ pomiedzy protonem, a akceptorem protonu wynosi w
przyblizeniu 1.7 A, a kat wigzania OHO zmienia sie w zakresie 143-146°. Druga grupa
oddziatywan to wigzania wodorowe pochodzace od podstawnikow znajdujacych sie
w obszarze zatoki. Dla analizowanych struktur sa to, grupy karboksylowe i
metoksylowe. Sa one skierowane do podstawnikow w obszarze antronowym.
Odlegtos¢ pomiedzy protonem, a akceptorem protonu przyjmuje wartosci w zakresie
1.8-22 A i wartoéci katéw OHO w zakresie 148-169°. W celu potwierdzenia
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wystepowania wymienionych oddzialywan w czasteczkach sennidyn postuzono sie
metodg QTAIM.

STV

D1

Rysunek 15 Analiza oddziatywan w wybranych czgsteczkach sennidyn przeprowadzona z wykorzystaniem modelu QTAIM.
Czerwone punkty oznaczajq punkty krytyczne wigzan. Zielone punkty odpowiadajq punktom krytycznym pierscieni

Analiza QTAIM wybranych konformeréw sennidyn potwierdza obecnos$¢ wigzan
wodorowych w obszarze antronowym. Dodatkowo w przypadku wybranych struktur
mozna zaobserwowac Sciezki wigzan prezentujace oddziatywanie grup
karboksylowych i metoksylowych z obszaru zatoki z grupami znajdujacymi sie w
obszarze antronowym. W analizowanych czasteczkach mozna réwniez zauwazy¢
Sciezki prezentujace stabe oddzialtywania pomiedzy atomami wegla znajdujacymi sie
w pierscieniach. Pierscienie te sa polozone réwnolegle, co moze wskazywac na
oddziatywanie pomiedzy gestoscia elektronowa ugrupowan antronowych. W celu
potwierdzenia wymienionych oddziatywan postuzono si¢ modelem NCI. Wyniki
otrzymane dla wybranych konformeréw sennidyny A zestawiono na Rysunku 16.

Rysunek 16 Stabe oddziatywania zwizualizowane metodq NCI dla wybranych struktur sennidyny

Powierzchnie oznaczone kolorem zielonym, czerwonym i niebieskim reprezentuja
gradient gestosci elektronowej. Kolorem niebieskim oznaczono oddzialywania o
charakterze przyciagajacym, czerwonym - oddzialywania o charakterze
odpychajacym, a zielonym o charakterze dyspersyjnym. Model NCI potwierdza
wystepowanie silnych wigzann wodorowych w obszarze antronowym i dodatkowo
oddziatywan o charakterze stabego wiazania wodorowego skierowanego od
podstawnikéw z obszaru zatoki (grupy karboksylowe) do tlenu karbonylowego i grup
hydroksylowych w obszarze antronowym. Czasteczki sennidyn wykazuja obecnos¢
oddzialywan o charakterze dyspersyjnym. Sa one zlokalizowane pomiedzy
plaszczyznami pierscieni wchodzacych w skltad ugrupowania monoantronow.
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Odlegtos¢ pierscieni pochodzacych od ugrupowan monoantrondw w czasteczkach
sennidyn nie pozwala na wystepowanie zjawiska transferu tadunku, jednak gestos¢
elektronowa pierscieni w ugrupowaniach antronowych wykazuje wzajemne
oddziatywania.

W przeciwienstwie do czasteczki hiperycyny, ugrupowania antronowe w
czasteczkach sennidyn s oddzielone przestrzennie. Jedynym potaczeniem o
charakterze kowalencyjnym jest wiazanie C-C 1laczace oba ugrupowania
monoantronéw. W przypadku hiperycyny gestos¢ elektronowa wykazuje pelna
delokalizacj¢ w obrebie czasteczki. W celu okreslenia delokalizacji gestosci
elektronowej w czasteczkach sennidyn przeprowadzono analize ACID dla wybranych
konformerdéw. Rysunek 17 prezentuje ruchliwos¢ tadunku w wybranych czasteczkach

sennidyn.

\

A4

Rysunek 17 Powierzchnie prezentujgce ruchliwos¢ tadunku w wybranych konformerach sennidyny A

Za wyjatkiem atomow wegla tworzacych pojedyncze wiazanie C-C fgczace oba
ugrupowania antronowe, w analizowanych czasteczkach mozna zaobserwowac
delokalizacje tadunku. W przeciwienstwie do struktury hiperycyny gestosc¢
elektronowa w czasteczkach sennidyny A nie przenosi si¢ pomiedzy ugrupowaniami
monoantronéw. Ze wzgledu na obecnos¢ réwnolegle utozonych pierscieni,
oddzialywan wewnatrzczasteczkowych oraz wydluzenia wiazania C-C, w
czasteczkach sennidyn gestos¢ elektronowa moze by¢ izolowana w obu
ugrupowaniach monoantronowych. Wydluzenie wigzania C-C, faczacego oba
ugrupowania oraz ich réwnoleglte utozenie moze by¢ przyczyna tatwego rozpadu
czasteczek sennidyn na farmakologicznie czynne czasteczki monoantrondw.!>1
Parametrem pozwalajacym opisac site wigzania tgczacego oba obszary jest Energia
Dysocjacji Wigzania (ang. Bond Dissociation Energy, BDE). BDE dla czasteczek
sennidyn zostata wyznaczona zgodnie z prosta reakcja rodnikowa, zamieszczona na
Rysunku 18.
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Rysunek 18 Reakcja prowadzqca do wyznaczenia energii dysocjacji pojedynczego wigzania C-C w strukturach sennidyn

BDE wyznaczona dla wigzania C-C w czasteczkach sennidyn stanowi réznice energii
obliczonej dla pojedynczej czasteczki sennidyny i dwukrotnosci wartosci energii
obliczonej dla czasteczki monoantronu w formie rodnikowej. Obliczenia energii
zostaly przeprowadzone z zachowaniem metody i bazy uzytej w analizie
konformacyjnej. Wartosci BDE wigzania C-C otrzymane dla czasteczek sennidyn
znajduja si¢ w przedziale 74-85 kcal/mol. Sa to wartosci mniejsze w poréwnaniu z
energia standardowego pojedynczego wigzania C-C w alkanach, ktora zawiera si¢ w
przedziale 86-88 kcal/mol.*® Tak wiec z punktu widzenia energii analizowanego
wigzania, jego zerwanie w celu utworzenia dwoch czasteczek monoantronow jest
mozliwe ze wzgledu na obnizong energie. Wlasciwos¢ ta moze by¢ powodem, dla
ktorego czasteczki sennidyn ulegaja tatwemu rozpadowi w przewodzie
pokarmowym.

Ze wzgledu na duza liczbe oddziatywan o charakterze wiazania wodorowego
i dyspersji, dla badanych struktur sennidyn przeprowadzono analize energii
pochodzacej od oddzialywan nakladajacych sie pierscieni (ang. AIE - Aromatic
Interaction Energy). Dodatkowo zbadano energie pochodzaca od naprezenia w
czasteczce (ang. SE — Strain Energy). Oba parametry zostaly wyznaczone zgodnie z
metoda zaproponowana przez S. Grimme i C. Muck-Lichtenfeld.3* AIE wyznaczona
dla wybranych struktur sennidyn zmienia si¢ w zakresie 25-35 kcal/mol. Oznacza to,
ze energia pochodzaca od oddzialywan pomiedzy plaszczyznami pierscieni w
ugrupowaniach antronowych stanowi znaczacy skladnik w energii catkowitej
czasteczek sennidyn. Proponowane zgodnie z modelem NCI oddziatywania o
charakterze dyspersyjnym, znajduja potwierdzenie w otrzymanych wartosciach AIE.
Nakladanie si¢ pierscieni w czasteczce sennidyn oraz wewnatrzczasteczkowe
oddziatywania i efekty steryczne moga powodowac¢ wystepowanie naprezenia w
czasteczce. Wartosci energii pochodzacej od tych efektow w czasteczkach sennidyn
(SE) wynosza od 3 do 11 kcal/mol, przy czym energia ta rosnie dla struktur
charakteryzujacych si¢ konformacja anti.
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Duza liczba polaczen i oddzialywan w czasteczkach sennidyn powinna
znajdowac odzwierciedlenie w poziomie skomplikowania ich widm IR. Postugujac sie
obliczonymi strukturami wyznaczono teoretyczne widma IR oraz UV-VIS. Otrzymane
dane moga postuzy¢ w dalszych badaniach eksperymentalnych nad tymi

czasteczkami.
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Rysunek 19 Widmo IR obliczone dla (a) sennidyny A (struktura A1 — kolor czerwony) i (b) sennidyny B (struktura B1 — kolor
zielony)

Rysunek 19 prezentuje widma IR konformerow sennidyny A i B odpowiadajacych
minimom energetycznym. Obliczenia prowadzono w przyblizeniu harmonicznym.
Widma tych czasteczek nakiadaja sie na siebie z wyjatkiem pasm potozonych przy
czestosciach 3300 — 3000 cm. Odpowiadaja one drganiom rozciagajacym C-H
wystepujacym w pierscieniach niepodstawionych grupami karboksylowymi.

Fagopiryny

Kolejna grupa zwiazkow naturalnego pochodzenia zawierajacych w swojej
strukturze ugrupowanie podwdjnego antronu sa fagopiryny. Ze wzgledu na
naturalne pochodzenie fagopiryn oraz ich wtasciwosci spektroskopowe istnieje
mozliwos¢ wykorzystania ich jako substancji uzywanych do projektowania nowych
terapii fotodynamicznych. Badania teoretyczne, poparte wczesniejszymi wynikami
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dla czasteczki hiperycyny oraz sennidyn moga stanowi¢ pomoc w okresleniu
wlasciwosci i potencjalnych zastosowan tych czasteczek w farmacji i medycynie.

Struktury fagopiryn wykazuja podobienstwo do hiperycyny (Rysunek 20),
posiadajac dodatkowo podstawniki piperydynowe i pirolidynowe w pozycjach R1 i
R2. Dodatkowo w czasteczkach fagopiryn w pozycjach R3 i R4 moze znajdowac sie
proton lub grupa metylowa (Rysunek 1). Jak wykazano dla hiperycyny, obecnos¢ lub
brak grupy metylowej w tym obszarze warunkuje budowe oraz wptywa istotnie na
strukture elektronowa ugrupowania podwdjnego antronu. System wigzan
wodorowych skierowanych do tlenu karbonylowego w obszarze antronowym dziata
stabilizujaco na czasteczke hiperycyny i jest energetycznie uprzywilejowany. Préby
optymalizacji czasteczki hiperycyny tak, aby rozerwac¢ wigzania wodorowe w tym
obszarze okazaly si¢ negatywne. Jednakze obecnos¢ atomu azotu w sasiadujacych
podstawnikach piperydynowych i pirolidynowych moze umozliwi¢ zerwanie tych
silnych oddzialywan na rzecz utworzenia wigzania wodorowego OHN z
pierscieniami piperydyny i pirolidyny.
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Rysunek 20 Struktury fagopiryn A-F

30



Badania eksperymentalne® dostarczyly informacji na temat mozliwej obecnosci
szesciu struktur fagopiryn. Struktury te zamieszczono na Rysunku 20. Oznaczenia
literowe zamieszczone na rysunku odpowiadaja nazwom proponowanych czasteczek
fagopiryn. Struktura oznaczona na rysunku jako A odpowiada czasteczce fagopiryny
A. Analogicznie struktura oznaczona na rysunku litera F odpowiada czasteczce
fagopiryny F. Tak jak we wczesniej omawianych czasteczkach hiperycyny i sennidyn,
fagopiryny charakteryzuja si¢ obecnoscia dwodch obszaréw. Obszar antronowy,
stanowiacy grupy hydroksylowe skierowane do tlenu karbonylowego oraz obszar
zatoki, zawierajacy dwie grupy hydroksylowe otoczone pierscieniami piperydyny i
pirolidyny. Dla wymienionych struktur fagopiryn A-F przeprowadzono analize
konformacyjna badajac energie czasteczek oraz mozliwe oddzialywania pomiedzy
podstawnikami. Optymalizacje prowadzono analogicznie do obliczen nad
czasteczkami hiperycyny i sennidyn. Otrzymane struktury konformerdw fagopiryn A-
F zestawiono na Rysunkach 21-26.
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1 3.8 kcal-mol ™ 4 3.2 keal-mol~!

2 0.0 kcal-mol™" b5 25.5 kcal-mol ™!

3 4.9 kcal-mol™ 6 58.4 kcal-mol~!

Rysunek 21 Konformery fagopiryny A
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Analiza konformacyjna fagopiryn wykazata obecnos¢ szesciu konformeréw
fagopiryny A. Minimum energetyczne odpowiada strukturze oznaczonej numerem 2.
W tej konformacji obecne sa wigzania wodorowe wystepujace w obszarze
antronowym. W obszarze zatoki obecne sa wigzania wodorowe OHN skierowane do
pierscieni pirolidynowych. Zerwanie jednego wigzania OHN na rzecz utworzenia
wigzania OHO z grupa karbonylowa znajdujaca si¢ w obszarze ,zatoki” skutkuje
podwyzszeniem energii o 3.8 kcal/mol. Dla czasteczki fagopiryny A otrzymano
stabilny konformer charakteryzujacy si¢ zerwanym wigzaniem wodorowym OHO w
obszarze antronowym (struktura 3). Wprowadzenie podstawnika pirolidynowego
pozwala na zerwanie wigzania wodorowego OHO skierowanego do grupy
karbonylowej i utworzenie wigzania OHN z atomem azotu. RdzZnica energii wzgledem
minimum energetycznego wynosi 4.9 kcal/mol. Zerwanie kolejnego wigzania
wodorowego OHO w obszarze antronowym powoduje znaczace podniesienie energii
czasteczki (struktura 4). Porownujac strukture 4 i 3 mozna zaobserwowac, ze wigzanie
wodorowe OHO wystepujace w obszarze antronowym znaczaco obniza energie w
czasteczce. Roznica energii w tym przypadku wynosi 18.3 kcal/mol.
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7 7.1 kcal-mol™? 10 26.5 kcal-mol~"

8 0.0 kcal-mol™?

11 30.1 kcal-mol™"

9 10.0 kcal-mol~"
12 62.5 kcal-mol™"
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Rysunek 22 Konformery fagopiryny B

Analiza konformacyjna czasteczki fagopiryny B wskazuje na obecnosc¢ szesciu
struktur rozniacych si¢ energia o maksymalna wartos¢ 62.5 kcal/mol. Minimum
energetyczne, tak jak w przypadku fagopiryny A, stanowi czasteczka
charakteryzujaca sie dwoma wigzaniami wodorowymi OHO w obszarze antronowym
i dwoma wigzaniami wodorowymi OHN zwréconymi w kierunku atomu azotu w
pierscieniach piperydyny. Zerwanie wigzania wodorowego OHN skierowanego do
piperydyny na rzecz utworzenia wigzania wodorowego OHO z grupa hydroksylowa
w obszarze ,zatoki” podnosi energie czasteczki o 7.1 kcal/mol. Zerwanie wiazania
wodorowego OHO w obszarze antronowym na rzecz utworzenia wigzania OHN z
podstawnikiem piperydyny podnosi energie ukladu wzgledem minimum o 10.0
kcal/mol. Obecnos¢ szesciu wiazann wodorowych w czasteczce fagopiryny B obniza jej
energie, a proby ich zerwania bez zastapienia ich innym oddziatywaniem istotnie
podnosza energie ukladu.
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13 7.0 kcal-mol~" 16 27.7 kcal-mol™

14 0.0 kcal-mol~" (i 31.8 kcal-mol™"

15 9.6 kcal-‘mol~1
18 65.8 kcal-mol~"

36



Rysunek 23 Konformery fagopiryny C

Czasteczka fagopiryny C posiada szes¢ konformerow roznigcych si¢ energia o
maksymalna wartos¢ 65.8 kcal/mol. Minimum energetyczne stanowi konformer 14,
charakteryzujacy si¢ zachowaniem szeSciu wigzant wodorowych w obszarze
czasteczki, w tym dwdch wigzart wodorowych OHN w obszarze zatoki. Zerwanie
wiazania wodorowego OHN skierowanego do podstawnika piperydyniowego w
obszarze zatoki podnosi energie 0 7.0 kcal/mol. Zerwanie wigzania wodorowego OHO
w obszarze antronowym na rzecz utworzenia wigzania wodorowego OHN z
podstawnikiem piperydynowym podnosi energie o 9.6 kcal/mol. W przypadku
piperydyny jako podstawnika mozna zaobserwowac jej preferowane uloZenie w
konformacji krzestowej.
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19 7.0 kcal-mol~1 22 26.9 kcal-mol™

20 0.0 kcal-mol™!
23 30.1 kcal-mol~

21 9.6 kcal-mol~"
24 65.9 kcal-mol~"

Rysunek 24 Konformery fagopiryny D

W przypadku fagopiryny D otrzymano sze$¢ konformeréw. Konformer
zachowujacy sze$¢ wiazan wodorowych wraz z utworzeniem dwdch wigzan
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wodorowych OHN w obszarze zatoki reprezentuje minimum energetyczne. Zerwanie
jednego wigzania OHN w obszarze zatoki i utworzenie oddzialywania pomiedzy
dwiema grupami hydroksylowymi zwigksza energie o 7.0 kcal/mol. Usuniecie
wigzania wodorowego OHO i utworzenie wigzania OHN z podstawnikiem
piperydynowym w obszarze antronowym podnosi energie o 9.6 kcal/mol.
Preferowana jest konformacja krzestowa podstawnikow piperydynowych. Konformer
o najwigkszej wartosci energii (24) odpowiada strukturze charakteryzujacej sie
zerwaniem wigzan wodorowych OHO w obszarze antronowym.
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29 7.5 kcal-mol~" 28 27.2 kcal-mol~"

26 0.0 kcal-mol~" 29 30.5 kcal-mol~!

27 9.6 kcal-mol™"
30 66.2 kcal-mol~!

Rysunek 25 Konfomrery fagopiryny E

Dla fagopiryny E otrzymano szes¢ konformerow. Minimum energetyczne
stanowi struktura charakteryzujaca si¢ wystepowaniem dwoéch wiazart wodorowych
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OHN w obszarze zatoki. Wigzania te sg skierowane do podstawnikéw
piperydynowych i pirolidynowych. W tej konformaji zachowany jest sprzezony uktad
wigzan wodorowych OHO w obszarze antronowym. Zerwanie wigzania
wodorowego OHN w obszarze zatoki, skierowanego do pierscienia piperydynowego
zwigksza energie o 7.5 kcal/mol. Dodatkowe zerwanie wigzania wodorowego OHO
skierowanego do tlenu karbonylowego w obszarze antronowym i utworzenie
oddziatywania z pierscieniem piperydyny zwieksza energie o 9.6 kcal/mol wzgledem
minimum. Konformer o maksymalnej wartosci energii (30) charakteryzuje si¢ energia
66.2 kcal/mol wzgledem konformeru o najnizszej energii.
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31 #<3 kel ol ™ 34 27.3 kcal-mol™

32 0.0 kcal-mol~" 35 32.8 kcal-mol™"
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Rysunek 26 Konformery fagopiryny F

Czasteczka fagopiryny F stanowigca w materiale roslinnym wiekszos¢ ma sze$¢
konformerow. Minimum energetyczne, tak jak w przypadku poprzednich fagopiryn,
charakteryzuje si¢ wystepowaniem szesciu wigzan wodorowych, w tym dwoch OHN
skierowanych do pierscieni piperydyny. Uklad wigzan wodorowych OHO w
obszarach antronowych jest zachowany w przypadku minimum energetycznego.
Utworzenie konformacji oznaczonej jako struktura 31 zwigksza energie o 7.5 kcal/mol,
a konformagji oznaczonej jako struktura 33 0 9.7 kcal/mol.

Charakterystyczna cecha struktur fagopiryn jest mozliwos¢ zerwania silnego
wigzania wodorowego OHO w obszarze antronowym. W przypadku hiperycyny i
sennidyn brak zastapienia zerwanego oddzialywania innym skutkuje silnym
zwiekszeniem energii w czasteczce. W czasteczkach fagopiryn uktad policykliczny jest
otoczony gestoscia elektronowa pochodzaca od wzajemnych oddziatywan pomiedzy
podstawnikami. Wprowadzenie do ugrupowania podwdjnego antronu pierscieni
piperydyny i pirolidyny jako podstawnikow zwigksza liczbe mozliwych oddziatywan
wewnatrzczasteczkowych, co ma wplyw na strukture przestrzenna i elektronowa
badanych czasteczek.

Parametrem opisujagcym geometrie czasteczek fagopiryn sa katy pomiedzy
plaszczyznami pierscieni peryferyjnych. W przypadku hiperycyny katy A-C, F-H, A-
F i C-H wynosza odpowiednio: 13.334, 12.363, 23.188 i 30.095°.

Tabela 1 Zestawienie parametréw geometrycznych struktury hiperycyny i wybranych czqsteczek fagopiryn

Struktura Wartos$¢ kata miedzyplaszczyznowego [°]
A-C F-H A-F C-H
Hiperycyna 13.334 12.363 23.188 30.095
1 13.695 12.708 23.717 30.165
2 10.787 10.001 23.965 29.275
7 12.227 11.517 23.245 4.32
8 11.303 11.437 23.632 3.099
13 10.728 12.357 24.436 19.975
14 8.323 10.393 24.598 18.545
19 10.778 12.366 24.422 19.978
20 8.305 10.341 24.604 18.515
25 13.469 12.696 24.195 30.168
26 10.838 10.654 24.508 29.384
31 13.482 12.721 24.089 30.172
32 10.805 10.638 24.461 29.384
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Struktury oznaczone jako 1, 7, 13, 19, 25 i 31 charakteryzuja si¢ ukladem wiazan
wodorowych najbardziej zblizonym do czasteczki hiperycyny. Ma to
odzwierciedlenie w parametrach geometrycznych tych czasteczek. Katy
miedzyplaszczyznowe opisujace geometrie ich systemu policyklicznego wykazuja
wartosci zblizone do wartosci w czasteczce hiperycyny (Tabela 1). Wprowadzenie
podstawnikoéw pierScieniowych zawierajacych atom azotu wymusza zmianeg
struktury i oddziatywan w czasteczkach. Minima energetyczne czasteczek fagopiryn
reprezentowane przez struktury 2, 8, 14, 20, 26 i 32 rdznia si¢ wartosciami katow
miedzyplaszczyznowych wyznaczonych dla struktury hiperycyny. Wynika z tego
zerwanie wigzan wodorowych OHO w obszarze zatoki i zastgpienie ich wigzaniami
OHN. Takze zerwanie wigzania wodorowego w obszarze antronowym i utworzenie
wigzania wodorowego OHN skierowanego do podstawnika piperydynowego i
pirolidynowego zmienia wartosci katow miedzyptaszczyznowych pomiedzy
pierscieniami w centralnym obszarze czasteczki, zwlaszcza katow A-C oraz F-H.

Zmiana geometrii i oddzialywan wewnatrzczasteczkowych w czasteczkach
fagopiryn niesie ze soba zmiany w lokalizacji gestosci elektronowej. Skutkiem tego
powinna by¢ zmiana aromatycznosci pierscieni w ukladzie policyklicznym. Na
rysunku 27 zestawiono wartosci parametru HOMA dla konformerow fagopiryny F.
Prezentowane struktury sa zorientowane zgodnie z ulozeniem na Rysunku 26, a

oznaczenia pierscieni odpowiadaja oznaczeniom A-H zamieszczonym na Rysunku 1.
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Rysunek 27 Wartosci kryterium aromatycznosci HOMA pierscieni konformerdow fagopiryny F.

Zgodnie z kryterium HOMA, aromatyczno$¢ pierscieni A-H w czasteczce
hiperycyny wynosi odpowiednio: A 0.7186 , B 0.3937 , C 0.8054, D 0.4712, E 0.5138, F
0.7863, G 0.4010, H 0.7979. Wartosci HOMA dla struktury konformeru fagopiryny F
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oznaczonej jako 31 (Rysunek 27) sa zblizone do wartosci w czasteczce hiperycyny. W
przypadku struktury 32 stanowigcej minimum energetyczne utworzenie wigzan
wodorowych OHN w obszarze zatoki zwigksza aromatycznosc¢ pierscieni A, D i F. Tak
jak w przypadku hiperycyny, cecha charakterystyczna konformeréw fagopiryny F sa
duze wartosci parametru HOMA dla peryferyjnych pierscieni A, C, F, H. PierScienie
D i E oscylujg wokot wartosci HOMA 0.5. W kryterium aromatycznosci najbardziej
zmienne s3 pierscienie oznaczone jako B, G. Zerwanie wigzart wodorowych OHO w
obszarze antronowym daje w przypadku pierscieni B i G ujemne wartosci parametru
HOMA. Zmiany aromatycznos$ci wybranych pierScieni opisuja rozklad gestosci
elektronowej w systemie policyklicznym czasteczek fagopiryny.

Potencjalne zastosowanie fagopiryn w terapii fotodynamicznej wymaga
analizy ich struktury elektronowej. Czasteczki fagopiryn zdolne do wzbudzenia i
przekazania energii charakteryzuja si¢ wystepowaniem w czasteczce silnego
chromoforu. Na Rysunku 28 przedstawiono wyznaczone teoretycznie widma UV-VIS
oraz prezentacje graficzng orbitali HOMO-LUMO w konformerach fagopiryny F.

Intensywnosé [j.u.]

Rysunek 28 Widmo UV-VIS oraz prezentacja orbitali HOMO-LUMO w konformerach fagopiryny F. Linie widmowe
oznaczone kolorami odpowiadajq strukturom: 31 — czerwony, 32 — niebieski, 33 — czarny, 34 — zielony, 35 — pomaraniczowy,
36 — rézowy
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Na zamieszczonym widmie elektronowym konformerow fagopiryny F mozna
zaobserwowac dwa przedzialy dtugosci fali odpowiadajace ich pasmom absorpgji. Sa
to 540-580 i 420-480 nm. W przypadku struktur 31-34 najintensywniejsze pasma
reprezentuja przejscia HOMO-LUMO. Widoczne przesunigcia widm otrzymanych dla
konformerow  fagopiryny F  potwierdzaja silny wplyw  oddziatywan
wewnatrzczasteczkowych na strukture elektronowa ugrupowania podwdjnego
antronu. W celu zbadania tych oddziatywan postuzono si¢ modelami QTAIM oraz
NCI.
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Rysunek 29 Analiza QTAIM konformerow fagopiryny F. Czerwone punkty reprezentujq punkty krytyczne wigzan. Zielone
punkty reprezentujq punkty krytyczne pierscieni
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Struktura konformeréw fagopiryny F charakteryzuje sie wystepowaniem wielu
oddzialtywan wewnatrzczasteczkowych. Analiza QTAIM potwierdza wystepowanie
silnych wigzan wodorowych OHO w obszarze antronowym oraz w obszarze zatoki.
W odroéznieniu od struktury czasteczki hiperycyny, w czasteczce fagopiryny F istnieje
mozliwos¢ zerwania silnego wigzania wodorowego OHO w obszarze antronowym i
zastapienia go wigzaniem wodorowym OHN skierowanym do atomu azotu
znajdujacego si¢ w  pierscieniu  piperydyny. Duza liczba oddziatywan
wewnatrzczasteczkowych istniejacych w konformerach fagopiryny F sugeruje
obecnos¢ gestosci elektronowej wokot policyklicznego systemu pierscieni centralnych,
co w modelu QTAIM obrazowane jest wystepowaniem duzej liczby punktéw
krytycznych pierscieni.
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Rysunek 30 Model NCI wygenerowany dla konformeréw fagopiryny F. Niebieskie powierzchnie reprezentujq oddziatywania
przyciggajace, czerwone — odpychajqce, a zielone — oddziatywania o charakterze dyspersyjnym
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Analiza NCI potwierdza wystepowanie duzej liczby oddzialywan o charakterze
niekowalencyjnym w czasteczce fagopiryny F. Obecnos¢ silnych wigzan wodorowych
OHO w obszarze antronowym i obszarze zatoki zostata potwierdzona. Grupy
metylowe potozone blisko siebie, tak jak w przypadku hiperycyny, charakteryzuja sie
generowaniem oddzialywann o charakterze dyspersyjnym. Skierowanie grup
hydroksylowych do atomu azotu w pier$cieniu piperydyny powoduje utworzenie
silnego wigzania wodorowego OHN, ktore moze zastepowac wigzanie wodorowe
OHO w obszarze antronowym. Konformer 32 charakteryzuje si¢ wystepowaniem
szesciu wiazann wodorowych, stabilizujacych czasteczke i obnizajacych jej catkowita
energie.

Podsumowanie

Sprzezony uklad wigzan wodorowych w obszarze antronowym dziata stabilizujaco
na strukture hiperycyny i jest preferowany energetycznie. Aromatycznos¢ w
policyklicznym systemie hiperycyny jest rézna dla wybranych grup pierscieni.
PierScienie peryferyjne, oznaczane jako A, C, F, H charakteryzujg si¢ wysoka
aromatycznoécia. Srodkowe pierécienie D, E wykazuja umiarkowang aromatycznosc,
a centralne pier$cienie w obszarach antronowych, oznaczane jako B, G charakteryzuja
si¢ najmniejsza aromatyczoscia. Jednakze zaden z pierscieni obecnych w czasteczce
hiperycyny nie odznacza sie¢ zerowq aromatyczno$cia lub antyaromatyczoscia, co
zostato sprawdzone dla strukturalnego i magnetycznego kryterium aromatycznosci.
Najwazniejszym wnioskiem z badan nad czasteczka hiperycyny jest fakt pelnej
delokalizacji gestosci elektronowej w jej ukladzie policyklicznym. Potwierdzaja to
parametry aromatycznosci i analiza ruchliwosci elektrondw w czasteczce (ACID).
Otrzymane wyniki potwierdzaja obecnos¢ silnego chromoforu w czasteczce
hiperycyny i uzupetniaja wiedze na temat jej struktury elektronowej. Dzigki temu
moga stanowi¢ pomoc w projektowaniu nowych terapii fotodynamicznych,
bioobrazowaniu oraz poszukiwaniu nowych lekéw wykazujacych podobienistwo do
struktury hiperycyny.

Czasteczkami podobnymi w swej budowie do czasteczki hiperycyny sa fagopiryny.
Analiza konformacyjna przeprowadzona dla struktur fagopiryn A-F, ktérych
obecnos¢ w materiale roslinnym zostala potwierdzona, pozwolila na wyznaczenie
konformeréw charakteryzujacych sie niewielka rdéznicq energii. Pozwolilo to
wytypowacd najbardziej prawdopodobna strukture przestrzenna i elektronowq obecna
w materiale roslinnym. Przeprowadzone analizy oddzialywan w konformerach
fagopiryn A-F wykazuja obecnos¢ szeregu wewnatrzczasteczkowych oddziatywan.
Podobnie jak w przypadku hiperycyny, policykliczny uklad pierscieni obecny w
czasteczkach fagopiryn wykazuje odchylenie od ptaskosci. Obecnos¢ podstawnikow
piperydynowych i pirolidynowych pozwala na wystepowanie oddziatywan o
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charakterze wigzania wodorowego OHN. Dzigki temu istnieje mozliwo$¢ zerwania
silnych wigzann wodorowych OHO w obszarze antronowym, ktdrych obecnos¢ jest
typowa w przypadku wielu pochodnych podwojnego antronu i zazwyczaj
preferowana ze wzgledu na utworzenie symetrycznych pierscieni z udzialem silnych
wigzan OHO. Rozerwanie wigzan wewnatrzczasteczkowych OHO odrdznia
czasteczki fagopiryn od czasteczki hiperycyny, co ma odzwierciedlenie w zmianie
aromatycznosci pierscieni w policyklicznym ukladzie i wplywa na gestos¢
elektronowa i potencjalne wlasciwosci spektroskopowe. Wyniki otrzymane dla
czasteczek fagopiryn w zestawieniu z danymi literaturowymi dostepnymi dla
hiperycyny moga zwigkszy¢ zainteresowanie tymi naturalnymi fotouczulaczami i
pomdc w wykorzystaniu ich unikalnych wlasciwosci w farmacji i medycynie.

Sennidyny sa czasteczkami, w ktorych ugrupowanie podwdjnego antronu rézni sie
istotnie od czasteczek hiperycyny i fagopiryn. Czasteczki te obecne w liSciach Senesu
znajduja zastosowanie w farmacji i medycynie. Analiza konformacyjna
przeprowadzona dla sennidyn A-D pozwolita na wyznaczenie konformeréw
charakteryzujacych si¢ najnizsza energia. Pozwala to na wytypowanie struktury
przestrzennej obecnej w materiale roslinnym. Cecha charakterystyczng tych
zwigzkoéw jest obecnos$¢ pojedynczego wigzania C-C, laczacego ugrupowania
antronowe. Poszukiwania konformeréw sennidyn prowadzone byly w oparciu o
wzajemny obrot ugrupowan antronowych wokot tego wigzania. Pozwolito to na
wyznaczenie istotnych oddzialywan w czasteczkach sennidyn oraz analize natury
wspomnianego, wydiuzonego wiazania C-C. Z analizy energii wynika, Ze wigzanie to
tworzy strukture podwodjnego antronu w czasteczkach sennidyn, jednak jest
wydluzone i do jego zerwania wymagana jest energia nizsza niz w przypadku
standardowych wigzan C-C w alkanach. Analiza ACID wskazuje dodatkowo na
zmniejszona ruchliwos¢ elektrondow w obszarze tego wiazania, co tlumaczy tatwy
rozpad czasteczek sennidyn w ukladzie trawiennym na dwie czasteczki monoantronu,
odpowiadajace za efekt farmakologiczny.
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ABSTRACT: The influence of the substituents on the geometry of the
central ring system of hypericin has been analyzed. Substitution that
causes flattening of the hypericin central rings is connected with
introducing the aromatic character of the empty rings. All the hypericin
rings have an aromatic character illustrated by the Harmonic Oscillator
Measure of Aromaticity (HOMA), Nucleus Independent Chemical
Shift (NICS), Fluctuation Index (FLU), and Ellipticity Index (EL)
indices. Quantum Theory of Atoms in Molecules (QTAIM) and

Natural Bond Orbital (NBO) analyses performed on 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene, its substituted analogues, and hypericin show an influence of this substitution

on electron density of the central rings.

ypericin (1,3,4,6,8,13-hexahydroxy-10,11-

dimethylphenanthro[1,10,9,8-0pqra]perylene-7,14-
dione) is an antraquinone derivative, naturally occurring in
Hypericum plants.”> Owing to its broad pharmacological
activity,3_6 hypericin has aroused interest as a promising
compound in anticancer,” ' antimicrobial,'"'* antidepres-
sant,”” ™" and anti-inflammatory'®'” applications. Hypericin
acts as a strong, naturally fluorescent photosensitizer with a
maximum absorption at 590 nm. After light irradiation,
hypericin shows intense, red fluorescence.'® This property lets
hypericin be used in anticancer photodynamic diagnosis and
photodynamic therapy.”® In photodynamic diagnosis, hypericin
shows positive pharmacokinetic properties'’ and tumor
selectivity.' %!

From the point of view of photodynamic therapy, hypericin
has an advantage due to its selectivity toward tumor cells. The
main photodynamic therapy mechanism of photoactivated
hypericin leads to the generation of singlet oxygen and other
reactive oxygen species. After light exposure, photoactivated
hypericin can react directly with a cell membrane or transfer its
energy to molecular oxygen, forming reactive oxygen species.
These species can kill tumor cells by apoptosis, necrosis,
inactivation of tumor vasculature, and activation of the immune
response}’4

One of the most common sources of hypericin is Hypericum
perforatum L. Several attempts were made for the optimization of
the extraction process of hypericin from H. perforatum,””~** and
the first isolation of hypericin was reported in 1939.”

The average content of hypericin in H. perforatum is about
0.03—0.09%.”° The amount may vary depending on origin, sun
exposure, and harvesting time. The highest concentration of
hypericin can be found in the dark glands of the leaves of H.
perforatum””**

H. perforatum has been intensively studied because of its mild
antidepressant properties. The main impact of its antidepressant
effects is connected to the synergistic effect of many active
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compounds.”*~*> A mild antidepressant effect for pure hypericin

was also confirmed.'> Hypericin can act as an inhibitor of
monoamine oxidase***° and interact with y-aminobutyric acid,
serotonine, and sigma receptors.”’36

Considering the many biological interactions of hypericin, it
seems relevant to investigate the aromaticity of this 7,14-
dihydrophenanthro[1,10,9,8-0pqra]perylene derivative. The
pharmacological activity of hypericin is related to its molecular
and electronic structure. The large number of substituents
affects the properties of the polycyclic system. The presence of
carbonyl oxygens, the peri-hydroxy groups introduces the
possibility of intramolecular hydrogen bond formation.””**
According to the molecular structure, 16 tautomers can be
created for hypericin.”” Previous investigations reported the
presence of 1,6- and 7,14-dioxo tautomers of hypericin,*>*'
However, the 7,14-dioxo c tautomer (Scheme 1) is confirmed to
be the most stable structure in many solutions.**~**

The purpose of this paper is to provide information about the
aromaticity of the polycyclic system of hypericin based on the
structure of 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene.
The substituents can influence the geometry and aromaticity of
the central ring system, so the influence of hypericin functional
groups on the geometry and aromaticity of the central rings has
been studied. Because the change in aromaticity is related to the
change in the electron cloud, analysis of electron density and
molecular orbitals of hypericin derivatives has been done. The
results obtained in this work may be used in subsequent studies
on the biologically important activities of hypericin.

Bl RESULTS AND DISCUSSION

Regardless of the importance of hypericin, it is interesting to
examine its molecular and electronic structure. There are eight
rings in the structure of hypericin. In Scheme 1, structures a—d
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Scheme 1. Molecular Structures a—d of Hypericin Obtained
Taking into Account All Potential Locations of the Aromatic
Rings and (e) Atom and Ring Numbering of Hypericin®

HO [o] HO

a

“Isomer a is the structure according to IUPAC nomenclature.

are the four possible combinations of aromatic rings for the
central part of hypericin. According to Clar’s™ rule, the structure
with a given number of aromatic 7-sextets is kinetically more
stable than its isomers with less aromatic 7z-sextets.”® The a
isomer in Scheme 1, which is generated according to the IUPAC
name of hypericin, is characterized by tree aromatic rings, one
empty ring, and four rings with localized double bonds. Isomers
b and d have four aromatic rings, and in isomer d there are no
empty rings. Isomer c is characterized by six fully aromatic rings
and two empty rings and according to Clar’s rule should be the
most stable. The presence of empty rings means that the
molecular structure of hypericin is nonplanar. Another factor
influencing the conformation is the presence of substituents.
Four proton-donor OH groups are directed to the carbonyl
oxygens, forming two OHO hydrogen-bond systems with the
common proton acceptors. Another intramolecular OHO
hydrogen bond is formed between the hydroxy groups at C-3
and C-4. Methyl groups located close together due to steric
interactions also influence the conformation. The presence of
intramolecular interactions has been confirmed by the Non-
covalent Interactions (NCI) method"” (Figure 1).

The conformation of hypericin results from two factors: the
presence of aromatic and empty rings and the substitution
pattern. In order to check their effects on the conformation, the
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L ]

o
Figure 1. Electron-density-gradient isosurfaces for the hypericin
molecule. Traditional colors used for isosurfaces are blue for attractive,
red for repulsive, and green for intermediate-strength interactions. Blue
isosurfaces in the figure are connected with the strong OHO hydrogen

bonds. Interaction between the methyl groups does not have a repulsive
but a dispersive character.

optimization of the hypericin ring system without substituents
(7,14 dihydrophenanthro[1,10,9,8-0pgra]perylene) has been
carried out and then the derivatives containing various
combinations of the substituents present in hypericin have
been optimized. It seems particularly interesting to check
whether the empty rings conjugated with aromatic rings can
obtain a partially aromatic character and if the change in
aromaticity caused by the attachment of a substituent can affect
the empty ring conjugated with the aromatic rings.

Geometry Changes Caused by Substitution of 7,14-
Dihydrophenanthro[1,10,9,8-opgralperylene. The main
structural parameters describing the conformation of the 7,14
dihydrophenanthro[1,10,9,8-opqra]perylene ring system are the
angles between the A—C, D—E, and F—H planes (Scheme 1).
For hypericin, they are equal to 13.334, 10.140, and 12. 363°,
respectively, while for 7,14-dihydrophenanthro[1,10,9,8-0pgra]-
perylene the angles between the A—C, D—E, and F—H planes
are significantly changed and equal to 17.678, 11.594, and
17.732°, respectively. The difference between the 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene and hypericin
ring planes is evidence of how the conformation of the ring
system is sensitive to introduction of substituents. The angles
between the ring planes of all the analyzed compounds are
collated in Table 1.

From the list of angles between the ring planes, it follows that
the influence of methyl groups on the conformation of the 7,14-
dihydrophenanthro[1,10,9,8-0pqra]perylene ring system is
significant, especially for the angle between the planes for the
rings substituted with the methyl groups. The attachment of
oxygen to the empty ring renders the system of empty ring
surrounded by aromatic rings more planar, thus for phenanthro-
[1,10,9,8-opqra]perylene-7,14-dione, the angles between the
ring planes are less than 1°. An additional factor that causes
flattening of the 7,14-dihydrophenanthro[1,10,9,8-0pgra]-
perylene ring system is the formation of the intramolecular
OHO hydrogen bonds in which the central carbonyl oxygen is
an acceptor of two protons from the OH groups. By contrast, the
hydrogen bond formed between the 3- and 4-hydroxy groups
causes deviation of the ring system from planarity. Thus, the
presence of two intramolecular OHO hydrogen bonds to the
carbonyl groups causes flattening of the ring system, while the
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Table 1. Angles Between the Ring Planes of the Analyzed Compounds

plane/angle [deg]
7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene
14-hydrophenanthro[1,10,9,8-opgra]perylen-7-one
phenanthro[1,10,9,8-0pgra]perylene-7,14-dione
7,14-dihydro-11-methylphenanthro[1,10,9,8-opqra]perylene
7,14-dihydro-3,11-dimethylphenanthro[ 1,10,9,8-opgra]perylene
7,14-dihydro-4,11-dimethylphenanthro[ 1,10,9,8-opgra]perylene
7,14-dihydro-10,11-dimethylphenanthro[1,10,9,8-opgra]perylene
14-hydro-11-methylphenanthro[1,10,9,8-opqra]perylen-7-one
7-hydro-3,11-dimethylphenanthro[1,10,9,8-opgra]perylen-14-one
7-hydro-4,11-dimethylphenanthro[1,10,9,8-opgra]perylen-14-one
14-hydro-10,11-dimethylphenanthro[1,10,9,8-0pgra]perylen-7-one
7-hydro-11-methylphenanthro[1,10,9,8-opgra]perylen-14-one
7-hydro-4,10-dimethylphenanthro[ 1,10,9,8-opgra]perylen-14-one
7-hydro-3,10-dimethylphenanthro[ 1,10,9,8-0pgra]perylen-14-one
7-hydro-10,11-dimethylphenanthro[1,10,9,8-0pqra]perylen-14-one
11-methylphenanthro[1,10,9,8-0pgra]perylene-7,14-dione
3,11-dimethylphenanthro[1,10,9,8-0pqra]perylene-7,14-dione
4,11-dimethylphenanthro[1,10,9,8-opgra]perylene-7,14-dione
10,11-dimethylphenanthro[1,10,9,8-0pqra]perylene-7,14-dione
14-hydro-6,8-dihydroxyphenanthro[1,10,9,8-0pgra]perylen-7-one
7,14-dihydro-3,4-dihydroxyphenanthro[ 1,10,9,8-opgra]perylene
1,6,8,13-tetrahydroxyphenanthro([1,10,9,8-0pgra]perylene-7,14-dione
14-hydro-3,4,6,8-tetrahydroxyphenanthro[ 1,10,9,8-0pgra]perylen-7-one
7-hydro-1,3,4,13-tetrahydroxyphenanthro[ 1,10,9,8-opgra]perylen-14-one
1,3,4,6,8,13-hexahydroxyphenanthro(1,10,9,8-0pqra]perylene-7,14-dione

1,3,4,6,8,13-hexahydroxy-10,11-dimethylphenanthro[ 1,10,9,8-0pqra]perylene-7,14-dione (hypericin)

7,14-dihydro-3-hydroxyphenanthro[1,10,9,8-0pqra]perylene
14-hydro-3,6,8-trihydroxyphenanthro[ 1,10,9,8-opgra]perylen-7-one
1,3,6,8,13-penthahydroxyphenanthro[1,10,9,8-0pqra]perylene-7,14-dione

A-C D-E F-H A-F C-H
17.678 11.594 17.732 4.066 4.063
11.275 4.686 3.439 4.377 4.376

0.113 0.029 0.021 0.072 0.068
27.137 12.950 12.452 5.772 19.697
20.923 14.422 22.347 19.039 20.707
22.518 15.248 22.501 20.279 20.297
20.793 5.959 20.792 4.019 34.545
21.448 7.368 6.664 3.798 21.695
14.215 3.668 26.406 20.492 20.490
10.580 6.135 29.594 20.587 19.860
24.882 7.875 12.287 1.452 32.781

6.476 5.835 19.340 1.453 21.514
14.350 9.161 12.429 19.162 22.738
13.187 10.109 15.999 19.457 22.902
12.288 7.880 24.874 1.460 32.783
10.440 4.544 9.843 3.701 19.400
20.552 2.303 14.005 18.181 18.198
11.401 8.175 11.400 20.692 20.694
15.907 6.798 15.909 4.501 30.898
11.398 4.628 3.209 4.514 4.511
11.242 12.991 29.739 5.795 24.864

0.027 0.00S 0.011 0.016 0.024
22.943 7.274 7.966 2.321 25.719

7.902 8.093 24.030 3.602 25.376

6.964 0.698 4.352 4.779 7.039
13.334 10.140 12.363 23.188 30.095
22.379 13.623 19.580 7.044 6.202
16.802 6.203 3.300 11,297 4.938

3.190 1.540 3.134 6.242 1.333

presence of the OHO hydrogen bond between the hydroxy
groups and substitution with the methyl groups located close
together cause a bending of the ring system of hypericin.

There is a mutual relationship between the change in the
geometry of the central ring system and the parameters of the
hydrogen bonds (Table 2). In hypericin, both OHO hydrogen
bonds to the carbonyl oxygen linked to the empty ring B are
different and are not identical to the second OHO hydrogen
bond system, in which the oxygen is linked to the empty G-ring
(Scheme 1). For 1,6,8,13-tetrahydroxyphenanthro[1,10,9,8-
opqra]perylene-7,14-dione, the H---O, O--O, and OHO hydro-
gen bonds are highly similar for both OHO hydrogen bonds
with the carbonyl proton acceptor. The OHO hydrogen bond
between the 3- and 4-hydroxy groups in hypericin is similar to
that in 7,14-dihydro-10,11-dihydroxyphenanthro[1,10,9,8-
opqra]perylene but is sensitive to the structural changes in
other hypericin analogues. The influence of the methyl
substituents on the hydrogen-bond formation between the C-
3 and C-4 hydroxy groups is significant. For hypericin, the H---O
and O---O distances of the hydrogen bond formed between the
hydroxy groups are longer than for the nonmethylated
1,3,4,6,8,13-hexahydroxyphenanthro[ 1,10,9,8-0pqra]perylene-
7,14-dione. Also the OHO angle changes dramatically. For
comparison, both OHO hydrogen bonds to the oxygen linked to
the empty B- and G-rings are less sensitive to the presence of
methyl groups.

Aromaticity of the 7,14-Dihydrophenanthro[1,10,9,8-
opqralperylene Rings. Aromaticity of organic molecules is
one of the most important characteristics related to their specific
chemical reactivity and structure. As a measure of aromaticity,

2108

many parameters based on structural changes, magnetic
properties, or electron density can be used. The Harmonic
Oscillator Measure of Aromaticity (HOMA) index is directly
related to the bond lengths in the aromatic ring,***’ Another
aromaticity parameter related to the absolute magnetic shielding
at the center of a ring is Nucleus Independent Chemical Shift
(NICS).>° Negative values of NICS indicate aromatic character
while positive NICS values suggest antiaromaticity. For
conjugated, polycyclic systems, the phenomenon responsible
for the aromaticity is the delocalization of 7 electrons, so the
adequate parameter illustrating the aromaticity is the Electron
Fluctuation Index (FLU) which is related to the fluctuation of
electric charge between adjacent atoms in a given ring.51
Because aromaticity is directly associated with the 7-electron
structure resulting from the delocalization of 7-electrons,
aromaticity can also be characterized by the ellipticity of the
bonds included in the aromatic ring. The Ellipticity (EL)>
parameter is based on electron density properties of the bonds
included in the aromatic ring. In Figure 2 are presented
correlations of HOMA with NCI, FLU, and EL aromaticity
indices for particular rings of the hypericin derivatives.
Although the general correlation of the FLU and EL
parameters with HOMA seems to be regular, the aromaticity
of 7,14-dihydrophenanthro[1,10,9,8-0pqra]perylene rings can
be split into a few categories, as presented in Figure 2. Typical
aromatic A-, C-, F-, and H-rings give a separate group of
compounds with the highest HOMA values. B- and G-rings can
be split into three groups of compounds and two of them are
typical for empty rings with negative HOMA values. The D- and
E-rings with one group of B-, G-rings can be characterized by
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Table 2. Hydrogen Bonds in the Investigated Compounds

cmpd

1,3,4,6,8,13-hexahydroxy-10,11-dimethylphenanthro[ 1,10,9,8-0pgra]perylene-7,14-dione

(hypericin)

1,3,4,6,8,13-hexahydroxyphenanthro[ 1,10,9,8-opgra]perylene-7,14-dione

7-hydro-1,3,4,13-tetrahydroxyphenanthro[1,10,9,8-opgra]perylen-14-one

14-hydro-3,4,6,8-tetrahydroxyphenanthro[ 1,10,9,8-opqra]perylen-7-one

1,6,8,13-tetrahydroxyphenanthro[1,10,9,8-opgra]perylene-7,14-dione

7,14-dihydro-3,4-dihydroxyphenanthro[1,10,9,8-opgra]perylene
14-hydro-6,8-dihydroxyphenanthro[ 1,10,9,8-0pqra]perylen-7-one
14-hydro-6,8-dihydroxyphenanthro[1,10,9,8-0pqra]perylen-7-one

14-hydro-3,6,8-trihydroxyphenanthro[ 1,10,9,8-opqra]perylen-7-one

1,3,6,8,13-penthahydroxyphenanthro[1,10,9,8-opqra]perylene-7,14-dione

hydrogen bond H-O[A] O-O[A] OHO [deg]
C-13—0O—-H--0=C-14 1.6659 2.5548 146,94
C-1-O—H--0=C-14 1.6499 2.5422 147.330
C-8—0O—H:-0=C-7 1.6750 2.5606 146.668
C-6—O—H--0=C-7 1.6400 2.5351 147.385
C-3—0O—-H:---0-C-4 1.6670 2.5605 151.168
C-13—0—-H--0=C-14 1.6642 2.5341 145.172
C-1-O—-H---0=C-14 1.6433 2.5127 145.111
C-8—0O—H:-0=C-7 1.6680 2.5372 145.137
C-6—O—H--0=C-7 1.6420 2.5118 144.993
C-3—-0O—H:--0-C-4 1.4382 2.4015 171.011
C-13—0O—H---0=C-14 1.6364 2.5310 147.450
C-1-O—-H---0=C-14 1.6364 2.5302 147.510
C-3—0O—-H:---0-C-4 1.6436 2.5481 152.697
C-8—0O—H--0=C-7 1.6446 2.5360 147.186
C-6—0—H:--0=C-7 1.6302 2.5261 147.536
C-3—0—H--0-C+4 1.6942 2.5773 149.657
C-13—0O—-H--0=C-14 1.6498 2.5392 146.894
C-1-O—H--0=C-14 1.6499 2.5393 146.899
C-8—0—H--0=C-7 1.6497 2.5392 146.900
C-6—O—H---0=C-7 1.6500 2.5394 146.905
C-3—0—H:-0-C-+4 1.6540 2.5588 153.143
C-8—0—-H---0=C-7 1.6435 2.5350 147.198
C-6—O—H:-0=C-7 1.6436 2.5351 147.193
C-8—0O—H--0=C-7 1.6435 2.5350 147.198
C-6—O—H--0=C-7 1.6436 2.5351 147.193
C-6—O—H:-0=C-7 1.6366 2.5278 147.151
C-8—0—-H---0=C-7 1.6371 2.5301 147.312
C-1-O—H:--0=C-14 1.6187 2.5164 147.599
C-13—0O—H---0=C-14 1.6409 2.5320 147.052
C-6—O—H---0=C-7 1.6365 2.5265 146.897
C-8—0O—H:-0=C-7 1.6408 2.5319 147.035

intermediate aromaticity. According to the correlations in
Figure 2, the aromaticity of the B- and G-rings is variable and can
be typical for the empty rings up to the rings with intermediate
aromaticity.

The NICS index is a measure of the magnetic properties of
molecules connected with 7 electrons. The NICS indices in
Figure 2 have been calculated at the geometric centers of the
rings. Because the o electrons can influence the NICS values, the
most correct parameter should be NICS(1) calculated at 1 A
above the plane of the aromatic ring. In the case of conjugated,
polycyclic systems with 77 electrons, the NICS should be scanned
over distances ranging from 0 (which corresponds to the
geometric center of the ring) to the point, located on the axis
perpendicular to the plane of the ring. Systematic calculation of
NICS values in and out of plane (NICS scan)™ is a better
method to show spatial features of aromaticity instead of single
NICS value.

In Figure 3, NICS values are compared as a function of the
distance for hypericin and planar molecule of 1,6,8,13-
tetrahydroxyphenanthroperylene-7,14-dione. Comparison of
the results in Figure 3 shows how planarity of the polycyclic
system influences the NICS values.

Substitution of the central ring system and conformational
changes in 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene
rings are connected with a change in their aromaticity. The
planarity of the rings is connected with the 7-electron
delocalization and is an indication of increasing aromaticity.
Figure 4 lists selected 7,14-dihydrophenanthro(1,10,9,8-0pgra]-
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perylene derivatives with HOMA values calculated for a
particular ring.

A-, C-, F-, and H-rings of 7,14-dihydrophenanthro[1,10,9,8-
opqra]perylene are typically aromatic with HOMA value close to
0.89, but this value is lower than for substituted benzene
%55 The aromaticity of the D- and E-rings is
significantly decreased. Substitution of the benzene ring with
methyl groups does not significantly influence the aromaticity,”
but substitution of 7,14-dihydrophenanthro[1,10,9,8-0pgra]-
perylene decreases the aromaticity because of steric interaction.
Substitution of 7,14-dihydrophenanthro(1,10,9,8-0pqral-
perylene with two hydroxy groups which form the intra-
molecular OHO hydrogen bond also changes the conformation
of 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene and de-
creases the aromaticity of the ring to which the hydroxy groups
are connected as well as the aromaticity of the neighboring rings.
A significant increase in aromaticity is associated with the
substitution of oxygen to the empty ring. The negative HOMA
value for the empty ring becomes close to zero. Substitution of
the B- and G-rings with carbonyl oxygen also causes an increase
in the aromaticity of the D- and E-rings but a decrease in the
aromaticity of the other rings. The formation of strong OHO

derivatives.

hydrogen bonds to the carbonyl oxygen, which is an acceptor of
two protons, causes the B- and G-rings to become aromatic with
a HOMA value of about 0.3. An increase of HOMA values for
the B- and G-rings and a decrease of HOMA for the A-, C-, F-,
and H-rings, which is observed for substitution of the empty ring
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Figure 2. Correlations of HOMA with NICS (a), FLU (b), and EL (c)
for 7,14-dihydrophenanthro[1,10,9,8-opgra]perylene derivatives.

with oxygen, and is more pronounced when the intramolecular
OHO hydrogen bonds to the carbonyl oxygens are formed.

Analysis of HOMA values for hypericin shows that all the
rings in the center of the molecule are aromatic. The influence of
resonance-assisted strong hydrogen bonds®® on the electron
density of hypericin is connected with the mobility and
delocalization of the 7 electrons.®”

The best method to describe the change in aromaticity
connected with rearrangement of the electron densitg is the
Quantum Theory of Atoms in Molecules (QTAIM).”® In the
frame of the QTAIM theory, the molecule is treated as a system
of critical points of the electron density p(r), where the gradient
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Figure 3. NICS values as a function of distance for 1,6,8,13-
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of the electron density vanishes. The saddle points of the
electron density indicate bond-critical points (BCPs) or ring-
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Figure 4. Selected 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene derivatives with HOMA values for particular rings.

critical points (RCPs) when the maximum level of electron
density represents the atom. The QT AIM graph for hypericin is
shown in Figure 5.

Figure 5. QTAIM graphs for hypericin. Red dots represent bond-
critical points, and green dots represent ring-critical points.

It can be expected that the change in aromatic character of a
ring connected with the rearrangement of the 7 electrons should
be reflected in the electron density at the RCP. Besides this, the
energetic properties of electrons at RCPs expressed by potential-
energy density, V(r), and electronic kinetic energy, G(r), at an
RCP should be changed. The potential energy of the electrons
expresses the pressure exerted on the electrons at the RCP by
other electrons. The kinetic energy, connected with mobility of
the electron density at the RCP, reflects the pressure exerted by
the electrons at the RCP on other electrons. G(r) is always
positive, and V(r) is always negative.’”*
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To investigate if the changes in aromaticity are connected
with electron density at the RCPs, the p(r), V(r), and G(r) have
been correlated with the HOMA values (Figure 6). It shows that
the change in electron density is dependent on the aromaticity
expressed by the HOMA values, and the electron density at the
RCPs increases as HOMA increases. Also the energetic
parameters, calculated for the RCPs, are related to the HOMA
values. The electronic-kinetic-energy density G(r), connected to
the delocalization of the 7 electrons in the ring, increases if the
HOMA approaches the maximum. The potential-energy
density, V(r), shows negative values for all of the calculated
RCPs. As the electronic-kinetic energy tends to increase with the
HOMA, the potential energy of electrons decreases, which is
associated with an increase in ring aromaticity. The HOMA
values close to 1 represent the highly aromatic A-, C-, F-, and H-
rings. The points characterized by the HOMA values close to 0
are related to the empty B- and G-rings, which become partially
aromatic after substitution of the polycyclic system. For the D-
and E-rings, HOMA values change between 0 and 1, depending
on the structure. HOMA values for all the compounds are shown
in the Supporting Information. The increase in aromaticity of
the ring is related to the increase in electron density at the RCP,
higher delocalization of the electrons, and decrease in the
influence of other electrons than these located at RCP expressed
by potential-energy density.

Delocalization of Electrons. In addition to the distribution
of electron density in the molecule, another important
parameter is delocalization of the electron density. This
parameter is related to reactivity and many physical and
chemical properties. It is evident that aromaticity is connected
with delocalization of the electrons participating in delocalized &
electrons of the aromatic ring which is expressed in some
aromaticity indices. A method that can visualize the electron
delocalization and should be used complementary to electron

DOI: 10.1021/acs.jnatprod.8b00872
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Figure 6. Correlation of electron density (a), potential-energy density
(b), and kinetic-energy density (c) with HOMA for 7,14
dihydrophenanthro[1,10,9,8-opqra]perylene derivatives.

density analysis is Anisotropy of the Current-Induced Density
(ACID).°" The ACID surfaces for selected 7,14-
dihydrophenanthro[1,10,9,8-0pqra]perylene derivatives are
shown in Figure 7.

For all compounds shown in Figure 7, the electrons of the
7,14-dihydrophenanthro[1,10,9,8-opqra]perylene ring system
are delocalized. Only in the empty rings of 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene, the electrons are
localized. Unexpectedly, delocalization of the electron density is
not observed for the strong OHO hydrogen bonds in which the
oxygen is an acceptor of two protons when electron
delocalization of the OHO hydrogen bond formed by the
hydroxy group is significant.

NBO Analysis of 7,14-Dihydrophenanthro[1,10,9,8-
opqralperylene Derivatives. Besides the QT AIM analysis of
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Figure 7. ACID surfaces for selected 7,14-dihydrophenanthro-
[1,10,9,8-opqra]perylene derivatives: (a) 7,14-dihydrophenanthro-
[1,10,9,8-0pqra]perylene, (b) phenanthroperylen-14-one, (c) 1,13-
dihydroxyphenanthroperylen-14-one, (d) phenanthroperylene-7,14-
dione, (e) 1,6,8,13-tetrahydroxyphenanthroperylene-7,14-dione, and
(f) hypericin. ACID field isosurfaces have been generated at the value of
0.0S.

electron density, representation of molecular orbitals tradition-
ally used in chemistry can also be shown. Both approaches are
complementary to each other and for typical organic molecules
are strongly related and, independent of different basic concepts,
an explicit mathematical relationship between both theories can
be found.’” Figure 5 shows the frontier orbitals (highest
occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO)) for selected 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene derivatives. The
HOMO and LUMO orbitals are delocalized over the whole
molecule, and substitution of the 7,14-dihydrophenanthro-
[1,10,9,8-0pqra]perylene empty ring by oxygen and formation of
the hydrogen bond between the hydroxy groups and the
carbonyl oxygen are connected with changes in the orbitals in
the part of the molecule far from the substituent (Figure 8).

Changes in the rings in 7,14-dihydrophenanthro[1,10,9,8-
opgra]perylene derivatives from nonaromatic to aromatic must
be connected with rearrangement of the molecular orbitals.
Natural Bond Orbitals (NBO) analysis refers to the traditional
idea of Lowdin,”® which for typical aromatic compounds
reproduces one of the Kekule structures. The molecular orbitals
are constructed from natural atomic, natural atomic hybrid, and
natural localized molecular orbitals (NLMO) that are close to
molecular orbitals.”* NBO analysis, as well as giving a detailed
description of particular chemical bonds with participation of
the atoms included in the bond and bond polarization, also
delivers information on the orbital occupancy and orbital
delocalization.”® For typical chemical bonds in organic
molecules, delocalization of the NLMO orbitals expressed by
percentage from the parent NBO is close to 100% and the
occupancy of the orbital is close to 2.

The NLMO orbitals for double bonds in one of the Kekule
structures of 7,14-dihydrophenanthro[1,10,9,8-opgra]perylene
are shown in Figure 6. Occupancy of these orbitals changes in
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a

Figure 8. HOMO (upper) and LUMO (down) orbitals for 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene (a), 7-hydrophenanthro[1,10,9,8-
opqra]perylen -14-one (b), 7-hydro-1,13-dihydroxyphenanthro[1,10,9,8-0pqra]perylen-14-one (c), and hypericin (d).

b

Y d

Figure 9. NLMO orbitals representing the carbon—carbon double bonds (a), three center C—C—C bonds (b), lone pairs on carbon atoms (c), and
low-occupied NLMO orbitals (d) for 7,14-dihydrophenanthro[1,10,9,8-opgra]perylene, 7,14-dihydro-10,11-dihydroxyphenanthro[1,10,9,8-0pqra]-
perylene, 7-hydro-1,13-dihydroxyphenanthro[1,10,9,8-0pqra]perylen-14-one, 1,6,8,13-tetrahydroxyphenanthro[1,10,9,8-0pgra]perylene-7,14-dione,

and hypericin.

the 1.57—1.70 range, and the bond delocalization, significantly
higher than for typical bonds, is from 82.36 to 77.83%. Carbon—
carbon double bonds are not polarized as participation of the
carbon atoms in the bond is similar. Double C=C bonds
represented by NLMO orbitals for hypericin are more polarized
than for 7,14-dihydrophenanthro[1,10,9,8-0pqra]perylene,
which is expressed by participation of the carbon atoms in the
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bond. Analogous orbitals for hypericin are characterized by
similar occupation but are more delocalized (81.53—77.9%).
For some 7,14-dihydrophenanthro[1,10,9,8-0pqra]perylene de-
rivatives shown in Figure 6, besides typical single and double
carbon—carbon bonds, additional orbitals also arise. On the
carbon atoms of some 7,14-dihydrophenanthro[1,10,9,8-
opgra]perylene derivatives, additional strongly delocalized,

DOI: 10.1021/acs.jnatprod.8b00872
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lone pairs can be present. For hypericin, delocalization of the
lone carbon pairs is 37.53 and 38.21% with a very low
occupation of 1.02. Other additional orbitals are characterized
by low occupation, and for hypericin it is 0.89, 0.89, and 0.80.
Higher occupied (for hypericin occupation is 1.76) and more
localized (86.64%) are the three center C—C—C orbitals. The
additional NLMO orbitals mentioned above are far from the
typical aromatic structure and can be treated as evidence of a
strongly delocalized electron cloud which cannot be split into
typical single and double bonds of one of the Kekule structures
of the aromatic ring. It is characteristic that delocalization of the
electron cloud is connected with the presence of the strong
intramolecular OHO hydrogen bonds to the carbonyl oxygen.
These bonds not only influence the geometry of the 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene rings but also, as
the hydrogen bonds is typically resonance assisted, the electrons
can be moved in the cyclic structure formed by the strong
hydrogen bond.

Comparison of the NLMO orbitals in Figure 9 shows a
significant rearrangement of the electrons in the 7,14-
dihydrophenanthro[1,10,9,8-opgra]perylene core caused by
substitution with the substituents engaged in a strong intra-
molecular hydrogen bond. For hypericin, the hydroxy groups
linked by the OHO hydrogen bond, methyl groups in close
proximity to each other, as well as two systems of strong OHO
hydrogen bonds to the carbonyl oxygens causing changes in the
electron cloud are significant and the molecular orbitals are not a
simple summation of these for the particular substituents. The
electron density delivered by the orbital connected with three
center C—C—C bonds, lone pairs on carbon atoms, and low-
occupied NLMO orbitals for hypericin suggest that the c
structure with six aromatic rings shown in Scheme 1 has been
confirmed by the NLMO analysis. Stability of the “fully
benzenoid” structure of hypericin is a result of a limited
delocalization of the electron density.

In conclusion, the geometry of 7,14-dihydrophenanthro-
[1,10,9,8-0pqra]perylene is sensitive to substitution and the
central-ring system can be planar. Flattening of 7,14-
dihydrophenanthro[1,10,9,8-0pgra]perylene is associated with
changes in the aromaticity of individual rings, so for hypericin, all
central rings have an aromatic character. The change in
aromaticity is associated with changes in electron density,
which has been demonstrated by the QTAIM and NBO
methods. The alignment of aromaticity in hypericin rings is
associated with significant delocalization of the electron cloud
what has been confirmed by the ACID approach. The structure
with A-, C-, D-, E-, F-, and H-aromatic rings and empty B- and
G-rings has been confirmed by NLMO analysis as the most
characteristic for hypericin.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optimization of the 7,14-
dihydrophenanthro[1,10,9,8-opqra]perylene derivatives was per-
formed with the Gaussian 09 program.®® Structure optimization of a
series of 7,14-dihydrophenanthro[1,10,9,8-0pgra]perylene derivatives
performed previously showed that optimized geometries were similar in
many functionals.”® Optimization of the compounds in this paper was
performed at the DFT B3LYP/6-311++G**-DG3 level including
Grimme dispersion.”” Vibrational frequencies were calculated to verify
the structures as a minima on the potential-energy surface. The wave
functions evaluated for optimized molecules were used as an input to
the AIMAIl program® and NCI analysis.”” NBO analysis of the
optimized structures was performed using the ADF program.”’~">
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NICS scans were obtained using the AROMA software.”> The ACID
program was used to visualize delocalization of the electrons.'
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Simple Summary: The study determines the spatial structure and intramolecular interactions of
sennidines—natural pharmaceutical substances present in Senna species. The calculations predict
many sennidin conformers with similar energy but the gauche conformation will be present in
the plant material. The lowest energy structure that is most likely to be found in plant material is
characterized by the presence of OHO hydrogen bonds formed by hydroxyl groups and carbonyl
oxygen. The sanidin molecule can be easily breakdown into monoanthrones because of elongation of
the single C-C bond linking the anthrone moieties and reduced bond dissociation energy. The work
contains data on theoretical, vibrational and electron excitation spectra, which can be used in the
analysis of experimental samples.

Abstract: The rapid development of technology allows for more accurate research of biological
systems with the use of in silico methods. One of the tools is the quantum-chemical method used
for determining the structure, properties and interactions of molecules of great pharmacological
importance. The accuracy of theoretical models is increasing and can be a real help in biology,
chemistry and pharmacy. The aim of the study is to determine the spatial structure and intramolecular
interactions of sennidines—natural pharmaceutical substances present in Senna species. Calculations
carried out in the gas-phase and in the solvent model, compared with the available experimental
data indicate the possibility of sennidines to form conformers. QTAIM and NCI analysis suggests
the presence of many intramolecular interactions in the sennidin structure. Taking into account the
lowest energy optimized structure, it can be predicted that the sennidin in the gauche conformation
will be present in the plant material. The single C-C bond connecting the anthrone moieties is
elongated and its reduced Bond Dissociation Energy (BDE) could be the cause of an easy breakdown
of the sennidin molecule into monoanthrones. This work contains data on theoretical, vibrational
and electron excitation spectra, which can be used in the analysis of experimental samples.

Keywords: sennidines; conformation; hydrogen bond; QTAIM; NCI

1. Introduction

Sennidines belong to a group of compounds composed of double-anthrone moiety.

There are four sennidin structures shown in Scheme 1. The common part of all of
the sennidines is a double-anthrone moiety connected by a single C-C bond. Two specific
regions can be distinguished in the sennidin molecule. The “peri” region, which includes
two hydroxyl groups directed to carbonyl oxygen, and the “bay” region, which is located in
the empty space between two anthron moieties. There are COOH or CH,OH groups in the
“bay” region, depending on the sennidin type. The structure of sennidin is characterized by
a number of substituents. Substitution allows for the formation of strong OHO hydrogen
bonding [1]. The sennidin structure is characterized by the rotation of the anthron moieties.
It is possible to distinguish RR and RS isomers of sennidines. In addition, substitution at
the “bay” region of the molecule with a COOH or CH,OH group produces four sennidin
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structures, ultimately named sennidin A-D. The ability of sennidines to form conformers
and easy breakdown of the single C-C bond between anthron moieties [2] has not been
examined sufficiently.

Scheme 1. Molecular structures of sennidin (A-D).

Monoantrons obtained after breaking down the single C-C bond also affect some of
the other properties of sennidin, such as antidiabetic [3]. Sennidines occur naturally in
Senna plants [4]. The number of Senna species is estimated at 260-350, of which nearly
50 are grown to obtain plant material [5]. One of them is Senna alexandrina [6]. Senna
plants are used as a natural laxative and to fight constipation [7]. The laxative effect of
Senna plants is associated with the presence of sennidines [8] and is mainly caused by their
decomposition products formed in the intestines [9-11].

The widespread availability of Senna laxatives helps patients suffering from chronic
constipation who are using opioid therapy and as a laxative [7]. However, it carries the
risk of abuse. Some studies have indicated the carcinogenic nature of anthron compounds
in the gastrointestinal tract during chronic use [12,13], while other studies have failed
to show the effect [14,15]. Sennidin is also an interesting antitumor agent—sennidin A,
labeled with iodine 131, can be used to directly target tumor cells. Due to the high
affinity and accumulation of sennidin in dead tumor tissue, it is possible to image and
kill residual tumor cells. The advantage of using sennidin is its specific accumulation and
retention in cancerous tissue and rapid removal from healthy cells [16]. Due to the high
affinity of sennidin for dead cells, it can be used to treat of myocardia. Sennidin, when
accumulated in degenerated myocardial tissue, allows its selective destruction [17,18]. In
plant material, sennidines are present in glycosidic forms, called sennosides. The total
sennidin content in the Senna species ranges from 0.08% to 2.62%, calculated as sennoside
D—one of the four glycosidic form of sennidin [19,20]. The content of sennosides may vary
depending on plant nutrition and time when the leaves are picked [21,22]. Extraction of
pure sennidines from plant material is a multi-stage and time-consuming process, so a fast
and efficient synthesis of sennidin aglycone has been proposed [23]. The bioavailability
of dianthrons is low, and only the products resulting from the breakdown of the sennidin
molecule into monoanthrones have a laxative effect [24]. The metabolism of sennosides
and their mechanism of action in the gastrointestinal tract have been described and are
well known [9,25].

Although the crystal structures of dianthrones are known [26-28], the structures of
sennidines have not been determined so far and in the case of dianthrones there are many
structural problems to be solved. The basic question is the mutual arrangement of the
two parts of the dianthrone. The results of structural [26-28] and theoretical [29] research
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show that a gauche form is a typical arrangement; however, for dianthrone analogues anti
stacking [27] is also possible. Other structural problems are related to unsymmetrically
substituted dianthrones and their cis/trans conformation. In the case of sennidines, except
the question of the interaction between the anthrone parts, arises the question about the
possibility of formation of intramolecular hydrogen bonds between the groups substituted
in both parts of the dianthrone.

The purpose of this paper is to apply computational methods to determine the molec-
ular structure of sennidin and to perform conformational analysis of the sennidin molecule.
Studies into the structure of sennidin provide information about its possible intramolecular
interactions. Data obtained from them may be helpful in further research on the phar-
macological properties of sennidines, which result directly from their geometrical and
electronic structure. Conformational analysis based on rotation around the C-C single
carbon bond has been performed for the structures presented in Scheme 1. It would be
interesting to examine whether there are possible intramolecular interactions between sub-
stituents for anthrone moieties and how such interactions affect the structure and energy
of individual sennidines.

2. Materials and Methods

General Experimental Procedures. Conformational analysis and the optimization of
the sennidin structures was performed by means of the Gaussian16 software [30]. The
optimization was performed at the DFT B3LYP/6-311++G**-DG3 level with Grimme disper-
sion [31]. The solvent PCM model was calculated using the SCRF command implemented
in the Gaussian package with the cavity radius and electric permittivity default for wa-
ter and ethanol. All of the optimized structures correspond to the local minima on the
potential-energy surface. The QTAIM analysis was carried out with the AIMALL pro-
gram [32]. Non-covalent interactions were investigated with the NCI [33] method. The
ACID program was used to describe the delocalization of the electrons [34]. UV-VIS spectra
and orbital analysis was performed as a single point calculation using the ADF2019 pro-
gram [35] with the same method as used during Gaussian16 optimization. Singlet—singlet
excitations for ten excited states were computed using Davidson method. The UV-VIS
absorption spectra were fitted using Gaussian functions with a width of 50 nm.

3. Results and Discussion

Four sennidin structures, named sennidin A-D (Scheme 1) are known. They occur
naturally in plant material, but their structure and geometry are not precisely determined.
The “peri” region of the anthrone moieties remains similar in all of the sennidines. Sub-
stitution in the “bay” region with COOH or CH,OH groups differentiates molecules into
sennidin A—a structure with two carboxyl groups, and sennidin C—a structure with
one carboxyl and one CH,OH group. Another difference, which doubles the number of
sennidin structures, is the RR and RS conformation of the sennidin molecules within the
C-C single bond that connects the anthrone moieties. Sennidin A is the RR configuration of
the double-anthrone moiety with two carboxyl groups, while sennidin B represents the RS
configuration of the structure. Sennidin C is the RR configuration of the double-anthrone
moiety with one COOH and one CH,OH group and the RS conformation of the structure
represents sennidin D. Despite multiple sennidin A-D conformers, the problem of configu-
ration in sennidin molecules is an important issue. Because of the presence of the C10(sp®),
C10’(sp®) carbon atoms, forming the single C-C bond and the presence of the methoxy and
carboxylic group, the A, B and C, D pairs of sennidin are called diastereoismers. Sennidin
A and C cannot convert to sennidin B and D without the interference with chemical bonds.
The optimization performed on the initial structures maintains the configurations for all
sennidin structures. The configurations are 10R,10'R for sennidin A and C and 10R,10’S for
sennidin B and D.
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The rotation of the anthrone moieties can lead to intramolecular interactions of the
substituents in “peri” and “bay” regions of sennidin. The nature of the intramolecular
interactions is unexplored and may affect the structure of the double-anthrone moiety.

3.1. Conformational Analysis of Sennidines

Optimization of the sennidin molecule has been performed for the structures presented
in Scheme 1. For sennidin A-D, twenty-one structures showing energy differences have
been chosen and for all of them, structure optimization has been performed. Optimized
structures corresponding to the local minima of energy with zero-point correction are
presented in Figures 1-4.

AE = 0.0 kcal-mol-' (Ref.) AE = 8.6 kcal-mol-! AE = 8.7 kcal-mol*!

AE = 11.2 kcal-mol-! AE = 14.9 kcal-mol

Figure 1. Conformers (1-6) of sennidin A.

AE = 5.5 kcal-mol- AE = 5.8 kcal-mol!

Figure 2. Conformers (7-10) of sennidin B.
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AE = 1.7 kcal-mol”! AE = 3.9 kcal-mol-! AE = 5.9 kcal-mol-"

Figure 3. Conformers (11-16) of sennidin C.

AE = 0.1 kcal-mol

AE = 7.0 kcal-mol”! AE = 12.1 keal-mol”!

Figure 4. Conformers (17-21) of sennidin D.

Six low energy conformers have been obtained for sennidin A. The maximum differ-
ence in energy is 14.9 kcal-mol . Structure 1, with the lowest energy, corresponds to the
formation of the anthrone moieties characterized by no intramolecular interactions. The
structure is characterized by separation of the substituents in the “bay” region (gauche
conformation). In turn, conformer 6, with the highest energy, corresponds to the close
position of the substituents in the “bay” region of the molecule (anti conformation). For
such conformation, no hydrogen bond between carboxyl groups has been observed. An in-
teresting conformation of structure 4 shows possible triple OHO intramolecular interaction
between the substituents.

Four conformers for the sennidin B are characterized by an energy difference of
5.8 kcal-mol !, and rotation of the carboxyl group is responsible for the energy changes.
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The lowest energy conformer 7 is characterized by a non-stacking arrangement of the an-
throne moieties. There are no interactions between the carboxyl group and the substituents
in the “peri” region.

The structure of sennidin C can be described with 6 conformers (11-16). The maximum
energy difference is 5.9 kcal-mol~!. Conformer 11, with the lowest energy, is characterized
by a non-stacking arrangement of the anthrone moieties. The substituents in “bay” region
are arranged parallel to the plane of the C and H rings. A number of intramolecular
interactions in the structure of sennidin C can be observed. Conformers 11-14 show similar
energy in the range of 1.5-1.7 kcal-mol~!. Despite the stacking of the anthrone moieties, it
can be assumed that formation of intramolecular interactions would reduce the energy of
the system. However, the distance between the anthrone moieties can introduce repulsive
and dispersive interactions, so the overall energetic effect of the molecule is ambiguous.

Five conformers with significant energy differences have been obtained for sennidin
D. For conformers 17-19, the energy difference is less than 0.5 kcal-mol !, which suggests
that the structures might exist in plant material. Structure 17 in gauche conformation is
additionally stabilized by the formation of an intramolecular O-H- - - O hydrogen bond.
The conformer with the lowest energy is characterized by a triple OHO hydrogen bonding
to the carbonyl oxygen in the “peri” region of the molecule. Interestingly, structure 21,
characterized by a non-stacking arrangement, shows the highest energy. It is characteristic
that for the analyzed sennidin A-C structures in the lowest energy, the anthrone moieties
are not linked by a hydrogen bond. The number of the obtained structures for individual
conformers varies because the possible intramolecular interactions and geometry con-
straints influence the potential-energy surface and energy minima for every sennidin. For
the investigated sennidines, many local energy minima structures can be obtained, but
usually the energy difference with respect to the reference structure is relatively high if the
intramolecular hydrogen bonds between the anthrone parts are formed.

Figure 5 shows the crystal structure of the double-anthrone moiety [26] and the
structure optimized by the same method as the sennidin molecules. Due to insufficient
literature data on the structure of sennidines, the optimized conformers were compared
with the double-anthrone moiety that has no substituents in the “bay” region—1,1’,8,8'-
tetrahydroxybianthrone. The structural parameters of the sennidin conformers are collated
in Tables 1 and 2. The A and B structures are presented in Figure 5.

A B)

Figure 5. Comparison of the crystal (A) and optimized (B) structure of the double-anthrone moiety.

3.2. Analysis of Geometry of Sennidin Structures

The main geometrical parameter for the sennidin anthrone moieties is the angle
between the planes of the A-C and F-H rings (Figures 1-4) because it is a measure of the
deformation of the anthrone moieties in the sennidin molecule. It may be expected that this
deformation results directly from the intramolecular interactions in sennidin structure. The
interplanar angles for the sennidin A-D are summarized in Table 1. Structure 1, without any
intramolecular hydrogen bonds between the anthrone parts, corresponds to the interplanar
A-C angle of 17.7 degrees. Structure 3, showing the interactions between the carboxyl
groups and hydroxyl groups in the “peri” region of the molecule, corresponds to the angle
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of 11.9 degrees. The dual system of the intramolecular OHO hydrogen bonding linking
both anthrone parts causes deformation of the anthrone moieties of about 5.8 degrees. In
turn, the intramolecular hydrogen bond between the carboxyl groups and the carbonyl
oxygen (structure 4) does not affect the inter-planar angle as much as in the previous case.

Table 1. Angles between the ring planes in sennidin conformers. “A”—unsubstituted double anthrone in crystal and

“B”—optimized double-anthrone. o = 0.001 [deg.].

Compound Structure Plane/Angle [Deg.]
A-C F-H
1 17.700 17.701
2 22.040 20.086
3 11.944 11.913
Sennidin A
4 18.993 18.990
5 20.256 22.294
6 25.014 25.017
7 16.229 17.101
8 14.540 16.816
Sennidin B
9 11.855 18.733
10 18.915 16.502
11 17.479 16.784
12 22.503 26.483
13 14.519 11.452
Sennidin C
14 13.671 14.046
15 23.246 26.664
16 25.190 23.316
17 18.724 14.341
18 16.381 17.255
Sennidin D 19 20.767 14.317
20 20.403 15.657
21 23.629 24.659
A (Figure 5) - 17.302 17.309
B (Figure 5) - 11.947 11.947

Changes in the geometric parameters are connected with the formation of hydrogen
bonds in the sennidin molecule in which two types of the OHO hydrogen bond exist. The
OHO hydrogen bonds in the “peri” region of the molecules show a similar length and
angle for most of the sennidines (Table 2). There is no energetically privileged structure
characterized by the breaking of the hydrogen bonds in the “peri” region of sennidines.
Another type of interaction in the sennidin molecules is the intramolecular OHO hydrogen
bond between two anthrone moieties. The bond is created between the COOH or CH,OH
groups and the substituents in the “peri” region of the molecule. The bond is characterized
by a larger distance and a bigger OHO angle. The angles and bond lengths for all structures
are listed in Table S4 in the Supplementary Material. The red colored A, B, Cand F, G, H
letters in parentheses define the ring and the position of the substituent in the anthrone
moiety that acts as a donor or acceptor of the proton. Most of the hydrogen bond parameters
shown in Table 2 and Table 54 correspond to the “peri” region of sennidin. The parameters
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corresponding to the bond between the COOH or CH,OH group and the substituents
located in the “peri” region of the molecules are presented in the tables in the bold font.

Table 2. Hydrogen bonds in sennidin A-D lowest energy structures, crystal “A” and calculated “B” double-anthrone
moieties, o = 0.0001 [A], o = 0.001 [deg.].

Compound Structure Hydrogen Bond H[ A]O O[. A]O [?)I:gOJ
C(A)-O-H: - - O=C(B) 1.7142 2.5852 145.43
Sermnidin A 1 C(C)-O-H- - - O=C(B) 1.706 2.5813 145.897
C(F)-O-H: - - 0=C(G) 1.7142 2.5852 145.43
C(H)-O-H- - - O=C(G) 1.7061 2.5813 145.897
C(A)-O-H- - - O=C(B) 1.7096 2.5841 145.868
Sennidin B 7 C(C)-O-H- - - O=C(B) 1.7142 2.5856 145.446
C(F)-O-H- - - 0=C(G) 1.7135 2.585 145.494
C(H)-O-H- - - O=C(G) 1.7068 2.5818 145.919
C(A)-O-H- - - O=C(B) 1.715 2.5859 145.44
Sennidin C 1 C(C)-O-H- - - O=C(B) 1.7036 2.5801 146.018
C(F)-O-H- - - 0=C(G) 1.7043 2.5798 145.92
C(H)-O-H- - - O=C(G) 1.705 2.5831 146.3
C(A)-O-H- - - O=C(B) 1.7156 2.5887 145.805
C(C)-O-H- - - O=C(B) 1.7478 2.6091 144.62
Sennidin D 17 C(F)-O-H- - - O=C(G) 1.7001 2.578 146.235
C(H)-O-H- - - O=C(G) 1.6976 2.5748 146.066
C(H)-C(H;)-O-H- - - O=C(B) 2.1931 3.0922 154.333
C(A)-O-H- - - O=C(B) 1.6862 2.5831 151.734
A B C(C)-O-H- - - O=C(B) 1.7383 2.5646 146.429
C(F)-O-H- - - 0=C(G) 1.7383 2.5646 146.429
C(H)-O-H- - - O=C(G) 1.6862 2.5831 151.734
C(A)-O-H- - - O=C(B) 1.7001 2.5783 146.268
B B C(C)-O-H- - - O=C(B) 1.7077 2.5814 145.74
C(F)-O-H- - - O=C(G) 1.7077 2.5815 145.737
C(H)-O-H- - - O=C(G) 1.7002 2.5784 146.266

The parameters listed in Table 2 and Table 54 show that the hydrogen bonds located in
the “peri” region of sennidin structures are characterized by the H- - - O length of about 1.7 A
and an angle of 143-146 degrees. Other types of interactions formed between two anthrone
moieties are characterized by a longer length of 1.8-2.2 A and an angle of 148-169 degrees.
The differences in the geometrical parameters of the hydrogen bonds suggest possible
differences in the strength of the hydrogen bonds in the sennidin structures.

Due to the number of substituents and the possibility of O-H: - - O hydrogen bonds
formation, the sennidin structures may be sensitive to the solvent interaction. Thus, the
gas-phase calculations were compared with the simple PCM solvent model. The initial
structures of sennidines were optimized in water and methanol environment. The results
are presented in Supplementary Materials (Tables 52-56). The A-C and F-H interplanar
angles are greater for the optimized structure in solvent. However, most of the changes
do not exceed 2 degrees. Only structure 14 with the O-H- - - O hydrogen bonding is an
exception but the A-C and F-H interplanar angles are only 2.2 and 2.8, respectively. In
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addition, the geometrical parameters of the hydrogen bonds are not sensitive to the solvent.
The structure 14 is again an exception with the change in the OHO angle of 18.8 degrees.
Thus, the simple PCM calculation has not shown any significant difference for the structural
parameters of sennidines.

Analysis of the energy and geometrical parameters indicates that the formation of
the OHO hydrogen bonds linking two anthrone moieties is connected with significant,
energy-consuming geometry changes, especially the changes of the interring planes. In the
lowest energy structure, the hydrogen bonds between the anthrone parts are not present.
For sennidin B, C and D, the energy differences between the lowest energy conformers
and other conformers are not very significant, so all of the conformers can be present in
plant material.

3.3. Analysis of Intramolecular Interactions in Sennidin Derivatives

As Table 2 indicates, the hydrogen bonds for the analyzed sennidin structures are not
very strong. Except for the hydrogen bond, weak van der Waals interactions between both
anthrone parts can be expected. In the case of very low OHO angles, the existence of the
hydrogen bond can be doubtful, and a detailed analysis of the weak hydrogen bonds and
van der Waals interaction must include changes in the electron density of the molecule.
One of the best methods that allows examination of the electron rearrangement in the
molecule is the Quantum Theory of Atoms in Molecules (QTAIM) [36] and in the case
of very weak interactions—the Non-Covalent Interactions (NCI) method [33]. In terms
of QTAIM, a molecule can be described as a system of critical points of electron density
p(r). The saddle points of the electron density indicate bond-critical points (BCPs) and
ring-critical points (RCPs), while the maximum of electron density represents the position
of an atom and the minimum of electron density—the cage critical point. The local equation
of bonding expressing the chemical action is in accordance with the Bader’s charge zero
flux condition [37]. A graphical presentation of the QTAIM analysis for selected sennidin
structures is presented in Figure 6. Three structures showing specific intramolecular
interactions and one with no interactions have been chosen for comparison.

Figure 6. QTAIM plots for (a)—1, (b)—4, (c)—14, (d)—17 sennidin structures. Green points correspond to RCPs. Red points

indicate BCPs.

In the QTAIM graphs presented in Figure 6, the molecule is characterized by hydrogen
bonds linking the hydroxyl groups with the central carbonyl oxygen. For structure 1, two
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anthrone parts are not linked by a hydrogen bond. For the other structures in Figure 6,
hydrogen bonds between anthrone parts have been detected. According to the QTAIM
method, the existence of a hydrogen bond is proved by an electron density path between
the proton and the proton acceptor, with the presence of a bond critical point (BCP),
where the gradient of electron density vanishes. A bond path is a gradient path with
a BCP—a minimum electron density along the bond path and a maximum along the
directions perpendicular to the bond path. Two atoms are bonded if they are located at
the ends of a bond path with a BCP. A bond path except chemical bond is also common
for hydrogen bonds and other interactions [38,39]. Electron density at a BCP is directly
related to the interaction strength. The other parameters of electron density at a BCP
quantitatively describe the interatomic interactions in the molecular system [40]. The
stability of the interaction is related to ellipticity (¢) of the electron clouds at BCPs [41].
Because the bond path for stable interaction cannot be very bent, the bond path cannot be
nonlinear [42]. Characteristic of the interaction presented by the bond path with a BCP is
associated with characterization of the energetic properties of electron density at a BCP.
The potential-energy density V(r) expresses the pressure exerted on the electrons at the
BCP by the other electrons. The kinetic electronic energy G(r) at the BCP is connected
with the mobility of electron density at the BCP and reflects the pressure exerted by the
electrons at the BCP on the other electrons [43,44]. For the sennidin conformers presented
in Figures 14, all of the hydrogen bonds listed in Table S4 have been confirmed by the
QTAIM parameters collated in Table S1.

In addition to the intramolecular interactions, the single elongated C-C bond which
connects the anthrone moieties is very important, because the breaking of this bond results
in disintegration of sennidin into two monoanthrones. Optimized structures indicate a non-
standard length of the bond, which is elongated. For the investigated compounds, the bond
is elongated and falls within the range of 1.625-1.665 A, while for 1,1°,8,8’-Tetrahydroxy-
10,10"-bi-9 (10H)-anthrone, its length is 1.612 A [26]. Elongation of the C-C bond joining
both parts of the dianthron occurs in the case of substitution, as in the case for Allianthrone
A [28]. Figure 7 presents electron density p(r) and energy components V(r) and G(r) of the
electrons at BCPs as a function of the bond length in A.

The parameters of the electron density for the BCPs of the C-C bond linking the
anthrone moieties of the sennidin structures show a linear dependence on the bond length
and the parameters of electron density. As the length of the bond increases, the electron
density at the BCP and the kinetic energy decreases, but the potential energy increases.
The optimized sennidin structures indicate the elongation of the single C-C bond, which is
slightly different from the standard 1.54 A length.

3.4. NCI Analysis of Sennidin Derivatives

The QTAIM diagram for structure 1 illustrates the compound without any hydrogen
bond linking the two anthrone moieties. Despite this, elongated bond paths with a low
electron density and a significant ellipticity have been found. Such bond paths are char-
acteristic of weak, unstable interactions. For many dispersive interactions, no bond path
is evident. The proper method to investigate very weak interactions is the Non-Covalent
Interactions (NCI) analysis (Figure 8) [33]. This method is very convenient because it
enables presentation of the interactions in the real space of the molecule. NCI analysis
has been performed for the sennidin structures and NCI diagrams for selected sennidines
are presented in Figure 8. The green surfaces illustrate dispersive interactions, the blue
ones—hydrogen bonds.
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Figure 7. Electron density—(a), potential-energy density—(b) and kinetic-energy density—(c) as a function of a single C-C

bond length in the sennidin structures.

The molecules 1 and 6 presented in Figure 8 do not contain any hydrogen bond
between the anthrone moieties, but, despite the long distance between the rings, dispersive
interactions are present. In the molecules with a stacking arrangement of the aromatic rings,
the area of dispersive interaction spreads along the whole aromatic rings. The “peri” region
of the double-anthrone moiety is characterized by the presence of strong OHO hydrogen
bonds between the hydroxyl group and carbonyl oxygen. Strong interactions occur in all of
the sennidin structures, which is consistent with the geometrical parameters of the bonds,
presented in Table 2. The intramolecular interactions between the COOH groups and the
substituents in the “peri” regions (b) and (c) can be characterized as a hydrogen bond of
a medium strength. It may be noticed that the distance between two anthrone moieties
in a sennidin molecule enables creation of intermediate-strength interactions, which can
be described as dispersive. Rotation of the anthrone moieties changes the interactions
between the two anthrone parts. As the two of the anthrone moieties stack, the dispersion
increases (b). The NCI method has confirmed that the mutual rotation of the moieties of
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double-anthrone can influence the intramolecular interactions in the sennidin molecule. On
the basis of orbital analysis, it can be assumed that the electronic structure of the sennidin
can change due to the rotation around a single C-C bond.

Figure 8. Electron density gradient isosurfaces for selected sennidin structures—1 (a), 3—(b), 4—(c) and 6—(d). The colors

of the isosurfaces: blue for attractive, red for repulsive and green for intermediate-strength interactions.

3.5. Delocalization of Electrons in the Sennidin Molecule

The distribution of electron density in the sennidin molecule can be illustrated by
means of the Anisotropy of the Current-Induced Density (ACID) method [34]. Figure 9
shows graphically the ACID isosurfaces for selected sennidin structures.

Compared to the previously analyzed double-anthrone compound—hypericin!, the
sennidin structures show delocalization only in the outer A-, C-, F-, H-rings while the B-
and G-non-aromatic rings indicate localization of electron density on the carbon atoms,
situated in a single C-C bond. Within the bond, there are no isosurfaces derived from the
electron density 7, which, according to the method, indicates the lack of induced current
density. In addition, no through-space or charge-transfer interactions between the two
anthrone moieties have been observed. In sum, only the outer aromatic rings and the
central carbonyl group show delocalization and mobility of the charge in the sennidin
molecule. The lack of current density on a single C-C bond connecting two anthrone
moieties, as well as its irregular length, may explain the preferential breakdown of the
sennidin molecule into monoanthrones in the gastrointestinal tract. In order to study
this effect, the C-C Bond Dissociation Energy (BDE), Aromatic Interaction Energy (AIE)
and Strain Energy (SE) have been calculated. The calculation of the BDE was carried in
accordance with the simple radical reaction presented in Scheme 2. The AIE has been
determined by the Equation 1: AIE=SM + Hp — 2R — BDE and the SE in accordance
with the Equation 2: SE =SM + Hy — 2R, where SM corresponds to the energy of the
analyzed sennidin structure, R—the radical structure of a single anthrone moiety, Hy—
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energy of two hydrogen atoms, optimized with the same method as the sennidin and radical
structures. All energy calculations have been performed at the temperature of 298.15 K,
without zero-point-correction. The calculated energies are summarized in Supplementary
Materials (Table S7).

@)

(C) d)

Figure 9. ACID isosurfaces for selected sennidin structures: (a) structure 1, (b—d) structure 4. ACID isosurfaces have been
calculated at value of 0.05.

H H
o~ 0 =0

0 BDE

O 0 O
“H H-

Scheme 2. The bond dissociation energy calculation procedure for sennidin structures. (Example of sennidin A.).

The BDE calculated for sennidin molecules is in the range of 74-85 kcal-mol~!. Al-
though the calculated energy do not correlate with the length of the single C-C bond,
the energies of the bond in the sennidin structures are lower than the standard energy in
alkanes (86-88 kcal-mol~!) [45]. The elongation of the bond results from the intramolec-
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ular interactions and tension in the sennidin structure. Thus, the AIE and SE have been
calculated according to the modified procedure proposed by S. Grimme and C. Miick-
Lichtenfeld [46]. The AIE energy structures is in the range of 25-35 kcal-mol~!. The
dispersive interactions demonstrated by the NCI method correlate with the AIE energy. It
should be noted that in presented structures not only the aromatic interactions but also the
hydrogen bonds contribute to the overall energetic effect. Such interactions induce tension
in the whole molecule. On the other hand, the close position of the substituents localized in
the “bay” region of the molecule produces steric effects. The SE calculated for the sennidin
structures is in the range of 3-11 kcal-mol . It can be observed that the highest SE values
are found for structures in the anti-conformation with the close position of the substituents.

3.6. Spectroscopic Properties of Sennidines
3.6.1. IR Spectra

For the best of our knowledge, there are no any good quality experimental IR spectra
for the sennidines. Theoretical analysis of the sennidin structures provides information
on molecular geometry, which is important when the crystal structure is not known.
An additional advantage of theoretical research is the ability to predict spectroscopic
properties and the shape of theoretical spectra, which can be used in a study of experimental
plant material.

Figure 10 compares the theoretical IR spectra for sennidin structures 1 and 7. Because
the structure of both sennidines is very similar, their spectra are identical, except for the
very low intensity bands of about 3100 cm~!. The band at 3174 cm~! for structure 1
corresponds to the stretching C-H vibrations of both aromatic rings without a carboxylic
group. For structure 7, this band is shifted to 3164 cm~! and two new C-H stretching
bands arise each for an aromatic ring unsubstituted with a carboxylic group.

Absorbance [a.u.]

_4«,_iﬂ,quhuKLLﬂ ..1JWU \h~ ’LJ» _— ~JJL JL

1000 2doo 3000 4000
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3000
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Figure 10. Theoretical IR spectra for sennidin (a) and sennidin (b). Structure 1—red, structure 7—green.

When the IR spectra of structures 1 and 7 are almost identical, the differences in the
spectra for 11 and 17 are more significant. The spectra obtained for sennidin C and D
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(structure 11 and 17) are presented in Supplementary Material (Figure S1). The first band
which arises in the IR spectrum of 11, but not of 17, at 3858 cm ™!, is the stretching of OH
for the CH,OH group. In the spectrum of 17, this band is shifted up to 3768 cm~!. The
stretching of the OH groups linked by the hydrogen bond to carbonyl oxygen are located
at 3374 cm ! for 11 and 3365 cm ™! for 17. In the range of the stretching of aromatic C-H
vibrations, the bands are located at 3189, 3175 and 3148 cm ™!, while for 17—at 3180 and
3164 cm~!. The stretching for the C-H bonds to the central rings of both parts of anthrone
is at 3072 cm ™! and 3063 cm ™! for 11, and 3072 and 3075 cm ™! for 17. In addition, the CH
stretching vibrations of the CH,OH group are shifted from 2997 cm ! and 2970 cm ™! for
11 to 3062 cm ! and 3003 cm ™! for 17. In the range typical for out-of-plane OH vibrations,
characteristic bands for 11 are located at 797 and 780 cm ™~ and for 17—at 788, 769, 764, 487
and 473 cm L. In the far IR region, there are intensive out-of-plane bands for a free OH
bond for 11 (242, 232, 230, 226, 193 cm_l) but analogous bands in the spectrum of 17 have
not been detected.

To check if the differences in the IR spectrum can be analyzed for structures with
a similar energy, in Figure S2 (Supplementary Material) the spectra for 7, 8, 9, 10 are
compared. For 9, a separate band at 3731 cm ™! is ascribed to the OH stretching vibrations
of the carboxylic group participating in the OHO hydrogen bond linking two monoanthrone
parts. At around 3400 cm ™!, stretching vibrations for double OH- - - O to carbonyl for all
of the analyzed structures are located, but in 9 those bands are shifted compared with the
other structures.

In the region of stretching of carbonyl C=0 groups, two bands for two COOH groups
are present. As regards structures 7 and 8, both carboxyl groups are free and those bands
are located at 1786 and 1784 cm ! for 7 and at 1795 and 1785 cm ! for 8. In the case of 9 and
10, one of the carboxylic group is connected to the oxygen of another monoanthron and,
depending on the hydrogen bond strength, these bands are shifted to 1830 and 1786 cm ™!
in 9 and 1818 and 1788 cm ! in 10.

The range below 1670 cm ! is typical of in-plane ring-bending vibrations. The IR
spectrum is similar for the analyzed derivatives, except for 9, in the case of which the
bending vibration bands are shifted in comparison with the bands in the other structures.
A detailed analysis of the theoretical IR spectra might allow details characteristic of a
particular structure to be established, which might be useful for analyzing experimental
plant material.

3.6.2. UV Spectra

QTAIM analysis of electron density can be complemented with a traditional descrip-
tion of the molecular orbitals. To investigate whether the mutual rotation of the anthrone
moieties affects the electronic structure of sennidin, analysis of the molecular orbitals and
excitation spectra was performed for sennidin derivatives 1, 7, 11 and 17. Figure 11 presents
the excitation spectra for the analyzed sennidin derivatives.

Conformational changes of sennidines are reflected in the electron density and excita-
tion spectra for the allowed electron transition. The spectra are presented in Figure 11 and
the molecular orbitals which participate in the singlet-singlet transitions (Figures 52-56)
and their parameters (Table S8) are presented in the Supplementary Materials.

The sensitivity of the molecular orbitals to intramolecular interaction connected to the
rotation of the anthrone moieties in sennidin derivatives is reflected in excitation spectra.
Using excitation spectra, it is not only easy to distinguish sennidines with two carboxylate
groups from those with a carboxylate and methoxy group, but also to see the differences
between A and B or C and D derivatives.
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Figure 11. Theoretical excitation spectra for sennidin derivatives 1—red, 7—green, 11—blue and 17—black.

4. Conclusions

Many optimized sennidin structures are presented in the article to illustrate the possi-
ble relationship between the energy of the conformers and the arrangement of the anthrone
moieties as well as the intramolecular interactions. According to the gas-phase optimiza-
tion and to the solvent PCM model for sennidines, many conformations that differ in
spatial arrangement and intramolecular interactions are present; however, their energy
does not exceed 2 kcal'mol~! from the minimum. The lowest energy structure that is
most likely to be found in plant material is characterized by the presence of OHO hydro-
gen bonds formed by hydroxyl groups and carbonyl oxygen, but formation of hydrogen
bonds between anthrone substituents is associated with a higher energy used to change
the geometry of both anthrone parts, although it can be assumed that the formation of
intramolecular interactions reduce the energy of the system. Stacking conformation of the
anthrone parts of sennidin increases the dispersive interactions so the overall energetic
effect of the molecule is ambiguous. However, for some sennidin derivatives, the energy
difference between particular structures is very low and stacking structures with hydrogen
bonds linking the anthrone parts may exist in plant material. Spectroscopic analysis per-
formed for theoretical structures can be useful in studying the structure of the experimental
plant material.

It can be assumed that sennidines can occur naturally in the form of the lowest energy
conformers. In silico studies performed in this work suggests the presence of an extended
C-C bond, linking the anthrone moieties. Owing to this, the mechanism of the preferential
breakdown of sennidines into monoanthrones, which is a key aspect of the pharmacological
properties of these compounds, was elucidated. The analysis of the available literature and
the use of solid and proven theoretical methods contribute to the further development of
research on dianthrones of natural origin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology10060468/s1, Table S1. Electron Density p(r) and Energy Components V(r), G(r)
at RCPs for Sennidin Structures, o = 0.00001 [a.u.], Table S2. Angles Between the Ring Planes in
Sennidin Conformers—Water, o = 0.001 [deg.], Table S3. Angles Between the Ring Planes in Sennidin
Conformers—Methanol, o = 0.001 [deg.], Table S4. Angles Between the Ring Planes in Sennidin
Conformers. “A”—unsubstituted double anthrone in crystal and “B”—optimized double-anthrone.
0 =0.001 [deg.]. o =0.0001 [A], o =0.001 [deg.], Table S5. Hydrogen Bonds in Sennidin Conformers.
PCM optimization in Water, o = 0.0001 [A], o =0.001 [deg.], Table S6. Hydrogen Bonds in Sennidin
Conformers. PCM optimization in Methanol, o = 0.0001 [A], o =0.001 [deg.], Table S7. The C-C Bond
Length, BDE, AIE and SE Calculated for Sennidin Structures, Table S8. Orbital Transition Parameters
for Sennidin Derivatives, Figure S1. Theoretical IR Spectra for Sennidine C and Sennidine D. Structure
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11—Red, Structure 17—Green, Figure S2. Theoretical IR Spectra for Sennidine B. Structure 7—Blue,
8—Black, 9—Red, 10—Green, Figure S3. Molecular Orbitals for Sennidine A—Structure 1, Figure
S4. Molecular Orbitals for Sennidine B—Structure 7, Figure S5. Molecular Orbitals for Sennidine
C—Structure 11, Figure S6. Molecular Orbitals for Sennidine D—Structure 17.
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Simple Summary: The study determines the spatial structure and intramolecular interactions of
fagopyrins—natural photosensitizers of Fagopyrum species. In silico calculations show many fagopy-
rin conformers characterized by the formation of strong intramolecular interactions.

Abstract: Compounds characterized by a double-anthrone moiety are found in many plant species.
One of them are fagopyrins—naturally occurring photosensitizers of Fagopyrum. The photosensitizing
properties of fagopyrins are related to the selective absorption of light, which is a direct result of their
spatial and electronic structure and many intramolecular interactions. The nature of the interactions
varies in different parts of the molecule. The aim of this study is to determine the structure and
intramolecular interactions of fagopyrin molecules. For this purpose, in silico calculations were used
to perform geometry optimization in the gas phase. QTAIM and NCI analysis suggest the formation
of the possible conformers in the fagopyrin molecules. The presence of a strong OHO hydrogen
bond was shown in the anthrone moiety of fagopyrin. The minimum energy difference for selected
conformers of fagopyrins was 1.1 kcal-mol~!, which suggested that the fagopyrin structure may
exist in a different conformation in plant material. Similar interactions were observed in previously
studied structures of hypericin and sennidin; however, only fagopyrin showed the possibility of
brake the strong OHO hydrogen bond in favor of forming a new OHN hydrogen bond.

Keywords: fagopyrins; conformation; hydrogen bond; QTAIM; NCI

1. Introduction

Fagopyrins are a group of compounds of natural origin found in plants of the genus
Fagopyrum. Parts of these plants are commonly consumed by humans and animals
throughout the world [1]. There are many species of Fagopyrum; however, the most
consumed and studied are Fagopyrum esculentum, F. tataricum, and F. cymosum [2,3]. Parts of
these plants provide a low-calorie, gluten-free food and a source of many elements and
organic compounds of biological interest, such as rutin, quercetin, and fagopyrins [4-8].

Fagopyrins are anthraquinone derivatives characterized by a polycyclic system, which
is interesting from the chemical point of view. The structure and intramolecular interactions
of polycyclic compounds affect the physical and chemical properties and can influence
potential applications of the compounds in pharmacy and medicine [9-12]. As shown
in earlier work on hypericin [13] and sennidines [14], a highly substituted polycyclic
system can exhibit a non-planar structure due to a variety of intramolecular interactions.
At the time of writing this paper, data unambiguously define the spatial and electronic
structures of fagopyrins. An explanation of this may be found in difficult and multi-stage
processes needed to obtain the pure substance from plant material [15]. Additionally, the
existence of unstable protofagopyrins [16,17] and the possibility of the existence of many
derivatives [17,18] can be a problem.
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The interest in fagopyrins is mainly due to their spectroscopic properties. They exhibit
absorption of electromagnetic radiation in the wavelength range of the light around Amax
550 and 590 nm [15,19,20]. Upon excitation, they are able to transfer energy to the oxygen
molecule, thereby producing reactive oxygen species (ROS) [21]. Singlet oxygen and other
ROS are responsible for cell damage. Easy light activation of fagopyrin molecules shows the
potential to be used in photodynamic therapy [20]. On the other hand, high consumption
of the Fagopyrum plants can lead to the light sensitivity in animals, called fagopyrism [22].
Additionally, there are reports of the possible hepatotoxic effect of consumption of food
rich in Fagopyrum plants on dogs [23]. Leaving aside the potential dangers of the photo-
sensitizing properties of fagopyrins, their potential for pharmacological use appears to
be high. Easy excitation with energy from the visible range, confirmed antifungal [24]
and antimicrobial [25] properties, and natural origin are promising for use in targeted
photodynamic therapy.

Although general studies on the structure of fagopyrins were undertaken [17], no crys-
tal structures are available, given the current state of knowledge. Additionally, such
a strongly substituted double anthrone moiety has many possibilities for intramolec-
ular interactions. The introduction of piperidine and pyrrolidine substituents in the
hypericin molecule that, in fact, forms fagopyrin allows for the appearance of new
intramolecular interactions.

Considering the intramolecular interactions occurring in fagopyrins, the OHO hy-
drogen bond system formed by hydroxyl groups bound to carbonyl oxygen is the most
characteristic. As the strength of the hydrogen bond is determined primarily by the elec-
tronegativity of the atoms with which the proton is bound [26], the hydrogen bond of the
OHO type is the strongest. The strength of the hydrogen bond is expressed in changes
in geometry, consisting in shortening the distance between the donor and the acceptor of
the proton and the location of the proton close to the center of the distance between the
donor and the acceptor [27]. The OHO hydrogen bond system in fagopyrin is additionally
strengthened by the participation of the hydrogen bonds in closed bond cycles in which
double and aromatic bonds are present [28]. However, in the case of fagopyrins containing
the piperidine and pyrrolidine substituents with the nitrogen atom and the possibility of
conformational changes of the molecules, the presence of weaker hydrogen bonds of OHN
type should be taken into account.

Therefore, it seems necessary to investigate the possible intramolecular interactions
and structure of fagopyrins and compare them with the present state of knowledge using
the example of hypericin.

The purpose of this paper is to use in silico methods to determine the molecular
structure and interactions of still unknown fagopyrin molecules. Conformational analysis
is carried out to determine the probable spatial and electronic structure of fagopyrins and,
importantly, the intramolecular interactions of substituents that determine the pharmaco-
logical properties of these natural compounds. The results calculated for the gas phase
will provide valuable knowledge about these interesting derivatives and will contribute
to the future exploration of the pharmacological properties of fagopyrins. The conforma-
tional analysis will determine the minimum energy structure and possible formation of the
double-anthrone system in plant material.

2. Materials and Methods

Determination of the spatial structure and conformational analysis of fagopyrin
molecules were carried out using the Gaussian16 package [29]. Calculations were carried
out using DFT/B3LYP/6-311++G(d,p) model with Grimme dispersion [30]. The optimized
structures correspond to a minimum on local potential energy surfaces. QTAIM analysis
was performed using the AIMALL program [31]. NCI analyses [32] were performed using
the Multiwfn program [33]. NCI graphics were printed using the VMD program [34].
UV-VIS spectra and orbital analysis were performed with the ADF program [35].
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3. Results and Discussion

Six structures of fagopyrins A-F (Scheme 1) proposed by Benkovi¢ et al. [17] were
optimized in the gas phase. Conformational analysis was performed for the A-F structures
by searching for the minimum on local potential energy surfaces.

Scheme 1. Analyzed structures of (a) fagopyrin A, (b) fagopyrin B, (c) fagopyrin C, (d) fagopyrin D,
(e) fagopyrin E, and (f) fagopyrin F.

Conformers representing different arrangements and interactions of substituent hy-
droxyl groups, carbonyl oxygen, piperidine, and pyrrolidine rings were compiled based on
a structure with minimum energy. The close position of the substituents allowed for the
formation of intramolecular interactions at the “peri” (O-H:--O---H-O) and “bay” region
of the molecules (O-H---O-H). Additionally, the presence of piperidine and pyrrolidine
substituents allowed for the formation of new interactions with the nitrogen atom.

3.1. Conformational Analysis of Fagopyrins

The structure of fagopyrin consists of a polycyclic system of eight rings. As shown in
Scheme 2, each ring, named A-H, consists of six carbon atoms. Rings A-H are characterized
by the presence of at least one substituent. In the A + B + C and F + G + H regions of
the molecule, there are two hydroxyl groups and carbonyl oxygen. Such a close position
of the substituents allows the formation of a hydrogen bond system in which hydroxyl
groups are directed to the centrally located carbonyl oxygen. As shown for the hypericin
molecule [13], such formation of strong hydrogen bonds is energetically preferred, and
these hydrogen bonds are difficult to break. What is new in the structure of fagopyrin is the
close position of piperidine and pyrrolidine substituents. These substituents can occur at
positions named R1 and R2 (Scheme 2). The rings containing the substituents with nitrogen
atoms give an additional possibility to form of intramolecular OHN hydrogen bond and
possible breaking of the strong OHO hydrogen bonds. So far, no studies have been found
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on the arrangement of these substituents in fagopyrin molecules. Another interesting part
of the fagopyrin molecule is the “bay” region consisting of the A + D + F ring system. In
hypericin molecule, the preferred arrangement of the substituents in the “bay” region is to
form an OHO hydrogen bond between two hydroxyl groups. In the fagopyrin molecule,
the addition of piperidine and pyrrolidine rings allows the interactions to be directed to the
nitrogen atom forming new OHN interactions. Another part of fagopyrin molecule that
may affect the overall structure is the presence of R3 and R4 substituents. Depending on
the type of fagopyrin A-F molecule, these parts can be substituted by protons or methyl
groups. As shown for hypericin, the close distance of two methyl groups may cause strain
in the entire molecule and can strongly affect the planarity of the polycyclic system. Such a
variety of substituents and possible strain effects from methyl groups make the structure
and intramolecular interactions in fagopyrin molecules worth describing.

H H
o~ o o
R1
H
~o R3
0 R4
H/
R2
O\ (o) 0
H H”

Scheme 2. Double anthrone polycyclic system of fagopyrin A-H.

Six low-energy conformers of fagopyrin A have been obtained, and structure 2 is the
minimum energy conformer (Figure 1). The hydrogen bonds in the “peri” region of the
molecule show alignment to the carbonyl oxygen. Two OHN hydrogen bonds in the “bay”
region are preferred; however, breaking one OHN hydrogen bond in the “bay” region and
forming OHO hydrogen bond between hydroxyl groups results in a total energy change
of only 3.8 kcal-mol~! (structure 1). A similar change in the total energy of the system
(AE =~ 4.9 kcal-mol 1) is caused by breaking a strong OHO hydrogen bond in the “peri”
region and the formation of an OHN bond with the pyrrolidine substituent (structure 3).
Breaking the OHO hydrogen bond in the “peri” region without the formation of another
interaction destabilizes the fagopyrin structure and raises its energy (structure 4, 6).

For fagopyrin B, six low-energy conformers (Figure 2) have been obtained. Structure 8
showing the lowest energy is characterized by the OHO hydrogen bond arrangement in the
“peri” region typical for anthrones. In the “bay” region, the OHN hydrogen bonds linking
the hydroxyl group and the nitrogen atom are formed. The energy differences between
the structures 7, 8, and 9 show the energy difference up to 10.0 kcal-mol~!. The energy
difference for these conformers is larger than the analogous difference for structures 1,
2, and 3 of fagopyrin A. Formation of OHN hydrogen bonds with the piperidine ring
(fagopyrin A) shows larger energy differences than the formation of OHN interactions
with the pyrrolidine ring (fagopyrin B). Additionally, it can be seen that the piperidine
ring in the fagopyrin B prefers a “chair” conformation; however, interaction with the
hydroxyl substituent in the “peri” and “bay” region can disrupt the chair conformation
(structure 7-12). The presence of a free hydroxyl group (structure 10, 12) results in a
significant increase in the energy of fagopyrin B. In contrast, the lack of the methyl groups
brings the double anthrone system closer to planarity.

7
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(1) AE~3.8 kcal-mol ™ (2) AE=0.0 kcal-mol~" (Min.) (3) AE~4.9 kcal'mol™!

(4) AE~23.2 keal-mol™ (5)  AE=~25.5 kcal'mol! (6) AE~58.4 kcal-mol~

Figure 1. Conformers (1-6) of fagopyrin A.

(7) AE~7.1 kcal-mol~" (8)  AE=0.0 kcal-mol~ (Min.) (9) AE~10.0 kcal-mol~*

(10) AE~26.5 kcal-mol ™ (11) AE~30.1 keal-mol~* (12)  AE=~62.5 kcal'mol ™"

Figure 2. Conformers (7-12) of fagopyrin B.

Six conformers that were obtained for fagopyrin C (Figure 3) are characterized by
low energy. The structure with the lowest energy (structure 14) favors the formation of
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OHN hydrogen bonds and the breaking of the OHO hydrogen bonds in the “bay” region
of the molecule. The piperidine ring shows a “chair” conformation for all the obtained
structures (structure 13-18). Breaking of the OHN hydrogen bond located in the “bay”
region results in leaving the piperidine ring free and increasing the energy of the molecule
by 7.0 kcal-mol ! (structure 13). Breaking of the OHO hydrogen bond in the “bay” region
together with the formation of the OHN hydrogen bond with a hydroxyl group located
in the “peri” region (structure 15) is associated with an energy increase of 9.6 kcal-mol 1.
Leaving the “free” hydroxyl group in the “peri” region results in a significant increase in
the energy AE ~ 27.7 kcal-mol ! (structure 16) and AE ~ 65.8 kcal-mol ! (structure 18).

(13)  AE=~7.0 kcal'mol™ (14) AE=0.0 kcal'mol~" (Min.) (15)  AE=~9.6 kcal'mol™

(16)  AE~27.7 kcalmol™ (17) AE=~31.8 kcal'mol™! (18) AE~65.8 kcal'mol™!

Figure 3. Conformers (13-18) of fagopyrin C.

Six low-energy conformers (Figure 4) were obtained for fagopyrin D. The lowest
energy structure (structure 20) is characterized by the formation of an OHN hydrogen bond
in the “bay” region. Structure 19 is characterized by a “hypericin-like” arrangement of the
hydroxyl groups in the “bay”, and the “peri” region differs in energy by 7.0 kcal-mol !
from the lowest energy structure. The “chair” conformation is preferred for both piperidine
rings in fagopyrin D. Structure 21 is characterized by the breaking of the strong OHO
hydrogen bond in the “peri” region and the formation of an OHN hydrogen bond to the
piperidine ring. Such transfer of the hydrogen interaction results in the energy difference
of 9.6 kcal-mol~! to the minimum energy structure (structure 20). As in the fagopyrin
A—C structure, the “free” hydroxyl group (22, 24) increases the energy of the conformer;
however, in such a polycyclic system, this may not be a direct expression of breaking the
OHN hydrogen bond but also due to possible structural changes of the multi-ring molecule.
The formation of the OHN hydrogen bond in the “peri” region stabilizes the fagopyrin
D molecule.
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(19)  AE~7.0 kcalmol™ (20)  AE=0.0 kcal'mol~' (Min.) (21)  AE~9.6 kcal'mol™!

(22)

AE~26.9 kcal-mol ™ (23)  AE~30.1 kcal'mol ™ (24)  AE~65.9 kcal'mol ™

Figure 4. Conformers (19-24) of fagopyrin D.

Six conformers (Figure 5) were obtained for fagopyrin E. The lowest-energy conformer
(structure 26) shows hydrogen bonding in the “bay” region of the molecule. The OHN
hydrogen bonds are formed by the hydroxyl groups to both nitrogen atoms in the piperidine
and pyrrolidine substituent. In the minimum-energy conformer, the hydrogen bonds in
the “peri” region are directed to the carbonyl oxygen. The “chair” conformation of the
piperidine substituent is preferred. Conformer characterized by the “free” piperidine
group (structure 25) differs in the energy of 7.5 kcal-mol~!. Additionally, breaking of OHO
hydrogen bond in the “peri” region and transferring it to the “free” piperidine substituent
(structure 27) raises the energy relative to conformer 25 by 2.1 kcal-mol~!. As in the
fagopyrin structures described previously, breaking of a strong OHO hydrogen bond in
the “peri” region and leaving the hydroxyl group unbound raises the total energy of the
polycyclic system (structure 28 and structure 30).

For fagopyrin F, six low-energy conformers were obtained. The lowest-energy struc-
ture again is characterized by the formation of the OHN hydrogen bonds in the “bay”
region (structure 32). The chair conformation of the piperidine substituents is preferred.
The energetically similar conformers 31 and 33 are characterized by an energy difference of
7.5 and 9.7 kcal-mol !, relatively to the minimum. As in conformers of fagopyrin E, it is
possible to break the OHN hydrogen bond in the “bay” region and form an OHN hydrogen
bond in the “peri” region. Breaking of the strong OHO hydrogen bond system in the “peri”
region causes the deformation of the polycyclic system and deviates the molecule from
planarity (36).

In general, the structure of fagopyrin tends to form OHN hydrogen bonds in the “bay”
region. Energetically preferred formation of strong OHO hydrogen bonds to carbonyl
oxygen in the “peri” region is evident in most conformers, and breaking of these interactions
has the consequence of raising the energy of the system. Nevertheless, it is possible to
break the strong OHO hydrogen bonds in the “peri” region in favor of the formation of
an OHN hydrogen bond with the piperidine or pyrrolidine substituent. In summary, the
introduction of piperidine and pyrrolidine substituents into the hypericin system provides
an opportunity to form an OHN hydrogen bond instead of the strongest OHO.
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(25)  AE=7.5kcalmol™! (26) AE=0.0 kcal'mol~ (Min.) (27)  DE=~9.6 kcalmol™!

(28)  AE=~27.2 kcal'mol™! (29) AE=~30.5 kcal'mol~' (Min.) (830)  AE~66.2 kcal'mol™!

Figure 5. Conformers (25-30) of fagopyrin E.

3.2. Analysis of Geometry of Fagopyrin Structures

A parameter that describes the geometry of the fagopyrin conformers is the angle
between the planes formed by the peripheral rings A-C, F-H, A-F, and C-H (Scheme 2).
For hypericin, (Table 1) these angles are of degrees: A-C: 13.334, F-H: 12.363, A-F: 23.188,
and C-H: 30.095. Selected conformers of fagopyrin A—F show significant similarity to the
structure of hypericin. These conformers are 1, 7, 13, 19, 25, and 31. These conformers
are characterized by different substitutions at the R1-R4 position but the hydroxyl groups
in the “bay” and “peri” regions are oriented as in the hypericin molecule and form the
same type OHO hydrogen bonds. The difference in the angle between the ring plane is the
greatest for fagopyrin C and D. These fagopyrins have an asymmetric substitution with a
methyl group and a proton at the R3 and R4 position.

Transfer of the OHO hydrogen bond in the “peri” region to the piperidine or pyrro-
lidine results in the formation of an OHN hydrogen bond (structures 3, 9, 15, 21, 27, and
33) and causes little change in the angles between the A—C and A-F planes. Formation of
another OHN hydrogen bond in molecules 5, 11, 17, 23, 29, and 35 causes more significant
changes in the polycyclic system. The changes are visible in the angle between F-H and
C-H planes, so the effect of the OHN hydrogen bonds in the “peri” region on the geometry
of the fagopyrin molecule is apparent and may have a real impact on the electron structure.
Additionally, breaking the OHO hydrogen bond and leaving the hydroxyl group in the
“peri” region as free causes deformation of the polycyclic system (structures 4, 10, 16, 22,
28, and 34). Larger differences can be observed when two free hydroxyl groups in the
molecule are present (structures 6, 12, 18, 24, 30, and 36). This arrangement of the hydroxyl
groups causes strong deformation of the polycyclic system of fagopyrins, which is reflected
in the high energy of these conformers. So far, two similarities of the fagopyrin molecules
to the hypericin molecule can be given. These are a strong influence on the geometrical
structure of substituents at the R3 and R4 positions (methyl groups) and the preferred
formation of the OHO hydrogen bonds in the “peri” region formed by hydroxyl groups
and carbonyl oxygen.
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Table 1. Angles between the ring planes in fagopyrin and hypericin conformers. o = 0.001 [deg.].

Plane/Angle [Deg.]

Compound Structure
A-C F-H A-F C-H
1 13.695 12.708 23.717 30.165
2 10.787 10.001 23.965 29.275
Fagopyrin A 3 16.005 13.476 25.420 30.763
4 18.505 15.241 27.456 31.058
5 16.694 14.646 30.072 30.773
6 20.601 20.002 28.554 33.411
7 12.227 11.517 23.245 4.320
8 11.303 11.437 23.632 3.099
Fagopyrin B 9 17.136 11.257 26.050 5.012
10 23.343 8.266 26.391 2.675
11 17.52 15.562 30.230 4.862
12 20.611 20.796 33.032 5.543
13 10.728 12.357 24.436 19.975
14 8.323 10.393 24.598 18.545
Fagopyrin C 15 13.846 12.925 25.928 20.427
16 17.886 13.166 27.414 18.563
17 15.129 18.324 30.626 20.972
18 17.561 20.219 33.223 20.238
19 10.778 12.366 24.422 19.978
20 8.305 10.341 24.604 18.515
Fagopyrin D 21 13.847 12.918 25.848 20.431
22 17.800 13.066 27.297 18.533
23 14.637 16.649 30.708 20.473
24 17.558 20.262 33.338 20.209
25 13.469 12.696 24.195 30.168
26 10.838 10.654 24.508 29.384
Fagopyrin E 27 15.981 13.491 25.502 30.778
28 18.502 15.112 27.347 30.987
29 16.798 14.604 30.088 30.787
30 21.120 22.148 27.824 33.555
31 13.482 12.721 24.089 30.172
32 10.805 10.638 24.461 29.384
Fagopyrin F 33 16.011 13.53 25.430 30.789
34 18.581 15.220 27.322 30.993
35 17.361 16.870 30.244 31.195
36 21.112 21.813 27.898 33.568
Hypericin - 13.334 12.363 23.188 30.095

The structures corresponding to the energy minima (2, 8, 14, 20, 26, and 32) differ from
hypericin in the “bay” region. The hydroxyl groups in the “bay” region are directed to the
nitrogen atom in the piperidine and pyrrolidine substituents. In the case of hypericin, the
hydroxyl groups prefer the OHO hydrogen bonding. The introduction of piperidine or
pyrrolidine rings at the R1 and R2 positions favors the formation of an OHN hydrogen
bond and decreasing of the fagopyrin energy to a minimum.

Changes in the angles between the plane rings of the peripheral rings of fagopyrins
result from a number of substituents and the intramolecular interactions. As fagopyrin
F is the major form in the plant material [18], an analysis of hydrogen bond parameters
has been performed for the structures shown in Figure 6. The length and angles of OHO
and OHN hydrogen bonds are summarized in Table 2. The parameters of OHN hydrogen
bonds directed to the pyrrolidine and piperidine rings are highlighted in bold. The results
calculated for the fagopyrin F conformers have been compared with hypericin. The letters
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in parentheses in Table 2 identify the hydrogen bond location described according to
Scheme 2.

(31) AE~7.5 kcal-mol ™ (32)  AE=0.0 kcal'mol~' (Min.) (33) AE~9.7 kcal-mol ™

&ﬁ

(34) AE=~27.3 kcal-mol ™" (35) AE~32.8 kcalmol™' (Min.) (36) AE=~66.5 kcal-mol ™

Figure 6. Conformers (31-36) of fagopyrin F.

Table 2. Hydrogen bonds in possible fagopyrin F conformers. o = 0.0001 [A], ¢ = 0.001 [deg.].

Structure Hydrogen Bond Location H---O/H---N [A] 0---0/0---N [A] OHO/OHN [deg.]
C(A)-O-H.--O=C(B) 1.6047 2.5133 149.530
C(C)-O-H.--O=C(B) 1.6583 2.5485 147.083
C(F)-O-H.--0=C(G) 1.6022 2.5125 149.135

31 C(H)-0-H---0=C(G) 1.6721 25591 146.198
C(A)-O-H.--O-C(F) 15751 25155 158.577

C(F)-O-H---N(R2) 1.5386 2.5278 156.683

C(A)-O-H.--O=C(B) 1.6220 25319 149.412

C(C)-O-H.--O=C(B) 1.6667 2.5580 147383

C(F)-O-H---0=C(G) 1.6244 2.5338 149.346

52 C(H)-O-H---0=C(G) 1.6677 25589 147.388
C(A)-O-H---N(R1) 1.7233 2.6379 150.007

C(F)-O-H---N(R2) 1.6676 2.6012 152.071

C(A)-O-H---N(R1) 1.7164 2.6276 149.868

C(C)-O-H.--O=C(B) 1.5936 2.5098 149.406

C(F)-O-H.--0=C(G) 1.6035 2.5143 149.243

33 C(H)-0-H---0=C(G) 1.6720 25597 147.032
C(A)-O-H.--O-C(F) 1.5849 2.5207 157.420

C(F)-O-H---N(R2) 1.5508 2.5354 156.626

C(A)-O-H---N(R1) 1.7350 2.6378 148.993

C(F)-O-H.--0=C(G) 1.6062 2.5164 149.237

34 C(H)-O-H.--0=C(G) 1.6750 2.5627 147.055
C(A)-O-H.--O-C(F) 1.5977 25319 157.421

C(F)-O-H:--N(R2) 1.5590 2.5402 156.438
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Structure Hydrogen Bond Location H---O/H---N [A] 0---0/0---N[A] OHO/OHN [deg.]
C(A)-O-H:--N(R1) 1.7220 2.6316 149.766
C(C)-O-H---0=C(B) 1.6017 2.5156 149.256
35 C(F)-O-H:--N(R2) 1.6940 2.6188 152.744
C(H)-O-H---0=C(G) 1.6095 2.5203 149.017
C(A)-O-H:---O-C(F) 1.6717 2.5572 149.732
C(A)-O-H:--N(R1) 1.7438 2.6437 148.744
36 C(F)-O-H:--N(R2) 1.7087 2.6243 151.524
C(A)-O-H:---O-C(F) 1.6658 2.5536 150.072
C(A)-O-H---O=C(B) 1.6499 2.5422 147.330
C(C)-O-H---0O=C(B) 1.6659 2.5548 146.940
Hypericin C(F)-O-H:--O=C(G) 1.6400 2.5351 147.385
C(H)-O-H---0=C(G) 1.6750 2.5606 146.668
C(A)-O-H:---O-C(F) 1.6670 2.5605 151.168

Structure 31 is characterized by an arrangement of substituents similar to hypericin.
The length of hydrogen bonds in the “peri” region is similar to the length of analogous
bonds in hypericin. In the “bay” region, the OHO bond length is shorter than in the
hypericin molecule. The OHN hydrogen bond is characterized by a length of 1.5386 A
and an angle of 156.683°. The lowest energy conformer (structure 32) is characterized
by “peri”-OHO hydrogen bond lengths similar to hypericin. In structure 32, two OHN
hydrogen bonds are presented in the “bay” region. The bond labeled as C(F)-O-H----N(R2)
is characterized by length and angle similar to the OHO “peri” bonds. The bond labeled
as C(A)-O-H---N(R1) is elongated up to 1.7233 A. Additionally, the “peri” OHN hydrogen
bond in structure 33 is longer (1.7164 A) than the “peri” OHO hydrogen bonds.

3.3. Aromaticity of Fagopyrin

The aromaticity of polycyclic compounds is related to their structure and reactivity.
There are many indices describing aromaticity; however, the classical HOMA index (Har-
monic Oscillator Measure of Aromaticity) is convenient for the description of aromaticity
in organic compounds and relates it directly to the structure [36]. In typical aromatic com-
pounds, the values of the HOMA index are in the range from 0 to 1, where 0 corresponds to
anon-aromatic ring, and the value of 1 corresponds to a fully delocalized benzene structure,
and only in special cases, the HOMA value can exceed the 0-1 range. Figure 7 shows the
HOMA values calculated for the rings of the fagopyrin F conformers. The rings are marked
according to Scheme 2. For hypericin, the HOMA values for particular rings are: A—0.7186,
B—0.3937, C—0.8054, D—0.4712, E—0.5138, F—0.7863, G—0.4010, and H—0.7979. For the
fagopyrin F structures, the peripheral rings A, C, F, and H show the highest HOMA value
indicating the aromatic character of the ring. The aromaticity of the rings D and E is about
0.5. The HOMA value for rings B and G is the most variable, and for the structures 34
and 36, it is negative. Structure 31 is characterized by a hypericin-like arrangement of the
substituents. The HOMA values of rings A and F are lower relatively to the hypericin; thus,
the presence of the piperidine ring decreases the aromaticity of the rings. However, the
D ring in structure 31 gains aromaticity relative to the hypericin moiety. The formation
of the strong OHO hydrogen bonds in the “peri” region stabilizes the polycyclic system
and increases the aromaticity of the central B and G rings. In general, structure 31 shows
aromaticity of the rings similar to hypericin, with the influence of piperidine substituents
on the aromaticity of rings A, D, and F. The lowest energy structure 32 is characterized
by the formation of two OHN hydrogen bonds to the piperidine substituent in the “bay”
region. This arrangement increases the aromaticity of the A, D, and F ring. Structure 33
is characterized by the breaking of the strong OHO bond in the “peri” region and the
formation of an OHN hydrogen bond to the piperidine ring. Such conformation causes an
increase in the energy of the system, an increase in the HOMA value of the F ring, and a
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decrease in the HOMA value of the B ring up to 0.1644. Breaking of another OHO bond in
the “peri” region (structure 34) deepens the loss of aromaticity of the B ring. The HOMA
parameter below zero indicates a complete loss of aromaticity of the ring. In structures 35
and 36, two OHN bonds in the “peri” region are present and such conformation of the
hydroxyl groups causes an increase in the HOMA value in the A and F ring with significant
aromaticity decreasing in the B and G ring. These changes cause increasing the total energy
of the molecular system (Figure 6).
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Figure 7. HOMA values calculated for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin
F conformers.

3.4. Analysis of Intramolecular Interactions in Fagopyrin Derivatives

Changes in aromaticity must be related to the changes in electron density of the
polycyclic system. To describe the possible intermolecular interactions and arrangement of
the electron density, the QTAIM [37] (Quantum Theory of Atoms in Molecules) analysis
for the fagopyrin F conformers has been performed. In the frame of the QTAIM theory, a
molecule consists of maximum, minimum, and saddle points of the electron density p(r).
The saddle point indicates bond-critical points (BCPs) or ring-critical points (RCPs). The
points representing the maximum electron density correspond to atoms. Figure 8 shows
QTAIM graphs of fagopyrin F conformers. The structure of fagopyrin F is characterized
by the presence of numerous substituents in a polycyclic system. Such structure allows
for the occurrence of numerous intramolecular interactions of diverse nature [38]. QTAIM
analysis confirms the presence of the hydrogen bond interactions in the “peri” region of
fagopyrin F. Hydroxyl groups directed to carbonyl oxygen form a stable moiety as in the
case of hypericin and sennidin [13,14]. QTAIM analysis indicates that OHN interaction
can be formed in both the “peri” and “bay” region. The strong OHO hydrogen bonds in
the anthrone moiety can be broken and replaced by weaker OHN hydrogen bonds. The
electron density values at the bond critical points p(r) presented in Figure 8 reflect the
strength of the OHO and OHN hydrogen bonds. The structures 33, 34, 35, and 36 show the
formation of OHN hydrogen bonds characterized by lower values of p relative to the OHO
hydrogen bonds in the “peri” region. However, conformer 32 (b) is characterized by the
formation of OHN hydrogen bonds in the “bay” region. These bonds are characterized by
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a similar value of p(r) relative to the strong OHO hydrogen bonds in the “peri” region. This
conformer shows the lowest energy; thus, the formation of strong OHN hydrogen bonds to
the piperidine substituents stabilizes the anthrone system. The proximity of the piperidine
ring affects the adjacent hydroxyl groups even if they do not form a direct bond. In addition,
the close position of the methyl groups also introduces intermolecular interactions.

G i

0.0602 0.0508

Figure 8. QTAIM plots for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin F conformers. Green
points correspond to RCPs. Red points indicate BCPs.

To confirm the presence of the interactions, the non-covalent interactions [32] (NCI)
analysis was performed. Figure 9 shows the conformers of fagopyrin F, showing multiple
intramolecular interactions. The blue isosurfaces in the “peri” and “bay” moiety confirm
the presence of strong hydrogen bonds in the fagopyrin F molecule. Conformer 31 (a)
shows similarity to hypericin in the formation of strong OHO hydrogen bonds. The lowest
energy conformer 32 (b) confirms the formation of OHN hydrogen bonds in the “bay”
region. Structure 33 (c) confirms the possibility of breaking the strong OHO hydrogen bond
in favor of OHN hydrogen bond formation with the nitrogen atom of the piperidine ring.
The interactions between the methyl groups can be described as dispersive.

3.5. UV-VIS Spectra of Fagopyrin Conformers

Different conformation of the investigated fagopyrins is reflected in their electron
structures. In Figure 10 are presented the HOMO and LUMO orbitals for the conformers
of fagopyrin F—the most popular in the plant material. For other fagopyrins, the HOMO
and LUMO orbitals are collected in Supplementary Materials. It is characteristic that for all
conformers, the HOMO orbital is located mainly on the outer A, C, F, and H rings and on
the oxygen atoms of the hydroxyl group. Only for conformers 34 and 36, the HOMO orbital
is more concentrated on rings A and F than on C and H. The transfer of electrons to the
LUMO orbital is connected with the shifting of electrons to the B and G rings, the oxygen
of the carbonyl group, and outer bonds of the A, C, F, and H rings. Since the arrangement
of the HOMO and LUMO orbitals is similar for all conformers, the HOMO-LUMO gap
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energy is also similar. This is persistent for all the analyzed fagopyrins. In Table 3 are
collected the HOMO-LUMO gap energies for all the analyzed fagopyrins.

Figure 9. NCI plots for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin F conformers. Colors
used for isosurfaces are: red for repulsive, green for dispersive, and blue for attractive interactions.

Table 3. HOMO-LUMO gap energy for calculated fagopyrin structures.

Structure HOMO-LUMO Gap [kcal-mol—1]
1 58.4
2 58.4
3 59.2
4 61.0
5 61.0
6 66.5
7 59.7
8 59.9
9 60.2
10 61.7
11 62.7
12 67.9
13 59.1
14 59.3
15 60.0
16 61.6
17 62.2
18 67.3
19 59.0

20 59.3
21 60.0
22 61.6
23 62.1
24 67.1
25 58.4

26 58.5
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Table 3. Cont.

Structure HOMO-LUMO Gap [kcal-mol—1]
27 59.5
28 61.1
29 61.1
30 67.1
31 58.4
32 58.5
33 59.4
34 61.1
35 61.2
36 66.9

Figure 10. HOMO and LUMO orbitals for the fagopyrin F conformers 31, 32, 33, 34, 35, and 36.
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The UV spectra for fagopyrin F shown in Figure 11 are characterized by the presence
of two intense bands. For the conformers 31, 32, and 33, the most intensive band shifts
from 556 nm to 552 nm. The second intensive band is located at 457, 455, and 459 nm. For
conformer 34, except for the most intensive band at 546 nm, two bands with similar intensity
at 477 and 427 nm are present. The last band at 427 nm is visible in the UV-VIS spectra of
31, 32, 34, and 36 conformers; however, it is significantly lower compared to other bands.
For conformers 31, 32, 33, and 34, the most intensive band is related to HOMO-LUMO
transition. For conformer 35, this band is shifted to 539 nm, for conformer 36 to 503 nm,
and the intensity of this band is lower than the bands at 437 and 421, respectively. For the
conformers 35 and 36, transitions from lower energy orbitals are more intense than for the
HOMO-LUMO transition. The electron transition participating in the bands for fagopyrin
F conformers are collected in Table 4. The shape of the orbitals involved in the electron
transitions in structure 32 (the lowest energy structure of fagopyrin F) is shown in Figure 12.
The shape of the orbitals involved in UV-VIS transitions for fagopyrin F conformers except
the presented in the text (Figure 12) is shown in Supplementary Materials.

0.24

=]
=4 =
= w

QOscillator strength

=3
o
G
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540 520 500 480 460 440 420 400 380 360 340 320 300
Length (nm)

Figure 11. Theoretical excitation spectra for fagopyrin F conformers. Structure 31—red, 32—Dblue,
33—black, 34—green, 35—orange, and 36—purple.

Figure 12. The shape of the orbitals for structure 32 (the lowest energy structure of fagopyrin F).
176—HOMO and 177—LUMO orbitals.
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Table 4. The electron transition contribution and orbitals for fagopyrin F conformers.

Structure Band [nm] Orbital Transition Transition Contribution [%]
556 176(HOMO) — 177(LUMO) 95.7
175 — 177 13
31 174 — 177 90.3
172 = 177 3.0
457 176 — 179 27
173 — 177 13
552 176(HOMO) — 177(LUMO) 96.7
30 175 — 177 91.2
455 173 — 177 36
176 — 179 3.1
552 176(HOMO) — 177(LUMO) 97.1
175 — 177 86.7
174 — 177 77
459 176 — 179 15
33 173 — 177 1.4
174 — 177 87.1
175 — 177 7.0
436 176 — 179 22
173 — 177 12
546 176(HOMO) — 177(LUMO) 96.0
175 — 177 70.7
174 — 177 17.3
477 173 = 177 6.8
34 176 — 179 1.1
173 — 177 82.6
174 — 177 10.2
427 176 — 179 1.9
172 = 177 12
175 — 177 1.1
539 176(HOMO) — 177(LUMO) 973
175 — 177 745
35
437 174 — 177 17.2
176 — 179 27
172 — 177 1.8
503 176(HOMO) — 177(LUMO) 96.8
174 — 177 525
36 175 — 177 29.4
41 172 = 177 95
176 — 179 31
171 — 177 1.1

A comparison of calculated fagopyrin F and experimental spectra [19] for the plant
material suggests that in the plant material, many fagopyrin structures may be present. It is
not clear which version of fagopyrin in the experimental spectra was registered; however,
in the experimental spectra, the most intensive theoretically calculated bands are visible.

4. Conclusions

Theoretical calculations can provide information on the molecular structure when the
structure is unknown, which is often the case with plant material. Fagopyrin compounds
may exist as conformers characterized by a different energy. The presence of the piperidine
and pyrrolidine ring in fagopyrin introduces novel intramolecular interactions compared to
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the double anthrone molecules. Fagopyrin A-F structures are characterized by the presence
of a number of substituents and strong hydrogen bonds in the anthrone moiety. Although
the OHO hydrogen bonds in the anthrone moiety are characterized as very strong, both the
OHO and OHN hydrogen bonds may exist in the fagopyrin A-F structure. It is possible
to break the strong OHO hydrogen bonds in the anthrone moiety in favor of interactions
with the nitrogen atom in piperidine or pyrrolidine substituent. Changes in the molecular
geometry are related to the changes in the orbital localization, which is reflected in the
UV-VIS spectra of fagopyrin conformers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27123689/s1. Figure S1. HOMO (left) and LUMO
(right) orbitals for the 1, 2, 3, 4, 5, and 6 Fagopyrin A conformers. Figure S2. HOMO (left) and
LUMO (right) orbitals for the 7, 8, 9, 10, 11, and 12 Fagopyrin B conformers. Figure S3. HOMO
(left) and LUMO (right) orbitals for the 13, 14, 15, 16, and 17 Fagopyrin C conformers. Figure S4.
HOMO (left) and LUMO (right) orbitals for the 19, 20, 21, 22, 23, and 24 Fagopyrin D conformers.
Figure S5. HOMO (left) and LUMO (right) orbitals for the 25, 26, 27, 28, 29, and 30 Fagopyrin E
conformers. Figure S6. The shape of the orbitals for structure 31 (Fagopyrin F). 1776—HOMO and
177—LUMO orbitals. Figure S7. The shape of the orbitals for structure 33 (Fagopyrin F). 176—HOMO
and 177—LUMO orbitals. Figure S8. The shape of the orbitals for structure 34 (Fagopyrin F). 176—
HOMO and 177—LUMO orbitals. Figure S9. The shape of the orbitals for structure 35 (Fagopyrin
F). 1776—HOMO and 177—LUMO orbitals. Figure S10. The shape of the orbitals for structure 36
(Fagopyrin F). 1776—HOMO and 177—LUMO orbitals.
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